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Abstract—Additive nature of the combined effect of the structure (X, Y substituents) and temperature on the rate 
and free activation energy has been established for the reactions of phenyloxirane with Y-substituted N-aroylben-
zenesulfonamides catalyzed by X-substituted pyridines. The cross reaction series is isoenthalpic with respect to 
the structural effects. The mechanism of the catalytic process has been discussed.
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Unique synthetic potential of oxiranes, their practical 
value, catalytic aspects, and the reaction mechanisms have 
attracted the researchers attention during many decades, 
and the interest to their chemistry has remained unabated 
(see, e.g., [1–4]). However, in spite of intense studies of 
the oxiranes by experimental and theoretical methods, 
quantitative relationships taking into account the effects 
of the structure, medium, temperature, and other internal 
and external factors on the rate, regioselectivity, and the 
mechanisms of oxirane reactions with various reagents in 
both catalytic and noncatalytic conditions have remained 
poorly understood. Knowledge of these relationships 
will aid in the development of quantitative theory of 
the reaction of oxiranes. In this regard, the reactions of 
2-aryl- and 2,3-diaryloxiranes with arenesulfonic and 
arenecarboxylic acids are interesting, in which the effects 
of cross-varied factors (structure of the substrate, reagent, 
and catalyst, temperature) are nonadditive [5–9]. These 
reactions are described by the principle of multilinear-
ity including cross terms [10], whose presence leads a 
phenomenon of isoparametricity manifested as the zero 
coeffi cient of sensitivity to the effect of one of the factors 
in one-parameter correlations at a value of another factor 
equal to a value called isoparametric point.

Pronounced nonadditivity of the structure and tem-
perature effects in a series of isoparametric (isokinetic) 
cross reaction series [6, 8, 9] has provided experimental 
evidence of such an intriguing aspect of isoparametricy 

as enthalpy-entropy compensation effect widely discussed 
in the literature [11–16]. The isoparametric points in 
temperature TIP  (Tiso) have been reached for the consid-
ered reaction series; moreover, transitions through these 
points with inversion of the effects of structural factors 
on the rate and free activation energy of the oxirane ring 
opening reactions (isoparametricity paradox) have been 
demonstrated. 

In contrast, no compensation effect has been observed 
in the reactions of phenyloxirane with such NH-acids 
as dia renesulfonimides (YC6H4SO2)2NH [17] and N-
aroylarenesulfonamides YC6H4CONHSO2C6H4Z [18], 
due to additive infl uence of the structural effects and the 
temperature. The two cross reaction series have been 
isoenthalpic with respect to variation of substituents Y 
a nd Z [ΔH  ≠ Y(Z) = const, δY(Z )ΔH≠  = 0]. The infl uence of 
substituents Y and Z in these series has been exclusively 
due to variation of the activation entropy [δY(Z)ΔG≠ = 
–TδY(Z)ΔS≠]. It was therefore interesting to elucidate the 
character of combined effects of the structure and temper-
ature in these reaction series under catalytic conditions.

The present study aimed to investigate the combined 
infl uence of substituents Х, Y and temperature on the rate 
and activation parameters of the reactions of phenyloxi-
rane 2 with Y-substituted N-aroylbenzenesulfonamides 
YC6H4CONHSO2C6H5 3а–3c [Y  = 4-CH3 (3a), H (3b), 
4-NO2 (3c)] catalyzed by X-substituted pyridines X-Py 
1a–1d [X =  4-Et (1a), H (1b), 3-COOEt (1c), 3-CN (1d)] 
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in acetonitrile, to perform the cross correlation analysis 
of the multifactor kinetic experiment data, and to use 
them for interpretation of the mechanism of the catalytic 
process (Scheme 1). 

The values of rate constants kXYT of reaction 
(Scheme 1) at tempera tures T = 293, 308, and 323 K are 
given in Table 1. For quantitative evaluation of the effects 
of cross-varied factors, the results of multifactor kinetic 
experiment were subject to correlation analysis.

To take into account electronic effects of substituents 
Х(Y), the substituents Y(Х) and temperature being fi xed, 
the Hammett equation was used in the form of relation-
ships (1) and (2).

log kXYТ = log kНYТ + ρXYТσX,                      (1)
log kXYТ = log kXНТ + ρYXТσY.                      (2)

The results of the kinetic data processing using 
Eq. (1) showed that the coeffi cient of sensitivity ρXYТ to 
th e infl uence of substituent X at fi xed substituent Y = H 
in imide 3b was practically independent of temperature: 
ρXYТ(T, K) = –0.85±0.02 (293), –0.77±0.05 (308), 
–0.816±0.005 (323). The coeffi cient of sensitivity ρYXТ to 
the i nfl uence of substituent Y at fi xed substituent X = H 
in pyridine 1b remained constant with varying the tem-
perature as well: ρYXТ (T, K) =  1.21±0.04 (293), 1.21±0.02 
(308), 1.21±0.04 (323). Such behavior of ρXYТ and ρYXТ 
was indicative of the absence of interaction between the 
effects of substituents Х and temperature, on the one hand, 
and substituents Y and temperature on the other hand.

To take into account the effect of temperature on the 
rate of reaction (Scheme 1), the Eyring equation (3) was 
used:

log (kXYT/T) = AT=∞XY + BTXY 1000/T,                  (3)
with AT=∞XY = log (kB/h) + ΔS≠XY/2.3R, BTXY = 
–ΔH≠XY/2. 3R (kB—Boltzmann constant, h—Planck con-
stant, R—gas constant).

Table 2 shows the coeffi cients of Eq. (3) for specifi c 
reaction series in which substituent X in pyridines 1а–1d 
was varied, the substituent in imide 3b being fi xed, 
Y = H. The activation parameters calculated using those 
coeffi cients are given in Table 2 as well. No infl uence of 
substituent Х on the coeffi cient of sensitivity to tempera-
ture BTXY confi rmed the conclusion about the absence of 
interaction of the effects of substituents X and tempera-
ture. Consequently, the enthalpy-entropy compensation 
effect in the investigated catalytic process was absent. 
Constant activation enthalpy with varying substituents 
X suggested the isoenthalpic character of the process. 

Analysis of the data of Table 3, where the coeffi cients 
of Eq. (3) and activation parameters are given for specifi c 
reaction series in which substituent Y in mixed imides 
3а–3c was varied at fi xed substituent Х = H in pyridine 
1b, suggested the isoenthalpic character of the effect of 
substituent Y in the reaction presented in Scheme 1. 

Therefore, the infl uence of structural effects on the free 
activation energy ΔG≠XY of the reaction in Scheme 1 and, 
hence, on their rates, was exclusively due to variation of 
the entropy term [δX(Y)ΔG≠ = –TδX(Y)ΔS≠], as confi rmed, 
for example, by linear relationships (4)–(7).

ΔS≠XY=H = (–99.4±0.4) + (–12±1)σX,                   (4)
S = 0.862, r = 0.992, n = 4;

ΔS≠X=HY = (–100.1±0.1) + (22.0±0.2)σY,            (5)
S = 0.185, r = 0.999, n = 3;

 C6H5CHN(COC6H4Y)(SO2C6H5)CH2OH
X Py

+ YC6H4CONHSO2C6H5C6H5CH CH2

O

Table 1. Rate constants kXYT×105 (L2 mol–2 s–1)] for 1a–1d-catalyzed reactions of oxirane 2 with imides 3a–3c in acetonitrile 
at different temperatures

Imide (σY) Pyridine (σX) 293 K 308 K 323 K

3а (–0.17) 1b (0) 0.42±0.01 1.7±0.1 6.81±0.03

3b (0) 1а (–0.15)
1b 
1c (0.37)
1d (0.56)

0.79±0.01
0.617±0.005
0.292±0.007
0.20±0.01

3.35±0.07
2.3±0.2
1.26±0.01
0.93±0.02

12.9±0.3
9.7±0.3
4.92±0.04
3.41±0.03

3c (0.78) 1b 5.80±0.02 23±1 92.2±0.1

Scheme 1.
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ΔG≠XY=HT=293 = (56±3)×103 + (–451±27)ΔS≠X,       (6)

S = 268, r = 0.996, n = 4;

ΔG≠X=HYT=293 = (67±1)×103 + (–339±16)ΔS≠Y,     (7)

S = 256, r = 0.999, n = 3.

In view of the absence of mutual infl uence of structural 
effects and temperature in the reaction in Scheme 1, the 
effect of the cross-varied factors on its rate should be 
described by the additive Eq. (8):

log kXYT = log kst + ρXstσX + ρYstσY + BТst1000/T,    (8)

with kst being the rate constant under standard conditions 
(σX = σY = 0, T = ∞K), ρXst, ρYst, BTst being the parameters 
of sensitivity of the standard reactions, respectively, at 
σY = 0 and Т = ∞K, σX = 0 and Т = ∞K, σX = σY = 0. 
Processing of the multifactor kinetic experiment results 
(Table 1) using Eq. (8) gave the multilinear regression 
with satisfactory statistic parameters (R—coeffi cient of 
multiple correlation, F—Fischer criterion).

log kXYT = (7.8±0.2) + (–0.84±0.02)σX + (1.22±0.02)σY

+ (–3.82±0.05)1000/T,                            (9)

S = 0.026, r = 0.999, F = 4075, n = 18.

Joint effect of substituents X, Y and temperature on the 
free activation energy ΔG≠

XYT of reactions in Scheme 1 
was estimated by Eq. (10).

ΔG≠XYT = ΔG≠st + QXstσX + QYstσY + QTstT.        (10)

where ΔG≠st is free activation energy under standard 
conditions (σX = σY = 0, T = 0 K), QXst, QYst, QTst are pa-
rameters of sensitivity of standard reactions respectively 
at σY = 0 and Т = 0 K, σX = 0 and Т = 0 K, σX = σY = 0. 
Calculation of coeffi cients of Eq. 10) using the values of 
ΔG≠ХYT from Tables 2 and 3 gives the following result:

ΔG≠XYT = (79±3) + (6.6±0.6)σX + (–7.8±0.5)σY 
+ (0.08±0.01)T,                                    (11)

S = 0.586, r = 0.976, F = 188, n = 18.
In the reaction system (Scheme 1), the catalytic role 

of pyridines consists in the enhancement of nucleophilic 
properties of the acidic reagent Y–NH (Y—substituted 
imides) due to the acid-base interactions (Scheme 2).

Free ions: imide anion Y–N– = (YC6H4CO)(SO2C6H5)N–
 

and pyridinium cation HPy+–X should possess the stron-
gest catalytic effect among the possible H-complexes 
and ionic intermediates in the equilibrium system in 
acetonitrile medium. The mechanism of catalytic action 
of pyridines shown in Scheme 3 can be regarded as basic 
with electrophilic assistance. 

That mechanism corresponds to the overall third reac-
tion rate order of the catalytic reaction (the fi rst rate order 
with respect each of the reagents and the catalyst). As 
follows from Scheme 3, the catalytic constant kXYT was 
a compound value (kXYT = Kk), therefore, the parameter 
of sensitivity ρXYT to effects of substituents X in pyridines 

Table 2. Coeffi cients in Eq. (3) and activation parameters ΔH≠X, kJ/mol, ΔS≠X, J mol–1 K–1), ΔG≠XT, kJ/mol for the pyridine 1a–1d-
catalyzed reaction of oxirane 2 with imide 3b in acetonitrile at 298, 308, and 323 K

Parameter
Pyridine

1а 1b 1c 1d

AT=∞XY 5.30±0.07 5.1±0.6 4.98±0.01 4.8±0.4

BTXY –3.77±0.02 –3.7±0.2 –3.81±0.01 –3.8±0.1

r 0.999 0.999 0.999 0.999

S 0.005 0.040 0.001 0.025

ΔH≠X, kJ/mol 72 71 73 73

ΔS≠X, J mol–1 K–1 –97 –100 –104 –106

ΔG≠XT=293, kJ/mol 100 101 103 104

ΔG≠XT=308, kJ/mol 101 102 105 106

ΔG≠XT=323, kJ/mol 102 103 106 107

Scheme 2.
Y–NH + Py–X↔Y–NH···Py–X↔Y–N–···HPy+–X↔Y–N–·HPy+– X↔Y–N–//HPy+–X↔Y–N– + HPy+–X.
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consisted of two terms: ρXYT = ρXI + ρXII, where ρXI < 0 at 
the fi rst stage of protonation of pyridines and formation 
of Y–N– and ρXII > 0 at the second rate-limiting stage of 
electrophilic assistance to the oxirane ring opening by 
pyridinium cation HPy+–X. 

The negative value of ρXYT over the particular re-
action series was indicative of weak O···H hydrogen 
bonding in the transition state А of the rate-limiting step 
(ρXII < │ρXI│), i.e. negligible electrophilic assistance to 
the oxirane ring opening. That was also confi rmed by the 
absence of temperature effect on the ρXYT value. If the 
Н-bond in the transition state А played important role, 
its strengthening (weakening) would be favored by a de-
crease (increase) in the temperature, which would lead to 
the increase (decrease) in ρXI, and, hence, to the decrease 
(increase) in |ρXYT|. In that case, a compensation effect in 
variation of the enthalpy and entropy components of the 

free activation energy should have been observed because 
of the interplay between the effects of substituents X and 
temperature. 

That was the situation we have observed for the reac-
tions of phenyloxirane with Y-substituted benzoic acids 
in acetonitrile catalyzed by X-substituted pyridine [6]. 
In these reactions, we have observed strong interplay be-
tween the effects of substituent X effects and temperature 
due to strong assistance to the oxirane ring opening by 
H-bonding, and the value of ρXYT has changed drastically 
with variation of the temperature, the sign inversion be-
ing observed on passing through the isokinetic point TIP 
(where ρXYT = 0). The observed phenomenon has been a 
consequence of the enthalpy-entropy compensation effect, 
namely, full compensation of the enthalpy and entropy 
contributions to the free activation energy under the action 
of substituents X in the catalyst at TIP(δXΔH≠ = ТIPδXΔS≠), 

Table 3. Coeffi cients in Eq. (3) and activation parameters ΔH≠Y, kJ/mol, ΔS≠Y, J mol–1 K–1), ΔG≠YT, kJ/mol for the pyridine 1b-
catalyzed reaction of oxirane 2 with imides 3а–3c in acetonitrile at 298, 308, and 323 K

Parameter
Imide

3a 3b 3c

AT=∞XY 4.9±0.2 5.1±0.6 6.0±0.3

BTXY –3.74±0.07 –3.7±0.2 –3.7±0.1

r 0.999 0.999 0.999

S 0.015 0.040 0.023

ΔH≠Y, kJ/mol 71 71 71

ΔS≠Y, J mol–1 K–1 –104 –100 –83

ΔG≠YT=293, kJ/mol 102 101 95

ΔG≠YT=308, kJ/mol 103.5 102 96

ΔG≠YT=323, kJ/mol 105 103 97

Scheme 3.

Y NH + Py X Y N  + HPy+ X

Y N  + HPy+ X  + Ph CH CH2

O

Ph CH CH2

O HPy+ X

Y N

 + Py X

k

   K

A

Reaction products
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due to which the δХΔG≠IP = δХΔH≠ – ТIPδХΔS≠ = 
0, ΔGХ≠IP = const condition has been met, and the reac-
tions of the series have exhibited the same rate.

The parameter of sensitivity ρYXT to the infl uence of 
substituent Y in acids 3а–3c was also a compound value: 
ρYXT = ρYI + ρYII, with ρYI > 0 at the fi rst step of the cata-
lytic process and ρYII < 0 at the second step. The positive 
value of ρYXT for the particular reaction series suggested 
higher sensitivity to the effects of substituents Y for 
proton transfer from the NH-acid to the catalyst than 
for nucleophilic attack of the imide anion Y–N– at the 
oxirane ring carbon atom (ρYI > |ρYII|), which was possible 
for the reagent-like transition state А with low degree of 
the N–C bond formation and the C–O bond rupture. The 
formation of such transition state required small energy 
(enthalpy) of activation. In view of that fact and small 
impact of the enthalpy factor on the acid-base interac-
tions [19], one could conclude that, fi rst, the catalytic 
effect of pyridines in the reactions (Scheme 1) should 
have been due to the decrease in the activation enthalpy 
with respect to the noncatalytic process, and, second, the 
effect of structural factors (substituents X and Y) on the 
changes of activation enthalpy should have been weak. 
No effect of the structure on the value of the activation 
enthalpy observed in the reactions (Scheme 1) (Tables 2 
and 3) was indicative of their isoenthalpic nature. 

The comparison of activation parameters (Tables 2 
and 3) of the catalytic (Scheme 1) and the corresponding 
noncatalytic reactions [18] showed that the catalytic effect 
of pyridines was mainly due to much larger decrease in the 
enthalpy term of the free activation energy than to the in-
crease in its entropy term. For example, the comparison of 
activation parameters of the reaction of oxirane 2 with acid 
3b in acetonitrile in the presence of catalyst 1b (ΔH≠

XY = 
71 kJ/mol, ΔS≠XY = –100 J mol–1 K–1, ΔG≠

XYT=323 = 
103 kJ/mol) and in its absence [18] (ΔH≠XY = 88 kJ/mol, 
ΔS≠XY = –87 J mol–1 K–1, ΔG≠XYT=323 = 116 kJ/mol) re-
vealed that the decrease in the free activation energy in 
the catalytic process by 13 kJ/mol at T = 323 K (and, thus, 
the process acceleration) occurred due to the decrease in 
the activation enthalpy by 17 kJ/mol as compared to the 
noncatalytic process, which far exceeded the increase in 
ΔG≠XYT=323 (by 4 kJ/mol) due to the entropy term TΔS≠XY, 
leading to the rate decrease.

EXPERIMENTAL

Acetonitrile (“analytical pure” grade) was dried and 
distilled sequentially over P2O5 and over CaH2. Pheny-

loxirane (98% purity) purchased from Merck and pyri-
dines (“chemical pure” grade) were distilled in vacuum. 
Imides 3а–3c were synthesized and purifi ed as described 
elsewhere [20]. The products of the reactions in Scheme 
1 were primary alcohols: 2-(N-aroyl-N-benzenesulfonyl)
amino-2-phenylethanols [18].

The reaction rates were measured as described in Ref. 
[21]. The kinetics of the reactions (Scheme 1) was stud-
ied at more than 10-fold excess of the oxirane substrate 
(S) with respect to initial concentrations of the acidic 
reagent (NH): [S]0 >> [NH]0 = 0.477–1.91 mol/L; in 
turn, the concentration of pyridines ranged within m = 
0.0116–0.0860 mol/L. Under those conditions, the reac-
tion was of the fi rst reaction rate order with respect to the 
reagents and the catalyst, so that the kinetics of the process 
was described by equation at the constant concentration 
of the catalyst m (12).

–d[NH]/dt = k1[NH] = k3[S]0[NH]m.             (12)

The observed pseudo-fi rst order rate constants k1 
(s–1) were constant up to 70–80% conversion of the 
acidic reagent (the error in measuring k1 was ≤ 5%). 
The second-order rate constants k2 (L mol–1 s–1) were 
obtained as k2 = k1/[S]0. Numerical values of the effective 
catalytic third-order rate constants kXYT (L2 mol–2 s–1) 
were calculated from three kinetic runs at different con-
centrations m using the k2 = kXYTm linear equation (cor-
relation coeffi cient r ≥ 0.998), extrapolation to the origin 
suggesting the absence of the noncatalytic term. The error 
of the kinetic and correlation parameters was estimated as 
mean-square deviation S determined by statistical method 
from the number of experimental points n.
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