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Changes of the activation parameters, DHz and DSz, in the SN2, SNV, AdN, SNAr and

acyl-transfer reactions with phenol, aniline and pyridine nucleophiles in various solvents

were correlated with s constants of the substituents in the aromatic ring of the nucleophiles.

The resultant dDHz and dDSz reaction constants are linearly related for variations of

substituents at the nucleophile. Correlation of dDHz vs. dDSz allow the estimation of the

contribution of changes of the internal enthalpy, dDHzint, to the enthalpy reaction constant,

dDHz, which gives a single linear dependence on the Hammett r reaction constants for all

bimolecular nucleophilic reactions. The deviations from dependence of dDHzint vs. r can be

interpreted in terms of changes of the transition state structure or reaction mechanism. The

results obtained show that the substituent effects in the nucleophiles on the charge development

in the transition state are governed by the magnitude of dDHzint.

Introduction

Bimolecular nucleophilic reactions (BNR) provide the basis for

the synthesis of various classes of organic compounds. These

include SN2, SNV, AdN, SNAr and acyl-transfer reactions, etc.1

There is a substantial body of data on the kinetics and

mechanism of these reactions.2–10 Some generalizations of the

changes in the enthalpy of activation (DHz), the entropy of

activation (DSz) and the activation free energy (DGz) for BNR

were made.9,10 It was demonstrated3,9,10 that the enthalpy and

entropy of activation depend much more substantially on the

reaction mechanism than the activation free energy. Hence,

analysis of the main factors responsible for the ratio between

the enthalpy and entropy contribution to the energy barrier for

the reaction is of great importance. In this regard, studies on

substituent effects in BNR have been the subject of intense

interest in recent years.2–8,10 In most cases, substituent effects

are quantified by the use of the Hammett or the Hammett-like

substituent constants11,12 for aromatic systems.13,14

The activation parameters DHz, DSz and DGz are widely

used for characterizing the structures of transition states in

solution BNR.8–10,15–17 For example, it was found that solvo-

lysis of benzyl- and benzhydryl halides follows the SN2 and

SN1 mechanism, respectively, as SN2 reactions show more

negative values of DSz.18 The activation parameters are also

useful in proving the elimination–addition (E–AdN) mecha-

nism of SNV reactions.19 In two-step substitution reactions of

carbonyl compounds, the values of DSz allow one to identify

the rate-limiting step.20–22

It is known that the substituent effect rs in the framework

of the general Hammett equation can be separated into

enthalpic and entropic contributions.23,24 Such a separation

was made for both the s substituent constants25–27 and the r
reaction constants.23,24,28–36 Separate consideration of enthalpic

and entropic contributions to the effects of substituents is

useful for obtaining more conclusive information about the

structure of the transition state, its connection with the r value

and the interactions with the environment.11,28–41 Besides, the

separation of the substituent effects into enthalpic and entropic

contributions is associated with the compensation effect and the

isokinetic relationship.9,10,42–46

Earlier, the reaction constants, dDHz, dDSz and dDGz,
were determined from the dependence of the activation para-

meters DHz, DSz and DGz on the s substituent constants for

some SN2,
28–32,47 SNAr36 and acyl-transfer reactions32,35,37

[eqn (1)–(3)].

DHz = dDHzs + DHz0 (1)

DSz = dDSzs + DSz0 (2)

DGz = dDGzs + DGz0 (3)

In these equations the DHz0, DSz0 and DGz0 values are

the activation parameters for the unsubstituted compounds.

However, in those papers35,36,47 the changes of the reaction

constants, dDHz, dDSz and dDGz, were discussed only in the

context of the single kind of reaction. A question arises of how

the variations of the reaction constants, dDHz, dDSz and dDGz,
can be predicted for the different kinds of the BNR on the

basis of the single equation. Convincing support for this

hypothesis is derived from the consideration of Scheme 1.

This scheme shows the main mechanisms of SN2,
2,3 SNV,

5,19

AdN,
6 SNAr4 and acyl-transfer reactions7 [eqn (4)–(9),

Scheme 1]. For the effect of substituents on the BNR, most

studies have been on the effects of structural variations in
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Scheme 1 Reactions of compounds 9–32 with anionic and neutral nucleophiles 1–8.
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substrate and relative fewer on the nucleophile.10,48 Further-

more, variation of the transition state structure with substi-

tuents in the nucleophile is thermodynamically controlled and

the Hammett-like equation can be applied satisfactorily in this

case.16,48 It can be seen from Scheme 1 that these reactions can

proceed both by concerted [eqn (4), (6) and (9)] and stepwise

pathways [eqn (5)–(9)]. If in a stepwise reactions an additional

step of the nucleophile to the substrate is rate-limiting [rate

constant k1 in eqn (5)–(9)], it can be supposed that the effect of

the substituents R in the nucleophiles 1–8 on the changes of

the reaction constants dDHz, dDSz and dDGz can be similar for

all BNR proceeding also by concerted mechanism.

The purpose of this article is to study how the substituent

effect works in the nucleophile on the variations in the dDHz,
dDSz and dDGz values for typical BNR (Scheme 1). The results

obtained provide a new insight into how the electronic effect of

substituents in the nucleophile influences changes in the inter-

nal activation enthalpy, dDHzint, in the BNR and suggests that

the development of a charge in the transition states of these

reactions is mainly affected by the magnitude of dDHzint
related to the Hammett r reaction constants.

Methods

From the temperature-dependent rate data9,30,35,36,47,49–71 the

Eyring plots were generated by plotting log(k/T) versus 1/T

and the enthalpy and entropy of activation, DHz, DSz, were
determined for the reactions of alkyl halides 9–12, substituted

ethylenes 13–15 and acetylene 16, substituted 2-chloro pyridines

17 and 18, meta-substituted nitro-19, 21 and fluorobenzenes

20, 22, 1-fluoro- and 1-chloro-2,4-dinitro-23,24 and 1-chloro-

2,4,6-trinitrobenzenes 25, acyl chlorides 26–31, ester 32 with

charged 4, 6–8 and uncharged nucleophiles 1–3,5 (Scheme 1).

The DHz, DSz and DGz activation parameters obtained were

used by the eqn (1)–(3) to establish the dDHz, dDSz and dDGz

reaction constants (Tables 1). All details of the statistical

parameters of these equations for the reactions of compounds

9–32 with nucleophiles 1–8 are given in Table S1 of the

ESI.w The rate constants and the r values were published

earlier.9,30,35,36,49–71

Results and discussion

The key results are summarized in Table 1. The dDHz, dDSz

and dDGz reaction constants calculated by the eqn (1)–(3) are

independent on the temperature and reflect the sensitivity of

the variation of activation parameters from substituent nature

in the nucleophile. Whereas the dDHz and dDSz (or TdDSz)
values change over a very wide range, the changes in the

magnitudes of dDGz occur in a narrower range for each kind of

BNR. The changes of the dDHz and dDSz values are strongly

influenced by differences in solvation of reagents and transi-

tion states32,35–37,47 The enhanced influence of solvation on

the activation parameter change is characteristic of SNAr

and acyl-transfer reactions especially (entries 15–23 and

24–33 in Table 1).

For the SN2 (entries 1–9 in Table 1), AdN (entries 11–13),

SNAr (entries 15–23) and acyl-transfer reactions (entries

24–33) the linear dependences between the reaction constants,

dDHz vs. dDSz, are supported (Table 2). For all compensation

relationships presented in Table 2 the slopes and intercepts are

close. The values of these parameters for the AdN and acyl-

transfer reactions do not change a general picture of these

compensation dependences. Probably this is because the reac-

tion constants values, dDHz and dDSz, for the AdN and acyl-

transfer reactions (entries 11–13 and 24–33) fall into the same

range of these constants for the SN2 and SNAr reactions

(entries 1–9, 21, 23 in Table 1). Therefore, a single linear

dependence between the reaction constants, dDHz vs. dDSz, for
the reactions of entries 1–13, 15–33 is supported [eqn (10)]

(Fig. 1). The slope of the correlation multiplied by 103

corresponds to a compensation temperature (cf. ref. 23 and

24) and is equal to 370 K.

dDHz = (11.8 � 1.3) + (0.37 � 0.01)dDSz;

r = 0.983, s = 6.7, n = 32 (10)

There is the one deviation from eqn (10) which is reactions of

compound 16 with nucleophiles 6 in toluene (entry 14 in

Table 1, Fig. 1, Scheme 2).

These reactions are characterized by the entropy control.

This is because the enthalpy of formation of nucleophiles 6 is

close to the activation energy of the rate-determining step of

the reaction with the rate constant k2 via the transition state

TS1 (Scheme 2). A positive value of dDSz and the isoenthalpy

character of the reacton are consistent with the structure of

TS1, in which Et3N is involved in the S–H bond cleavage

(entry 14 in Table 1).59 Of course dDHz and dDSz are not

independent variables since changes in the former will affect

the transition state structure and hence its solvation. On

the other hand, the bulk of the dDSz value comes from the

re-solvation in going from the reagents to the transition

state.32,35–37,47,72 Therefore, for reactions of entry 14 in

Table 1 the value of dDHz has been calculated by eqn (10)

for the reaction step leading to the transition state TS1

(Scheme 2).

Recently, the analysis of the activation parameters DHz, DSz

and DGz for typical BNR revealed a number of enthalpy–

entropy compensation relations depending on the reaction rate

constants.10 The chemical nature of the observed compensa-

tion relations is confirmed by the fact that the observed

compensation temperatures are noticeably different from the

experimental temperature range. In addition, linear relation-

ships of DHz vs. DGz were found for these reactions.73–76 The

comparison of compensation temperature from eqn (10) with

experimental ones shows a significant difference between them,

and the approximate linear dependences (within the limits of

errors) for the reactions of entries 1–13, 15,16, 21–33 between

the dDHz and dDGz values (Fig. 2) give an additional support

to the chemical nature of the compensation relationship

(10).42–46,73–76

Lines II, III and I, IV in Fig. 2 have opposite slopes due to

the difference in the character of the control of the reactivity

depending on the kind of BNR.10 However, some SNAr

reactions (entries 17–20 in Table 1; Fig. 2) noticeably deviate

from the line III. The reactions of entries 17–20 are charac-

terized by the formation of the intermediate complex (IC)

between substrates 21–24 and nucleophiles 8 before the
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following nucleophilic attack with the formation of a s-complex

through the transition state TS2 (Scheme 3).36 Moreover, the

activation free energies, DGz, for these reactions approach

the DGz range for one’s without the preliminary IC step

(entries 15, 16, 21–23). (Fig. 2). Therefore, the reason for

deviations in Fig. 2 is an appreciable reduction of the dDSz

reaction constants for these reactions due to the stronger

solvation of the transition states TS2 (Scheme 3).36,71

On the basis of the solvation theory developed by Hepler,23,24

values of DHz and DSz are divided into internal (DHint, DSint)

and external (DHext, DSext) terms, referring to the chemical

reactions and the solvation process, respectively.23,24,27 In the

same way the dDHz and dDSz reaction constants of this paper

can be divided also into internal and external parts [eqn (11)

and (12)].28–36

dDHz = dDHzint + dDHzext (11)

dDSz = dDSzint + dDSzext (12)

The changes in the dDSz values caused by the variation of the

remote substituent on the aromatic ring result from the

changes in solvation (external term dDSzext). Therefore, it is
possible to believe, that in the eqn (12) the internal part of the

activation entropy is independent of the substituent in the

absence of a steric effects (dDSzint E 0) and dDSz E
dDSzext.

23,24,27,42,46 In this case, the magnitude of dDHzext
can be calculated by the eqn (13).23–27,42,46

dDHzext = TcompdDS
z (13)

In this equation the Tcomp value corresponds to the com-

pensation temperature42,46 amounting to 370 for reactions as

described by the eqn (10). It should be noted that the intercept

in eqn (10) is the dDHzint value for the given reaction series

which varies only very slightly with the remote substituents on

the aromatic ring. The values of dDHzext and dDHzint calculated
from eqn (11) and (13) are given in Table 1. Values dDHzint are
always positive for all reactions excluding the reactions of entry

10 in Table 1. In this case, the value of dDHzint is negative and
close to zero.

The sign of dDHzext depends on the difference in solvation of

initial reagents and corresponding transition states, as well as

on dDSzext or dDS
z: if dDHzext > 0 (entries 1, 8, 10, 11, 12, 15,

16, 22, 25, 26 in Table 1), stronger solvation of initial reagents

on passing to electron-withdrawing substituents R leads to

increase in the magnitudes of dDHzext. Negative values of

dDHzext imply increased solvation of the corresponding transi-

tion states and a reduction in the magnitudes of dDHzext
upon introduction of electron-withdrawing substituents R

(entries 2–7, 9, 13, 17–21, 23, 27–33 in Table 1) (cf. ref. 30,

32 and 35–37).

As implied by the data for the SN2,
47 SNAr36 and acyl-

transfer reactions35 the reaction constants dDGz and dDHzint
become very close for the majority of reaction series and a

linear dependences between these constants are supported. An

analysis of the dDHzint and dDGz values from Table 1 shows

that these values are close for reactions of entries 1–4, 6–13,

15, 16 and 21–30. A linear relationship (14) between dDHzint
and dDGz for the reactions of these entries has been developed

(Fig. 3). The intercept in eqn (14) is the dDGzext value and closeT
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to zero: dDGzext = dDHzext � T dDSzext E 0.28–34,46 The latter

means that the dependence of the free energy of activation is

governed mainly by the changes in the internal enthalpy of

activation of the chemical reaction: dDGzE dDHzint.
11,28–34,46

It is obvious that realisation of dependence (14) becomes

possible, as the substituent effects on the changes of the

dDHzint values are similar for the BNR for which the k1
(entries 10–13, 15, 16, 21–23) or kc (entries 1–4, 6–9, 24–30)

step is presumed to be rate-determined (Scheme 1).

dDHzint = (�1.2 � 0.6) + (1.07 � 0.04)dDGz;

r = 0.982, s = 1.3, n = 24 (14)

However, some concerted reactions (entry 5 in Table 1;

Fig. 3) noticeably deviate from the dependence (14). The

reason for this deviation, possibly, is an appreciable reduction

of the dDGz constants for these reactions. The latter is

connected with a larger change of an entropy component at

formation of a transition state. The SN2 reactions of entry 5,

possibly, involve the formation of the cyclic transition state

TS3 (Scheme 4). Usually, the formation of the cyclic transition

state is accompanied by a lower values of activation

entropy.17,77

Taking into account the fact that according to the Hammett

equation the dDGz reaction constant can be determined as

dDGz = �2.303RTr9,32 and considering the relationship of

eqn (14), a correlation (15) between dDHzint and r for the

reactions of entries 1–4, 6–13, 15, 16 and 21–30 (for which the

kc or k1 step is presumed to be rate-determining) has been

developed as shown in Table 1 and Fig. 4.

dDzint = (�0.7 � 0.8) � (6.1 � 0.3)r;

r = 0.971, s = 1.6, n = 24 (15)

Realisation of this dependence becomes possible, as magnitudes

of r(kc) or r(k1) for these reactions characterise charge develop-
ment at the transition state of the concerted and stepwise

Scheme 2 AdN reactions of compound 16 with nucleophiles 6 in toluene.

Fig. 1 Plot of dDHz vs. dSz for the SN2, SNV, AdN, SNAr and acyl-

transfer reactions of compounds 9–32 with anionic and neutral

nucleophiles 1–8 in various solvents; the identity of the numbers is

the entry number in Table 1.

Table 2 The compensation relationships dDHz vs. dDSz for some bimolecular nucleophilic substitution and addition reactions with the
substituents R in the nucleophiles

Reaction kind Equationa r s n Ref.

SN2 dDHz = (11.1 � 1.5) + (0.35 � 0.04)dDSz 0.947 3.8 9 47
AdN dDHz = (9.4 � 1.2) + (0.27 � 0.03)dDSz 0.994 2.0 3 —b

SNAr dDHz = (12.7 � 4.0) + (0.38 � 0.02)dDSz 0.988 10.4 9 36
Acyl-transfer reactions dDHz = (15.2 � 1.4) + (0.49 � 0.06)dDSz 0.944 3.9 10 —b

a Values of dDHz and dDSz are taken from Table 1. b Present work.

Fig. 2 Plots of dDHz vs. dDGz for the SN2, SNV, AdN, SNAr and acyl-

transfer reactions of compounds 9–32 with anionic and neutral

nucleophiles 1–8 in various solvents; the identity of the numbers is

the entry number in Table 1.
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processes (Scheme 1).11,38–40 Therefore, for reactions of entry 5

the value of r(kc) has been calculated by the eqn (15) using the

dDHzint value (Table 1; Fig. 4). The calculated value of r(kc)
(entry 5) differs significantly from values r, obtained by the

Hammett equation with the use of observable rate constants

for these reactions (Table 1).47,52 In the case of the reactions of

entry 5 the calculated magnitude of r(kc) relates to the

concerted mechanism with frontside (SN2-f) attack by nucleo-

phile at the a-carbon of the substrate through the TS3 in

comparison with the same mechanism with backside attack

(SN2-b) (Schemes 1 and 4).17,77 It is evident that the deviation

of the r value from the eqn (15) can be explained by the

contribution of both attacking ways.

Eqn (15) has been used to calculate the r(k2) values for the
AdN reactions of entry 14 through the TS1 (Scheme 2). At

the same time the calculated magnitude of req (k1/k�1) for the

formation of nucleophiles 6b,c,h,j,y is positive and equal to

4.77 (Scheme 2).

The deviations of the r values from eqn (15) for the SNAr

reactions of entries 17–20 were connected with the formation

of the intermediate complex IC (Scheme 3).36,61,62 Therefore,

for these reactions the values of r(k1) calculated by

eqn (15) (Table 1) were used to calculate the req values from

r = req + r(k1) for a step of formation of IC (Scheme 3).36

These magnitudes are negative or positive and equal to �1.21,
�1.43, 1.04 and 2.04 for reactions of entries 17–20 in Table 1,

respectively.36

As for the deviations of the acyl-transfer reactions of entries

31–33 (Table 1) from the dependence (15), these reactions are

stepwise with the decomposition of the intermediate T
� as a

rate-limiting step (Scheme 1).35,71 Therefore, for reactions of

entries 31–33 the values r(k1) have been calculated by the

eqn (15) for the reaction step forming the intermediate T�

using the dDHzint values (Table 1). Then, the r and r(k1) values
were used to calculate the magnitudes of r(k2/k�1) for the step
corresponding to decomposition of intermediate T� from

r = r(k1) + r(k2/k�1). These magnitudes are positive and

equal to 0.43, 0.38 and 0.50 for reactions of entries 31–33 in

Table 1, respectively (cf. ref. 35).

It is obvious from the relationship of eqn (15) that the

dDHzint reaction constant, as well as the reaction constant

Scheme 3 SNAr reactions of compounds 21–24 with nucleophiles 8 in DMF.

Fig. 3 Plots of dDHzint vs. dDG
z for the SN2, SNV, AdN, SNAr and

acyl-transfer reactions of compounds 9–32 with anionic and neutral

nucleophiles 1–8 in various solvents; the identity of the numbers is the

entry number in Table 1.

Scheme 4 Proposed structure of transition state TS3 for the reactions

of entry 5 in Table 1.

Fig. 4 Plots of dDHzint vs. r for the SN2, SNV, AdN, SNAr and acyl-

transfer reactions of compounds 9–32 with anionic and neutral

nucleophiles 1–8 in various solvents; the identity of the numbers is

the entry number in Table 1.
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r from the Hammett equation,9,11,37–41 characterizes the

degree of developing negative charge in the transition states

(rate constants kc or k1 on Scheme 1). The large absolute

values of dDHzint indicate essential charge development in the

transition state of SNAr reactions of entries 21 and 23 (Fig. 4).

Though the correlation dependence (15) cannot provide a

basis for assignment of a stepwise or concerted reaction mecha-

nism, nevertheless this relationship equally well describes those

reactions which proceed by both mechanisms. Since in the

stepwise reactions with rate-limiting formation of an inter-

mediate the deviations from the dependence (15) are absent,

some deviations observed can be explained by a realisation of

alternative ways for these reactions.

Conclusions

Determining the compensation dependence between the dDHz

and dDSz values in the SN2, SNV, AdN, SNAr and acyl-transfer

reactions for variations of substituents at the nucleophiles

gives a straightforward way of estimating Tcomp and obtaining

dDHzint.
The dDHzint values give a single linear dependence with the

values of r from the Hammett equation for all BNR proceeding

by a concerted mechanism and a stepwise mechanism through

an intermediate with its formation being the rate-determining

step. It is evident that the deviations from dependence of dDHzint
vs. r can be interpreted in terms of a change of transition state

structure or reaction mechanism.
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