2940 J. Org. Chem., Vol. 40, No. 20, 1975

39°); the corrosive, fuming nature of the distillate indicated SO3 to
be present in at least small amounts.

Ir analysis of the still pot contents showed it to contain not only
heptafluorobutyroyl chloride (5.51 and 5.58 u for C=0), but also
heptafluorobutyroyl chlorosulfate (5.46 u for C=0, 7.10 u for
0S0.Cl).

Benzoyl Chlorosulfate (9). Benzoyl chloride (14.1 g, 0.10 mol)
was stirred under dry N while 8.0 g (0.10 mol) of 8O3 was added
over 10 min with occasional cooling to keep the temperature at
30-40°. After the addition was completed, the mixture was allowed
to stand for 1 hr, then distilled through a short Vigreux column to
give 21.9 g (99%) of yellow oil, bp 37° (7.5 x). 'H NMR showed mo-
nosubstituted phenyl, nearly unchanged in chemical shift and in
pattern from that of benzoyl chloride; ir 5.57 (C=0), 6.27 and 6.32
(aromatic C==C), and 7.07 u (0OSO:Cl).

Methy! Pentafluoropropionyl Sulfate (10). To 27.0 g (0.15
mol) of methyl pentafluoropropionate stirred at 0° was added
dropwise 12.0 g (0.15 mol) of SOs. No exotherm was observed, so
the reaction mixture was heated slowly to reflux (53°). Reflux was
continued for 80 hr, at which time the pot temperature had leveled
off at 73°. Distillation afforded 10.1 g (26%) of methyl pentafluoro-
propionyl sulfate: bp 38° (5 mm); ir 3.35 (saturated CH), 5.47
(C=0), 6.87 and 6.98 (S03), and broad 8 u (CF); 'H NMR 4 4.26
(OCHs); 1F NMR —83.3 (t, Jrr = 1.6 Hz, 8, CF3) and ~121.6 ppm
(qs JFF 1.6 HZ; 2 CF?)

Anal. Caled for C4H3F5058: C, 18.61; H, 1.17; F, 36.80; S, 12.42.
Found: C, 18.67; H, 1.33; F, 36.55; S, 13.04.
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The hydrolyses of an unsymmetrical ketene 0,0-acetal (2,2-dichloro-1-ethoxy-1-phenoxyethylene, 1) and of
two ketene O,S-acetals [2,2-dichloro-1-ethoxy-1-ethylthioethylene (2) and 1-ethylthio-1-phenoxyethylene (3)]
have been studied in acidic solution at 30°, The observed catalysis by hydronium ion and acetic acid, the deuteri-
um solvent isotope effect (ku/kp = 8.0 with 3), and the nonlinear dependence of rate on buffer concentration at
constant pH (with 3) are in accord with a mechanism in which proton transfer to the olefinic bond is rate deter-
mining in HCI and HCIO4 solutions, and at low concentrations of acetate buffer. At high buffer concentration, the
rate-limiting step is suggested to be the decomposition of a carbonium ion intermediate. The variation in the na-
ture of the products of hydrolysis of 2 (mainly ester at HClO4 < 1 M, and mixtures of ester and thiol ester at high-
er acidity) is taken as evidence for a second intermediate on the reaction pathway. The products of hydrolysis of 1
and 3 are phenol and ethyl dichloroacetate or ethyl thiolacetate, respectively, and are essentially independent of
acidity in the ranges examined. The pathways of breakdown of tetrahedral addition intermediates of varying

structure are discussed.

A useful approach to the study of the elusive, highly re-
active, tetrahedral addition intermediates which are
formed in many acyl transfer reactions consists of the gen-
eration of these or closely related substances via reactions
which do not lie on the reaction pathway for acyl transfer.?
Extensive use has been made of the hydration of imidate?
and thioimidate? esters to investigate the properties of the
intermediates formed in the aminolysis of esters and thiol
esters, and in the alcoholysis of amides. In recent publica-
tions, the results of a study®® of the hydrolysis of a ketene

0,8-acetal were employed in the assignment of the rate-
limiting steps in the acid-catalyzed formation®® and hydro-
lysis® of thiol esters. The present paper describes experi-
ments with additional ketene O,S-acetals and with an un-
symmetrical ketene 0,0-acetal, and was designed to pro-
vide further information on the factors which control the
pathways of breakdown of the intermediates formed in the
hydrolysis and alcoholysis of esters and thiol esters. In the
course of this research, kinetic data have been obtained
which suggest the occurrence of a change in rate-determin-
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ing step in the hydration of the carbon—carbon double bond
of ketene O,S-acetals.

Results

Synthesis. Ketene O,S-acetals have been prepared by
the addition of mercaptides to acetylenic ethers,® from ke-
tene 0,0-acetals,” by the additions of alkoxides to alkyl-
thioacetylenes,® by the alkylation of thionoesters,® and
from thiadiazoles.!? The synthesis of 2, by a method analo-
gous to that used by McBee and Bolti! for halogenated ke-
tene 0,0-acetals, represents a new route, albeit of limited
scope, to the preparation of certain ketene O,S-acetals.

CHC1,CCIF, + C,H,SH —>

KOH
CHCL,CF,8C,H; —> CCl,=C(OC,H;)SC,H;
CyH;0H
8 2

Kinetic Studies. The rates of hydrolysis of three ketene
acetals (1-3) under acidic conditions in predominantly
OC H; SC,H; OCH;
Cl,C=C Cl,c=C
OC,H; OC,H,
1 2 3
aqueous solutions were determined by spectrophotometric
means (Table I).

The hydrolysis of the ketene 0,0-acetal 1 is catalyzed by
acid and the rate increases linearly with acid concentration
in the range of 0.08-0.8 M HCl. No evidence is seen for an
uncatalyzed (or water-catalyzed) reaction at these acidities,
although water-catalyzed reactions have been reported
with reactive ketene acetals at high pH.12-14

The rate of hydrolysis of phenyl dichloroacetate, knowl-
edge of which is needed to interpret the results of product
analysis in the hydrolysis of 1, was found to be essentially
independent of acidity in the range of 0.83-10 M HCI
(16.7% CH3CN-H20, 30°, ionic strength equivalent to
added acid) with kopsq = 1.8 £ 0.2 X 1073 sec!. This obser-
vation does not necessarily mean, however, that the hydrol-
ysis of phenyl dichloroacetate is not susceptible to acid ca-
talysis. Under conditions of constant ionic strength, there
is seen a small but definite increase of 28% in 0.96 M HCI
over the pH-independent rate of 3.15 + 0.3 X 103 sec™!
measured in the range of pH 1-5 (the latter value may be
compared to that of 1.74 X 1073 sec™ reported!® for hydrol-
ysis of phenyl dichloroacetate in Hy0, u = 1.0, 25°). It is
quite possible that a rate-decreasing effect of increasing
ionic strength may mask the presence of weak acid cataly-
sis, as was observed in the hydrolysis of, e.g., succinicléa
and glutaric anhydrides.!®® The detailed pH-rate profile
for the hydrolysis of phenyl dichloroacetate (3.3%
CH3CN-H0, pu = 1.0 with added KCI, 30°, 15 pH values
covering the range of pH 0-8) adheres accurately to the
rate law kobsd = (8.3 X 10~4 M~1sec™!) [H*] + 3.15 X 10™3
sec~ L. For reasons set forth in the Discussion, the pH-rate
profile for the hydrolysis of phenyl formate was also'deter-
mined (1% CH3CN-H0, x4 = 1.0 with added LiCl, 30°, 23
pH values covering the range of pH 0-8) and was found to
conform to the rate law kgopsa = (3.8 X 1073 M-1 gec™!)
[H*] + (2.1 X 103 M~ sec™!) [OH"] + 4.8 X 105 gec™l.

The hydrolysis of the dichloroketene O,S-acetal 2 is
subject to acid catalysis (Table I), the rate being approxi-
mately proportional to acid concentration in solutions of
HCl or HC104 at < 1 M, and increasing much more rapidly
than the stoichiometric acid concentration in more concen-
trated HC1O,4 solutions. A plot of log kopsq vs. the Hy acidi-

CH2=C
SC2H5
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Table I
Rate Constants for Hydrolysis of Ketene Acetals at 30°
OC:H,
ClL,C=C
OC.H,
kx 105, Ex 108,
[HC11% sec”! tHe11® sec”!
0.0833° 0.38 0.833° 3.30
0.21° 0.85 1.67 9.82
0.417° 1.63 3.33 36.5
0.624° 2,42 )
fy®=4.0%x10" M gec™!
SC.H;
CL,C==C
OC.H,
B x 105,
o1 sec !
0.097 0.127
0.146 0.176
0.97 1.15
By = 1.22 X107 Mt sec™
k x 103, kx 108,
[HC10,47° sec”1 [HC10,1° sec”l
0.33 0.283 1.67 4.33
0.518 0.671 2.00 5.34
0.833 1.24 2.59 21.0
1.00 1.45 3.34 46.1
1.25 1.86 4.17 109.0
1.50 2.87 5.00 157.0
OC.H,
CH,==C
SC,H,
kX 10°, kx 105,
DHf sec"1 rH sec”!
2.32¢ (DC1) 75.9 4.48" 1.38
3.16 (HCI) 37.3 4.78! 0.791
3.36¢ (DC1) 7.03 5.04"% 0.44
421" 2.56 5.43% 0.178

ky’ = 47.0 M sec”!, kp = 16.0 M™! sec”!

216.7% CH3CN-H20. ? 4 = 0.833 (KC)). ¢ Based on hydrogen ion
concentration; ky is calculated from data at [HCl] £ 1 M. 43.3%
CH3CN-H20, ¢ = 0.97 (LiCl). ¢ 10% CH3sCN-H20. 7 10% CH3CN-
Hz20, 1 = 0.9 (LiCl). 2pD = pH meter reading + 0.40. * Ex-
trapolated to zero acetate buffer concentration. ! Constant pH
maintained with pH stat [T. C. Bruice and J. R. Maley, Anal. Bio-
chem., 34, 275 (1970)].  Based on hydrogen ion activity.

ty function!? is reasonably linear with a slope of 1.2, while a
plot of log kabsa vs. the H function (based on the protona-
tion of azulenes, 1,1-diarylethylenes, and aromatic poly-
ethers!®) is similarly linear with a slope of 0.7. A similar de-
pendence of rate on acidity has been reported for the hy-
dration of styrenes,'® where the use of the H, function gave
slopes of 1.1-1.3, while plots using the Hg’ scale (based on
1,1-diaryl olefins) had slopes of 0.59-0.68.

Rate measurements of the hydrolysis of 2 were not car-
ried out at pH > 1 because the acid-catalyzed hydrolysis of
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Table IT
Rate Constants for Hydrolysis of
Ethyl Dichlorothiolacetate®:?

S 105, k

kobsd . obad x 107,
(HC1), o sec” [HC1l, M sec” ]
0.005 2.99 0.20 3.28
0.01 3.07 0.40 3.10
0.02 3.02 0.50 3.09
0.05 3.13 1.0 3.1
0.10 2.94 2.0 3.74
0.15 3.21 4.0 3.74

Ry, = 3.25
kobsd * 105’

(HC10,1 sec

1.85 2.07

3.75 1.84

6.95 1.99

40.33% CH3CN-H,0, 30°. ? Experiments in HCI solution at
0.005-1.0 M are at u = 1.0 (LiCl).

the ketene acetal becomes slower than the further hydroly-
sis of both ethyl dichloroacetate (ku,0 = 5 X 106 sec1 at
25°)20 and ethyl dichlorothiolacetate. The rate of hydroly-
sis of the latter compound is essentially constant over a
wide range of acid concentration (Table II). These two es-
ters are the expected products of the hydrolysis of 2, and it
is thus not possible to identify the initial products formed
from 2 at pH > 3.

The more reactive ketene O,S-acetal 3 could be conve-
niently studied at pH 2-5. General acid catalysis is ob-

served in acetate buffers, and the rate constants recorded

in Table I are extrapolated to zero buffer concentration. At
constant buffer ratio, there is a nonlinear dependence of
kobsd On acetate buffer concentration (Figure 1 and Table
11I).2! Hydrolysis of 3 is slower in D30 than in H50, with
ku/kp = 3.0. »

Products of Hydrolysis. Owing to the ready hydrolysis
of phenyl dichloroacetate, the products of the hydrolysis of
1 were determined only in solution more acidic than 0.8 M
HCL In the range of 0.8-3.3 M HCI, the initial products of
hydrolysis are phenol (and presumably ethyl dichloroace-
tate), formed in quantitative yield. This conclusion, based
on the final absorbances at 280 nm, is supported by the ob-
servation that the hydrolysis of 1 in all cases showed no de-
viation from first-order kinetics. If appreciable amounts of
phenyl dichloroacetate had been formed, the initially rapid
hydrolysis of 1 would have been followed by the slower and
easily measurable hydrolysis of phenyl dichloroacetate (t1/2
6.4 min).

The yield of thiol ester formed on hydrolysis of 2 rises
from 4% in 0.33 N HCIO4 to a maximum of 34% in 3.0 N
HCl0,, then decreases at higher acidity (Table IV). The
low yields of thiol ester in dilute acid do not result from
subsequent decomposition of initially formed thiol ester,
since even in the least acidic solution, the ketene acetal 2
reacts ten times more rapidly than the thiol ester. The be-
havior of 2 is reminiscent of the hydrolysis®® of the phenyl-
ketene O,S-acetal 4 which showed increasing yields of thiol
ester product as the pH was decreased from 3.0 to 1.0.

SCH,
CH;CH=C
OCH,
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The predominant products of the hydrolysis of 3 are
phenol and ethyl thiolacetate. These products, measured
by uv spectroscopy, are formed in nearly 100% yield in HC]
solution of pH 2-3. In dilute acetate buffers (ca. 0.02 M) at
pH 4-5, the spectroscopic method indicates a small de-
crease in yield of the above products (to about 90%). This
observation is corroborated by colorimetric assay for ethan-
ethiol, using the Ellman procedure.??2 The formation of
ethanethiol seems to be related to the presence of acetate
buffer, and is under investigation.

Discussion

From previous studies, it is believed that the rate-deter-
mining step in the hydrolysis of ketene acetals is the pro-
tonation of the olefinic function by hydronium ion or gen-
eral acids, including water.5:12-14,23.24 A gimilar mechanism
has been ascribed to the hydrolysis of enol ethers.25 It is
probable that rate-controlling protonation also occurs in
the hydrolysis of 1-8 in mineral acid solution, and in the
presence of low concentrations of acetate buffers. This con-
clusion is supported by the observed catalysis by hydro-
nium ion and acetic acid (see below), the sizable solvent
deuterium isotope effect (with 3), and the structural simi-
larity of these compounds to ketene acetals studied earlier.
The isotope effect (ky/kp = 3.0), which reflects the trans-
fer of a proton in the transition state, may be compared to
the values of 2.83-3.0 found for a series of ketene 0,0-ace-
tals,1423 ‘

As expected, the hydrolysis of 1-3 follows the rate law
kobsa = ku[H™] in dilute acidic solution, indicating the
presence of a proton in the transition state. With 2, the de-
pendence of rate on acidity in perchloric acid solutions of
1-5 M is quite similar to that found in the hydration of
styrenes,!® for which the experimental evidence points
strongly to a transition state which includes the hydrated
proton. :

The nonlinear dependence of rate on acetate buffer con-
centration (Figure 1) in the hydrolysis of 3 suggests that
there occurs a change in rate-determining step with in-
creasing buffer concentration, although other interpreta-
tions of the observed curvature are not ruled out by the
available data.28 It is proposed that the conversion of the
ketene acetal to the carbonium ion intermediate (eq 1) is

step ¢
products
H+
B fast
oR MW OR OR
C/ Ry(H") 4 ks SR 1
~ e 5o 1)
SR~ SR
k,(B) OH
fast
sep a step b step d products

accelerated as buffer concentration increases, until the re-
verse step ko’ becomes faster than the subsequent uncata-
lyzed hydration of the carbonium ion (step kg3). Similar
nonlinear dependences of rate on buffer concentration have
been frequently reported in nucleophilic addition to the
carbonyl or imino group, and have been used as evidence
for a change in rate-determining step.?” Several instances
are also known of nonlinear buffer catalysis in electrophilic
substitution at the carbon-carbon double bond. In addition
to the hydrolysis of 3 and 4,5 downward curvature in plots
of kobsq V8. buffer concentration has been reported in the
hydrolysis of a vinyl ether,?® and in the hydrolysis?® and
methanolysis?® of ketene O,0-acetals, and may result from
a change in rate-determining step.

If the nonlinear buffer effect on the hydrolysis of 3 is
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Table IV
Effect of Acidity on Yield of Thiol Ester Formed
in Hydrolysis of 2¢
[HC10,41 % thiol ester [HC104] % thiol ester
0.333 4.1 3.34 28.8
0.517 8.2 4.17 22.1
0.833 12.1 5.00 20.9
1.00 15.8 6.26 1.7
1.25 19.5 0.313% 26.1
1.50 25.8 0.626? 25.5
1.67 29.4 1.25°% 24.8
2.00 33.0 1.88° 23.6
2.50 33.4 2.50° 22.2
3.00 34.2 3.13° 20.9

@ 10% CHsCN-Hz0, 30°. °* 4 = 6.26 (NaClOy).

taken as evidence for the existence of a carbonium ion in-
termediate whose formation is rate limiting at low acetate
buffer concentration, and whose hydration becomes rate
determining at high buffer concentration, the rate data
may be analyzed further. In what follows, some quantita-
tive conclusions concerning the partitioning of the carboni-
um ion intermediate are presented, keeping in mind the
tentative nature of this analysis.

Application of the steady-state approximation to the car-
bonium ion (eq 1) leads to eq 2 for the dependence of Robsd
on buffer concentration ([By] = [BH] + [B]; K, = [B][H*]/
[BH)). Both at zero buffer concentration (eq 3) and at infi-
nitely high buffer concentration (eq 4), kobsq is proportion-
al to [H*]. The initial slopes of plots of kopsa vs. BT depend
on the mole fraction of buffer in the acidic form (eq 5), and
the effectiveness of the buffer may be described by a con-
stant, Kapp, which is equal to the concentration of buffer
required to produce half the maximum possible rate in-
crease (eq 6).

(ri) + fiiEdEs ) 2o (1 2 54)

[H'] + K,

= ky! 2
Fosa = () (B 4 N
kz’ Ka T
Bk [H*
= 3
e (3)
Prna = k kkSZ[H—] (4)

Robsa = (kfiksk?s) ( [H*%H_:_] K. >BT =

ky'ky(1 = )
<~1k23 + )BT (5)

o = () (LK)

app k Z' Ka

Ryt Ry
ToRkya

(6)

Values of kmax and K,pp, were obtained at four buffer ra-
tios by computer fitting of the data of Figute 1 to the equa-
tion for the two-parameter rectangular hyperbola (Table
V).3! The calculations given in Table V sugggest that the
effect of acetate buffer in the hydrolysis of 3 conforms ap-
proximately to eq 1 and 2. The reason for the lack of con-
stancy of the terms listed in columns 4, 6, and 8 is not clear,
and may result from the gradual variation ih pH observed
on serial dilution of acetate buffers of constant buffer ra-
tios. Taking the average value of kmax/[H*] as 5200 M1
sec™! and kikg/(ko + k3) = 47 M~ sec~! (Table I) leads to
a value of 110 for ka/ks, which describes the partitioning of
the carbonium ion between hydration and proton abstrac-
tion. Using previously obtained® data on the effect of for-
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12 | 2 o1z
10 ~0.90 - .00
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Kobsa ~ky[H*], sec™!
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03

Kobsd ~ Ku[H*], sec!

.02 -

[Acetate] , M

Figure 1. Effect of acetate buffer on the rate of hydrolysis of 3: @,
left ordinate; O, right ordinate. The mole fraction of buffer in the
free base form is shown. The solid lines are calculated from the ex-
pression kopea — ku[HY] = (kmex — kulHD[buffer)/([buffer] +
K app), using the values of kmax and Kapp in Table V and ky = 47
M-1gec !,

mate buffer in the hydrolysis of 4 (kpax = ca. 0.136 sec™! at
pH 3.0) gives an estimate of ka/ks = 11 for that compound.
The lower value of k3/ks with 4 (uncorrected for a statisti-
cal factor of 2) may reflect (a) the increased driving force
for proton abstraction in the case where the developing
double bond is conjugated with the 8-phenyl substituent,
and (b) the greater steric requirements for proton abstrac-
tion from 3.

Where comparison to other compounds can be made, the
observed reactivities of 1-3 and 4 (kg = 12 and 36 M-t
sec™! for the two geometric isomers) are reasonable. For ex-

. ample, replacement of the ethoxy group of ethyl vinyl ether

by phenoxy reduces the rate of hydrolysis by 530.25 Simi-
larly, the reactivities of dichloroketene diethyl acetall4
(25°) and 1 (30°) are in the ratio of 850:1. Also, comparison
of the reactivities of ethyl viny! ether and ethyl styryl ether
(both in 80% dioxane) shows that 8-phenylation causes a
decrease in rate of about 500-fold,32 while g-dichlorination
reduces the rate of hydrolysis by 108.1425 It follows that re-
placement of the §-phenyl substituent in vinyl ethers by
the dichloro group inhibits reaction by a factor of about 2 X
105. This effect may be compared to the relative reactivities
of 4 and 2, which are in the ratio of 1-3 X 10%. Finally, the
similar reactivities of 1 and 2 suggest that replacement of
an alkoxy group of a ketene dialkyl acetal by either a phe-
noxy or an alkylthio function would result in an equivalent
decrease in hydrolytic rate of about 103, presumably as a
result of decreased stabilization of the carbonium ion-like
transition state by the electron-withdrawing substituents.
Partitioning of Tetrahedral Intermediates. The
products of hydrolysis of the ketene O,S-acetal 2 vary with
acidity in a manner reminiscent of the behavior of 4,5

- though the change in products takes place in more acid so-

lutions (Figure 2). The absence of a correlation between the
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Table V
Summary of Parameters for Acetate-Catalyzed Hydrolysis of 3¢
Intercept Initial silope b Initial slope® kmax’d 10-3 kmax/CH+]. Xapp,e Ka.pp otc,
PH x 163, sec™ ML sec7! A-a) sec”! 1 secnt M P

4.21 2.56 0.146 1 0.22 0.24 3.9 1.65 0.54
4.48 1.38 0.130 0.26 0.14 4.2 1.05 0.52
5.04 0.44 0.070 0.28 0.06 6.6 0.85 0.64
5.43 0.178 0.030 0.30 0.023 6.2 0.77 0.69

2 10% CH3CN-H»0, p = 0.90 (LiCl), 30°. ® Intercept and initial slope of plots of kqpsq vs. total buffer concentration (Figure 1). ¢ @ = mole
fraction acetate ion. ¢ Extrapolated rate constant at infinite buffer concentration. € See eq 6.

40 T 7 T T T T T T

30 - . ~

% THIOLESTER
N
(o]
T

-He

Figure 2. Effect of perchloric acid concentration on the yield of
thiol ester formed on hydrolysis of 2. The line is the calculated ti-
tration curve of an acid of pK —0.55, with asymptotes at-0 and
35%.

effect of changing acidity on products and on reaction rate
(the plot, not shown, of log kopsq vs. H, is linear) is evidence
for an intermediate whose breakdown to products is acidity
dependent. The dependence of the thiol ester yield on H,
at [HClO4} < 3 M is approximately sigmoid with a mid-
point at 1.0-1.2 M HCIO,. As has been suggested® for 4, it
is likely that a neutral tetrahedral adduect 5 expels predom-

OH OH
OH OH 0
CLCH——SCH,  CLCH——OCH, |
OC.H; OCH,
5 6 7

inantly mercaptan and accounts for the products formed at
pH > 0. At higher acidity, protonation of 5 yields a cationic
intermediate which expels 35% ethanol and 65% ethyl mer-
captan. The observed product mix presumably reflects the
interplay between the better leaving ability of the proton-
ated thioether group and its lower concentration, relative
to the protonated alcohol function.?® That the product
transition with 2 occurs at higher acidity than that of 4
(product transition at pH 1.66) is consistent with the great-
er acidity of the cationic intermediate derived from 2. The
relatively low yield of thiol ester obtained from 2 in acid
(no more than 35%) continues a trend noted earlier which

indicates that the partitioning of cationic intermediates re-
lated to 5 increasingly favors mercaptan expulsion as elec-
tron withdrawal in the acyl group increases.3¢ The gradual
decrease in thiol ester yield at [HCIO4} > 3 M does not
seem to be as ionic strength effect (Table IV), but more
likely results from the changing relative basicities of ethers
and sulfides in concentrated acids.3® The much greater sol-
vation requirements of the protonated ether favor protona-
tion of the thioether function in strongly acidic media, and
may thus affect the partitioning of the cationic intermedi-
ate.

Unlike the hydrolysis of methyl thiolformate®® and a
thiolactonization reaction,5? the hydrolysis of ethyl dichlo-
rothiolacetate gives no clear evidence for a change in rate-
determining step in acidic solution (Table II). This means
either (a) that the tetrahedral intermediate expected to be
formed by addition of water to the thiol ester carbonyl
group behaves differently from its O-methyl analog derived
from 2; (b) that experimental scatter conceals the at best
small deviation from a simple rate law of the type kobsq =
ku[H*] + ky,o which would reveal the change in rate-lim-
iting step; or (c) that the rate measurements on the thiol
ester, carried out in HCI solutions, are not directly compa-
rable to the product study done in HC1Qj4 for the hydrolysis
of 2.

Although measurements could be made only over a limit-
ed range of acidity (0.8-3.3 M HC]l), the hydrolysis of 1 was
found to yield predominantly phenol as the initial product.
Though no direct experimental support is available, it is
probable that the hydrolysis of 1 proceeds via tetrahedral
intermediates also, so that the mode of breakdown of 6
(and/or of its cationic form) consists solely of the expulsion
of phenol. This is in contrast to the pathway of breakdown
of the related intermediate 7 derived from coumarinic acid,
which expelled phenol from a neutral intermediate and
water from the cationic species, with a transition at pH 1-3,
depending on the nature of the aromatic substituent.3” On
the other hand, the pH-rate profiles for the hydrolysis of
phenyl formate and phenyl dichloroacetate showed no evi-
dence for intermediates at acid pH, suggesting either that
intermediates are not formed in these reactions, or, more
likely, that the partitioning of the intermediates and hence
the nature of the rate-limiting step do not vary significant-
ly over the pH range examined.

The acidic hydrolysis of two unsymmetrical ketene O, O-
acetals (2-ethoxydihydropyran and 2-ethoxy-4-methyldihy-
dropyran) has been reported to yield exclusively the ring-
opened products. These selective reactions have been as-
cribed to stereoelectronic control of the decomposition of
the tetrahedral intermediates.38

Assuming that the hydrolysis of 3 also proceeds via a tet-
rahedral adduct, it appears that the departure of phenol
competes successfully with that of ethyl mercaptan in the
range of pH 2-5, possibly from a neutral intermediate anal-
ogous to 5. No conclusions can be drawn concerning the
pathways of breakdown of cationic or anionic species of the
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intermediate, though the preliminary observations that ac-
etate buffers enhance the expulsion of mercaptan suggest
that a change in products may occur at higher pH.

Two different types of evidence indicate the participa-
tion of intermediates in the hydrolysis of ketene acetals. (a)
The nonlinear effect of buffers on the rate of hydrolysis
suggests that a step which is susceptible to buffer catalysis
at low buffer is followed by a step which is not catalyzed by
buffer and which becomes rate determining at high buffer.
The intermediate formed in the first step is presumably a
carbonium ion. (b) The independent influences of acidity
on the rates and products of the reaction indicate that the
product-determining step is different from the rate-deter-
mining step. While it is in principle conceivable that the di-
rect conversion of the carbonium ion to products might be
pH dependent, it seems chemically more reasonable to pos-
tulate that hydration of the carbonium ion to a tetrahedral
intermediate is followed by the pH-dependent transforma-
tion to products (eq 1). According to this proposal, step a is
rate determining when BH = H30* or H30, and at low
buffer concentration; step b becomes rate determining at
high buffer, and steps ¢ and d are product determining. It
seems unlikely that attack of solvent on the carbonium ion
would lead directly to ester or thiol ester. While thiol ester
formation by direct displacement on the R group of the OR
substituent is possible, the kinetically favored process is
nucleophilic addition to the electron-deficient central car-
bon atom.3?

Experimental Section

2,2-Dichloro-1-ethoxy-1-phenoxyethylene (1) was prepared
from 1,1-difluoro-1,2,2-trichloroethane (Pierce Chemical Co.) ac-
cording to McBee and Bolt:'! NMR (neat) § 1.05 (3 H, t), 3.75 (2
H, q), 7.1 (56 H, m); uv max (CH3CN) 271.5 nm (e 640), 265 (820),
259 (710); mass spectrum molecular ion at m/e 232.

2,2-Dichloro-1-ethoxy-1-ethylthioethylene (2). A. 2,2-Di-
chloro-1,1-difluoro-1-ethylthioethane (8) was prepared by a
modification of the procedure of McBee and Bolt.!! To a suspen-
sion of 8.3 g (0.1 mol) of sodium ethylmercaptide in 75 ml of ether—
25 ml of acetonitrile was added dropwise 17 g (0.1 mol) of 1,1-di-
fluoro-1,2,2-trichloroethane, and the reaction mixture was stirred
overnight. After filtration, the product was obtained as a colorless
liquid by fractional distillation: yield 13 g; bp 35-37° (1.3 mm);
NMR (CCly) 6 1.85 (3 H, t), 2.95 (2 H, q), 5.80 (1 H, t). Anal. Caled
for C4HeCloFoS (195.07): C, 24.62; H, 3.10; Cl, 36.65; S, 16.44.
Found: C, 24.82; H, 3.14; Cl, 36.24; S, 16.69.

B. Conversion of 8 to 2 was accomplished by heating a solution
of 7 g (0.036 mol) of 8 and 14 g of KOH in 150 ml of ethanol for 24
hr at reflux temperature. After cooling, the reaction mixture was
diluted with 200 ml of water and extracted with three 100-ml por-
tions of chloroform. The pooled CHCl; extracts were dried over
anhydrous NasCOj and distilled at reduced pressure. Redistilla-
tion of the fraction boiling at 44-45° (0.2 mm) gave 5 g (69% yield)
of a colorless liquid whose ir spectrum was free of carbonyl absorp-
tion at 5-6 u: bp 39° (0.1 mm); NMR (neat) § 1.25 (6 H, m), 2.75 (2
H, q), 3.9 (2 H, q); uv max (CHsCN) 257 nm (e 5560); mass spec-
trum molecular ion at m/e 201. Anal. Caled for CgH;oCl,08
(201.12): C, 35.82; H, 5.02; Cl, 35.26; S, 15.94. Found: C, 36.14; H,
5.19; Cl, 34.78; S, 15.54.

1-Ethylthio-1-phenoxyethylene (3). 8-Chlorophenetole was
converted?® to phenyl vinyl ether, which was brominated to yield
1,2-dibromo-1-phenoxyethane (9), bp 92-98° (0.7-1.0 mm) [lit.4}
bp 129-130° (12 mm)]. T'o 250-300 ml of liquid NH;s (Dry Ice) was
added 300 mg of FeCl; followed by 0.5 g of sodium. When a black
precipitate had formed, 6.9 g of sodium was added, followed by
(after 30 min) 12 g (0.043 mol) of 9. The solution was stirred for 2
hr and 15 g of ethyl mercaptan was added dropwise over 1 hr. After
stirring for 2 hr in a Dry Ice-acetone bath, NH3 was allowed to
evaporate and the reaction flask was flushed with nitrogen over-
night. The residue was dissolved in 200 m! of ice water and extract-
ed with five 50-ml portions of ether. The pooled extracts were
dried over KoCOj3 and distilled at reduced pressure, yielding 3 as a
faintly yellow liquid (1.8 g, 23%): bp 60-63° (0.3 mm) [lit.6c bp 89°
(3 mm)]; uv (CH3CN) Anax 274 nm (e 600), 268 (840), 241 (3600);

J. Org. Chem., Vol. 40, No. 20, 1975 2945

NMR (CDCl3) 6 1.23 (3 K, 1), 2.7 (2 H, q), 4.756 (2H, m), 7.0 (5 H,
m); mass spectrum molecular ion at m/e 180.

Phenyl dichloroacetate!® had mp 47-48°. The preparation of
ethyl dichlorothiolacetate has been previously described.3¢ Phe-
nyl formate,*? prepared using formic—acetic anhydride,*® had bp
106-108° (70 mm) [lit.#* bp 90° (30 mm)]. 8,3’-Dithiobis{6-nitro-
benzoic acid) was recrystallized from ethyl acetate-ligroin.

Kinetic Methods. Acetonitrile was purified as previously de-
scribed.? Buffers and inorganic salts were of reagent grade and
were used without further purification. Glass-distilled water was
employed in the preparation of all solutions. D20 (99.7% D) was
obtained from Merck Sharpe and Dohme of Canada.

Stock solutions of the ketene acetals (10~2-10~% M) were pre-
pared in dry acetonitrile immediately after synthesis and con-
tained ca. 1073 triethylamine. The rates of hydrolysis of 1-3 at 30°
in the solvents given in the footnotes to Table I were determined
spectrophotometrically by the changes in absorbance at 280, 250,
and 270 nm for 1, 2, and 3, respectively. Concentrations of the ke-
tene acetals were 1-2 X 10~* M. Reactions were initiated by the
addition of a small volume (<0.5 ml) of stock solution of the ke-
tene acetal to the aqueous buffer equilibrated at 30° in the cell
compartment of a Cary 15 spectrophotometer. Reactions were fol-
lowed for at least 3 half-lives and generally for more than 6. The
absorbance change involved in the hydrolysis of 1 and 3 was only
0.05-0.1 units, requiring the use of the expanded scale of the Cary
spectrophotometer. Rate constants were calculated as previously
described.?¢ :

The hydrolysis of phenyl dichloroacetate and phenyl formate
(under the conditions stated in the Results section) were followed
at 30° by the increase in absorbance at 270 nm, with ester at 5-6 X
10~ M. The details of the hydrolysis of ethyl dichlorothiolacetate
have been previously reported.36

Product Analysis. The yield of phenol formed on hydrolysis of
1 (10~* M) was determined from the infinity absorbance reading of
each kinetic experiment at 280 nm where neither ethyl dichloroa-
cetate nor phenyl dichloroacetate have a measurable absorbance at
the concentration employed. The release of phenol was found to be
invariably first order. The absorbance expected for 100% forma-
tion of phenol is about 0.07 units.

The yield .of ethyl dichlorothiolacetate produced on hydrolysis
of 2 (at 3.5 X 10~4 M) was based on the measurement of the ab-
sorbance at 250 nm after 6 or more half-lives of reaction. At this
wavelength, emax for the thiol ester is 4500 and no other product
has significant absorbance.

Complete spectra taken on completion of the hydrolysis of 3 (1.5
X 10~* M) at pH 2-3 (HCI) were identical with those of an equi-
molar mixture of ethyl thiolacetate and phenol. When hydrolysis
was carried out at pH 4-5 (0.02 M acetate buffer), the decreases in
the absorption maxima at 235 nm (thiol ester) and 270 nm (phe-
nol) suggested that the yields of phenol and thiol ester were about
90%. Assay of the reaction mixtures using a modification of the
Ellman procedure?? and L-cysteine as a standard indicated a yield
of 8-10% of thiol, under conditions where ethyl thiolacetate is sta-
ble to hydrolysis.
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Carbon-13 CIDNP during Photolysis of Di-tert-butyl Ketone in Carbon
Tetrachloride!
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Carbon-13 Fourier transform (FT) NMR was used to observe CIDNP during the photolytic decomposition of
di-tert-butyl ketone in CCly. Recombination of the triplet tert-butyl-pivaloyl radical pair (.I) was u.nambiguously
established. The polarizations from 2,2-dimethylpropanal (1) and 2,2-dimethylpropanoic acid ‘chlorlc_le (3) also re-
sult from triplet radical pair I. Other polarized products may come from singlet or triplet radical pair precursors.
The observed polarization signs agreed with those predicted for all identified products.

The use of carbon-13 FT NMR to study CIDNP holds
great promise as a mechanistic and kinetic tool for the in-
vestigation of radical reactions.? The major advantages of
studying carbon-13 CIDNP are the large chemical shift
range and the ability to make all carbons appear as singlets
by proton decoupling. In addition, FT NMR techniques en-
able the entire spectrum to be recorded in a matter of sec-
onds.

As part of our program of defining the pathways of mate-
rial degradation, we have examined by carbon-13 FT' NMR
the CIDNP during the photochemical decomposition of di-

tert-butyl ketone (DTBK) in CCly. Analysis of the polar-
ization signs provided insight into the various degradation
steps and the multiplicities of radical pair precursors. Pro-
ton CIDNP during the photolysis of DTBK has been pre-
viously studied using continuous-wave NMR.3

Results

Figure 1 shows proton decoupled carbon-13 FT NMR
spectra of a 25% DTBK solution in CCly obtained before,
during, and after irradiation. The center spectrum, ob-
tained during the first 1000 sec of photolysis, shows emis-



