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Ketene Addition to the a-Methoxybenzyl 

Carbonium Ion 
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Carbonium ions of the general formula 2 may be 
generated upon electron impact from compounds 1 
when X is lost as a radical (e.g. ,  X = Br, COOCH-r,). 
It has been shown1P2 that the lowest energy pathway 
for unimolecular decomposition of the carbonium ions 
is via loss of ketene in a process involving methoxy- 
group migration (2 + 3). 
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On the basis of the unimolecular gas-phase elimin& 
tion of ketene from the carbonium ions 2, we reasoned 
that the energy of activation of the back-reaction might 
also be relatively low, i . e . ,  that ketene addition to a 
a-methoxycarbonium ion, with associated methoxy- 
group migration, might be realized in a bimolecular 
reaction in solution. 

The a-methoxybenzyl carbonium ion (5) was gen- 
erated by addition of a-methoxybenzyl chloride (4) 
to an SO2-SbF6 mixture a t  -7O0i4 formation of 5 was 
established by nmr spectroscopy. Approximately 1 
equiv of ketene was passed through the solution a t  this 
temperature and the resulting mixture was quenched 
with ethanol. Standard isolation techniques gave a 
12% yield of methyl cinnamate (6) and only 3% ethyl 
cinnamate. 
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The gas-phase and solution reactions involving the 
methoxy migration are represented as concerted only 
for convenience, and a stepwise process is not excluded. 

This example demonstrates that unimolecular de- 
compositions of positive ions in the mass spectrometer 
may on occasions serve as a guide to the reverse bi- 
molecular reactions of carbonium ions in solution. 

(1) I. Howe and D. H. Williams, J. Chem. Soc., C, 202 (1968). 
(2) R. G. Cooks, J. Ronayne, and D. H. Williams, ibid., 2601 (1967). 
(3) F. Straus and H. Heinze, Ann., 49S, 203 (1932). 
(4) G. A. Olah and J. M. Bollinger, J .  Amer. Chem. Soc., 89, 2993 (1967). 

Experimental Section 

Generation of a-Methoxybenzylcarbonium Ion.-In a typical 
experiment, 1.0 g of a-methoxybenzyl chloride (6.4 mmol) was 
added carefully to the surface of a solution of 2.0 g of SbF6 (9.2 
mmol) in 2 ml of SO2 a t  -7OoS4 When the methoxybenzyl 
chloride had had sufficient time to cool to -70" (about 5 min), 
the reaction vessel was shaken to give a clear, deep red, homo- 
geneous solution. The nmr spectrum of this solution, run at  
-58" on a Varian HA 100-MHz instrument, established the 
specific formation of the a-methoxybenzylcarbonium ion: T 
5.13 (s,3), 1.75-2.20 (m, 5) ,  0.67 (s, 1). 

Reaction of the Carbonium Ion with Ketene.-Approximately 
1 equiv of ketene, generated by the pyrolysis of acetone, was 
passed through the carbonium ion solution a t  -70" over a period 
of 10 min. The product was quenched by pouring into 5 ml of 
ethanol a t  -70"; the mixture was then poured into 25 ml of 
water and continuously extracted with ether. The ether ex- 
tract was analyzed by gas chromatography using a 4-ft LAC col- 
umn a t  155", and two peaks having retention times identical 
with those of methyl and ethyl cinnamates were collected. The 
nmr and mass spectra (AEI-MS9 instrument with heated inlet) 
of these two fractions were identical with the corresponding 
spectra of the authentic esters. The yields, based on a-meth- 
oxybenzyl chloride, were 12% methyl and 3% ethyl cinnamate. 
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The intramolecularly hydrogen-bonded peroxy acid 
molecule (or the dipolar form derived from it) has been 
recognized as the initial reactive species in the epoxida- 
tion reaction.' 

Any reduction in the effective concentration of the 
cyclically bonded peroxy acid should thus reduce the 
rate of epoxidation. That epoxidation proceeds at  a 
considerably slower rate in solvents capable of inter- 
molecular association has already been clearly shown by 
Renolen and Ugelstad.2 

Schwartz and Blumbergsa were the first to  measure 
changes in the carbonyl frequency of m-chloroperoxy- 
benzoic acid in methylene chloride cont,aining aceto- 
nitrile, suggesting intermolecular association between 
peroxy acid and acetonitrile, but no further systematic 
attempts were made, to our knowledge, (1) to  confirm or 
reject this type of association spectroscopically, or (2) 
to correlate the strength of the intermolecular hydrogen 
bonding with kinetic and activation parameters of 
epoxidation in these solvents. The infrared and kinetic 
studies to clarify this problem have been carried out and 
are discussed in this paper. 

The lowering of the OH stretching frequencies and 
broadening of the corresponding OH stretching bands 
of p-nitroperoxybenzoic acid in ethyl acetate, diethyl 
ether, dioxane, tetrahydrofuran, and dimethylforma- 
mide, respectively, compared with intramolecularly 

(1) A. ALman, B. Borltnik, and B. PlesniiZar, J. Org. Chem., 84, 971 

(2) P.  Renolen and J.  Ugelstad, J. Chim. Phys. ,  6'7, 634 (1960). 
(3) N. N. Sohwartr and J.  Blumbergs, J .  Org. Chem., 19, 1976 (1964). 

(l969), and references oited therein. 
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TABLE I 

WITH p-NITROPEROXYBENZOIC ACID (4.8-5.2 x 10-2 M) IN SOLVENTS WTH BASIC OXYQEN 
INFRARED DATA AND &NETIC PARAMETERS OF EPOXIDATION OF tranS-STILBENE (4.0-4.3 x M )  

AVOHO 7 - k ~  X 104, l./mol @eo---- Ea, AS*, 
Solvent DC,a e DM,a ND pKbb  (h8crn-1) 20° 26’ 30° kcal/mol eu, a t  20° 

Methylene chloride 8.9 1.5 . . .  0 55.5 . . .  118 13.3 -25.4 

Diethyl ether 4.2 1.25 17.6 ~ 115 0.87 1.47 1.99d 18.1 -17.3 
Dioxane 2.2 0.40 16.9 100 1.37 . . .  3.70 17.5 -18.3 
Tetrahydrofuran 7 .4  1 .7  16.0 149 0.76 1.29 2.14 18.3 -17.0 
Dimethylformamide 36.7 3.8 14.1 165 0.32 0.56 0.93 18.8 -16.7 

Ethyl acetate 6 .2  1.85 19.1 33 2.72 4.41 7.09 16.9 -19.1 

a From “Handbook of Chemistry and Physics,” 48th ed, The Chemical Rubber Co., Cleveland, Ohio, 1967. From J.  Perrin, “Dis- 
sociation Constants of Organic Bases in Aqueous Solution,” Butterworth and co. Ltd., London, 1965. c The differences in frequencies 
between the intramolecular hydrogen-bonded OH absorption of p-nitroperoxybenzoic acid in methylene chloride (3285 cm-l) and inter- 
molecular hydrogen-bonded OH absorptions in solvents with basic oxygen. Measured a t  28”. 
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Figure 1.-Plots of logarithms of second-order rate constants of 
epoxidation of trans-stilbene with p-nitroperoxybenzoic acid in 
solvents with basic oxygen, and basicities (p&) of these solvents 
us. AYOH, i e . ,  the approximate strength of intermolecular hy- 
drogen bonding between peroxy acid and a solvent: 1, ethyl ace- 
tate; 2, dioxane; 3, diethyl ether; 4, tetrahydrofuran; 5, dimeth- 
ylformamide. 

hydrogen-bonded OH in inert solvents, show that this 
peroxy acid exist,s in solvents with basic oxygen in the 
form of intermolecularly hydrogen-bonded adducts 
according to the following scheme. 
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RCOOH. * * a 0  
/ I  \ 
d R* 

The shift of the C=O stretching frequencies of peroxy 
acid to higher values in these solvents could also be 
taken as a support for the above-mentioned conclusion4 
(AYC=O = 25 cm-l). 

(4) G. C. Pimentel and A. L. McClellan, “The Hydrogen Bond,” W. H. 
Freeman and Co., San Francisco, Calif,, 1960. 

The kinetics of epoxidation of trans-stilbene with 
p-nitroperoxybenzoic acid in solvents under investiga- 
tion was studied. The results of these measurements, 
along with the differences in frequencies between the 
intramolecular and intermolecular hydrogen-bonded 
OH absorptions of peroxy acid, which have been taken 
as a measure of an approximate strength of intermolec- 
ular association16 are collected in Table I. 

Graphical presentation of the results in Figure 1 
shows that the strength of intermolecular association 
between the peroxy acid molecule and a solvent in- 
creases with increasing basicity of solvents. It is also 
evident that the rate of epoxidation decreases in solvents 
which are capable of forming stronger intermolecular 
hydrogen bonds. The energies of activation of epoxida- 
tion are correspondingly higher in solvents which are 
more basic. There is a discrepancy between the ex- 
pected and observed values only in the case of the sol- 
vent pair dioxane-diethyl ether. The activation 
energy of epoxidation, as well as AVOH, are higher in 
diethyl ether than in dioxane. It seems that diethyl 
ether behaves as more basic than dioxane in our system. 
Similar observations were made also by other 
An additional increase of the activation energy of 
epoxidation in diethyl ether in comparison with dioxane 
as a solvent, not expected solely on the basis of stronger 
intermolecular hydrogen bonding between peroxy acid 
and a solvent, could probably be attributed to the 
steric retardation in approaching the olefin molecule to 
the reactive center in the peroxy acid-solvent complex 
by methyl groups of diethyl ether. 

The fact that the entropy of activation increases with 
increasing strength of intermolecular hydrogen bonding 
yields some further insight into the degree of orientation 
of the reactive species, Le. ,  the greatest orientation of 
the peroxy acid-solvent complex in the case of solvents 
which form the strongest intermolecular hydrogen 
bonds with peroxy acid. 

It is reasonable to assume on the basis of the above- 
mentioned results that the strength of the intermolec- 
ular association between peroxy acids and solvents with 
basic oxygen is one of the major factors influencing 
the kinetics of epoxidation in these solvents, although 
polarizabilities and steric requirements of solvents may 
also influence the rate of epoxidation in those cases 
where the differences in basicity of solvent pairs are 
small. 

(5)  M. Tichy, Advon. Ore. Chem., I ,  115 (1985). 
(8) T. Cuvigny and H. Normant, Bull. SOC. Chim. Fr., 2000 (1984). 
(7) H. Normant, Angew. Chsm., 79, 1029 (1967). 
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Experimental Section 

p-Nitroperoxybenzoic acid was prepared and purified according 
to the procedure of Silbert, et aZ.8 All the solvents used were 
Reagent grade commercial products and were dried and distilled 
before use. The purity of each was confirmed by vapor phase 
chromatography. trans-Stilbene, scintillation grade, was ob- 
tained from Fluka and used without further purification. 

The infrared spectra were recorded at 20” on a Perkin-Elmer 
Model 521 infrared spectrophotometer using 0.05-0.10 mm cells 
(NaCl). Methylene chloride solutions of equimolar amounts of 
peroxy acid and a compound with basic oxygen were employed. 

The kinetics of epoxidation was followed iodometrically 
according to Lynch and Pausacker .O Reactions were performed 
in 50-ml volumetric flasks. Samples (5 ml) were quenched in 2- 
N sulfuric acid cooled and degassed with small pinches of Dry 
Ice, an excess of potassium iodide was added (1 ml of 15% solu- 
tion), and the liberated iodine was titrated with 0.05 N sodium 
thiosulfate without starch indicator. When ethyl acetate or 
diethyl ether were used as solvents, carbon tetrachloride was 
necessary to add to the titration mixture in order to obtain satis- 
factory end-points. Observed titres were corrected for the de- 
composition of peroxy acid in the corresponding solvent. Second- 
order rate constants were obtained from a linear least-squares 
program. Calculation of activation energies and entropies was 
performed by the usual method .lo Errors (standard deviations) 
in second-order rate constants are f 2 % ,  those in E, are ca. 
f0 .5 kcal/mol, and those in A S  f are f 1.5 eu. 

Registry No. --trans-Stilbene, 103-30-0; p-nitro- 
peroxybenzoic acid, 943-39-5. 
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The planarity and restricted rotation of amide 
groups have been attributed to  a dipolar resonance 
contributor 11. Pauling’ has estimated that I and 

+ 
HCNHz c) HC=NHe 

I I1 

I 
0- 

II 
0 

I1 contribute 60 and 40%, respectively, corresponding 
to 40% double-bond character for the C-N bond. One 
might expect, therefore, that two aromatic rings joined 
by an amide group would be conjugatively linked 
via the partial double bond. We show below that, 

(1) L. Pauling, “Symposium on Protein Structure,” A. Newberger, Ed., 
John Wiley & Sons, Inc., Xew York, N. Y., 1958, p 17. 

on the contrary, there is no conjugative transmission 
in the ground states of compounds IIL2 

The degree of electronic interaction between the 
aromatic rings of I I Ia  and I I Ib  was estimated from 

the pKa values presented in Table I. Since the pK, 
values of the corresponding stilbenes (IV) and azoben- 

zenes (V) are lmown,8-6 it is possible to  compare the 
amide group with the ethylene and azo functionalities. 

TABLE I 
pK, VALUES O F  4-SUBSTITUTED 4’-AMINOBENZANILIDES 

AND 4’-HYDROXYBENZANILIDES (IIIa AND 1IIb)Q 

Y X PKS 

OCHg 4.62 

CH3 4.52 

H 4.55 

c1 4.54 
e 

“3 NO2 4.48 
OH OCHs 9.55 
OH CHs 9.54 
OH H 9.54 
OH c1 9.50 
OH NOz 9.50 

a Determined spectrophotometrically in 1.6% acetonitrile- 
water a t  25.0”. 

The Hammett p value for IIIa, calculated from 
the data in Table I, was found to be 0.09 f 0.04 
in 1.6% acetonitrile-water. This is considerably less 
than the p value for ionization of IV (0.4223 and 
0.6844 in ethanol-water). The small p for I I Ia  can- 
not be attributed to an unusually small double-bond 
character of the amide C-N bond because the ben- 
zanilides show normal amide carbonyl bands in the 
infrared and because the presence of two phenyl rings 
should, if anything, enhance the contribution from 
the dipolar structure 11. However, the possibility 
existed that resonance between the phenyl rings was 
unimportant in the conjugate base of IIIa because 
this would lead to a tetrapolar contributor. For this 
reason we determined the pKa values of IIIb, a system 

(2) Conjugation in the excited state of benzanilides has been demonstrated 
by V. A. Izmail’skii and A. V. Malygina, Zh. Obshch. Khim., 29, 3935 (1959). 

(3) H. Vesohambre and A. Kergomard, Bull. SOC. Chim. Fr., 830 (1906). 
(4) M .  SYS and H. Zollinger, Helu. Chim. Acta, 48, 517 (1965). 
(5) 8. Yeh and H. H. Jaff6, J .  Amer. Chem. SOC., 91, 3287 (1969). 


