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The title reactions, in 44 wt % ethanol-water at 25.0 °C,
exhibit slightly curved Brønsted-type plots (log kN versus
pKa of amines) with slopes â1 ) 0.1-0.44 (at high pKa) and
â2 ca. 0.7 (at low pKa). The magnitude of some of these slopes,
together with the fact that the curvature center (pKa

0 ) 9.5-
10.8) does not change with the electronic effects of the
benzoyl substituent, suggests that these reactions are not
stepwise, but concerted.

The kinetics and mechanisms of the reactions (espe-
cially aminolysis) of aryl benzoates are well-documented.1-4

Nevertheless, the kinetics and mechanisms of the same
reactions of aryl thiobenzoates are not well understood.5-9

Concerning the kinetics of the aminolysis of S-aryl

thiobenzoates (aryl thiolbenzoates, Ph-CO-SAr), there
have been only a few reports in the literature.7,9

The reactions of aryl thiolbenzoates with anilines in
methanol were claimed to be concerted,7a in contrast to
the benzylaminolysis7b and pyridinolysis of the same
substrates in acetonitrile,7c which were found to be
stepwise, through a zwitterionic tetrahedral intermediate
(T() on the reaction pathway. We have recently found
that the reactions of secondary alicyclic (SA) amines9a and
pyridines9b with 4-nitrophenyl 4-substituted thiolben-
zoates and the latter amines with 2,4-dinitrophenyl
4-substituted thiolbenzoates9c in aqueous ethanol are
stepwise.

On the other hand, we have reported that the pyridi-
nolysis of 2,4-dinitrophenyl 4-Y-substituted benzoates
(Y ) H, Cl, CN, and NO2) in aqueous ethanol is
stepwise.3a-d In contrast, we have found that the reac-
tions of SA amines with 2,4-dinitrophenyl 4-cyanoben-
zoate in the same solvent mixture are concerted.3e

Another question that needs clarification is the influ-
ence of the benzoyl Y-substituent on the kinetics and
mechanism. Um and co-workers have reported that the
reactions of 2,4-dinitrophenyl Y-substituted benzoates
with SA amines in 20 mol % DMSO-water are stepwise,
on the basis of the curved Brønsted-type plots (log k
versus amine pKa) obtained.4a These were explained by
the existence of a T( intermediate and a change in the
rate-determining step.4a It was found that the curvature
center of these plots (pKa

0) does not change with the
nature of the Y substituent.4a The same conclusion was
drawn for the reactions of the same amines with the
corresponding 4-nitrophenyl derivatives in the same
solvent.4b

In contrast to the above conclusion, Gresser and Jencks
have found that, for the stepwise reactions of quinucli-
dines (tertiary alicyclic amines) with diaryl carbonates
in water, the pKa

0 value increases as the substituent in
the nonleaving group of a diaryl carbonate becomes more
electron-withdrawing.10

In accordance to the findings of the latter authors, we
have found that, for the stepwise pyridinolysis of 2,4-
dinitrophenyl Y-benzoates in aqueous ethanol, the pKa

0

value increases with the increasing electron attraction
from the Y-substituent in the benzoyl group.3a-d A similar
conclusion was reached for the stepwise reactions of
4-nitrophenyl 4-Y-substituted thiolbenzoates with SA
amines9a and pyridines9b and those of 2,4-dinitrophenyl
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4-substituted thiolbenzoates9c with the latter amine
series, all in aqueous ethanol.

To clarify the mechanisms of the aminolysis of aryl
thiolbenzoates and the corresponding benzoates and to
shed more light on the influence of the benzoyl substitu-
ent on the pKa

0 value, in this work we investigate the
reactions of 2,4-dinitrophenyl 4-substituted thiolben-
zoates (1-4) with SA amines in aqueous ethanol. We
have chosen these amines because of the constancy of
the structures and for comparison with other reactions
of these amines. Other goals are to determine the effects
of the amine nature and the leaving group on these
mechanisms.

The rate law exhibited by the title reactions is given
by eq 1, where kobsd, k0 and kN are the pseudo-first-order,
the solvolysis and the aminolysis rate constants, respec-
tively, and N represents the SA amine.

The values of kN (obtained as slopes of plots of eq 1)
are shown in Table 1, together with the pKa values of
the conjugate acids of the SA amines.

For the reactions of a given SA amine with thiolben-
zoates 1-4, the kN values (Table 1) are lower (ca. 5-10-
fold) than those for the reactions of an isobasic pyridine
with the same substrates in the same solvent.9c This is
an indication that the carbonyl carbon of these substrates
is relatively soft (due to the sulfur atom in the leaving
group) and prefers to bind to the softer pyridine nucleo-
phile relative to the relatively harder SA amine. This is
in accordance with the principle of “Hard and Soft Acids
and Bases (HSAB)” of Pearson.11

The pKa and kN values were statistically corrected
before obtaining the Brønsted-type plots.12 These plots
are shown in Figures 1 and 2. The q parameter repre-
sents the number of equivalent basic sites in the free
amine: q ) 1 for all SA amines, except the symmetrical
piperazine, for which q ) 2. The p parameter is the

number of equivalent protons in the conjugate acid of the
amine: p ) 2 for all the conjugate acids of the SA amines,
except piperazinium cation, for which p ) 4.13

The lines in the Brønsted-type plots of Figures 1 and
2 were calculated through an equation (eq 2) based on
the existence of a zwitterionic tetrahedral intermediate
(T() on the reaction pathway and a change in the rate-
limiting step, from T( breakdown to its formation, as the
amine basicity increases.14 Equation 2 contains four
parameters: log kN

0 and pKa
0 (which are the correspond-

ing values at the center of the Brønsted curvature) and
â1 and â2 (which are the slopes at high and low pKa,
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TABLE 1. Values of pKa for the Conjugate Acids of SA Amines and Those of kN for the SA Aminolysis of
S-2,4-Dinitrophenyl 4-Methylthiobenzoate (1), S-2,4-Dinitrophenyl Thiobenzoate (2), S-2,4-Dinitrophenyl
4-Chlorothiobenzoate (3), and S-2,4-Dinitrophenyl 4-Nitrothiobenzoate (4)a

kN/s-1 M-1

SA amine pKa 1 2 3 4

piperidine 10.82 63 ( 4 88 ( 5 340 ( 20 1770 ( 120
piperazine 9.71 32 ( 2 46 ( 3 130 ( 7 460 ( 30
1-(2-hydroxyethyl)piperazine 9.09 9.7 ( 0.7 12 ( 1 35 ( 2 200 ( 15
morpholine 8.48 5.2 ( 0.3 7.7 ( 0.5 17 ( 1 85 ( 6
1-formylpiperazine 7.63 0.93 ( 0.05 1.4 ( 0.1 3.2 ( 0.2 16 ( 1
piperazinium ion 5.37 0.054 ( 0.003 0.071 ( 0.004 0.14 ( 0.01 0.61 ( 0.04

a Both the pKa and kN values were determined in 44 wt % ethanol-water, at 25.0 °C, ionic strength 0.2 M (KCl).

kobsd ) k0 + kN [N] (1)

FIGURE 1. Brønsted-type plots (statistically corrected) for
the SA aminolysis of 1 (O) and 3 (b) in 44 wt % ethanol-water,
at 25.0 °C, and an ionic strength of 0.2 M (KCl).

FIGURE 2. Brønsted-type plots (statistically corrected) for
the SA aminolysis of 2 (O) and 4 (b) in 44 wt % ethanol-water,
at 25.0 °C, and an ionic strength of 0.2 M (KCl).
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respectively). A similar equation was reported by Gresser
and Jencks.15

The best parameters obtained for the fit of this equa-
tion to the experimental points are shown in Table 2. The
values of ∆â/∆pKa for the Brønsted curvatures are ca.
0.1 for the reactions of 1-3 and 0.07 for 4.

Although the fittings of eq 2 to the experimental points
(Figures 1 and 2) seem reasonable and some â1 values
(those for the reactions of thiolbenzoates 1-3) are in
accordance with those usually obtained for stepwise
reactions when formation of the T( intermediate is rate
determining,5,9,10,13-16 we have reasons to believe that
these reactions are more likely to be concerted rather
than stepwise.

The reasons are:
(1) The â1 value 0.44 for the reaction of thiolbenzoate

4 is not in agreement with those usually found in
stepwise reactions when formation of T( is rate-deter-
mining (â1 ) 0.1-0.3).5,9,13-16

(2) The â2 values for the reactions of thiolbenzoates
1-3 are not in accordance with those obtained for
stepwise mechanisms with rate-limiting breakdown to
products of T( (â2 ) 0.8-1).5,9,13-16 Moreover, the differ-
ence (â2 - â1) found for the reactions of all four thiol-
benzoates, (â2 - â1) ≈ 0.36-0.60, is smaller than that
obtained for stepwise reactions, (â2 - â1) ≈ 0.6-0.9.5,9,13-16

(3) The concerted reactions of primary amines with
substituted benzoyl fluorides in water show slightly
curved Brønsted-type plots (â1 ) 0.23, â2 ) 0.67).17 The
slight Brønsted curvature has been explained by a
normal Hammond effect for a concerted reaction, with
an earlier transition state for a more reactive nucleo-
phile.17,18 Brønsted-type plots with a small curvature
(â1 ) 0.10, â2 ca. 0.5) have also been found in the
concerted reactions of SA amines with bis(4-nitrophenyl)
thionocarbonate19a and 2,4-dinitrophenyl 4-methylphenyl
carbonate.19b

(4) An important feature of the concerted reactions that
show slight Brønsted curvatures is that pKa

0 does not
change with the change of acyl substituents.17 This is the
case of the title reactions (Table 2). For the aminolysis

of substituted benzoyl fluorides the Brønsted plots show
the same value of pKa

0 () 9.1). This is a clear indication
that these reactions are concerted.17 This is in contrast
to the feature shown by stepwise reactions, where the
pKa

0 value increases as the substituent in the acyl or
nonleaving group becomes more electron-withdrawing.9,10

(5) The reactions of SA amines with 2,4-dinitrophenyl
4-cyanobenzoate in aqueous ethanol are concerted, as
shown by the obtained linear Brønsted-type plot of slope
0.6.3e The magnitude of this slope is within the usual
range (â ) 0.4-0.7) of those obtained for the concerted
aminolysis of esters and carbonates and their thio
analogues.5,20 Taking into account that the above reaction
is concerted, it is more likely that the title reactions are
concerted, since the same nucleophiles and solvent
mixture are involved in both reactions and the main
difference is the better leaving group of the title sub-
strates. This should further destabilize the hypothetical
tetrahedral intermediate formed in the latter reactions.

Um and co-workers have reported that the reactions
of SA amines with 2,4-dinitrophenyl and 4-nitrophenyl
4-substituted benzoates in water-20 mol % DMSO are
stepwise.4a,b For the latter reactions, linear Brønsted-type
plots of slopes ca. 0.8-0.9 were obtained,4b which are in
agreement with stepwise mechanisms. Nevertheless, for
the SA aminolysis of 2,4-dinitrophenyl 4-Y-substituted
benzoates (Y ) NO2, H, and MeO) slightly curved
Brønsted-type plots were found, with slopes 0.55, 0.40,
and 0.42 (at high pKa) and 0.76, 0.66, and 0.63 (at low
pKa), respectively.4a These slope values are not in ac-
cordance with those obtained in the aminolysis of esters
and carbonates and their thio analogues, neither when
formation of the tetrahedral intermediate (T() is rate-
limiting (â1 ) 0.1-0.3) nor when T( breakdown to
products is the rate-determining step (â2 ) 0.8-1).5,9,13-16

Moreover, the differences of the slope values at low and
high pKa (∆â ) 0.21, 0.26, and 0.21, respectively) are
much lower than those found in stepwise aminolysis of
the substrates mentioned above (∆â ) 0.6-0.9).5,9,13-16

Therefore, it is very likely that the SA aminolysis of 2,4-
dinitrophenyl benzoates in aqueous DMSO are concerted,
as is the same aminolysis of 2,4-dinitrophenyl 4-cyano-
benzoate in aqueous ethanol.3e

According to the arguments above, it is not surprising
that the SA aminolysis of 2,4-dinitrophenyl Y-substituted
benzoates in aqueous DMSO exhibits curved Brønsted-
type plots with the curvature center (pKa

0) independent
of the Y substituent.4a

In contrast to the concerted mechanisms found in the
SA aminolysis of 2,4-dinitrophenyl Y-substituted thiol-
benzoates in aqueous ethanol (this work), we have
reported that the pyridinolyses of the same substrates
in the same solvent mixture are stepwise.9c The change
in mechanism can be ascribed to the greater leaving
ability of SA amines from a hypothetical T( intermediate,
relative to isobasic pyridines.5,16,21,22 This means that the
T( intermediate formed with a given pyridine is greatly

(15) Gresser, M. J.; Jencks, W. P. J. Am. Chem. Soc. 1977, 99, 6963.
(16) Castro, E. A.; Ureta, C. J. Chem. Soc., Perkin Trans. 2 1991,

63.
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P.; Santos, J. G. Int. J. Chem. Kinet. 2002, 34, 309.

(20) (a) Chrystiuk, E.; Williams, A. J. Am. Chem. Soc. 1987, 109,
3040. (b) Castro, E. A.; Cubillos, M.; Santos, J. G. J. Org. Chem. 2001,
66, 6000. (c) Castro, E. A.; Aliaga, M.; Campodonico, P.; Santos, J. G.
J. Org. Chem. 2002, 67, 8911. (d) Castro, E. A.; Campodonico, P.; Toro,
A.; Santos, J. G. J. Org. Chem. 2003, 68, 5930.
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TABLE 2. Values of the Fitting Parameters in Eq 2,
Obtained for the SA Aminolysis of Thiolbenzoates 1-4

parameter 1 2 3 4

log kN
0 1.62 ( 0.26 1.69 ( 0.33 2.40 ( 0.26 2.31 ( 1.27

pKa
0 10.59 ( 0.55 10.43 ( 0.69 10.81 ( 0.50 9.49 ( 2.0

â1 0.10 ( 0.26 0.14 ( 0.24 0.20 ( 0.24 0.44 ( 0.16
â2 0.70 ( 0.03 0.71 ( 0.04 0.74 ( 0.03 0.80 ( 0.08
R2 a 0.9970 0.9962 0.9986 0.9973
a R is the correlation coefficient. Errors are standard errors.

log(kN/kN
0) ) â2(pKa - pKa

0) - log[(1 + a)/2]

log a ) (â2 - â1) (pKa - pKa
0) (2)
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destabilized by the change of the pyridine to an isobasic
SA amine. This great destabilization of T( by SA amines
means that the intermediate either does not exist (en-
forced concerted mechanism) or it does exist, but it is so
unstable that the concerted path is favored energetically.
There are some precedents of pyridinolysis of substrates
that are stepwise and SA aminolysis of the same sub-
strates in the same solvent that are concerted.5,19a,20b,c,23

In agreement with these results, Gresser and Jencks
found that quinuclidines (tertiary alicyclic amines) are
better nucleofuges from a T( intermediate than isobasic
pyridines.10 The relatively poor leaving ability of pyri-
dines has been explained by a significant contribution of
resonance stabilization by electron donation from the
pyridine to the oxygen (or thio) leaving group in the
transition state for the breakdown of T( with loss of ArO-

or ArS-.10 The greater nucleofugality of SA amines could
also be explained by their greater steric hindrance
compared with that of pyridines. There are also examples
of stepwise pyridinolysis, in contrast to concerted phe-
nolysis.24

The reactions of SA amines with 4-nitrophenyl 4-Y-
substituted thiolbenzoates (Y ) H and Cl) in aqueous
ethanol are stepwise, as evidenced by the obtained
nonlinear Brønsted-type plots of slopes â1 ) 0.27 and 0.10
and â2 ) 0.86 and 0.84.9a The same aminolysis of the
thiolbenzoate with Y ) NO2 in the same solvent is also
stepwise, as indicated by the linear Brønsted-type plot
found of slope â2 ) 0.81.9a Another proof that these
reactions are stepwise is the fact that pKa

0 increases as
electron withdrawal from Y improves.9a The change in
mechanism, from stepwise for the 4-nitrophenyl deriva-
tives9a to concerted for the title reactions, should be due
to the greater nucleofugality of 2,4-dinitrobenzenethiolate
than that of 4-nitrobenzenethiolate from the T( inter-
mediate. In accordance with this result are the reactions
of SA amines and quinuclidines with O-ethyl S-4-nitro-
phenyl thiocarbonate in water, which are stepwise,25a,b

while the same aminolyses of the 2,4-dinitrophenyl
derivative in the same solvent are concerted.25b,c Simi-
larly, the SA aminolysis and quinuclidinolysis of methyl
4-nitrophenyl carbonate in water are stepwise,20c whereas
those of the dinitro analogue in water are concerted.20c

The SA aminolysis of 2,4-dinitrophenyl thiolacetate in
water exhibits a nonlinear Brønsted plot with slopes 0.2
(high pKa) and 0.85 (low pKa), which was explained by a
stepwise mechanism.16 The fact that the same aminolysis
of the corresponding thiolbenzoate (Y ) H) in aqueous

ethanol is concerted (this work) can be explained as
follows: (i) The change of the acyl group in the substrate,
from methyl to phenyl, should destabilize the T( inter-
mediate due to a greater steric compression caused by
the latter group in T(. This should result in a greater
nucleofugality of both the SA amine and 2,4-dinitroben-
zenethiolate from the hypothetical intermediate formed
with thiolbenzoate. (ii) The change of solvent, from water
to aqueous ethanol, should also bring destabilization to
T(, due to the zwitterionic nature of the intermediate.
This is in accordance with the fact that the SA aminolysis
of O-ethyl 2,4,6-trinitrophenyl dithiocarbonate in water
is stepwise26a in contrast to the same reaction in aqueous
ethanol, which is concerted.26b

Experimental Section
Materials. The series of SA amines were purified as de-

scribed.13 The aryl thiolbenzoates 1-4 were synthesized as
reported.9c

Kinetic Measurements. These were carried out spectropho-
tometrically (diode array), by following the appearance of 2,4-
dinitrobenzenethiolate at 420 nm. The reactions were studied
in 44 wt % ethanol-water, at 25.0 ( 0.1 °C, and an ionic
strength of 0.2 M (KCl). Two or three pH values were employed
for the reactions of each SA amine. At least a 10-fold excess of
total amine over the substrate was used in all cases. The initial
substrate concentration was (2-5) × 10-5 M in all runs.

Pseudo-first-order rate coefficients (kobsd) were obtained
throughout by means of the kinetic software of the spectropho-
tometer. The experimental conditions of the reactions and kobsd
values are shown in Tables S1-S4 in the Supporting Informa-
tion.

Determination of pKa. The pKa of 2,4-dinitrobenzenethiol
was determined spectrophotometrically27 in 44 wt % ethanol-
water, at 25.0 ( 0.1 °C, and an ionic strength of 0.2 M
(maintained with KCl). The value obtained was 3.5 ( 0.1. A
similar value (pKa 3.4) was found in aqueous solution, at 25.0
°C, and an ionic strength of 0.2 M (maintained with KCl).16

Product Studies. The products of the reactions, at the
kinetic conditions, were identified as 2,4-dinitrobenzenethiolate
anion and the corresponding benzamide. The identification of
the products was achieved by comparison of the UV-vis spectra
after completion of the reactions with those of an equimolar
mixture of authentic samples of 2,4-dinitrobenzenethiolate and
the corresponding benzamide, under the same experimental
conditions.9a
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