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ABSTRACT:: The reaction of picryl benzoate derivatives 1a–g with aniline in methanol pro-
ceeds through CO–O and Ar–O bond cleavage pathways. Furthermore, the reactivity of these
esters toward anilinolysis is correlated to the energy gap between highest occupied molecular
orbital aniline and lowest unoccupied molecular orbital of each ester. The regioselectivity of
acyl–oxygen versus aryl–oxygen cleavage is also discussed. The overall rate constants ktot split
into kCO–O (the rate constant of acyl-oxygen cleavage) and kAr–O (rate constant of aryl-oxygen
cleavage). The CO–O bond cleavage advances through a stepwise mechanism in which the for-
mation of the tetrahedral intermediate is the rate-determining step. The Ar–O bond cleavage
continues through a SNAr mechanism in which the departure of the leaving group from the
Meisenheimer complex occurs rapidly after its formation in the rate-determining step. C© 2013
Wiley Periodicals, Inc. Int J Chem Kinet 45: 551–559, 2013

INTRODUCTION

The competition between the two electrophilic cen-
ters in the ester substrate is well documented for the
reactions of nitrophenyl sulfonates, sulfates, and phos-
phates with a variety of nucleophiles [1,2]. Although
carboxylic aryl esters mostly underwent acyl-oxygen
cleavage [1a,3], partial Ar-oxygen cleavage was also
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reported, which is attributable to the strong activation
of the 1-position (ipso) of the phenolic group by the ni-
tro groups [4]. The acyl–oxygen bond or aryl–oxygen
bond of phenyl esters can be cleaved depending on
(i) the structure of the ester [5,6], (ii) the nature of
reagent [4,7], (iii) the basicity of the leaving group
anion from the ester compared to that of the attack-
ing nucleophile, (iv) the nature of substituent in the
nonleaving or leaving group containing the ester [4,7],
and (v) the relative “hardness” and “softness” of the
reaction site and reagent [8].

On the other hand, quantum chemistry provides
many powerful tools, which facilitate in evaluating
electron densities at different atoms of a molecule,
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predicting the reaction sites, explaining the reactivity
order of closely related reagents toward a given reac-
tion center, and predicting the transition state struc-
ture [9]. In fact, the ester aminolysis is affected by the
properties of the carbonyl group (C=O) and, so natu-
rally, the ipso carbon of the phenolic part of ester. The
authors report here the mechanisms for both the CO–O
and Ar–O bond cleavage pathways for the reactions
of picryl benzoates 1a–g with aniline together with
the effect of the benzoyl substituent on the reactivity,
regioselectivity, and the reaction mechanism.

EXPERIMENTAL

Materials

The method of preparation and characterization of
2,4,6-trinitrophenyl x substituted benzoate has been
described previously [10]. The purity of these esters
was checked by means of their melting point and spec-
tral data, such as IR and H NMR. Aniline was of the
highest quality available and was distilled before use.
The reaction medium was HPLC-grade methanol and
was used as supplied.

Product Analysis

A methanolic solution (10 mL) of a given 2,4,6-
trinitrophenylbenzoate derivatives 1a–g and aniline
was heated at the desired temperature for ca. 2 h.
The reaction mixture was continuously checked (ev-
ery 15 min) by TLC until the disappearance of the
reactants spots. The workup afforded a mixture of four
products, namely N-phenyl benzamide derivatives 2a–
g, anilinium picrate 3, anilinium benzoate derivatives
4a–g, and N-phenyl picramide 5. All of these products
were detected from TLC by comparing them with their
authentic samples.

The reaction of a given substrate with aniline at the
desired temperature under the same conditions of ki-
netic runs was followed. At the end of the reaction as in-
dicated from TLC, the reaction mixture was subjected
to HPLC measurements and the fractions of anilinium
picrate and N-phenyl picramide for the reaction of ani-
line with esters 1a–g at all the temperatures (20o, 25o,
30o, 35o, and 40oC) were determined.

The HPLC measurements were carried out on a
Perkin–Elmer 200 series HPLC system including
a quaternary pump, an injector with 20 μL sample, and
a variable wavelength detector operated at 360 nm. The
total chromatograph navigator software (version 6.2)
was used for data acquisition. The stationary phase was

a Spheri-5 RP-18, 220 mm i.d. cartridge packed with
5 μm particles (Brownlee columns). The flow rate was
set at 1 mL min–1. The mobile phases used were 51%
methanol, 49% (v/v) 0.01 mol L–1 aqueous phosphate
buffer at pH 3 (component A), and 100% methanol
(component B). (The reported pH value is that of the
aqueous solution before mixing with methanol.) Au-
thentic samples of anilinium picrate (retention time =
2 min) and N-phenyl picramide (retention time =
11 min) were applied as a reference.

Kinetic Measurements

The reaction mixture was prepared by the transfer of
1 mL of the substrate solution that gave a final con-
centration of 1 × 10−4 M to a 10-mL measuring flask,
and the volume was completed by a given volume of
absolute methanol. The measuring flask and the stock
solution of the aniline were allowed to reach a thermal
equilibrium in a well-stirred and thermostatic bath at
the desired temperature ± 0.5◦C. The reaction time
started when aniline was mixed with the reaction mix-
ture (the final concentration of aniline ranged from 1
× 10−2 to 7 × 10−2 M) and transferred quickly to a
well thermostatic chamber containing the UV cell. The
absorbance At at the desired λ was recorded at several
time intervals depending on the reaction rate. The resul-
tant change in the absorbance with time was recorded
in a kinetic mode on a UV–vis Shimadzu 160-A spec-
trophotometer. Measurements were usually carried out
by following the increase in the absorbance of reaction
products with time at λ = 370 nm.

Calculations

All calculations were performed using the GAUSSIAN
98 package [11] Calculations were made by DFT using
Becke’s three-parameter hybrid exchange functional
in combination with the gradient-corrected correlation
functional of Lee, Yang, and Parr B3LYP/ 6-31G**
[12] methods.

RESULTS AND DISCUSSION

The anilinolysis of picryl benzoate derivatives 1a–
g in methanol proceed through a simultaneous acyl-
oxygen and aryl-oxygen cleavage, as indicated by
the isolation and identification of the reaction prod-
ucts, namely N-phenyl benzamide derivatives 2a–g,
anilinium picrate 3, anilinium benzoate derivatives
4a–g, and N-phenyl picramide 5 (Scheme 1). There-
fore, the attacking sites of these esters 1a–g are the
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Scheme 1 a, X = H; b, X = 4-OCH3; c, X = 4-CH3; d, X = 3-CH3; e, X = 4-Cl; f, X = 3-Cl; g, X = 4-NO2.

carbonyl carbon atom (CO–O bond cleavage) and the
trinitrophenyl ipso carbon atom (Ar–O bond cleavage).
The fraction of anilinium picrate 3 was taken to deter-
mine the amount of acyl-oxygen cleavage and the frac-
tion of N-phenyl picramide 5 account for the amount
of aryl-oxygen cleavage. The percentages of CO–O
and Ar–O are calculated by comparing the HPLC peak
area of the reaction mixture with that of the authentic
sample of anilinium picrate (retention time = 2 min)
and N-phenyl picramide (retention time = 11 min),
as shown in Table I. The results presented in Table I
show that the CO–O cleavage (route a), which leads
to the formation of N-phenyl benzamide derivative
2a–g and anilinium picrate 3, occurs dominantly for
esters with the EWG in the benzoyl moiety. On the
other hand, Ar–O cleavage (route b), which yields N-
phenyl picramide 5 and anilinium benzoate derivatives
4a–g, occurs considerably in the case of the reaction
with the strong EDG in the benzoyl moiety of the
ester.

Table I Percentage of Anilinium Picrate (% CO–O) in
the Reaction Mixture of Aniline with Esters 1a–g at
Different Temperatures (20–40 ◦C) Using HPLC
Measurementsa

Percentage of Anilinium Picrate (% CO–O)

x 20◦C 25◦C 30◦C 35◦C 40◦C

H 87.3 87.3 87.3 87.3 87.3
4-OMe 72.0 72.0 72.0 72.0 72.0
4-Me 78.3 78.3 78.3 78.3 78.3
3-Me 82.7 82.7 82.7 82.7 82.7
4-Cl 92.6 92.6 92.6 92.6 92.6
3-Cl 93.3 93.3 93.3 93.3 93.3
4-NO2 96.8 96.8 96.8 96.8 96.8

aThe percentage of the N-phenyl picramide (% Ar–O) is the
complementary percentage to 100 %.

Kinetics, Reactivity, and Regioselectivity
for the Reaction of Picrylbenzoate
Derivatives 1a–g with Aniline in Methanol

Kinetics. The rate of the anilinolysis was followed
spectrophotometrically by observing the increase in
the optical density near 370 nm due to the formation
of both anilinium picrate 3 and N-phenyl picramide 5
while the other products had a negligible absorbance
at this wavelength. In addition, the kinetic study was
measured under pseudo–first-order conditions with the
concentration of aniline maintained in excess relative
to the ester concentration. The pseudo–first-order rate
constants (kobs) were calculated from the equation ln
(A∞ At) = –kobst + C. The plots of kobs versus the ani-
line concentration were linear passing through the ori-
gin, indicating that the reaction is second order with the
absence of catalysis by the amine. Thus, second-order
rate constants correspond to the overall rate constant
(ktot). Table II summarizes the kinetic results for the

Table II Total Second Order Rate Constants (ktot) for
the Reaction of Aniline and Picrylbenzoate Derivatives
1a–g

ktot (×102 L mol–1 s–1]

Compound x 20oC 25oC 30oC 35oC 40oC

3a H 3.61 4.48 5.62 7.14 9.24
3b 4-OMe 1.00 1.41 2.00 2.86 4.14
3c 4-Me 1.61 2.19 3.00 4.14 5.75
3d 3-Me 2.55 3.33 4.39 5.81 7.79
3e 4-Cl 8.90 10.47 12.42 14.91 18.18
3f 3-Cl 15.60 18.36 21.25 24.58 28.48
3g 4-NO2 80.66 88.02 96.02 104.77 114.44

ktot, is the second-order rate constants for the sum of CCO–O and
CAr–O cleavage.
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Table III The Energies of Frontier Molecular Orbitals
and the Esters 1a–g, Aniline Evaluated by Using the
B3LYP/6-31G ** Method

HOMO(ev) LUMO(ev)

�Ea

(LUMO-HOMO)

H − 7.5267b − 3.4504b 1.94
4-OCH3 − 6.7827b − 3.3489b 2.05
4-CH3 − 7.3035b − 3.4019b 1.99
3-CH3 − 7.2031b − 3.424b 1.97
4-Cl − 7.5035b − 3.5464b 1.85
3-Cl − 7.398b − 3.5663b 1.83
4-NO2 − 8.2203b − 3.7535b 1.64
Aniline − 5.39 0.23

aLUMO (a–g) − HOMO (aniline).
bRef. [10].

reactions of aniline with 1a–g in methanol at different
temperatures.

Effect of the Benzoyl Substituent on Reactivity. The
kinetic data presented in Table II indicate that the re-
activity of the titled esters toward the anilinolysis re-
action follows the order 4-NO2> 3-Cl > 4-Cl > H >

3-Me > 4-Me > 4-OMe, meaning that the reactiv-
ity is inversely related to the electron donor ability
of the substituent in the benzoyl moiety. Recently, in
our previous work, we have reported that the DFT
(B3LYB/6-31G**) calculated energies of the highest
occupied molecular orbital (HOMO) and lowest un-
occupied molecular orbital (LUMO) energy levels for
the titled esters 1a–g are affected by the change in the
substituent in the benzoyl moiety [10], as shown in

Table III. To get further insight into the effect of the
benzoyl substituent on the reactivity, the authors extend
the DFT calculations to aniline at the same level of the-
ory, which are also shown in Table III. The comparison
between the energies of the HOMOs of the esters 1a–
g and aniline shows that aniline has the highest-lying
one. Thus, aniline acts as a donor molecule whereas
the esters 1a–g have low-lying LUMOs relative to ani-
line that is, they act as acceptor molecules, as shown
in Fig 1. According to the perturbation theory, when
the donor and the acceptor molecules approach each
other their frontier molecular orbitals (FMOs) interact,
resulting in bonding of the orbitals of the product. Ac-
tually, these interactions are stronger, when the FMO
energies of the nucleophile and electrophile are closer.
Thus the chemical reactivity of these esters toward the
anilinolysis reaction is inversely proportional to the en-
ergy gap between the LUMO of the acceptor molecule
(esters) and the HOMO of the donor molecule (ani-
line), that is, the reactivity increases with the decrease
in the energy gap.

The calculations revealed that the energy gap fol-
lows the order 4-NO2 < 3-Cl < 4-Cl < H < 3-Me <

4-Me < 4-OMe, which explains that the reactivity fol-
lows the reverse order.

In another treatment, the Hammett linear corre-
lation, with a negative slope between the calculated
energy gap and σ -Hammett constants of the benzoyl
substituents (gradient = –0.37, r = 0 .992) indicates
that electron-withdrawing substituents such as 4-NO2,
3-Cl, and 4-Cl cause a decrease in the energy gap, re-
flecting a greater reactivity. However electron-donating
substituents such as 3-Me, 4-Me, and 4-OMe show a

Figure 1 Simplified molecular orbital diagram for compounds (1a-g) and aniline.
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decrease in the rate compared to the unsubstituted ester
1a due to an increase in the energy gap. Furthermore,
the linear relationship between the rate of anilinolysis
and the computed values of the dipole moment of es-
ters 1a–g taken from [10] (gradient = –0.38, r = 0.95
at 25◦C, except for (1e, X = 4-Cl) reveals that the de-
crease in the dipole moment of the substrate increases
its reactivity toward aniline. This may be due to the
fact that a dipole perturbs the electronic arrangement
at the reaction sites [13a–13c].

Regioselectivity. In a previous study, the authors cal-
culated the effective atomic charges with the usage
of both Mulliken and natural bond orbital and the
atomic orbital coefficient of LUMO calculated using
the B3LYP method for the esters 1a–g. The charges
and the coefficient of each compound are confined to
the two centers for the nucleophilic substitution reac-
tion, namely the carbonyl carbon and ipso carbon. The
calculations prove that the carbonyl carbon C7 is the
hard electrophilic center whereas the ipso carbon is the
soft one [10]. As a result, the authors have concluded
that the regioselectivity of the nucleophilic reaction
on the titled esters 1a–g depends on the softness or
hardness of the attacking nucleophile. When a hard
nucleophile that has low-lying HOMO and is usually
negatively charged is used, the reaction is referred to
as charge controlled and would occur selectively on
the carbonyl carbon and it will be kinetically fast due
to a large electrostatic attraction. However, concerning
the soft nucleophiles that have high-lying HOMO and
do not necessarily have a negative charge, the reaction
is referred to as FMO controlled and would occur se-
lectively on the ipso carbon of the trinitrophenyl ring.
Nevertheless, the interactions on each center, namely
the carbonyl carbon or ipso carbon, can exhibit a mix-

ture of charge and FMO contributions to intermediate-
lying HOMO nucleophiles.

In the present study, the reagent of low polarizabil-
ity such as aniline and at the same time is known as
relatively “hard” nucleophile is inclined to attack the
carbonyl carbon atom with the occurrence of CO–O
cleavage. Meanwhile, the unexpected results of the
aryl-oxygen cleavage ratio besides the predominant
acyl-oxygen cleavage for the titled reaction are pos-
sibly due to the fact that the C-1 (ipso) of 1a–g has
high coefficient of atomic orbital than that of the car-
bonyl function of these esters [10]. This favors London
forces being operative between the aniline and the high
polarizable C-1 of the phenol moiety, leading to a mi-
nor aryl-oxygen cleavage process [7].

Furthermore, the low amount of aryl-oxygen cleav-
age can be attributed to the fact that the leaving group
ability of picrate anions is higher than that of benzoates.
This is corroborated by the fact that in methanol picric
acid is a relatively strong acid, with pKa = 3.74 at 25◦C,
whereas benzoic acid with pKa = 9.38 [14]. Finally, in-
spection of Table II shows that the reaction temperature
is another factor that controls the regioselectivity of the
anilinolysis reaction, whereas the product formed due
to acyl-oxygen cleavage (route a) is predominant at low
temperature (20◦C). On the other side, at higher tem-
perature the products of aryl-oxygen cleavage (route
b) have considerable amounts.

Mechanism and Reactivity for the Reaction
of Aniline at the Acyl Site of the Esters 1a–g
(Nucleophilic Acyl Substitution Reaction)

The second-order rate constant for the CO–O bond
cleavage process (kCO–O) was calculated by multiply-
ing the overall rate constant ktot by the experimentally
determined fraction of CO–O, as shown in Table IV.

Table IV Rate Constant (kCO–O) and Activation Parameters for Anilinolysis of Esters 1a–g by Acyl-Oxygen Fission

kA (× 102 L mol-1 s-1] Activation Parameters

Compound x 20o 25o 30o 35o 40o
�H#

(kcal mol–1)
–�S#

(cal mol–1 K–1)
�G#

(kcal mol–1)

3a H 3.15 3.70 4.32 5.02 5.81 4.97 48.36 20.34
3b 4-OMe 0.72 0.92 1.16 1.45 1.80 7.73 41.86 20.60
3c 4-Me 1.26 1.59 1.99 2.48 3.06 7.50 41.54 20.50
3d 3-Me 2.16 2.66 3.27 3.98 4.82 6.71 43.16 20.43
3e 4-Cl 8.24 9.35 10.57 11.90 13.35 3.79 50.47 20.13
3f 3-Cl 14.55 16.49 18.62 20.93 23.46 3.75 49.49 19.94
3g 4-NO2 78.11 84.42 91.00 97.85 104.98 2.09 51.82 19.53

ρ 1.86 1.80 1.74 1.69 1.63
R 0.989 0.992 0.994 0.996 0.997

International Journal of Chemical Kinetics DOI 10.1002/kin.20779
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Scheme 2 Ar = 2,4,6-trinitrophenyl; a, x = H; b, x = 4-OMe; c, x = 4-Me; d, x = 3-Me; e, x = 4-Cl; f, x = 3-Cl; g, x =
4-NO2.

The mechanism of anilinolysis of esters 1a–g at
the acyl site can proceed by either a concerted process
(pathway a) or a stepwise mechanism (pathway b). The
stepwise mechanism could involve two reaction path-
ways: the uncatalyzed reaction with an overall second
order, k2, and the catalyzed reaction by aniline with an
overall third order, k3 (Scheme 2).

In the stepwise mechanism (pathway b), the aniline
molecule first attacks the carbonyl carbon of a reactant
to form a tetrahedral intermediate and then it decom-
poses to generate products 2a–g and Ar’Ō as shown
in Scheme 2.The possibility of the reaction to proceed
by aniline catalysis is rejected on the ground that the
reaction is second order.

In the present study, the correlation of second-
order rate coefficients with Hammett substituent con-
stants yields a linear straight line with positive slope.
Hence, such a linear plot clearly indicates that the re-
action at the carbonyl group of the ester 1a–g pro-
ceeds without changing the rate-determining step and
proves that changing the electronic nature of the sub-
stituent in the nonleaving group does not change the
reaction mechanism. The large ρ values exclude the
concerted mechanism [15] and are in accordance with
those values found for the stepwise mechanism in
which the rate-limiting step is the formation of the
tetrahedral intermediate (Scheme 2, pathway b). In
fact, this is the case of the reactions of 4-nitrophenyl
x substituted benzoates with anionic nucleophiles
[16].

Since all the substituents are located in para or meta
position, a direct steric interaction is unlikely and reso-
nance and/or inductive effects are the operating factors.

This suggested mechanism is consistent with the ex-
planation that an electron-withdrawing substituent, for
example, NO2, 1g, would accelerate the rate of reac-
tion, but would retard the rate of the leaving group
on departure. The authors ascribed the enhancement in
the rate to the increase in the electrophilicity of the car-
bonyl carbon and the presence of the NO2 group that
stabilizes the tetrahedral intermediate T̄. In contrast,
an electron-donating substituent for example, 4-OMe,
1b, would inhibit nucleophilic attack but would in-
crease the rate at which the leaving group departs. One
can suggest that the ground-state stabilization through
the resonance interaction as illustrated in the resonance
structures (I–IV) is responsible for the low reactivity
shown by the substrate with an EDG (e.g., X = 4-OMe)
as shown in Fig 2.

The values of �H# and �S# for the reaction of ani-
line at the carbonyl carbon center of the ester 1a–g
are, respectively, obtained from the slope and inter-
cept of Eyring plots by the least-squares analysis, as
shown in Table IV. Although the low positive �H#

and large negative �S# values are in line with the step-
wise mechanism, they can also be interpreted as sup-
portive of a concerted mechanism. The plots of �S#

versus �H# values (not shown) for the nucleophilic
acyl substitution gave a straight line with isokinetic
temperature –272.5◦C (the temperature at which the
substituent effects are supposed to be reversed). This
linear relationship indicated a common mechanism for
all substituents and independent of its nature and po-
sition as well as the value is far from the tempera-
tures used in the kinetic runs [17]. The constancy of
�G# may be explained on the basis of an isokinetic
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Figure 2 Ground state stabilization through resonance for compound 1g.

relationship that exists for a series of esters of slightly
different structures but undergoing a reaction essen-
tially by the same mechanism.

Mechanism and Reactivity for the Reaction
of Aniline at the Ipso Site of the Esters
1a–g (Nucleophilic Aromatic Substitution
Reaction)

Aromatic nucleophilic substitution reactions have been
proposed to proceed through an addition-elimination
mechanism (Ad-E; SNAr) involving the formation of
Meisenheimer and zwitterionic complexes [18]. As a
matter of fact, previous mechanistic investigations have
included examination of the effects of nucleophilic
strength, solvation [19–22], leaving group ability, and
reactivity of the substrates [23–25]. There has been a
discourse on whether the rate-determining step is the
addition of the nucleophile, elimination of the leaving
group [26], proton transfer process [27], or whether
it may switch depending on the solvent, nature of the

nucleophile, the steric factor, as well as the degree of
activation of the aromatic substrate, and the relative po-
sition of activating substitution(s) to the reaction cen-
ter [18,28]. The second-order rate constants for the re-
action at the ipso carbon of the phenolic moiety (kAr–O)
are calculated by subtracting the rate corresponding to
acyl oxygen cleavage from the total rate coefficients,
as shown in Table V.

It has been well known that SNAr reactions proceed
through a zwitterion intermediate, in which the rate-
determining step can either form or break down the
intermediate, as shown in Scheme 3.

If the departure of the leaving group from the zwitte-
rionic intermediate occurs in the rate-determining step,
the magnitude of the kAr–O should increase linearly with
increasing the electron-withdrawing ability of the sub-
stituent x in the leaving benzoyl moiety. However, as
shown in Table IV, the kAr–O values have small dif-
ference upon changing the substituent x from a strong
EDG (e.g., 4-MeO) to a strong EWG (e.g., 4-NO2) even
though 4-NO2 shows a slightly high value. Therefore,

Table V Rate Constant (kAr–O) and Activation Parameters for Anilinolysis of Esters 1a-g by Aryl-Oxygen Fission

kAr–O (×102 L mol–1 s–1] Activation parameters

x 20oC 25oC 30oC 35oC 40oC
�H#

(kcal mol–1)
–�S#

(cal mol–1 K–1) pKa (H2O) [29]

H 0.46 0.78 1.30 2.12 3.43 17.68 8.80 4.20
4-OMe 0.28 0.49 0.84 1.41 2.34 18.71 6.25 4.47
4-Me 0.35 0.60 1.01 1.66 2.69 17.97 8.37 4.36
3-Me 0.39 0.67 1.12 1.83 2.97 17.85 8.53 4.27
4-Cl 0.66 1.12 1.85 3.01 4.83 17.50 8.69 3.99
3-Cl 1.05 1.87 2.63 3.65 5.02 13.26 22.07 3.83
4-NO2 2.55 3.60 5.02 6.92 9.46 11.33 27.07 3.44

ρ 0.92 0.85 0.75 0.65 0.56
R 0.990 0.986 0.996 0.998 0.988

pKa values for the conjugate substituted benzoic acids of the X-benzoate leaving groups in water are taken from [29].

International Journal of Chemical Kinetics DOI 10.1002/kin.20779
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Scheme 3 a, x = H; b, x = 4-OMe; c, x = 4-Me; d, x = 3-Me; e, x = 4-Cl; f, x = 3-Cl; g, x = 4-NO2.

the present result clearly suggests that the Ar–O bond
cleavage proceeds through a SNAr mechanism in which
the departure of the leaving group from the zwitterion
intermediate occurs rapidly after the rate-determining
step, as shown in Scheme 3.

The Hammett correlation with σ -constants exhibits
a good linear relationship with a relatively small slope
(ρ = 0.92–0.56) for the reaction of 1a–g with ani-
line at the ipso site, as shown in Table V. These low
values of ρ for aryl-oxygen cleavage is in contrast to
the previously reported value (ca. +4) [3] for substi-
tuted halogenonitrobenzene, which can be explained
on the basis that substituents of halogenonitrobenzene
directly affect the reaction center; on the other hand,
in this study, the substituents exist in the leaving group
benzoyl moiety. In addition, it is observed that the
ρ values are far poorer than those for the acyl-oxygen
cleavage reaction. One might suggest two possible rea-
sons for these differences between ρ values of the two
reaction routes: (i) The nature of the reaction mecha-
nism would be responsible for the insignificance of the
substituent effect on the kAr–O value, where the bulk of
the negative charge is delocalized conjugatively into
the trinitrophenyl ring when the reaction undergoes
aryl-oxygen cleavage, whereas the localized negative
charge is greatly affected by x substituent when the es-
ter undergoes acyl-oxygen cleavage. (ii) The proximity
effect, the reaction site of the Ar–O bond cleavage is
far from the substituent X in the benzoyl moiety by
two atoms than that of the CO–O bond cleavage. Since
the inductive effect of the substituent diminishes with
the distance between the substituent and the reaction
site, so the effect of the benzoyl substituent would be
less significant for the Ar–O bond cleavage than for
the CO–O bond cleavage process.

The Brönsted relationship has been used as a probe
for determining the mechanistic pathway [30,31]. The
magnitude of the Brönsted coefficient has usually been
related to the extent of the bond formation in the tran-
sition state, and when an intermediate is formed along
the reaction pathway a large Brönsted coefficient is
expected [31]. Table V illustrates that the reactivity

of picryl benzoate derivatives 1a–g toward aniline in-
creases with the decrease in pKa of the benzoic leaving
group. The relatively small β lg value (–0.93, r = 0.99)
obtained in our study assists our assumption that the
reaction of 1a–g proceeds through a zwitterion inter-
mediate in which bond formation to the nucleophile is
well advanced, and bond breaking to the leaving group
has proceeded in a negligible extent in the transition
state.

The values of the activation enthalpy demonstrate
a small difference with changing substituent in the es-
ter 1a–g, as shown in Table V. On the other hand, all
types of substituents show negative entropy of activa-
tion. The plot of �S# versus �H# for the nucleophilic
aryl substitution gave a straight line with isokinetic
temperature –272.81◦C, which is far from the temper-
atures used in the kinetic runs. This linear plot indicates
a common mechanism for all substituents and is inde-
pendent of its nature and position. The calculations
revealed that the esters have negative entropy and pro-
nounced in (4-NO2, 3-Cl); that is, the transition state
is more organized than the reactants.

CONCLUSIONS

The present study has allowed us to conclude the fol-
lowing:

1. The anilinolysis of picryl x substituted benzoate
1a–g proceeds via simultaneous acyl-oxygen
and aryl-oxygen fissions under the reaction tem-
perature used in this study.

2. The reactivity of these esters toward anilinolysis
is inversely proportional to the energy gap cal-
culated between HOMO aniline and LUMO for
each ester.

3. The product formed due to acyl-oxygen fission
is the predominant product, which can be ex-
plained on the basis that aniline is relatively hard
nucleophile and picrate anion is a good leaving
group compared to benzoate anions.
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4. The mechanism of acyl-oxygen fission proceeds
through the stepwise mechanism in which the
formation of the tetrahedral intermediate is the
rate-determining step. The aryl-oxygen bond
cleavage proceeds through a SNAr mechanism
in which the departure of the leaving group from
the Meisenheimer complex occurs rapidly after
its formation in the rate-limiting step.
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