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Kinetic studies of the pyridinolysis (XC5H4N) of aryl dithioacetates (CH3C(dS)SC6H4Z) are carried
out in acetonitrile at 60.0 °C. A biphasic Brönsted plot is obtained with a change in slope from a
large value (âX = 0.9) to a small value (âX = 0.4) at pKa° ) 5.2, which is attributed to a change in
the rate-limiting step from breakdown to formation of a zwitterionic tetrahedral intermediate, T(,
in the reaction path as the basicity of the pyridine nucleophile increases. A clear-cut change in the
cross-interaction constants FXZ from a large positive value (FXZ ) +1.34) to a small negative value
(FXZ ) -0.15) supports the mechanistic change proposed.

Introduction

The aminolysis of carbonyl and thiocarbonyl esters has
been a subject of considerable interest in mechanistic as
well as synthetic organic chemistry.1 In most of these
reactions, involvement of a zwitterionic tetrahedral ad-
duct has been postulated either as a transition state (TS)
or as an intermediate, T(.1 Thiocarbonyl esters are more
likely to react through a tetrahedral intermediate mainly
because of the lower π*

CdS orbital than the π*
CdO level.1c,2

For example, the π*
CdS level is lower by ca. 0.071 au (1.9

eV) than π*
CdO in CH3C(dY)Cl at the RHF/6-31+G*//

B3LYP/6-31+G* level.2 The much lower π*
CdS level leads

to a much more stabilized adduct (T() formation due to
a greater charge transfer from the nucleophile (lone pair
(n) of amine), as estimated by the second-order perturba-
tion energy, ∆E(2)

n-π* in eq 1.3

Experimentally, it has been pointed out time and again
by Castro that substitution of Y ) O by Y ) S in T((Y)
(eq 2) decreases both k-a and kb with a greater decrease
of k-a than kb for a given amine resulting in kinetic
stability of T((S).1c,4 One of the consequences of this
increased T((S) stability with a greater decrease of k-a

than kb is that the center of curvature at the pKa° (where

k-a ) kb) in the biphasic Brönsted-type plots occurs at a
lower pKa than that with Y ) O.

In this work, we carried out kinetic studies of the
pyridinolysis of aryl dithioacetates in acetonitrile, R )
CH3, Y ) Y′) S, and amine ) pyridine in eq 2, to
elucidate the mechanism. We especially wanted to show
that (i) the breakpoint, pKa°, in biphasic Brönsted plots
is at a much lower pKa than that in the corresponding
reactions of carbonyl (Y ) O) esters and that (ii) there is
a change in the sign and magnitude of the cross-
interaction constant FXZ in eqs 3a and 3b,5 where X and
Z represent substituents in the nucleophile and leaving
group, respectively.

Results and Discussion

The rate law obtained in the present reactions is given
by eqs 4 and 5, where ArS- is the leaving group, kobs is
the pseudo-first-order rate constant, k0 and kN are the
rate constants for solvolysis and pyridinolysis of the
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∆E(2)
n-π* ) -

2Fπ*n

επ* - εn
(1)

log(kXZ/kHH) ) FXσX + FZσZ + FXZσXσZ (3a)

FXZ ) ∂FX/∂σZ ) ∂FZ/∂σX (3b)
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substrate, respectively, and [Py] and [S] represent the
pyridine and substrate concentrations, respectively. The
value of k0 was negligible in acetonitrile, k0 = 0.

The second-order rate constants for pyridinolysis (kN)
were obtained as the slopes of plots of eq 5. These values,
together with those of the pKa of the conjugate acids of
the pyridines, are summarized in the Table 1.

Using the kN and pKa values in Table 1, the Brönsted
plots for the reactions under study were obtained as
shown in Figure 1. The slopes (âX ) ânuc) are shown in
Table 1, where the Hammett coefficients, FX () Fnuc) and

FZ () Flg), and the cross-interaction constant, FXZ, are also
presented. We note that the Brönsted plots are biphasic
with a change in the slope. For Z ) H, the slope changes
from âX ) 0.91 to 0.38 at pKa° ) 5.2 as the basicity of
pyridine increases (see Figure 1). This breakpoint agrees
with that calculated by means of a semiempirical equa-
tion derived by Castro et al.4b,6 The values of âX are in
accord with the corresponding values found in other
similar aminolysis reactions: the aminolysis of aryl
dithioacetates with anilines and with N,N-dimethyla-
nilines at 50 °C in acetonitrile gave âX ) 0.84 and 0.85
(for Z ) H), respectively.7 The âX values at low pKa values
for the pyridinolysis of 2,4-dinitrophenyl and 2,4,6-
trinitrophenyl O-ethyl thiolcarbonates in water were 0.9
and 0.8 with pKa° ) 8.6 and 7.3, respectively,6 and that
for O-ethyl 4-nitrophenyl thiolcarbonate in the whole pKa

range (pKa ) 3.43-9.87) was âX ) 0.8.6 Similarly, for the
pyridinolysis of 2,4-dinitrophenyl and 2,4,6-trinitrophenyl
thiolacetates in water, the âX values were 0.85 and 0.80
with pKa° ) 6.6 and 4.9, respectively, at 25 °C.8

On the basis of the biphasic Brönsted plots and the
rate law obtained in the present work, we propose the
reaction scheme shown in eq 2, where R ) CH3, Y ) Y′)
S, and amine ) pyridine, as the most probable mecha-
nism for the present reactions.

In this mechanism for pyridines of high pKa values,
k-a , kb so that the ka step is the rate-determining step,
i.e., kN ) ka, with a smaller Brönsted slope âX (0.37-0.39).
On the other hand, at low pKa values where k-a . kb and
kN ) (ka/k-a)kb ) Kkb, the kb step should be rate limiting
with a steeper Brönsted slope âX (0.83-0.94). At the
center of the Brönsted curvature, k-a ) kb, a pyridine
with pKa ) pKa° (5.2) has the same leaving ability from
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Table 1. Second-Order Rate Constants, kN (×104 M-1 s-1), and Selectivity Parameters,a GX, GZ, GXZ, and âX, for the
Reactions of Z-Phenyl Dithioacetates with X-Pyridines in Acetonitrile at 60.0 °C

Z

X pKa 4-CH3 H 4-Cl 4-Br FZ
h

4-CH3O 6.47 44.9 158 375 495 2.37 ( 0.29
4-CH3 6.00 36.6 118 291 387 2.34 ( 0.25
3-CH3 5.68 25.3 91.5 205 291 2.37 ( 0.33
4-C6H5CH2 5.59 21.5 79.3 192 238 2.40 ( 0.29
H 5.17 15.5 50.8 122 155 2.29 ( 0.25
3-C6H5 4.87 6.51 20.8 51.2 74.0 2.38 ( 0.29
3-CH3CO 3.26 0.157 0.517 1.51 2.00 2.56 ( 0.22
3-Cl 2.84 0.0954 0.395 0.877 1.23 2.48 ( 0.38
4-CH3CO 2.38 0.0331 0.114 0.398 0.633 2.93 ( 0.31
4-CN 1.90 0.0103 0.0425 0.161 0.269 3.22 ( 0.35
3-CN 1.45 0.00489 0.0209 0.0582 0.127 3.05 ( 0.53
FX

b,c -1.71 ( 0.28 -1.72 ( 0.29 -1.75 ( 0.24 -1.78 ( 0.34 FXZ
b,i ) -0.15

âX
b,d 0.37 ( 0.04 0.38 ( 0.03 0.38 ( 0.03 0.39 ( 0.05

FX
e,f -5.29 ( 0.47 -5.14 ( 0.47 -4.89 ( 0.55 -4.68 ( 0.49 FXZ

e,j ) +1.34
âX

e,g 0.94 ( 0.02 0.91 ( 0.03 0.87 ( 0.02 0.83 ( 0.03
a σ values were taken from Hansch, C.; Leo, A.; Taft, R. W. Chem. Rev. 1991, 91, 165. âX values were determined using pKa values in
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Vaughan, J. J. Chem. Soc. 1964, 3591. (d) pKa values where X ) 3-C6H5 and X ) 4-CH3CO were taken from ref 18. b For X ) 4-CH3O,
4-CH3, 3-CH3, 4-C6H5CH2, and H. c Correlation coefficients are better than 0.948 in all cases. d Correlation coefficients are better than
0.980 in all cases. e For X ) H, 3-C6H5, 3-CH3CO, 3-Cl, 4-CH3CO, 4-CN, and 3-CN. f Correlation coefficients are better than 0.970 in all
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Figure 1. Brönsted plots (âX) for the reactions of Z-phenyl
dithioacetates with X-pyridines in acetonitrile at 60.0 °C.

d[ArS-]/dt ) kobs[S] (4)

kobs ) k0 + kN[Py] (5)
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the tetrahedral intermediate, T(, as that of the leaving
group ArS-.

The low pKa° (∼5.2) obtained in this work for the dithio
compound (Y ) Y′ ) S) is in contrast to the much higher
pKa° value (>9.6) observed for the corresponding thiol
series (Y ) O, Y′ ) S),9 for which the rate-limiting
expulsion of ArS- from the tetrahedral intermediate, T(,
(with âX ) 1.3-1.6) can be predicted even at a higher
pKa range (pKa = 9.1-9.6). This may be due to the greater
nucleofugality of benzylamines relative to pyridines and
also partly due to the change of Y ) S to Y ) O. Similarly,
the depression of pKa° has been reported for Y ) S
relative to the corresponding Y ) O series: for the
aminolysis of S-phenyl thioacetate, the estimated pKa°
was 12.2, which is larger than that calculated for the
same aminolysis of phenyl dithioacetate, pKa° = 10.10 For
the aminolysis of O-ethyl 4-nitrophenyl dithiocarbonate
and O-ethyl S-(4-nitrophenyl) thiocarbonate, the pKa°
values are 9.6 and 10.7, respectively.11 Again, for the
aminolysis of 4-nitrophenyl benzoate and the correspond-
ing thionobenzoate, the reported values were pKa° > 11
and 9.2, respectively.12 These examples of lower pKa°
values with Y ) S than with Y ) O clearly support the
contention that the tetrahedral intermediate with Y )
S, T((S), is more stable or that k-a and kb are smaller
than those with Y ) O, T((O). The decrease in k-a is,
however, greater than that in kb.

The FZ values are large (ca. 2.4 and 3.0 for the more
basic and weakly basic pyridines, respectively). In terms
of âZ (âlg), these correspond to âZ(CH3CN) = -0.6 and
-0.8, respectively, (âZ(H2O) = -1.0 and -1.3 calculated
by pKa values of thiophenols in water for the more basic
and weakly basic pyridines, respectively)13 which are
relatively large negative values. The sensitivity of kN to
the leaving group basicities (âZ = -0.8) with weakly basic
pyridines is in agreement with those obtained in the
aminolysis of aryl esters and diaryl carbonates when
expulsion of the leaving group from the intermediate is
the rate-limiting step.14 For rate-limiting formation of the
tetrahedral intermediate, âZ values of between 0 and -0.5
were obtained for the aminolysis of the aryl esters and
carbonates and ethyl S-aryl dithiocarbonates.14,15 On the
other hand, for the concerted aminolysis reactions of
O-ethyl S-aryl thiocarbonates, the âZ value of -0.2 is
reported in water.16

There is a clear-cut change in the FXZ value (Table 1)
from a large positive value (FXZ ) +1.34) for the rate-
limiting expulsion of the ArS- group from the intermedi-
ate, T(, with the weakly basic pyridines (X ) H-3-CN)
to a small negative value (FXZ ) -0.15) for the rate-
limiting formation of T( with the more basic pyridines
(X ) 4-CH3O-H). Thus, on the basis of the cross-
interaction constants, FXZ, the mechanistic change is more
clearly defined.5c,17 Similar changes in the cross-interac-
tion constants accompanying mechanistic changes have
been observed within a series of nucleophiles used,
especially pyridines18 since a biphasic dependence of the
rate upon the basicity of pyridines is often obtained.

The activation parameters determined with the rate
constants at three temperatures are shown in Table 2.
The activation enthalpies are low (∆H‡ = 8 kcal/mol), and
activation entropies have large negative values (∆S‡ )
-41 to -56 cal mol-1 K-1). The large negative ∆S‡ values
(from -52 to -56 cal mol-1 K-1) for the weakly basic
pyridine (X ) 3-Cl) are in accord with the rate-limiting
expulsion of the leaving group since the soft ArS- groups
formed in the TS are solvated by the soft aprotic solvent
(MeCN) molecules.

Summary

We have confirmed that the aminolysis of aryl dithio-
acetates in acetonitrile proceeds by a stepwise mecha-
nism through a zwitterionic tetrahedral intermediate, T(,
with rate-limiting expulsion of the thiophenoxide (ArS-)
group by observing the breakpoint at pKa° ) 5.2 due to
change in the rate-limiting step associated with the
intermediate, T(. The relatively low pKa° value is as-
cribed to the stability of the tetrahedral intermediate
where the decrease in k-a is greater than that in kb with
Y ) S relative to that with Y ) O. The mechanistic
change from rate-limiting expulsion of the leaving group
from T( to formation of the intermediate is well defined
by a change in the cross-interaction constants FXZ from a
large positive value (+1.34) to a small negative value
(-0.15).
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Table 2. Activation Parametersa for the Reactions of
Z-Phenyl Dithioacetates with X-Pyridines in Acetonitrile

X Z
t

(°C)
kN

(×104 M-1 s-1)
∆H‡

(kcal/mol)
-∆S‡

(cal mol-1 K-1)

60.0 36.6
4-CH3 4-CH3 50.0 23.8 8.3 45

40.0 15.3
60.0 387

4-CH3 4-Br 50.0 256 8.1 41
40.0 167
60.0 0.0954

3-Cl 4-CH3 50.0 0.0613 8.5 56
40.0 0.0394
60.0 1.23

3-Cl 4-Br 50.0 0.799 8.3 52
40.0 0.518

a Calculated by the Eyring equation. Maximum errors calculated
(by the method of Wiberg, K. B. Physical Organic Chemistry;
Wiley: New York, 1964; p 378) are (0.6 kcal/mol and (2 cal mol-1

K-1 for ∆H‡ and ∆S‡, respectively.
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Experimental Section

Materials. Commercially purchased acetonitrile was used
after three distillations. The pyridine nucleophiles were pur-
chased commercially and used without further purification.

Substrates. Preparations and analytical data are reported
elsewhere.7

Kinetic Measurement. Rates were measured conducto-
metrically in acetonitrile. The conductivity bridge used in this
work was a homemade computer-automatic A/D converter
conductivity bridge. Pseudo-first-order rate constants, kobs,
were determined with a large excess of pyridine, [Py]. Second-
order rate constants, kN, were obtained from the slopes of plots
of kobs vs [Py] with more than five concentrations of pyridine
and were reproducible to within (3%.

Product Analysis. 4-Bromophenyl dithioacetate (0.05 M)
was reacted with an excess of pyridine (0.5 M) with stirring

for more than 15 half-lives at 60.0 °C in acetonitrile. The salt
was filtered, and the solvent was removed from the precipitate.
Analysis of the product gave the following results.

CH3C(dS)N+C5H5
-SC6H4-4-Br: mp 65-67 °C; 1H NMR

(400 MHz, CDCl3) 2.78 (3H, s, CH3), 7.61-7.98 (4H, m, C6H4S),
8.55-8.89 (5H, m, C5H5N); 13C NMR (100.4 MHz, CDCl3) 232.7
(CdS), 139.8, 125.7, 122.1, 121.5, 121.4, 113.6, 109.9, 25.5
(CH3).
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