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Second-order rate constants (kN) have been measured spectrophotometrically for the reactions of 4-chloro-2-

nitrophenyl X-substituted-benzoates (1a-1h) with a series of cyclic secondary amines in 80 mol % H2O/20

mol % DMSO at 25.0 ± 0.1 oC. The Hammett plot for the reactions of 1a-1h with piperidine consists of two

intersecting straight lines, while the Yukawa-Tsuno plot exhibits an excellent linear correlation with ρX = 1.25

and r = 0.58, indicating that the nonlinear Hammett plot is not due to a change in the rate-determining step

(RDS) but is caused by ground-state stabilization through resonance interactions for substrates possessing an

electron-withdrawing group in the benzoyl moiety. The Brønsted-type plot for the reactions of 4-chloro-2-

nitrophenyl benzoate (1d) with a series of cyclic secondary amines curves downward with β2 = 0.85, β1 = 0.24,

and pKa
o = 10.5, implying that a change in RDS occurs from the k2 step to the k1 process as the pKa of the

conjugate acid of the amine exceeds 10.5. Dissection of kN into the microscopic rate constants k1 and k2/k−1 ratio

associated with the reaction of 1d reveals that k2 is dependent on the amine basicity, which is contrary to

generally held views. 
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Introduction

Nucleophilic substitution reactions of esters with amines

have intensively been studied due to their importance in

biological processes as well as synthetic applications.1-12

Aminolysis of esters has been reported to proceed through a

concerted mechanism or via a stepwise pathway with one or

two intermediates (e.g., a zwitterionic tetrahedral inter-

mediate T± and its deprotonated form T–) depending on the

reaction conditions such as the nature of electrophilic center,

the reaction medium, the basicity of leaving group and

incoming amine, and the electronic nature of substituent in

the nonleaving group.1-12 

A curved Brønsted-type plot observed for aminolysis of

esters possessing a weakly basic leaving group (e.g., 2,4-

dinitrophenoxide ion) has been suggested as evidence for a

stepwise mechanism with a change in rate-determining step

(RDS).1-9 It has generally been reported that a change in

RDS occurs as the incoming amine becomes more basic than

the leaving group by 4 to 5 pKa units (or the leaving group

becomes less basic than the incoming amine by 4 to 5 pKa

units).6-9 

However, the effect of nonleaving-group substituents on

the reaction mechanism is controversial. Gresser and Jencks

have reported that the electronic nature of the substituent X

in the nonleaving group influences the k2/k–1 ratio, e.g., an

EWG decreases the k2/k–1 ratio by decreasing k2 for reactions

of X-substituted-phenyl 2,4-dinitrophenyl carbonates with

quinuclidine.6 A similar result has been reported by Castro

et al. for pyridinolysis of diaryl carbonates and aminolysis of

S-2,4-dinitrophenyl X-substituted-benzoates.7,8 On the con-

trary, we have shown that the k2/k–1 ratio is independent of

the electronic nature of the substituent X in the nonleaving

group for aminolysis of 2,4-dinitrophenyl X-substituted-

benzoates and related esters.9-12

Our study has been extended to reactions of 4-chloro-2-

nitrophenyl X-substituted-benzoates (1a-1h) with a series of

cyclic secondary amines in 80 mol % H2O/20 mol % DMSO

(Scheme 1). We have introduced various substituent X in the

benzoyl moiety to investigate the effect of nonleaving-group

substituents on the reaction mechanism. 4-Chloro-2-nitro-

phenoxide, which is slightly less basic than 4-nitrophenoxide,

has been chosen as the leaving group to investigate the effect

of leaving-group basicity on reaction mechanism. 

Scheme 1
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Results and Discussion

All of the reactions in this study obeyed pseudo-first-order

kinetics. Pseudo-first-order rate constants (kobsd) were

calculated from the equation, ln (A∞ – At) = –kobsdt + C. The

plots of kobsd vs. [amine] were linear and passed through the

origin, indicating that general base catalysis by a second

amine molecule is absent and the contribution of H2O and/or

OH– from hydrolysis of amine to kobsd is negligible. The

second-order rate constants (kN) were calculated from the

slope of the linear plots of kobsd vs. [amine]. The correlation

coefficient for the linear regression was always higher than

0.9995. The uncertainty in the kN values is estimated to be

less than ± 3% from replicate runs. The kN values calculated

in this way are summarized in Table 1 for the reactions of 4-

chloro-2-nitrophenyl X-substituted-benzoates (1a-1h) with

piperidine and in Table 2 for those of 4-chloro-2-nitrophenyl

benzoate (1d) with a series of cyclic secondary amines.

Effect of Nonleaving-Group Substituent X on Reaction

Mechanism. As shown in Table 1, the kN value for the

reactions of 1a-1h decreases as the substituent X changes

from a strong electron-withdrawing group (EWG) to a

strong electron-donating group (EDG), e.g., it decreases

from 60.1 M–1s–1 to 5.91 and 0.232 M–1s–1 as the substituent

X changes from 4-NO2 to H and 4-N(CH3)2, in turn. One can

attribute the decreasing reactivity of the substrates to a

decrease in the electrophilicity of the reaction center (i.e., the

C=O bond in 1a-1h) upon changing the substituent X in the

benzoyl moiety from an EWG to an EDG.

The effect of the substituent X on reactivity is illustrated in

Figure 1. The Hammett plot for the reactions of 1a-1h with

piperidine consists of two intersecting straight lines. Tradi-

tionally, such nonlinear Hammett plot has been interpreted

as a change in rate-determining step (RDS).1,13 Thus, one

might suggest that the reactions of 1a-1h with piperidine

proceed through a stepwise mechanism with a change in

RDS, e.g., from breakdown of T± (the k2 step in Scheme 1)

to its formation (the k1 step in Scheme 1) as the substituent X

changes from EWGs to EDGs. This argument appears to be

reasonable since an EWG in the benzoyl moiety would

accelerate the rate of nucleophilic attack (i.e., an increase in

k1) but would retard the rate of leaving-group departure (i.e.,

a decrease in k2) or vice versa. 

However, we propose that the nonlinear Hammett plot

shown in Figure 1 is not due to a change in RDS. This is

because RDS is not determined by the magnitude of the k1

and k2 values but it should be determined by the k2/k–1 ratio

(e.g., RDS = the k1 step when k2/k–1 > 1 but RDS = the k2

step when k2/k–1 < 1). Moreover, k1 and k2 cannot be com-

pared directly due to the difference in their units (i.e., M–1s–1

for k1 and s–1 for k2). 

Effect of GS Resonance on Reactivity. We propose that

stabilization of the GS of substrates possessing an EDG is

responsible for the nonlinear Hammett plot, since substrates

bearing an EDG in the benzoyl moiety could be stabilized

through the resonance interaction as modeled by the reson-

ance structures I and II. It is apparent that such resonance

stabilization would cause a decrease in the reactivity of the

substrates. This idea is consistent with the fact that the

substrates possessing an EDG in the benzoyl moiety (e.g.,

1e-1h) deviate negatively from the linear Hammett plot

composed of the substrates bearing an EWG (e.g., 1a-1d).

Furthermore, the negative deviation is more significant for

the substrate possessing a stronger EDG. 

To examine the above argument, we have employed the

Yukawa-Tsuno Eq. (1) in which the r value represents the

resonance demand of the reaction center or the extent of

resonance contribution, while the term (σX
+ – σX

o) is the

resonance substituent constant that measures the capacity for

π-delocalization of the π-electron donor substituent.15,16 Eq.

(1) was originally derived to account for the kinetic results

obtained from solvolysis of benzylic systems in which a

partial positive charge develops in TS.15,16 We have shown

that Eq. (1) is highly effective in elucidation of ambiguities

in the reaction mechanism not only for aminolysis of esters9-12

Table 1. Summary of Second-Order Rate Constants for the
Reactions of 4-Chloro-2-nitrophenyl X-Substituted-benzoates (1a-
1h) with Piperidine in 80 mol % H2O/20 mol % DMSO at 25.0 ±
0.1 °C 

X kN / M
–1s–1

1a 4-NO2 60.1

1b 4-CN 46.4

1c 3-Cl 21.9

1d H 5.91

1e 3-CH3 4.91

1f 4-CH3 3.51

1g 4-OCH3 1.69

1h 4-N(CH3)2 0.232

Figure 1. Hammett plot for the reactions of 4-chloro-2-nitrophenyl
X-substituted-benzoates (1a-1h) with piperidine in 80 mol % H2O/
20 mol % DMSO at 25.0 ± 0.1 oC. The identity of points is given
in Table 1. 
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but also for nucleophilic substitution reactions of various

esters with anionic nucleophiles (e.g., OH–, CN–, N3
– and

CH3CH2O
–).17,18 Thus, a Yukawa-Tsuno plot has been con-

structed in Figure 2. 

log kX/kH = ρX[σX
o + r(σX

+ – σX
o)] (1)

As shown in Figure 2, the Yukawa-Tsuno plot exhibits an

excellent linear correlation with ρX = 1.25 and r = 0.58. Such

good linear Yukawa-Tsuno plot indicates that the nonlinear

Hammett plot shown in Figure 1 is clearly not due to a

change in RDS but is caused by GS stabilization through

resonance interactions. Thus, one can suggest that the elec-

tronic nature of the substituent X in the nonleaving group

does not affect the k2/k–1 ratio.

Effect of Amine Basicity on Reaction Mechanism. To

investigate the effect of amine basicity on the reaction mech-

anism, the kN values for the reactions of 4-chloro-2-nitro-

phenyl benzoate (1d) with a series of cyclic secondary

amines have been measured and are summarized in Table 2.

As shown in Table 2, the kN value for the reaction of 1d

decreases as the amine basicity decreases, e.g., it decreases

from 5.91 M–1s–1 to 0.579 and 2.15 × 10–3 M–1s–1 as the pKa

of the conjugate acid of amine decreases from 11.02 to 9.38

and 5.95, in turn.

 The effect of amine basicity on reactivity is illustrated in

Figure 3. Two Brønsted-type plots have been constructed for

the aminolysis of 1d using the kinetic data in Table 2, e.g., a

linear plot with βnuc = 0.72 (a) and a curved one with βnuc =

0.85 and 0.24 for the reactions with weakly basic amines and

with strongly basic amines, respectively (b). 

The βnuc value of 0.72 for the linear Brønsted-type plot is

an upper limit for reactions reported previously to proceed

through a concerted mechanism.1-8 Thus, one might suggest

that the aminolysis of 1d proceeds through a concerted

mechanism. However, we propose that the current amino-

lysis does not proceed through a concerted mechanism on

the basis of the following reasons: (1) The linear Brønsted-

type plot exhibits more scattered points than the curved one.

(2) A small ρX value has often been reported (e.g., 0.2-0.5)

for reactions which proceed through a concerted mech-

anism.13 Accordingly, the ρX value of 1.25 shown in Figure 2

appears to be too large for a concerted reaction. (3) The

reactions of Y-substituted-phenyl benzoates with the cyclic

secondary amines used in this study have been reported to

proceed through a stepwise mechanism, in which the RDS is

dependent on the basicity of the incoming amine and the

leaving Y-substituted-phenoxide ion, e.g., a change in RDS

occurs when the amine becomes more basic than the leaving

group by 4 to 5 pKa units (or the leaving Y-substituted-phen-

oxide ion becomes less basic than the incoming amine by 4

to 5 pKa units).6,9 The pKa of the conjugate acid of the leav-

ing group in this study (i.e., 4-chloro-2-nitrophenol) was

reported to be 6.46.20 Accordingly, one might expect that a

change in the RDS would occur at pKa between 10.46 and

11.46, if the reaction proceeds through a stepwise mech-

anism. 

Dissection of kN into Microscopic Rate Constants k1

and k2/k–1. The nonlinear Brønsted-type plot shown in

Figure 3(b) has been analyzed using a semiempirical equation,

Eq. (2), in which β1 and β2 represent the slope of the non-

linear Brønsted-type plot for the strongly basic and weakly

basic amines, respectively, while kN
o refers to the kN value at

Figure 2. Yukawa-Tsuno plot for the reactions of 4-chloro-2-
nitrophenyl X-substituted-benzoates (1a-1h) with piperidine in 80
mol % H2O/20 mol % DMSO at 25.0 ± 0.1 oC. 

Table 2. Summary of Second-Order Rate Constants for the Reac-
tions of 4-Chloro-2-nitrophenyl Benzoate (1d) with Cyclic Second-
ary Amines in 80 mol % H2O/20 mol % DMSO at 25.0 ± 0.1 oCa

amines pKa kN / M–1s–1

1 piperidine 11.02 5.91

2 3-methylpiperidine 10.80 5.17

3 piperazine 9.85 2.16

4 1-(2-hydroxyethyl)piperazine 9.38 0.579

5 morpholine 8.65 0.305

6 piperazinium ion 5.95 0.00215

aThe pKa values in 80 mol % H2O/20 mol % DMSO were taken from ref
19.

Figure 3. Brønsted-type plots for the reactions of 4-chloro-2-
nitrophenyl benzoate (1d) with cyclic secondary amines in 80 mol
% H2O/20 mol % DMSO at 25.0 ± 0.1 °C. The identity of points is
given in Table 2. The plots were statistically corrected using p and
q (i.e., q = 1 except q = 2 for piperazine while p = 2 except p = 4 for
piperazinium ion). 
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pKa
o, defined as the pKa at the center of the Brønsted

curvature.6 The β1, β2, and pKa
o calculated are 0.24, 0.85,

and 10.5, respectively. These β1 and β2 values are typical of

reactions reported previously to proceed through a stepwise

mechanism with a change in RDS. Besides, the pKa
o value of

10.5 is also within the expected pKa
o range (i.e., 10.46-

11.46), indicating that the nonlinear Brønsted-type plot is

not artificial but is due to a change in RDS.

log (kN/kN
o) = β2(pKa – pKa

o) – log [(1 + α)/2]

where log α = (β2 – β1)(pKa – pKa
o) (2)

Thus, the kN values have been dissected into the micro-

scopic rate constants associated with the reactions of 1d

(e.g., the k1 values and the k2/k–1 ratios) using the following

equations. Eq. (3) can be simplified to Eqs. (4) and (5). Then,

β1 and β2 can be expressed as Eqs. (6) and (7), respectively.

kN = k1k2 /(k–1 + k2) = k1/(k–1/k2 + 1) (3)

kN = k1k2/k–1, when k2 << k–1 (4)

kN = k1, when k 2 >> k–1  (5)

β1 = d(log k1)/d(pKa)  (6)

β2 = d(log k1k2/k–1)/d(pKa)

 = β1 + d(log k2/k–1)/d(pKa) (7)

Eq. (7) can be rearranged as Eq. (8). Integral of Eq. (8)

from pKa
o results in Eq. (9). Since k2 = k–1 at pKa

o, the term

(log k2/k–1)pKa
o is zero. Therefore, one can calculate the k2/k–1

ratio for the reactions of 1d from Eq. (9) using β1 = 0.24, β2

= 0.85 and pKa
o = 10.5. The k1 values have been calculated

from Eq. (3) using the kN values in Table 2 and the k2/k–1

ratios calculated above. 

β2 – β1 = d(log k2/k–1) /d(pKa)  (8)

(log k2/k–1)pKa = (β2 – β1)(pKa – pKa
o) (9)

The k1 and k2/k–1 values calculated in this way are

summarized in Table 3. As shown in Table 3, the k1 value

decreases as the amine basicity decreases, e.g., it decreases

from 7.78 M–1s–1 to 2.41 and 0.554 M–1s–1 as the pKa of the

conjugate acid of the amine decreases from 11.02 to 9.38

and 5.95, in turn. A similar result is shown for the k2/k–1

ratio, although the k2/k–1 ratio decreases more rapidly than

the k1 value as the amine basicity decreases.

The effects of amine basicity on the microscopic rate con-

stants are illustrated in Figure 4. The Brønsted-type plot for

k1 is linear with β1 = 0.24, although the correlation coeffi-

cient is not excellent (R2 = 0.978). The β1 value of 0.24

shown in Figure 4(a) is typical of reactions which were

reported to proceed through a stepwise mechanism with the

k1 step being the RDS.1-6 On the other hand, the slope of the

linear plot for the k2/k–1 ratio shown in Figure 4(b) is 0.61,

which is much larger than the β1 value of 0.24. 

One might expect that k1 and k–1 would be similarly

sensitive to the basicity of amine on the basis of the principle

of microscopic reversibility.22 Thus, if k2 is independent of

amine basicity, the slopes of the Brønsted-type plots for k1

and k2/k–1 should be similar. However, Figure 4 shows that

the slope for k2/k–1 is much larger (i.e., 0.61) than that for k1

(i.e., 0.24), implying that k2 is dependent on the amine

basicity. This argument is consistent with our recent report

that k2 is dependent on the basicity of amines through an

inductive effect in aminolysis of 4-pyridyl 3,5-dinitro-

benzoate,9a but is in contrast to the report by Gresser and

Jencks that the k2 value in aminolysis of diaryl carbonates is

independent of amine basicity.6 Gresser and Jencks have

concluded that there is little or no electron donation from the

aminium moiety of T± to push out the leaving group.6 A

similar conclusion has been drawn by Castro et al. for

aminloysis of ethyl phenyl thionocarbonate,21a methyl 4-

nitrophenyl thionocarbonate,21b 4-methylphenyl 4-nitrophenyl

thionocarbonate,21c and 3-methoxyphenyl 4-nitrophenyl thiono-

carbonate.21d 

It is apparent that the amines used in this study is affected

by the electronic nature of the Z moiety of the amines, e.g.,

the pKa of the conjugate acid of the amines decreases from

11.02, 9.38 and 5.95 as the Z in the cyclic amines used in

this study changes from CH2, NCH2CH2OH and NH2
+, in

turn. Moreover, the Z in the aminium moiety of T± would

influence the electron density of the reaction center through

an inductive effect, although the effect would not be signi-

Table 3. Summary of Microscopic Rate Constants for the
Reactions of 4-Chloro-2-nitrophenyl Benzoate (1d) with Cyclic
Secondary Amines in 80 mol % H2O/20 mol % DMSO at 25.0 ±
0.1oC 

amines pKa k1 / M
–1s–1

k2/k–1

1 piperidine 11.02 7.78 3.16

2 3-methylpiperidine 10.80 7.40 2.32

3 piperazine 9.85 7.54 0.401

4 1-(2-hydroxyethyl)piperazine 9.38 2.41 0.316

5 morpholine 8.65 3.00 0.113

6 piperazinium ion 5.95 0.554 0.00390

Figure 4. Brønsted-type plots for the reactions of 4-chloro-2-nitro-
phenyl benzoate (1d) with cyclic secondary amines in 80 mol %
H2O/20 mol % DMSO at 25.0 ± 0.1oC. The identity of points is
given in Table 3. The plots were statistically corrected using p and
q (i.e., q = 1 except q = 2 for piperazine while p = 2 except p = 4 for
piperazinium ion). 
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ficant due to the long distance between the Z and the reac-

tion site. Consequently, k2 would decrease as the basicity of

amine decreases or vice versa. This accounts for the kinetic

results shown in Table 3 and Figure 4 that the k2/k–1 ratio

decreases more rapidly than k1 as the amine basicity decreases.

Conclusions

The current study has allowed us to conclude the follow-

ing: (1) The Hammett plot for the reactions of 1a-1h with

piperidine consists of two intersecting straight lines, while

the Yukawa-Tsuno plot exhibits an excellent linear corre-

lation with ρX = 1.25 and r = 0.58. (2) The nonlinear Hammett

plot is not due to a change in the RDS but is caused by GS

stabilization through resonance interactions for substrates

possessing an EDG in the benzoyl moiety. Thus, the k2/k–1

ratio is not affected by the electronic nature of the sub-

stituent X. (3) Analysis of the Brønsted-type plot for the

aminolysis of 1d suggests that the reaction proceeds through

a stepwise mechanism with a change in RDS (i.e., from the

k2 step to the k1 process as the pKa of the conjugate acid of

the amine exceeds 10.5). (4) The basicity of amines can

influence k2 through an inductive effect, which is contrary to

generally held views. (5) The current study has also demon-

strated that deduction of reaction mechanism based just on a

linear or nonlinear plot can be misleading. 

Experimental Section

Materials. 4-Chloro-2-nitrophenyl X-substituted-benzoates

(1a-1h) were readily prepared from the reaction of the

respective benzoyl chloride with 4-chloro-2-nitrophenol in

anhydrous ether under the presence of triethylamine as

reported previously.23 The crude products were purified by

column chromatography and their purity was checked by

their melting points and spectral data such as 1H and 13C

NMR spectra. DMSO and other chemicals were of the

highest quality available. Doubly glass distilled water was

further boiled and cooled under nitrogen just before use. Due

to low solubility of the substrates in pure water, aqueous

DMSO (80 mol % H2O/20 mol % DMSO) was used as the

reaction medium. 

Kinetics. The kinetic study was performed using a UV-Vis

spectrophotometer for slow reactions (e.g., t1/2 ≥ 10 s) or a

stopped-flow spectrophotometer for fast reactions (e.g., t1/2 <

10 s) equipped with a constant temperature circulating bath

to maintain the reaction mixture at 25.0 ± 0.1 oC. The

reactions were followed by monitoring the appearance of 4-

chloro-2-nitrophenoxide ion. All of the reactions in this

study were carried out under pseudo-first-order conditions,

in which the concentration of the amine was kept in excess

over that of the substrate. 

Typically, the reaction was initiated by adding 5 μL of a

0.02 M solution of the substrate in acetonitrile to a 10 mm

quartz UV cell containing 2.50 mL of the thermostated

reaction mixture made up of solvent and aliquot of the amine

stock solution, which was prepared by adding 2 equiv. of

amine and 1 equiv. of standardized HCl solution to make a

self-buffered solution. All solutions were transferred by gas-

tight syringes. Generally, the amine concentration in the

reaction mixtures was varied over the range (2 – 50) × 10–3

M, while the substrate concentration was ca. 4 × 10–5 M.

Pseudo-first-order rate constants (kobsd) were calculated from

the equation, ln (A∞ – At) = – kobsdt + C. The plots of ln (A∞ –

At) vs. time were linear over 90 % of the total reaction.

Usually, five different amine concentrations were employed

to obtain the second-order rate constants (kN) from the slope

of linear plots of kobsd vs. amine concentrations.

Products Analysis. 4-Chloro-2-nitrophenoxide ion was

liberated quantitatively and identified as one of the products

by comparison of the UV-Vis spectrum after completion of

the reaction with that of authentic sample under the same

reaction condition. 
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