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Substitution reactions of some para-substituted anilines with 2-bromo-5-nitropyridine are car-
ried out conductometrically in binary acetonitrile/dimethylformamide mixtures. The second-order
rate constants correlate well with Hammett’s substituent constants yielding a negative value of ρ .
The multiparameter correlation with Kamlet-Taft’s solvatochromic parameters is excellent (100R2 ∼
98%), and the computed percentage contributions of these parameters (Pα = 58%, Pβ = 4%, Pπ∗ =
38%) suggest that both specific and non-specific solute-solvent-solvent interactions influence the re-
activity. The solvation model proposed is well supported by the solvatochromism exhibited by the
anilines in the solvent mixture under investigation. The molar extinction coefficient (εmax) of aniline
varies appreciably up to ∼ 25% with a change in the mole fraction of the mixture. The multivari-
ate correlation analysis of εmax (with α , β , π∗) suggests that the solvation around the NH2 moiety of
aniline through the solvent’s hydrogen-bond donor (HBD) property is found to be dominant in the sol-
vation process and consequently in altering the rate. The dominance of the solvent’s HBD property in
solvation is further confirmed by the cyclic voltammetric oxidation of aniline in the solvent mixture.
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1. Introduction

The study of solute-solvent interactions in binary
solvent mixtures is more complex than in pure sol-
vents. In a pure solvent the composition of the micro-
sphere of solvation of a solute, the so-called cybotatic
region, is the same as in the bulk solvent, but in binary
mixtures the composition in this microsphere can be
different. The solute can interact to a different degree
with the components of the solvent mixture, and this
difference in the interactions is reflected in the com-
position of the microsphere of solvation. The effect of
varying the composition of the mixture from the bulk
solvent to the solvation sphere is called preferential
solvation [2].

The study of the influence of solvents on reac-
tions of anilines in non-aqueous and aquo-organic
solvent mixtures has revealed the important role of
non-specific and specific solvent effects on reactiv-
ity [3 – 8]. It has been shown that the reactivity is in-
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fluenced by the preferential solvation of the reactants
and/or the activated complex through non-specific and
specific solute-solvent-solvent interactions. Further, it
has been established that the technique of correla-
tion analysis may well be used to separate and quan-
tify such solvent-solvent-solute interactions on reac-
tivity. Furthermore, one of the important tools in de-
ciding the mechanism of reactions is the study of sub-
stituent effects. The Hammett equation and its modi-
fied forms [9], all known as linear free energy relation-
ships (LFER), have been found useful for correlating
reaction rates and equilibrium constants of side-chain
reactions of meta- and para-substituted derivatives of
benzene. The isokinetic relationship is also an impor-
tant tool for deciding the nature of a mechanism.

Examination of the literature reveals that the in-
fluence of structure on SN2 reactions has often been
reported [10 – 24]. However, only very few attempts
have been made to study the influence of solvents
on such reactions in a more systematic manner
[25 – 31]. In the present investigation, the reaction
of a few para-substituted anilines with 2-bromo-5-
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Rate constant
Substituent Mole fraction of AN
of aniline 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
None 2.53 2.42 2.39 2.36 2.28 2.21 2.12 2.14 2.06 1.93 1.80

(0.02) (0.02) (0.04) (0.02) (0.04) (0.07) (0.05) (0.01) (0.04) 0.04) (0.03)

p-Et 2.55 2.49 2.48 2.39 2.32 2.26 2.15 2.19 2.11 1.97 1.84
(0.06) (0.08) (0.03) (0.05) (0.07) (0.03) (0.02) (0.03) (0.05) (0.04) (0.04)

p-OEt 2.64 2.54 2.52 2.46 2.42 2.32 2.30 2.24 2.15 2.12 2.04
(0.04) (0.07) (0.05) (0.09) (0.05) (0.07) (0.07) (0.03) (0.06) (0.04) (0.04)

p-Me 2.59 2.53 2.50 2.44 2.39 2.31 2.28 2.21 2.16 2.04 1.98
(0.07) (0.08) (0.06) (0.08) (0.05) (0.07) (0.06) (0.04) (0.03) (0.05) (0.05)

p-OMe 2.66 2.57 2.52 2.50 2.43 2.36 2.33 2.28 2.16 2.15 2.11
(0.05) (0.08) (0.08) (0.09) (0.07) (0.07) (0.08) (0.09) (0.08) (0.08) (0.07)

p-COMe 2.26 2.22 2.21 2.12 1.99 1.98 1.85 1.79 1.70 1.64 1.41
(0.06) (0.05) (0.05) (0.03) (0.05) (0.03) (0.04) (0.02) (0.03) (0.02) (0.04)

p-NHCOMe 2.49 2.41 2.35 2.30 2.21 2.16 2.07 2.01 2.02 1.89 1.73
(0.05) (0.07) (0.07) (0.07) (0.04) (0.05) (0.05) (0.03) (0.03) (0.04) (0.02)

p-F 2.37 2.31 2.29 2.21 2.20 2.10 1.98 1.97 1.93 1.80 1.70
(0.05) (0.07) (0.07) (0.05) (0.03) (0.02) (0.02) (0.04) (0.04) (0.05) (0.03)

p-Cl 2.33 2.30 2.29 2.17 2.10 2.06 1.92 1.90 1.86 1.77 1.58
(0.07) (0.06) (0.04) (0.03) (0.02) (0.06) (0.04) (0.04) (0.03) (0.03) (0.01)

p-Br 2.31 2.30 2.25 2.17 2.08 1.97 1.88 1.83 1.81 1.72 1.57
(0.04) (0.06) (0.05) (0.04) (0.03) (0.03) (0.06) (0.04) (0.02) (0.03) (0.05)

Table 1. Second-order rate con-
stants (103 k−1

A ) with relative
errors in parentheses for the
reaction of anilines with 2-
bromo-5-nitropyridine, deter-
mined in AN/DMF mixtures
with increasing mole fraction
of AN at 303 K.

nitropyridine in acetonitrile (AN)/N,N-dimethylform-
amide (DMF) [both dipolar, non-hydrogen-bond donor
(HBD)] mixtures of varying compositions is reported.
To study the influence of the solvent and reactants
structure on the reactivity, 2-bromo-5-nitropyridine
was chosen as substrate, as the kinetics of the SNAr
reaction of similar compounds with aniline in neat or-
ganic solvents is known [32].

Further, the selection of binary AN/DMF solvent
mixtures for our study is based on the fact that the
hydrogen-bonding abilities of this mixture is well un-
derstood and among the dipolar non-HBD solvents,
AN exhibits a lower HBA (hydrogen-bond acceptor)
ability and also exhibits a potential ability to donate a
hydrogen atom towards the formation of a hydrogen
bond [33]. In order to contribute to a more compre-
hensive analysis of the molecular-microscopic prop-
erties of binary aprotic solvent mixtures, particularly
hydrogen-bonding effects, it is of interest to discuss
the behaviour of solvent mixtures of this type. Fur-
ther, one of the profound advantages of using binary
solvent mixtures is that by varying the mole fraction
of the constituent solvents, the physical properties of
the medium can be varied in a smooth and continu-
ous manner. The main objective, therefore, of this en-
deavour is to investigate the effect of solvent hydrogen-
bonding and structural effects on the nucleophilic sub-

stitution reaction of para-substituted anilines with 2-
bromo-5-nitropyridine in binary AN/DMF mixtures.

2. Results and Discussion

The nucleophilic substitution reaction of parent ani-
line and a few para- (Et, OEt, Me, OMe, COMe,
NHCOMe, F, Cl, and Br) substituted anilines with 2-
bromo-5-nitropyridine was studied conductometrically
at 303, 313, and 323 K in the presence of varying ex-
cess of aniline over the substrate to ensure pseudo-
first-order kinetics. A plot (not shown) of kobs versus
concentration of aniline had a distinct intercept on the
rate ordinate indicating that the reaction is not a base-
catalyzed one [25 – 28]. Hence, the second-order rate
constants, kA, were computed and are summarized in
Table 1. The reactions were carried out in varying mole
fractions of AN, x(AN), in DMF at 303 K. The selec-
tion of x(AN) was based on the fact that the solva-
tochromic parameters for the binary solvent mixtures
employed in the present study for correlation analysis,
are available in the literature [33].

The product analysis was carried by refluxing a mix-
ture of 2-bromo-5-nitropyridine (3.16 mmol) and ani-
line (5.38 mmol) for one hour in DMF. The mixture
was cooled to room temperature and then poured into
ice-cold water with vigorous stirring. The precipitate
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Fig. 1. Mass spectral fragmentation.

Fig. 2. Reaction scheme.

formed was filtered and recrystallized. The product
thus obtained was subjected to GC-MS analysis. The
results of the GC-MS analysis revealed that the reac-
tion product was 2-phenylamino-5-nitropyridine (m/z
215 [M+.], fragmentation with m/z ratio 123 and 92)
(Fig. 1).

Based on the kinetic results, product analysis and
the conclusions of previous work [32], the reaction
scheme in Fig. 2 has been proposed for the reaction of
anilines with 2-bromo-5-nitropyridine, which involves
the intermediate (I). The formation of such a type of in-
termediate was well established in the SNAr reactions
of aromatic amines with various substrates [10 – 14].

The results in Table 1 reveal that a decrease in x(AN)
in the solvent mixture increases the rate of the reaction.
Figure 3 shows the solution FT-IR spectra of the re-
action mixture at different time intervals. The doublet
around ν = 2930 – 3000 cm−1 corresponds to asym-
metric and symmetric stretching vibrations of the two
N-H bonds of the aromatic primary amine [34]. It is
evident from the figure that with lapse of time the in-
tensity of the peak decreases, which confirms the par-
ticipation of the amino group in the reaction.

2.1. Thermodynamic Parameters and the Isokinetic
Relationship

The activation parameters for all substituted anilines
at 0.6 mole fraction of AN were calculated from kA
at 303, 313, and 323 K, using the van’t Hoff plot, by
the method of least squares; they are collected in Ta-
ble 2. The reaction is neither isenthalpic nor isentropic
but complies with the compensation law also known
as isokinetic relationship. The isokinetic temperature
is the temperature at which all compounds of the se-
ries react equally fast. Also, at the isokinetic temper-
ature the variation of substituents has no influence on
the free energy of activation. In an isentropic reaction
the isokinetic temperature lies at infinity and only the
enthalpy of activation determines the reactivity. The
isokinetic temperature is zero for an isenthalpic series,
and the reactivity is determined by the entropy of acti-
vation [35]. The operation of the isokinetic relationship
is tested by plotting the logarithms of rate constants,
kA, at two temperatures (T2 > T1) against each other,
as suggested by Exner [36]:

log k(at T2) = a + b log k (at T1). (1)

In the present study the linear plots obtained im-
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Substituent Rate constant, 103 s−1 Ea, ∆H#, ∆S#, ∆G#,
of aniline 303 K 313 K 323 K kJ mol−1 K−1 kJ mol−1 J K−1 mol−1 kJ mol−1

None 2.12 3.93 5.94 42.1 39.5 −166 89.8
(0.05) (0.04) (0.10)

p-Et 2.15 3.94 6.01 41.9 39.2 −167 89.6
(0.02) (0.12) (0.18)

p-OEt 2.30 4.02 6.10 39.7 37.1 −173 89.5
(0.07) (0.04) (0.06)

p-Me 2.28 3.97 6.08 39.9 37.3 −172 89.4
(0.06) (0.09) (0.18)

p-OMe 2.33 4.10 6.12 39.4 36.8 −174 89.5
(0.08) (0.12) (0.18)

p-COMe 1.85 3.71 5.70 45.9 43.3 −154 89.9
(0.04) (0.11) (0.17)

p-NHCOMe 2.07 3.90 5.92 42.8 40.2 −164 90.0
(0.05) (0.12) (0.18)

p-F 1.97 3.87 5.86 44.3 41.8 −159 90.0
(0.02) (0.12) (0.11)

p-Cl 1.92 3.83 5.79 19.0 16.4 −245 90.0
(0.04) (0.11) (0.17)

p-Br 1.88 3.77 5.75 19.2 16.6 −245 89.9
(0.06) (0.11) (0.17)

Table 2. Influence of tem-
perature on the rate of re-
action of anilines with 2-
bromo-5-nitropyridine, deter-
mined in an AN/DMF mixture
with x(AN) = 0.6, and activa-
tion parameters for this reac-
tion.

The values in parentheses are rela-
tive errors.

Fig. 3. FT-IR spectra of the reaction mixture in
acetonitrile with increase in time.

ply the validity of the isokinetic relationship. A rep-
resentative plot is shown in Fig. 4 [at x(AN) = 0.6,
r = 0.99, sd = 0.001, isokinetic temperature= (332±
11) K]. The operation of an isokinetic relationship re-
veals that all substituted anilines examined follow a

common reaction mechanism. The negative entropy
of activation indicates a greater degree of ordering
in the activated complex than in the initial state,
due to an increase in solvation during the activation
process.
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x(AN) Rate constant, 103 s−1 Ea, ∆H#, ∆S#, ∆G#,
303 K 313 K 323 K kJ mol−1 K−1 kJ mol−1 J K−1 mol−1 kJ mol−1

0 2.52 4.89 6.53 38.8 36.2 −175 89.2
(0.02) (0.09) (0.08)

0.1 2.42 4.53 6.32 39.1 37.8 −170 89.3
(0.02) (0.11) (0.13)

0.2 2.39 4.33 6.29 39.5 36.9 −173 89.4
(0.04) (0.10) (0.15)

0.3 2.36 4.27 6.22 39.5 36.9 −173 89.3
(0.02) (0.10) (0.12)

0.4 2.28 4.17 6.20 40.8 38.2 −169 89.4
(0.04) (0.13) (0.06)

0.5 2.21 4.01 6.03 40.9 38.3 −169 89.5
(0.07) (0.10) (0.18)

0.6 2.12 3.93 5.94 42.1 39.5 −166 89.8
(0.05) (0.08) (0.12)

0.7 2.14 3.90 5.89 41.2 38.6 −169 89.8
(0.01) (0.11) (0.18)

0.8 2.06 3.86 5.83 42.5 39.9 −165 89.9
(0.04) (0.09) (0.07)

0.9 1.93 3.73 5.75 44.6 42.0 −158 89.9
(0.04) (0.07) (0.14)

1.0 1.80 3.70 5.67 46.8 44.2 −152 90.2
(0.03) (0.11) (0.17)

Table 3. Rate constants (103 kA,
s−1) and activation parameters
for the reaction of aniline with
2-bromo-5-nitropyridine in AN/
DMF mixtures with varying
mole fraction of AN, x(AN).

The values in parentheses are rela-
tive errors.

Fig. 4. Isokinetic plot for all anilines in 0.6 mole
fraction of acetonitrile in DMF.

Likewise, the activation parameters were also cal-
culated for aniline in solvent mixtures with different
mole fractions of AN (Table 3). The existence of a lin-
ear relationship [r = 0.97, sd = 0.005, isokinetic tem-

perature = (340±12) K] between log kA at 313 K and
log kA at 303 K indicates that a single mechanism is
operating in all the solvent mixtures under scan. A rep-
resentative plot is shown in Figure 5.
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Fig. 5. Isokinetic plot for the parent aniline in all
mole fractions investigated.

Fig. 6. Hammett plot of log kA versus σ in
0.4 mole fraction of acetonitrile in DMF at 303 K.

2.2. Structure-Reactivity Correlation

The influence of substituents on the reaction rate
was studied with nine para-substituted anilines. The
results in Table 1 reveal that in a given solvent mix-
ture, the rate constants vary with the nature of the sub-

stituent. A plot of log kA versus Hammett’s substituent
constant, σ is linear with negative slope (Fig. 6). The
negative slope indicates that electron-donating groups
stabilize, by resonance, an intermediate having a high
positive charge on the reaction centre, which in the
present study is obviously the nitrogen atom of the
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Fig. 7. Plot of log kA versus ET(30) for p-
methoxyaniline at 303 K.

NH2 group. This facilitates the bond-breaking process
in the intermediate.

2.3. Solvent-Reactivity Correlation

The title reaction has been studied in eleven binary
solvent mixtures with different mole fractions of AN in
DMF. The second-order rate constants collected in Ta-
ble 1 decrease with an increase in x(AN) in the mixture.
The linear correlation of the rate data (Table 1) with
Reichardt’s [37] solvent polarity parameter ET(30) is
just satisfactory with an explained variance of less than
90% (Fig. 7). Such a comparatively less good correla-
tion may be due to the fact that bulk solvent properties
like ET(30) will poorly describe the microenvironment
around the reacting species, which governs the stabil-
ity of the intermediate and hence the rate of the re-
action. Parallel observations have already been made
during the Cr(VI) oxidation [6, 7, 38 – 40], substitution
[1], and electrochemical oxidation [41, 42] of anilines
in mixed solvents.

Therefore, in order to obtain a deeper insight into
the various solute-solvent interactions, which influ-
ence the reactivity, we have tried to adopt the sol-
vatochromic comparison method developed by Kam-
let and Taft [43]. The solvatochromic parameters em-
ployed in the present study were computed and re-

ported in [33] and are based on various solvent-solvent
interactions which can be explained by the follow-
ing general model using a two-solvent exchange pro-
cess [2]:

I(S1)m + mS2 � I(S2)m + mS1, (2)

I(S1)m + m/2S2 � I(S12)m + m/2S1. (3)

In (2) and (3) S1 and S2 indicate the two pure sol-
vents to be mixed, and S12 represents a solvent-solvent
adduct formed by the interaction of solvents 1 and 2.
This new solvent can have properties quite different
from those of solvents 1 and 2 for so-called synergetic
solvent mixtures. m is the number of solvent molecules
solvating the solvatochromic indicator I [2].

The most celebrated Kamlet-Taft solvatochromic
comparison method [43] was employed, which incor-
porates three types of solute-solvent interactions:

log k = log k0 + sπ∗+ aα + bβ , (4)

where π∗ is an index of solvent dipolarity/polarizabil-
ity, which measures the ability of the solvent to sta-
bilize a charge or a dipole by virtue of its dielectric
effect, α is the solvent hydrogen-bond donor (HBD)
acidity, which describes the ability of the solvent to
donate a proton to a hydrogen bond, and β is the sol-
vent hydrogen-bond acceptor (HBA) basicity, which
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Table 4. Statistical results and weighted percentage contribu-
tions for the correlation of log kA with Kamlet-Taft’s solva-
tochromic parameters α , β , and π∗ at 303 K.

Substituent
of aniline 100R2 sd a b s Pα Pβ Pπ∗

None 98 0.006 −0.83 0.07 −0.74 51 4 45
(0.25) (0.03) (0.53)

p-Et 98 0.008 −0.80 0.06 −0.67 52 4 44
(0.31) (0.03) (0.65)

p-OEt 98 0.005 −0.73 −0.01 −0.65 52 0 48
(0.21) (0.02) (0.46)

p-Me 99 0.006 −0.89 0.03 −0.97 47 1 51
(0.22) (0.02) (0.48)

p-OMe 98 0.006 −0.68 −0.03 −0.59 52 2 46
(0.25) (0.03) (0.53)

p-COMe 97 0.01 −0.76 0.10 −0.13 77 10 13
(0.55) (0.06) (1.19)

p-NHCOMe 98 0.008 −0.56 0.03 −0.04 89 5 6
(0.30) (0.03) (0.65)

p-F 98 0.009 −1.11 0.06 −1.25 46 2 52
(0.34) (0.04) (0.73)

p-Cl 97 0.01 −0.75 0.06 −0.33 66 5 29
(0.42) (0.04) (0.90)

p-Br 98 0.009 −1.14 0.02 −1.08 51 1 48
(0.37) (0.04) (0.79)

provides a measure of the solvent, ability to accept a
proton (donate an electron pair) in a solute to solvent
hydrogen bond, and log k0 is the regression value of
the solute property in the reference solvent cyclohex-
ane. The regression coefficients s, a, and b measure
the relative susceptibilities of the solvent-dependent
solute property log k to the indicated solvent param-
eter. These solvatochromic parameters for the solvent
mixtures employed in the present study were obtained
from the literature [33].

The kinetic data were correlated with Kamlet-Taft’s
solvatochromic solvent parameters α , β , and π∗ as de-
scribed earlier [1]. The rates of reaction for all com-
pounds studied showed a good correlation with these
three solvent parameters as part of a three-parameter
correlation equation with an explained variance of
ca. 98%. Such a good correlation indicates the exis-
tence of both specific and non-specific solute-solvent
interactions in the present study. The contribution of
each of these solvatochromic parameters to the reac-
tivity were calculated and are listed in Table 4. The
results suggest at first sight that the percentage con-
tribution of the above three solvatochromic parame-
ters depends on the nature of the substituents. How-
ever, the percentage contribution data of the solva-

Table 5. UV absorption maxima of aniline and 2-bromo-
5-nitropyridine, determined in AN/DMF mixtures, with in-
creasing mole fraction of AN, x(AN).

Aniline 2-Bromo-5-nitropyridine
x(AN) λmax, nm εmax, M−1 cm−1 λmax, nm εmax, M−1 cm−1

0 294.7 3700 282.5 11750
0.1 294.2 3445 282.5 8871
0.2 294.3 3365 282.5 8810
0.3 294.1 3355 282.5 8981
0.4 293.7 3320 282.5 8713
0.5 293.2 3105 282.1 8981
0.6 292.6 2955 282.1 8871
0.7 292.6 2930 282.1 8762
0.8 292.2 2880 282.1 8364
0.9 292.0 2770 282.1 8115
1.0 290.9 2740 282.1 11721

tochromic parameters failed to correlate either with
electrical parameters or size of the substitutents. This
may be due the fact that the solvation depends on var-
ious factors like the cavity that the dissolved molecule
produces in the solvent, the orientation of the sol-
vent molecules, and the unspecific and specific inter-
molecular forces [37]. Hence, the percentage contri-
bution of a particular solvatochromic parameter, for
a given aniline, may be due to the combination of
one or more factors mentioned, only the average value
was employed for further discussions. Also, the ma-
jority of the data is in line with the above-mentioned
average.

The observation of this multiple regression analy-
sis led us to the following conclusions. (i) The rate
of the reaction is influenced by both specific and non-
specific solute-solvent interactions as indicated by the
percentage contributions of the α , β , and π∗ parame-
ters. Among specific interactions, the contribution of α
is dominant and the negative sign of the coefficient of
this term suggests that there exists a specific interac-
tion between the reactants and the solvent through its
HBD property. (ii) The positive sign of the coefficients
of β for the majority of the reactants suggests that the
specific interaction between the intermediate and the
solvent, via the HBA property, is stronger than that be-
tween the reactants and the solvent. Further, the nega-
tive sign of the coefficient of the π∗ term suggests that
an increase in the solvent’s dipolarity/polarizability de-
creases the rate, hence there is a decrease in the rate
and an increase in the mole fraction of acetonitrile in
the mixtures [38 – 42].

The UV-Vis absorption spectra of the reactants in
the solvent mixture and the solvatochromism exhib-
ited by them adequately support the conclusions de-
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Fig. 8. UV-Vis spectra of aniline in different
mole fractions of acetonitrile. (The upward ar-
row indicates the increase in intensity with the
decreasing mole fraction of acetonitrile.)

rived before. Figure 8 shows the UV-Vis absorption
spectra of aniline (2 ·10−4 M) in binary AN/DMF mix-
tures with different mole fractions of AN. The wave-
lengths (λmax) and molar extinction coefficients (εmax)
of maximum absorption of aniline and 2-bromo-5-
nitropyridine in these solvent mixtures are summarized
in Table 5. It is evident from the results that, for ani-
line, the peak position of the UV absorption (λmax)
shows little dependence on the solvent (< 1%). In con-
trast, the absorption intensity (εmax) exhibits a signif-
icant increase (> 25%) from 2740 M−1 cm−1 in AN
to 3700 M−1 cm−1 in DMF. Thus, εmax is likely to be
affected by solute-solvent hydrogen-bonding [44].

This observation can be qualitatively explained as
follows: Since DMF is a non-HBD solvent while AN
exhibits a potential ability to donate a hydrogen atom
towards the formation of a H-bond, the latter can in-
teract with aniline through its HBD property but not
the former one. This point of observation has also been
explained quantitatively through correlation analysis.
The intermolecular solute-solvent interactions through
H-bonding were examined by correlating εmax of ani-
line with the Kamlet-Taft’s solvatochromic parameters
α , β , and π∗ as this equation comprises both the sol-
vent’s HBD and HBA terms. The result of the correla-

tion is as follows:

log εmax = 4.59(±0.78)−1.03(±0.85)π∗

− 1.02(±0.40)α −0.10(±0.04)β ,

N = 11,R2 = 0.96,sd = 0.009,

Pα = 47%,Pβ = 5%,Pπ∗ = 48%.

(5)

From (5) it can be seen that the absorption intensity
is influenced by both specific and non-specific solute-
solvent interactions, as indicated by the percentage
contributions of the α , β , and π∗ parameters. Among
specific interactions, the contribution of the α term is
found to be dominant, and the negative sign of its coef-
ficient suggests that the absorption intensity would de-
crease with an increase in the solvent’s HBD property.
The contribution of the solvent’s HBA property (Pβ )
towards the solvation of aniline by the solvent mix-
ture is less significant. Thus, an increase in the mole
fraction of AN in the mixture increases the solvation
around the NH2 moiety of the aniline molecule through
the HBD property, and consequently decreases the ab-
sorption intensity. Hence, the observed decrease in the
rate of the reaction between anilines and 2-bromo-5-
nitropyridine with an increase in the mole fraction of
AN might be due to the solvation of the NH2 moiety
by the HBD solvent AN to a relatively greater extent.
Such an extensive solvation around the reaction centre
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Fig. 9. Cyclic voltammogram for the oxidation
of aniline (1 · 10−3 M) in different mole frac-
tions of acetonitrile at a scan rate of 50 mV s−1.
(The direction of the arrow indicates the shift
in oxidation potential with increasing mole
fraction of acetonitrile.)

Fig. 10. Plot of oxidation potential of aniline,
E pa, versus mole fraction of acetonitrile, x(AN).

makes the approach of the reaction partner compara-
tively difficult and consequently retards the rate of the
overall reaction. The absorption spectra of 2-bromo-5-
nitropyridine, however, do not vary in a smooth man-
ner with the solvent, further the correlation of log εmax
of this compound with α , β , and π∗ is very poor

(R2 = 0.300), and hence the solvatochromism exhib-
ited by it is deferred here.

The above-mentioned fact was further supported by
cyclic voltammetric studies of aniline in the given sol-
vent mixtures. The cyclic voltammogram of aniline
with varying mole fraction of AN is depicted in Fig-
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ure 9. The anodic peak at ∼ 1.3 V corresponds to
the electro-oxidation of aniline. This oxidation poten-
tial shifts towards the positive side with increase in
the mole fraction of AN in the binary mixture, sug-
gesting that the removal of an electron from the NH2
moiety (oxidation) becomes increasingly difficult. A
plot of oxidation potentials, E pa, versus mole fraction
of AN is linear (r = 0.96, sd = 0.009) with positive
slope (Fig. 10). The increase in the oxidation poten-
tial of aniline with increase in the HBD property of the
medium was observed earlier by us in the study of the
electro-oxidation of anilines in water/2-methylpropan-
2-ol [41] and water/acetic acid [42] mixtures. As the
pair of electrons on the NH2 moiety is well surrounded
by HBD solvent molecules, its participation in the for-
mation of intermediate (I) will be difficult and conse-
quently the rate of reaction will be decelerated.

3. Experimental

3.1. Materials

All chemicals used were of analytical grade
(Aldrich or Merck, India). The solvents acetonitrile
and N,N-dimethylformamide were of chromatographic
grade and used as received. The solid anilines were
used as such and the liquid anilines were used after
vacuum distillation.

3.2. Kinetic Studies

The reactions of 2-bromo-5-nitropyridine with sub-
stituted anilines in binary mixtures with varying mole
fractions of acetonitrile in N,N-dimethylformamide
were followed conductometrically at 30, 40, and 50
(±0.1) ◦C. Pseudo-first-order conditions were used in
all cases. The concentration of 2-bromo-5-nitropyrid-
ine was 5 ·10−4 M and that of aniline was from 0.01 to
0.02 M. The reaction is that slow that it is inconvenient
to wait for its completion. Therefore, the Guggenheim
method [30] was used to evaluate the rate constants
(kA) by carrying out the kinetic runs for up to 3 h. Re-
gression coefficients of all the reaction rate constants
were around 0.99. All rate determinations were car-
ried out at least in duplicate, and the rate constants
are accurate within ±3%. The product analysis was
carried out, under kinetic conditions, by employing
GC-MS.

3.3. Spectral Measurements

The solution FT-IR experiment was done with a
horizontal attenuated total reflectance ZnSe flat prism
plate in a JASCO FT-IR 460 Plus spectrometer. The
electronic absorption spectra were recorded on a Shi-
madzu (UV 240, Graphicord) double beam spec-
trophotometer using 1 cm matched quartz cells. The
electrochemical experiments were performed at 25 ◦C
using a standard three-electrode, two-compartment
configuration with a glassy carbon (GC–3 mm) work-
ing electrode, a spiral platinum counter electrode, and
an Ag|AgCl (KCl sat.) reference electrode. The car-
bon electrodes were polished between the experiments
with alumina (0.5 µm) paste. The cyclic voltammet-
ric experiments were carried out with a computer-
controlled electrochemical system (CHI643B Electro-
chemical Analyzer) at 50 mV s−1.

3.4. Linear Free Energy Relationships

The effect of substituents on the reactivity was
tested using the Hammett equation [9]

log k = log k0 + ρσ , (6)

where k is the rate constant, k0 denotes the statistical
quantity corresponding approximately to k for the un-
substituted compound, σ is characteristic of the sub-
stituent (in a given position, meta or para) and inde-
pendent of the reaction, whereas ρ is determined by the
reaction and its conditions (reagent, solvent, catalyst,
temperature) and is independent of the substituent.

3.5. Data Analysis

Correlation analyses were carried out using Micro-
cal Origin (version 6) computer software. The good-
ness of the fit was discussed using a correlation coef-
ficient and standard deviation, sd [9]. The percentage
contribution (PX ) of a parameter to the total effect on
the reactivity was computed using the regression coef-
ficient of each parameter as reported earlier [45].
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