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Abstract: This article presents an overview of the systematic study of the difficult-to-perceive unique phenomenon of isoparametricity in
nucleophilic substitution reactions at the carbonyl and benzyl electrophilic centers, as well as in nucleophilic oxirane ring-opening reactions.
The conducted studies have shown that isoparametric properties of formal polylinear relations are inherent in organic reactions. Before these
studies, little experimental evidence of isoparametricity was known. Non-additive multifactor effects on the kinetics and activation parameters
of the considered reactions revealed a wide variety of isoparametric points in cross correlations of the structure—structure, structure—solvent,
structure—temperature, and solvent—temperature types. At these points, the reacting system loses its sensitivity to the influence of the
corresponding factor. Some of these points were passed through and this was accompanied by reversal of the signs of the corresponding
sensitivity coefficients because of reactivity reorientation (isoparametricity paradox). The physical reality of widely discussed enthalpy-entropy
compensation effect is proved in studied reactions. The prospects for further investigation of isoparametricity phenomenon are considered.
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INTRODUCTION

HE fundamental problem of reactivity in chemistry has

been solved using correlation analysis for many dec-
ades. Dozens of empirical relationships successfully evalu-
ate the influence of various external and internal factors
(structure, catalyst, solvent, temperature, pressure, pH of
the medium, etc.) on kinetic, activation, thermodynamic
and other characteristics of chemical processes.l'7] They
demonstrate the surprising universality of the principle of
linearity in the change of free energies, which Pal’'m has
shown is a particular case of a more general regularity - the
polylinearity principle.l! Polylinear equations are used to
study chemical systems with multifactor variation in the
structure of reagents and reaction conditions. These equa-
tions contain cross terms that evaluate quantitatively the
nonadditive effects from various factors present together,
so their predictive power is increased considerably by com-
parison with traditional one-parameter correlations.
Polylinear equations reflect the unique latent properties of
chemical processes and significantly expand the possibili-
ties of understanding their mechanisms.[8-10 Two-

parameter polylinear equations exhibit such an intriguing
property as isoparametricity.l® This term means that the
coefficient of sensitivity to the effect of one of factors in
one-parameter correlation, e.g., a (B) in the Bronsted equa-
tion, or p in the Hammett equation, or the coefficient
proportional to the activation energy in the Arrhenius
equation, becomes zero for the special value of the param-
eter of another factor called the isoparametric point. In
other words, at the isoparametric point for the parameter
of one of the factors no influence is exerted on the corre-
lated value of another factor.

In this context, the isoparametric points can be con-
sidered as a kind of peculiar "black holes" in a multifactorial
system. At these points, the sensitivity of the system to the
influence of the corresponding factor fatally disappears.
After passing through these points, the signs of the sensi-
tivity coefficients are inverted, which is called the isopara-
metricity paradox.l®! Because of the unusual paradoxical
properties of isoparametric relationships, they are difficult
to perceive. Such relationships are called “the mysterious
regularities”,'!1 and the isoparametric points are called
“the magic points” 112
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As a real phenomenon, isoparametricity is a chal-
lenge to traditional concepts in chemistry. Despite this, still
little attention is paid to its study. One of the reasons is that
the isoparametric points in many processes fall within the
area of distant extrapolation and are unattainable experi-
mentally.

Originally, the concept of isoparametricity arose
within the framework of the formal theory of interaction, 3
but later it was found that this property is inherent in real
chemical processes. The early data on isoparametricity
were analyzed in a monograph,’® but later it has been
established that most of those do not inspire confi-
dence.[13-17]

The purpose of this review is to sum up the results of
the systematic study of the amazing isoparametricity
phenomenon in organic reactions, to show that isopara-
metricity is not at all a nuance of the mathematical manip-
ulation but it is a physical reality in numerous chemical
processes. The final part is devoted to the consideration of
further prospects for the study of isoparametricity.

Mathematical Aspects of
Isoparametricity
The following equation is an example of the simplest
polylinear dependence:

F:; =Fop + q?x,. + qfx/. T a;XiX; (1)

Here Foo is the magnitude of Fj at randomly selected
standard values of the parameters of the factors i and j,
e.g., xi=0and x;= 0; g° and g;° are coefficients of the sen-
sitivity toward x; and x; under standard conditions (x; = 0,
and x; = 0, respectively); gj is the cross-interaction coeffi-
cient, which reflects the perturbing (non-additive) effects
of factors jand; (in this and subsequent equations, the sub-
scripts and superscripts relate respectively to the varied
and fixed factors).

Because of the cross term (gj # 0), Eq. (1) exhibits
isoparametric properties.318 The term means that at the
isoparametric points x/* = -g°%;%, or x/* = -g;!, the
magnitude Fj is the same: Fj® = Foo - g°g,°g%, and remains
constant when x;(gj = 0) or x; (g/ = 0) are varied.

Another striking feature of Eq. (1) emerges when it is
presented in the form of Eq. (2).

0 0
Fi=Fo +a X +(a; +q;x)x (2)
If the parameter of the factor i is fixed (x; = const),

then the expression in brackets in Eq. (2) can be repre-
sented as follows:

q, =q) +q,x, (3)

Here g is the coefficient of sensitivity to the effects
of the variable factor j by fixed factor i. As g/ = 0 at the iso-
parametric point x/P = -g%q;1, the passage through that
point, where on the one hand x; > -g;%g; and on the other
X< —q,°q;t, will be accompanied by inversion of the sign gf,
i.e., areversal of the order of influence of the factorjon the
correlated quantity Fj;. The sign inversion for the sensitivity
coefficient gi upon passing through the isoparametric point
X/P--qPqg; ! can be predicted in an analogous way.

Because of the above predictions of the intriguing
properties of the polylinear relationship (1) at the isopara-
metric points x®, x/ and after passing through them, the
question arises of whether they are only a manifestation of
the formal mathematical properties of such relations (the
nuances of mathematical manipulations), or do they occur
as a physical reality in chemical processes? The answer to
this question was obtained in a systematic study of the
combined effects of different factors (structure, tempera-
ture, medium polarity) in the nucleophilic substitution
reactions, a report on which is presented below.

A necessary condition for isoparametricity is that the
cross-interaction coefficient gj is different from zero. If g; =
0, i.e., there is additivity in the joint effects of factors i and
Jj, then isoparametricity is impossible even in principle. In
the two-factor case, isoparametricity can be extended to
any multiparameter case if there is the same mechanism
for all the types of interaction.['8] However, in fact no such
reaction series have so far been identified. On the other
hand, examples are known of additivity for several interac-
tion mechanisms in the three-factor systems, and each
mechanism has its own special isoparametricity condi-
tions.!®! The mathematical features of the three-parameter
polylinear equations have been considered and their use
for describing real three-factor reaction series was
published.[8-10,19-23]

Isoparametricity Phenomenon in
Nucleophilic Substitution Reactions

Sn2-type reactions presented in Scheme 1 turned out to be
convenient for research the isoparametricity phenomenon.
These reactions provide a suitable model for studying vari-
ous combinations of the second-order interactions of the
effects of substituents X in the nucleophile Nu, substituents
Y in the hydrocarbon moiety R of the substrate, and substit-
uents Z in the leaving group L by the formation and break-
ing of bonds in the transition state A (Scheme 2). These

X-Nu +Y-RL-Z __» X-Nu'R-Y + L-Z
Scheme 1. Nucleophilic substitution reactions between

Y, Z-substituted electrophile (Y-RL-Z) and X-substituted
nucleophile (X-Nu).
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Scheme 2. Various possible combinations of the second-
order interactions of the structure effects (gxv, gvz, gxz) in
the activation process of the AxDy reactions.

YCH,Q-L + 2XCgH,NH, 5 YCgH,.Q-NHCHX + XCgH,NH; 'L’
Scheme 3. Nucleophilic substitution reactions of benzoyl
halides (Q = CO, L =Cl, Br), benzyl bromides (Q = CH,, L=

Br) and benzyl benzenesulfonates (Q = CHy, L = 0S0,CeHaZ)

with anilines.

interactions (non-additive effects) are incorporated by
cross-interaction coefficients gxy, gxz, and qyz in the corre-
sponding two-parameter equations like Eq. (1).

The interaction of the effects of substituents X and Y
is most clearly manifested in represented by Scheme 3
reactions of Y-substituted benzoyl (Q = CO) and benzyl (Q =
CH,) substrates with X-substituted anilines in aprotic
solvents.

The combined effects of substituents X and Y on the
rate of these reactions are described by Eq. (4).

logk,, =logky, + py "o, + py g, + 0,0, (4)
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i dxz BES Table 1 contains the values of the coefficients in Eq.
S (4) and the values of the isoparametric points ox/P =

e -ov*Moxy ! and oy = -px'Mpxyl, calculated for the

X NG XY R z reactions in which the isoparametricity phenomenon has
been proved experimentally.[824-291 Here and below

v statistical processing of the experimental data was done at

L A . a confidence level of 0.95 (r - Pearson’s coefficient of

correlation, R - cross-correlation coefficient). In nine
reaction series (Table 1) the isoparametric points ox” were
realized, and in five of them (2, 4, 6, 8, 9) transitions
through these points were observed. An obvious
manifestation of the isoparametricity phenomenon is
presented in Table 2, in which the values py* for the one-
factor Hammett-type correlation log kxy = log kxu + py*oy in
selected reaction series (Table 1) are shown to vary for
several fixed substituents X in aniline. Thus, if the calculated
value for ox'® corresponds to the ox constant of the
substituent X, then py* = 0, and after passing through the
isoparametric value ox'® in reaction series 2, 4, 6, 9, the sign
of py%, i.e., the order of the substrate reactivity, is reversed.

Figure 1 shows the isoparametricity graphically in
reaction series 4. The correlation lines in the coordinates of
the Hammett equation for reactions of Y-substituted benzyl
bromides with X-substituted anilines intersect at the nodal
point. That point corresponds to 3-Cl-aniline, in which the
value ox = 0.37 of the substituent X = 3-Cl almost coincides
with the isoparametric value ox® = 0.39. The rates of
reactions involving that aniline are the same for all benzyl
bromides, so py* = 0.271 After passing through this
isoparametric point to aniline (ox = 0, py* = 0.22) or 5-NO,-
3-COOMe-aniline (ox = 0.96, py* = -0.35), there is a reversal
in the order of reactivity for the benzyl bromides.

Table 1. The coefficients of Eq. (4)@ for reactions of anilines (XCeHa(3)NH2) with benzoyl and benzyl substrates in aprotic media
[benzene (Bz), nitrobenzene (NBz), chlorobenzene (CBz), cyclohexane (CH), dioxan (DO), DMSO, and THF].

RS(®) Substrate Solvent'@ (T/K) oy —px'= P xy ox® -ov® Refs
1 YCsH4COBr Bz (25) 1.10+0.07 3.00+0.03 0.79+0.08 1.39@ 3.79 [24]
2 YCsH4COBr CB:CH, 1:1 (298) 0.58 £0.12 3.16+0.04 0.62+0.13 0.94@ 5.10 [25]
3 YCsHaCOCI CB:CH, 1:1 (298) 1.14£0.06 3.32+0.04 0.80+0.09 1.429 4.15 [26]
4 YCsHaCH2Br 1 M DMSO in NB (313) 0.22 £0.04 1.40 £0.04 0.57+0.07 0.39@ 2.46 [27]
5 YCeHaCH2Br 2 M DMSO in DO (313) 0.39+0.03 1.22+0.03 0.61+0.07 0.64 2.03 [28]
6 YCsHaCH2Br 3 M DMSO in DO (313) 0.29 £0.03 1.24 £0.04 0.59 +0.05 0.491@ 2.10 [28]
7 YCeHaCH2Br NB (313) -0.29+£0.03 1.90+0.03 0.48 +0.06 -0.601 3.99 [29]
8 YCeHaCH2Br DO (313) -0.39+0.02 2.31+0.03 1.77 £0.06 -0.22@ 1.30 [28]
9 BBS® DMSO:THF, 1:3 (293) -0.25+0.01 2.03+0.04 0.53+0.05 -0.4749 3.83 (8]

8

(b

Reaction series.

Cross-correlation coefficient R > 0.997.

(@ Volumetric mixtures of solvents (v : v) were used.

G

(e

[4

Experimentally observed isoparametric point.
YCeH4CH,0S0,C6Hs.
The coefficients were calculated using the data from the indicated work.
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Table 2. The values of py* for the reactions of X-substituted anilines with Y-substituted benzoyl and benzyl substrates [reaction

series (RS) in Table 1]

pv* [ox"]
Substituent X in anilines (ox)

RS 2 RS 3 RS 4 RS 6 RS 7 RS 9
4-NH;(-0.66) 0 0.11+0.01
4-OCHs(-0.26) -0.23+£0.04 -0.12+0.01

H (0) 0.63+0.09 1.03+£0.03 0.22+0.04 0.26+0.02 -0.46+0.03 -0.24%+0.03
3-Cl(0.37) 0.42+0.03 0.78£0.04 0 0.12+0.01 -0.62+0.02
3-NO2 (0.70) 0.16 £0.02 0.53+0.06 -0.14+£0.01 -0.16 £0.01
5-NO2-3-COOMe (0.96) 0 0.15+0.01 -0.35+0.06
3,5-(NO2)2 (1.40) -0.37+0.04 0
[0.94] [1.42] [0.39] [0.49] [-0.60] [-0.47]

log kyy substitutions may occur together in a single isoparametric
25 . . . .

Tl reaction series having a common Sy2 mechanism for all the
T j related reactions.
200 As regards the isoparametric point oy, it cannot be
3.1 attained experimentally in any of the reaction series given
33 in Table 1, because this would require the introduction into
35 the substrate of unrealistically powerful electron donor
a7 b substituent Y (oy<-1.30). At that point, where px" should be
a9 | zero, the transition state would have an extremely promi-
a1 | nent dissociative character with a very small degree of
s | bond formation. It seems that it is hardly possible for such

" a transition state to occur on the reaction coordinate within
45 . . . L .

To1 o1 03 05 07 09 oy the framework of the Sy2 mechanism.

Figure 1. Transition through the isoparametric point ox” =
0.39 in the reactions of X-substituted anilines with Y-
substituted benzyl bromides [Y = 3-NO; (1), 3-Cl (2), H (3)]
in 1 M solution of DMSO in nitrobenzene at 313 K (reaction
series 4 in Table 1).

The isoparametricity phenomenon in the reactions
(Table 1) can be interpreted in terms of the concept of a
variable transition state structure of a direct concerted Sx2
displacement (AxDn). Upon mutual cross-interaction of the
structural factors the ratio between bond making and bond
breaking in the activation process in a transition state is
changed. At the isoparametric point ox'® the transition state
must be symmetrical (bond formation is equal to bond
breaking, pv* = 0), and after passing through the isopara-
metric values of ox'? there is an inversion of the sign of py%,
which is due to inversion of the substrate reactivities
caused by the transition state becoming either associative
(bond making is predominated, py* > 0) or dissociative
(bond breaking is predominated, py* < 0). Thus, discussed
above transitions through the isoparametric point ox'®
indicate that associative and dissociative nucleophilic

The considered transitions through the isoparamet-
ric points ox® have a direct bearing on the well-known
reactivity-selectivity principle,!*? according to which there
is an antibate relationship between reactivity and sensitiv-
ity: a more (less) reactive system is characterized by less
(more) sensitivity to structural changes in reagents. These
transitions convincingly demonstrate that this principle is a
particular case of the isoparametricity phenomenon. It is
fulfilled only in one of the two of parts of a cross reaction
series divided by an isoparametric point and is not fulfilled
in its other part (see, for example, reaction series 2, 4 in
Table 2, and Figure 1).

Quantitative
interaction structure-structure was obtained in the reactions
between benzyl bromides YC¢H4CH,Br and imidazoles in
nitrobenzene at 313 K.13% Eq. (5) was used to estimate the
influence of structural factors on the rates of these reactions.

evidence for the second-order

logk,,, =logk, +pjoy + Blsr;pKa(lm) + Gy OyPK iy (5)

Here ks is the rate constant under standard
conditions (pKagm) = 0, oy = 0), py*t and Bim’t are parameters
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for standard reactions at pKsim) = 0 and oy = 0, respectively,
and gvim is the cross-interaction coefficient. The values of
the coefficients of Eq. (5) are given in regression, [Eq. (6)]
(R =0.999).

logk,,, = (~6.48 +0.11)+(~1.23 + 0.23)0, +
(0.53 + 0.02)pK., ., + (0.17 + 0.04)pK

a(lm) a(im)

The statistical significance of qyim = 0.17 £ 0.04 makes
it possible to calculate isoparametric points oy =
—Bim*tqvim™ = =3.12 and pKagm)'® = =pv*tqvim~t = 7.23. The first
point goes far beyond the limits of experimental attainabil-
ity. The second point approximately corresponds to imidaz-
ole (pKagm) = 6.99), the rate of reaction of which barely
depends on the effects of the substituents Y in benzyl
bromide: in a number of substituents Y(oy) = H (0), 3-Cl
(0.37), 3-CN (0.56), 3-NO; (0.71) the values of log kyim =
-2.82, -2.84, -2.82, -2.83, so that py'™ = 0. It should be
noted that in a series of azoles (pKa(m)): imidazole (6.99),
4(5)-phenylimidazole (6.10), benzimidazole (5.53) and 5-
NO,-benzimidazole (3.48), the values of py™ = 0, -0.17 +
0.01, -0.30 £ 0.02, -0.62 * 0.06. So, in the reactions involv-
ing imidazole, in which py'™ is equal to zero, synchronous
Sn2 substitution occurs with identical extends of formation
and rupture of bonds in the transition state. In the rest of
the reactions for which py'™ < 0, the rapture of the bond
predominates over formation.

The interaction of the effects of substituents Y and Z
was observed in the reactions of anilines XC¢HsNH, with
benzyl benzenesulfonates (YC¢H4CH,0S0,CsH4Z) in a volu-
metric mixture of DMSO and THF (1:3, v : v) at 293 K.I81 It
was most intense in the reactions involving 4-NH;-aniline (X
= 4-NH;) and is described by the following regression, [Eq.
(7)1 (R =10.999):

logk,, = (~0.77 +0.01) + (0.11 + 0.02)a, +

7
(1.95+ 0.03)0, + (~0.29 + 0.06)0,0, 7)

In these reactions it was possible not only to imple-
ment the isoparametric point o7/" = 0.38 for substituent Z in
a leaving group of the substrate, but also to realize the tran-
sition through this point. It is accompanied by an inversion
of the substrate reactivity with respect to the influence of
Y substituents in benzyl moiety [py2=0.18, 0.11, 0.02, -0.08
if Z (0z) = 4-CH3 (-0.17), H (0), 4-Cl (0.23), 3-NO; (0.71)].
Therefore, depending on the effects of the substituents Z,
the Sn2 transition state can be associative (py? > 0), sym-
metrical at the isoparametric point o7 = 0.38 (py? = 0), or
dissociative (pyZ < 0).

In reactions (Scheme 3), not only the interaction of
structure effects, but also other types of second-order

interaction were found. Thus, an intense interaction of the
effects of temperature and the medium polarity was iden-
tified in the reaction of 3,5-dinitrobenzoyl chloride with 3-
fluoroaniline in volumetric mixtures of chlorobenzene with
cyclohexane (v:v)1:10,1:3,1:1,3: 1.4 To analyze the
effects of temperature on the reaction rate at a fixed
parameter of the second factor j, the Eyring equation in
logarithmic form was used:

log(k,T™) = Al

T=c0

+BIT! (8)

Here Ar-J = log (ksh™!) + AS*2.3R)?, By =
-AH*(2.3R)™ (kg —is the Boltzmann constant, h is the Plank
constant, and R is the gas constant). Eq. (8) lacks the
transmission factor, which is usually taken to be 1 for
heterolytic reactions. The coefficients Ar-/ and By were
used to calculate the activation entropy AS7” and the
activation enthalpy AH;” of the reactions.

Eq. (9) describes the combined influence of the
temperature and polarity of the medium on the rate of the
reaction under consideration.

logks, = logke, +pl “P, + b3 (10° T™) + q,P(10°T)  (9)

Here, Ps = [(e — 1) (2 + 1)]s is solvent polarity
parameter, where € is the dielectric constant of solvent S,
the indices G and o= refer respectively to the standard
medium (gas phase, € = 1, Ps = 0) and standard temperature
(T=o0K, 103T-1=0).

The joint effects of the variable factors on the
reaction rate are evaluated by the regression, [Eq. (10)]
(R=0.981).

logkg, = (~10.0 +3.1) +(37.3+9.7)P, +
(2.70 £ 0.97)(10°T ™) + (-11.6 £ 0.9)~,(10°T )

The isoparametric attributes of this regression are
the isoparametric points for the temperature 10371 =
—-ps™==qst! = 3.215 (T = 311 K), the medium polarity Ps'P =
-b1%gstt = 0.23, and the value of log kst = log kg —
psT==brSqst! = -1.32 at these points. The isoparametric
points turned out to be experimentally achievable. With
the regularities of isoparametric dependencies, at these
points the reaction rate should not depend on the influence
of the corresponding variable factor. Thus, the value of the
sensitivity coefficient ps' to the medium polarity Ps in one
parameter correlation log kst = log ket + ps'Ps becomes
equal to zero at a temperature of 313 K, which almost
coincides with the isoparametric value T = 311 K: ps" (T /
K) = -3.84 (283), -2.88 (290), -2.09 (298), 0 (313). On the

DOI: 10.5562/cca3934
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other hand, the sensitivity to the effect of temperature,
estimated by the coefficient bt in the Arrhenius-type
equation log kst = log kse + b7° (103T"1), decreases with the
transition to less polar media and becomes equal to zero in
a mixture of chlorobenzene with cyclohexane (1 : 10), for
which the value Ps = 0.236 practically coincides with the
isoparametric value Ps® = 0.233: b5 (chlorobenzene :
cyclohexane, Ps) =1.36(3:1,0.353),1,04 (1:1,0.322),0.50
(1:3,0.275),0(1: 10, 0.236).

A graphic illustration of the implementation of the
isoparametric points T and Ps'® is shown in Figure 2. The
correlation lines in the coordinates of the Arrhenius
equation intersect at one point where the rate of the
reaction does not depend on a change in the medium
polarity (ps" = 0). The coordinates of this point correspond
to isoparametric values of log kst = -1.32 and 103(T"/ K)!
=3.21. In addition, a decrease in the angular slopes of the
correlation lines 4, 3, 2, 1 to zero with a decrease in the
medium polarity upon transition to a mixture of
chlorobenzene with cyclohexane (1 : 10, Ps = 0.236)
indicates the implementation of the isoparametric point
Ps'P =0.233, where there is no effect of temperature on the
reaction rate (br° = 0).

Unusual for Sy2 processes an increase in the reaction
rate with a decrease in the medium polarity (ps" < 0) is
associated with the formation of the cyclic transition state
B with a hydrogen bond between the leaving group (L = Cl)
and the hydrogen atom of the amino group of 3-F-aniline
(Scheme 4). In the formation in low-polar organic solvents
of such a transition state due to the H-bond, the leaving
group is not the chloride anion ClI-, but the energetically
favorable electrically neutral HCI molecule. Since both the

log kgt
-1.2

o F oA

3,15 3.25 335 3.45 3

103(T/K) !
Figure 2. Intersection of the correlation lines in the
coordinates of the Arrhenius equation at 103(T/ K)™1 =3.19
(T=313 K) near the isoparametric point 103(7"/ K)-1=3.21
(TP = 311 K) in the reaction of 3,5-dinitrobenzoyl chloride
with  3-fluoroaniline in  volumetric  mixtures  of
chlorobenzene with cyclohexane (v : v, Ps): 1: 10, 2.34 (1),
1:3,2.83(2),1:1,3.71(3),3:1, 4.60 (4).31

5

Scheme 4. Cyclic transition state B with the formation of a
hydrogen bond in a low polar medium.

medium polarity and the temperature affect the strength
of the H-bond in transition state B, this circumstance is the
reason for the intense interaction of the effects of these
factors and the clear manifestation of the isoparametric
properties of this reaction.

The cyclic structure of the transition state B is
consistent with the small values of the enthalpy of
activation (AHs*) and large absolute values of the entropy
of activation (ASs?): in mixtures of chlorobenzene with
cyclohexane3:1,1:1,1:3,1:10 AHs*/(k) mol?) = 25.4,
19.9, 8.95, 0 and ASs*/(J mol! K1) = -194, -214, -248,
-277. A consequence of the interaction of the effects of
medium polarity and temperature is the compensation
relationship in the change in enthalpy AHs* and entropy
ASs* of activation as a function of variable medium polarity:
AHs* = (86 + 1)103 + (309 t 5)ASs*. The slope in this
relationship evaluates the value Ti, = 309 K, which is
consistent with the 7" = 311 K calculated from Eq. (10).

Arguments in favor of the formation of a cyclic
transition state with H-bond in the reactions of aroyl
chlorides with anilines in low polar media (chlorobenzene-
cyclohexane mixtures) are also discussed.[26]

The intense interaction of the effects of the structure
and polarity of the medium is manifested in the reactions
of Y-substituted benzyl bromides with n-butylamine in
nitrobenzene, chlorobenzene, and binary volumetric
mixtures of chlorobenzene with nitrobenzene and
cyclohexane at 313 K.B2 The joint influence of these factors
on the rate of reactions is described by Eq. (11), the
coefficients of which are presented in regression, Eq. (12)
(R =0.999).

logk, = logk,. + pyo, + p P, + q,0,P, (11)

logk,, = (~7.94 +0.08) + (4.0 + 0.2)0, +

(12)
(13.0+0.2)P, + (8.9 + 0.4)0,P,

Regression, Eq. (12), displays isoparametric proper-
ties that are quantitatively characterized by the isopara-
metric points for the constant of substituent Y, oy =
-ps¥=Hgyst = -1.47, and for the medium polarity Ps® =
-pveqvs~t = 0.449. In the isoparametric point oy'® the rate of

Croat. Chem. Acta 2022, 95(3), 77-91

DOI: 10.5562/cca3934



ROATICA
CT
A

I. SHPAN’KO: Isoparametricity Phenomenon in Organic Reactions ... 83

Fr 1

44 2
L3
031 033 035 037 039 041 043 045 047 Py

Figure 3. Transition through the isoparametric point Ps'P =
0.449 in the reactions of Y-substituted benzyl bromides [Y =
H (1), 3-Cl (2), 3-NO3 (3)] with n-butylamine in nitrobenzene,
chlorobenzene, and volumetric binary mixtures of chloro-
benzene with nitrobenzene and cyclohexane at 313 K.[32]

the process should not depend on the medium polarity (ps'
=0). However, this point cannot be realized because of the
deficit of powerful electron-donor substituents Y in benzyl
bromide with gy = -1.47. As for the isoparametric point Ps'?
=0.449, it falls in the experimental range of variation of the
medium polarity Ps = 0.322 to 0.479 which made it possible
to carry out the transition through this point, accompanied
by inversion of the sign of the sensitivity coefficient py®: in
a series of such solvents as nitrobenzene, nitrobenzene :
chlorobenzene (1:1), (1:9), chlorobenzene, chlorobenzene
: cyclohexane (1 : 1) the values of py® (Ps) are respectively
equal to 0.21+ 0.05 (0.479), 0 (0.451), -0.37 £ 0.03 (0.407),
-0.60+0.02 (0.377), -1.18 £ 0.20 (0.322). This unique situ-
ation is illustrated by Figure 3. Inversion of the sign of the
sensitivity coefficient pyS in this reaction series is due to the
change in the Sy2 transition state from associative (py® > 0)
through symmetrical (py® = 0) to dissociative (py® < 0) and
conversely, in response to the joint effects of the structural
factors and the medium polarity.

Isoparametricity Phenomenon in
Oxirane Ring Opening Reactions.
Enthalpy-Entropy Compensation Effect
The interactions structure-structure and structure-temper-
ature types were clearly manifested in reactions of X-sub-
stituted 2-aryloxiranes 1a-1c [X = H (1a), 4-NO; (1b), 3,5-
(NO3)2 (1c)] and symmetrically X-substituted trans-2,3-

CeH, ;X

X

CH-CH,OH
OS(0)CeHsY

X
QCH7CH2+YC6H4SO3H -
N

1a, 1b 3a3f

Scheme 5. Reactions of 2-aryloxiranes 1 with arenesulfonic
acids 3.

diaryloxiranes 2a-2d [X = H (2a), 3-Br (2b), 4-NO, (2c), 3-Br-
5-NO; (2d)] with Y- substituted arenesulfonic acids 3a-3f [Y
= 4-OCHs (3a), 4-CHs (3b), H (3c), 4-Cl (3d), 4-Br (3e), 3-NO>
(3f)] (Schemes 5, 6).133-37] In these reactions, convincing ex-
perimental evidence for the phenomenon of isoparamet-
ricity was obtained. Of particular importance is the proof of
the physical reality of such a special aspect of isoparamet-
ricity as an enthalpy-entropy compensation effect, which
has been the subject of hot debate by scientists for many
decades.[33-431  |n reactions with the participation of
oxiranes 1a, 1b a-ring opening occurs with the formation of
primary alcohols.[33] Secondary alcohol products of B-ring
opening form in reactions of oxirane 1c with strong elec-
tron acceptor substituents [X = 3,5-(NO,),].4

Intense interaction of the effects of the structure
appears in the reactions of X-substituted oxiranes 2a-2d
with Y-substituted acids 3a-3d, 3f in the mixture of dioxane
with 1,2-dichloroethane (7 : 3, v : v) at 265 K (Scheme 6).[3¢]
Mutual effects of the substituents X and Y were estimated
by Eqg. (13).

logk,, = logk,, +AYT, + pi0, + GyTyO, (13)

Here, kuu is the rate constant of the standard
reaction (X =H, tx =0, Y = H, oy = 0), At and pyst are the
coefficients of sensitivity of the standard reaction (Y = H, X
=H, respectively). Substituent constant tx = log kun — log kxn
is a quantitative characteristic of total effects of
substituents X in oxiranes 2a-2d (values of tx for X = H in
2a, 3-Brin 2b, 4-NO;in 2c, 3-Br-5-NO; in 2d are equal to 0,
2.02, 3.47, and 4.38, respectively).l38 The treatment of the
results of the multifactor kinetic experiment using Eq. (13)
gives the polylinear regression, Eq. (14) (R = 0.999).

logk,, = (~1.24 % 0.01) + (~0.999 + 0.002), +
(1.61+ 0.04)0, + (~0.34 £ 0.01)r,0,

HO CoH, ;X

XC.H + YCH,SO;H —»

67403

2a-2d 3a-3d, 3f

XC6H4(3) S(OZ)C6H4Y

Scheme 6. Reactions of 2,3-diaryloxiranes 2 with arenesulfonic acids 3.
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Figure 4. Intersection of the correlation lines at tx = 4.38
near the isoparametric point ©x? = 4.73 in the reactions of
oxiranes (tx) 2a (0), 2b (2.02), 2c (3.47), 2d (4.38) with
arenesulfonic acids 3d (1), 3¢ (2), and 3a (3) in the dioxane
—1,2-dichloroethane mixture (7:3, v : v) at 265 K.[3¢

Quantitative characteristics of the regression are the
isoparametric points for substituent X (P = —pystgxy! =
4.73) and Y (ov'? = -Axstgxy~! = —2.94). The calculated points
fall in the range of low reactivity of the system (log kxy'* =
log kun — Axstpystgxy~t = =5.97). Experimentally, it is impossi-
ble to reach the point oy = —=2.94, at which the reaction
rate would be independent on substituent X in oxirane 2
(AxY = 0), because of the absence of such strong electron
donor substituents Y. At the same time, the isoparametric
point t«'? = 4.73 for substituent X is almost reached in the
case of oxirane 2d, for which the total value tx = 4.38 of the
substituents X = 3-Br-5-NO; is close to the isoparametric
point t«'P. At this point the effects of the substituents Y in
acid 3 should not appear, which is confirmed by a decrease
in py* (X, ) = 1.57 £ 0.02 (H, 0), 1.00 * 0.04 (3-Br, 2.02),

coordinates of the Arrhenius equation at 103(T/K)1= 3.77
(T = 265 K) near the isoparametric point 103(7"/K)"1= 3.80
(TP=263 K) in the reactions of oxirane 1c with arenesulfonic
acids 3f (1), 3d (2), 3¢ (3), 3b (4), 3a (5) (reaction series 1 in
Table 3).

0.50 £ 0.03 (3-NOy, 3.47), 0.10 + 0.05 (3-Br-5-NO,, 4.38)
with an increase in the electron withdrawing properties of
the substituents X.[36:37] Figure 4 explicitly demonstrates
intersection of correlation dependencies of log kxy on tx for
different fixed substituents Y close to the isoparametric
point t'P.

As noted above, in the
substrates with acidic reagents, there is an intense
interaction between the effects of structure and
temperature. To assess the joint effects of substituents Y
and temperature T on the rate of the reactions of acids 3
with oxiranes 1 and 2, Eq. (15) was used.

reactions of oxirane

logk,; =logk,., +py "0, +

Y=H 3 -1 31 (15)
g; (10°T7)+4q,0,(10°T)

Table 3. The coefficients of Egs. (15)@), (16){@ and the values of the isoparametric points for the reactions of oxiranes 1 and 2
with acids 3 at different temperatures [dioxan (DO), diglyme (DG), acetonitrile (AN), 1,2-dichloroethane (1,2-DCE)].

RS®)  Oxirane  Acids Solvent( log Kir=ee Yo Thd gr' qvr o’ TP K Refs
1 1c 3a-3d, 3f DO:DG, 1:1 84+0.2 95+06 -3.21+0.07 -25%0.2 -1.28 263 134]
2 1b 3a-3c, 3e DO 10.4+£0.3 21+1 -34z£0.1 -58+04 -0.59 276 133l
3 2d 3a-3d DO:1,2-DCE, 7:3 11.7+£0.1 84+0.7 -461+0.04 -22%0.2 -2.09 262 137)

AGhT=0" Qy'=° Q' Qur oy*©) TPE K
1G 1c 3a-3d, 3f DO:DG, 1:1 60.7x1 4112 0.084 +£0.003 -0.16 £0.01  0.54 263 134]
3G 2d 3a-3d DO:1,2-DCE, 7:3 83+1 47+5 0.036+0.003 -0.18 £0.02 0.20¥ 2614 137]
4G 2c 3a-3d,3f DO0:1,2-DCE, 7:3 671 39+3 0.083+0.004 -0.16 £+0.01 0.52@ 244 133]

(a

Cross-correlation coefficient R 2 0.995.
(b

Reaction series.

g

Volumetric mixtures of solvents (v : v) were used.
(d

Experimentally observed isoparametric point.
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The coefficients of Eq. (15) and the isoparametric
point values calculated for the parameters of the variable
factors oy® = —gr"Hgyrt and TP-1 = —p==(qy7103)1 [TP =
—-gvt103(py™==)"1] are given for reaction series 1-3 in Table
3. In reaction series 1, 3 an experimental implementation
of the isoparametric points T was carried out. Their values
are close to the temperature of 265 K in an experiment. At
this temperature, in accordance with the regularities of
isoparametric dependences, there should be no sensitivity
of the process to the effects of substituents Y. Indeed, in
these reaction series, the values py' tend to zero with
decreasing temperature to 265 K: 1.18 + 0.05 (303 K), 0.81
+0.01 (287 K), 0 (265 K); 1.01 + 0.09 (298 K), 0.50 + 0.04
(281 K), 0.10 £ 0.05 (265 K).[3437] Figure 5 shows the inter-
section of the correlation lines in the coordinates of the
Arrhenius equation with the fixed substituents Y near the
isoparametric point 7" = 263 K in reaction series 1.

In rection series 2, the implementation of the formally
available T = 276 K turned out to be impossible due to the
solid state of the used solvent (dioxane, Trmp = 284.7 K).

At the isoparametric point oy, the rate of the pro-
cess should not depend on the temperature (g1’ = 0), and
according to Eqg. (8) activation enthalpy AHy* must be equal
to zero [B7 (BrY) = 0, AHj* (AHy*) = 0)]. However, this point
cannot be implemented in reaction series 1-3 due to the
lack of strong electron-donating substituents Y.

In terms of activation parameters, the interaction
between the effects of structure and temperature can be
analyzed using the following multilinear relation:

AG}, = MG, + Q) %0, + Q™" T+ Q,0, T (16)

Table 3 shows the coefficients of Eq. (16) for reaction
series 1G, 3G, 4G with experimentally implemented
isoparametric points oy?@ = -Q;"=HQy! and TPO) =
-Qy™%Qyrl. The values of the isoparametric point for
temperature TP in reaction series 1G, 3G consistent with
the above calculated values T for the reaction series 1, 3
in Table 3. At these points, the activation free energy
AGy™® does not depend on the effects of substituents Y.
The reason for the disappearance of the effects Y on the
isoparametric value AGyr*? at TP(G) js the enthalpy-entropy
compensation effect, i.e. the complete compensation of
the variation of enthalpy and entropy components in acti-
vation free energy: &AHy* = TPEISASy*; as a result,
KAGyTP = &SAHy* - TPE&ASy* = 0, AGy™® = const, and
isokinetic phenomenon occurs (kyr = const, py" = 0). The
enthalpy-entropy compensation effect is realized in reac-
tion series 1G, 3G at a temperature of 265 K in an experi-
ment close to TP@) = 263, 261 K. For example, at this
temperature the values AGyr” are almost the same for the
reactions of acids 3a, 3b, 3¢, and 3d in reaction series 3G:

93.3,92.8,93.3, and 93.1 k) mol-%; that is, they remain prac-
tically invariable with different substituents Y in the acidic
reagent (py' = 0). In reaction series 3G the values of the
sensitivity coefficient Qv to the effects of Y tend to zero as
the temperature decreases to 265 K: Q" (T/K) =-5.1+0.7
(298),-2.9+0.3 (281), and 0 (265). According to the polylin-
earity principle, the following relationship between Qy" and
T is valid: QT = (41 £ 4) + (-0.155 + 0.005)T (r = 0.995),
whose slope coincides with the cross interaction coefficient
Qvr = -0.18 for reaction series 3G. From this equation it
follows that the sensitivity of AGyr” to the influence of the
substituents Y disappears (Qy" = 0) at a temperature of 264
K, corresponding to its isoparametric value TP(G) = 261 K.
The isoparametric points oyP(© for the substituent Y
were realized in the reaction series 1G, 3G, and 4G. They
fall in the experimental range of variation of oy (Y) = -0.27
(4-OMe) to 0.71 (4-NO,). A remarkable feature of these
points is that the free activation energy AGyr*'P at them
does not depend on temperature, that is possible if in the
expression AGyr™'P = AHy* — TASy* the activation entropy
ASy* = 0 and the free activation energy is determined only
by the enthalpy term (AGyw*® = AHy*). Such a unique
situation is confirmed, for example, by the equation ASy* =
(-87 £ 1) + (187 % 3)oy (r = 0.999) for reaction series 4G,
from which it follows that ASy* = 0 at the value oy = 0.47,
which corresponds to the value oy = 0.52. In reaction
series 1G, 3G, 4G it was possible not only to demonstrate a
rare case of realization of the isoparametric points for the
structural parameter oy"P(©), but also to realize unique tran-
sitions through these points, when the substituents Y were
varied. The transition through the isoparametric point
ovP6) = 0.54 in reaction series 1G is shown in Figure 6.
According to the regularities of isoparametric depend-
ences, such transitions are accompanied by an inversion of
the sign of the activation entropy ASy*. For example, in
reaction series 4G this phenomenon is observed when
passing through oyP(@) = 0.52 in the series of acids 2a-2d,

AGy*/kJ mol !
89 -

87

L3 R S S A S A A S R S|
-0.40 -0,20 0,00 0,20 0,40 0,60 0,80 Gy

Figure 6. Transition through the isoparametric point oy*(©) =
0.54 in the reactions of oxirane 1c with acids 3 (Y, oy): 3a (4-
OMe, -0.27), 3b (4-Me, -0.17), 3c (H, 0), 3d (4-Cl, 0.23), 3f
(4-NO,, 0.71) at T/K =303 (1), 287 (2), and 265 (3) (reaction
series 1G in Table 3).
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AGyr/kJ mol™ Eg. (17) was used to describe the joint effect of
8 r J temperature and substituents Z in catalyst 5 on the rate of
these reactions.

87 t
? logk, =logky.., +p) "0, + 17
85 . 3 q$=H(103 T—l) + qZTUZ(103 Til) ( )
The coefficients of Eq. (17) for reaction series 1-3 in
B 4 which the isoparametric points ;' = -gr**Hqzr and T =
‘ ‘ ‘ . . . . ‘ -qz1103(p;™==)"1 were implemented, are given in Table 4.
81260 ‘ 270 280 290 300 TK The isoparametric points with respect to temperature T

Figure 7. Inversion of the temperature effect on the free
activation energy AGyr® after passing through the
isoparametric point oy(@ = 0.54 in the reactions of oxirane
1c with acids 3 (Y, oy): 3a (4-OCHs, -0.27) (1), 3¢ (H, 0) (2), 3d
(4-Cl, 0.23) (3), 3f (3-NOy, 0.71) (4) (reaction series 1G in
Table 3).

Z-Py
CgHsCH(O)CH2 + YCH,COOH —— »
1a 4a-4¢ 5a-5e

C¢HsCcHO(COCsH4Y)CH20H

Scheme 7. Reactions of oxirane 1a with arenecarboxylic
acids 4 catalyzed by pyridines (Z-Py) 5.

2f: ASv*/(k) molt K-) (Y, oy) = -140 (4-OMe, -0.27), =119
(4-Me, -0.17), -85 (H, 0), —42 (4-Cl, 0.23), 44 (3-NO,, 0.71).
The inversion of the sign of the activation entropy causes
the reversal of the effect of temperature on the value of
AGyr”. Figure 7 illustrates this unique situation.

A striking manifestation of the isoparametricity
phenomenon is observed in the reactions of oxirane 1la
with Y-substituted arenecarboxylic acids 4a-4c [Y = H (4a),
3-Br (4b), 3-NO; (4c)] catalyzed by Z-substituted pyridines
(Z-Py) 5a-5e [Z = 4-OMe (5a), 4-Et (5b), H (5c), 3-COOEt
(5d), 3-CN (5e) (Scheme 7).[44:45]

correspond to the slopes of compensation dependences
(18)-(20) in the change in the activation enthalpy AH7* and
entropy AS7* under the influence of substituents Z in
catalyst 5a-5e in the series of acids 4a, 4b, 4c (r = 0.999).144:

AH] =(97.8+0.6)-10% + (293 + 3)AS; (18)
AH =(95.6 +0.3)-10° + (294 + 2)AS] (19)
AH] =(93.4£0.3)-10° + (293 £ 1)AS] (20)

In these reaction series, the values of the isoparamet-
ric points T do not go beyond the temperature range 279 to
343 K in an experiment, which indicates physical reality of
these points. Table 5 shows that, according to the concept of
enthalpy-entropy compensation, at an experimenttal tem-
perature of 295 K, corresponding to these points, the sensi-
tivity coefficient p;7 to the effects of substituents Z in
pyridines 5a-5e in the reactions of oxirane 1 with acids 4a-4c
in acetonitrile approaches zero, i.e., the reactions under con-
sideration become isokinetic. The opposite signs of p;" after
passing through the isoparametric points T indicate a rever-
sal of the order of the catalytic activity of pyridines, which is
convincing evidence of the isoparametricity paradox
experimentally observed when the temperature changes

Table 4. The coefficients of Egs. (17)1@, (21)® and the values of the isoparametric points for the reactions of oxirane 1a with
acids 4a-4c¢ catalized by pyridines (Pys) 5a-5e in acetonitrile at different temperatures.

RS(0) Acid Pys log Kr=ee P g fora loras TP K Refs
1 4a 5a-5d 50%+0.1 -156+0.8 -2.81+£0.04 46+0.2 0.61 2950 [44](d)
2 4b 5a-5e 56+0.1 -155+0.5 -2.86+0.04 45+0.2 0.62() 295/ 1441(d)
3 4c 5a-5e 56%+0.2 -169+0.8 -2.80%0.06 50£0.2 0.56 296 3]

AGhT=0" Q0 Qr#H Qzr o770 TPE K
1G 4a 5a-5d 53+1 -81+6 0.150+0.005 0.27+0.02 -0.56 300 [44](d)
2G 4b 5a-5e 52+2 -804 0.148 £0.005 0.27+0.01 -0.55 296! 1441(d)
3G 4c 5a-5e 53+1 -86+3 0.138+£0.003 0.29+0.01 -0.48 2960 3]

2 Cross-correlation coefficient R > 0.996.

(i

() Reaction series.

(© Experimentally observed isoparametric point.
(

9 The coefficients were calculated using the data from the indicated work.
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Figure 8. Temperature-induced reversal of the order of the
catalytic activity of pyridines 5a-5e in reaction of oxirane 1a
with acid 4c at the temperature T/K: 343 (1), 323 (2), 308
(3), 295 (4), 279 (5) (reaction series 3 in Table 4).

Table 5. Values p;" (r 2 0.995) in the Hammett type equation
(log kzr = log kur=- + p7'07) for catalyzed by pyridines 7a—7e
reactions of oxirane 1a with arenecarboxylic acids 4
(Scheme 6) in acetonitrile at different temperatures.[4]

acid o

(Y) 279 K 295 K 308 K 323K 343K

43 0.751+ -0.078 = -0.77 £ -1.62+ -24+02

(H) 0.005 0.002 0.06 0.06

4b 0.81 £ -0.077 £ -0.77 £ -1.74+  -24+0.1
(3-Br) 0.08 0.009 0.04 0.04

Ac 0.761 = -0.083 = -0.75 £ -1.30+ -24+0.1
(3-NO») 0.009 0.003 0.04 0.07

from 279 to 343 K. A graphical illustration of this paradox in
reaction series 3 is shown in Figure 8.

As for the isoparametric points g7*, they are imple-
mented in reaction series 2 and 3 in the reactions involving
pyridine 5e (Z = 3-CN, oz = 0.56). At these points the rate of
the catalytic process should not depend on the
temperature (g2 = 0), and according to Eq. (8) activation
enthalpy AH7* must be equal to zero [Bf (Bt%) = 0, AH/*
(AHy*) = 0)]. As can be seen in Figure 8, the temperature
factor has no effect on the rate of the catalytic process
(reaction series 3) at o7 = 07" = 0.56. In the reaction series
2, for example, the values of the sensitivity coefficient g+*
to the effects of temperature approach zero in the series of
pyridines 5a-5e (Z, 0z): -3.96 + 0.09 [5a (4-OMe, -0.27)],
-3.40 + 0.09 [5b (4-Et, -0.15)], -2.65 + 0.03 [5¢ (H, 0)],
-1.27 £ 0.01 [5d (3-COOEt, 0.37)], -0.17 £ 0.02 [5e (3-CN,
0.56)].144 In this series of pyridines activation enthalpy and
entropy are changed as follows: AH7*/(k) mol-1) = 76, 65,
51, 23, 3.3; AS7*/() mol"1 K1) =-66, -104, -153, -242, -314.
According to the equations obtained for the reactions of
oxirane 1a with acids 4b and 4c in the presence of pyridine
Se, AH/* = (52.4 £ 0.8) + (-85 £ 2)o (r = 0.999) and AH7* =
(52 + 1) + (-85 + 3)oz (r = 0.998), the activation enthalpy
AH7* = 0 at oz values of 0.62 and 0.61, respectively, which

AGzr*/kJ mol

108 F
2
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Figure 9. Transition through the isoparametric point T"P(6) =
296 K in the reaction between oxirane la and acid 4c
catalyzed by pyridines 5a (4), 5¢ (3), 5d (2), 5e (1) in
acetonitrile (reaction series 3G in Table 4).

are practically equal to the values of the isoparametric
points 07" in reaction series 2 and 3. At these points, the
free activation energy and, accordingly, the rate of the
catalytic process, will be determined only by the entropic
factor (AGA™® = -TAS7). In the reactions catalyzed by
pyridine 5e, the contribution of the entropy term to the
activation free energy at 298 K exceeds 96 %. The above
indicates that when the considered isoparametric points
07" are reached, the catalytic process occurs without an
activation barrier.

The non-additive effects of the structure and
temperature on the free activation energy of catalyzed by
Z-Py 5a-5e reactions of oxirane 1a with acids 4a-4c can be
analyzed using [Eq. (21)].

AGL = AG, +Q "0, + Q7" T+ Q,0, T (21)

Table 4 shows the coefficients of this equation for
reaction series 1G-3G with experimentally implemented
isoparametric points for temperature TP, Their values
coincide with the values of the isoparametric points T (TP
= TIP(@)), At these points, the influence of substituents Z on
the free activation energy AGx” disappears due to
enthalpy-entropy compensation. Thus, in rection series 3G
at a temperature of 295 K, close to the isoparametric tem-
perature of 296 K, the value of AGx* becomes unchanged
with varying substituent Z in pyridines 5a - 5e: AGzr=295" /(kJ
moll) = 94, 94, 94, 94, 94.144] Figure 9 shows the transition
through T'P(G) = 296 K in reaction series 3G, accompanied by
the reversal of the catalytic activity of pyridines.

In isoparametric points 7P, the value AGA*"
should not depend on temperature due to the equality of
activation entropy to zero (at AS7* = 0 AGx™"? = AH7*). How-
ever, these points were not implemented in the experi-
ment.
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Thus, the above cross correlation analysis of the joint
structure-temperature effects in oxirane ring opening reac-
tions shows that the kinetic enthalpy-entropy compensa-
tion effect is, in essence, a particular case of
isoparametricity. The quantitative characteristics of the
compensation phenomenon are three isoparametric
points: TP = TP©), gy, and oyz™© in which the cross-
reaction series acquire special “magic” properties. It was
mentioned above that, at the isoparametric points T (T'P()
the influence of the substituents Y in acids 3 and Z in
catalyst 5 on the free activation energy AGv*, AGzr” and,
accordingly, on the reaction rate disappears (py = 0, pz = 0)
owing to enthalpy—entropy compensation.

It should be noted that the insignificant changes in
the free activation energy in the considered cross-reaction
series under the influence of structural factors conceal dra-
matic changes in the enthalpy and entropy of activation
due to the enthalpy-entropy compensation effect. Because
of the dual nature of the free activation energy, within the
enthalpy-entropy compensation effect the considered
cross-reaction series pass from special state associated
with the isoparametric points oy and o7, in which there is
no contribution from the enthalpic factor to the free acti-
vation energy (AHyz” = 0, AGyz)* = ~TASy(z™), to the equally
interesting state associated with the isoparametric points
o0v'P(6) and 07”©), in which there is no contribution from the
entropic factor (ASyiy™ = 0, AGyz)* = AHy(n™). The physical
reality of all these isoparametric points has been proved,
moreover, transitions through them have been made, that
is, the paradox of isoparametricity has been demonstrated.
Between these extremal states, the reacting systems are
controlled by the compensation in the change in the
enthalpy and entropy of activation when the structure of
the acids 3 (substituent Y) or catalyst 5 (substituent Z) are
varied.

The isoparametric points for temperature T (Tis)
and TP (T.,m) are widely discussed as a quantitative char-
acteristic of the isokinetic (isoequilibrium) phenomenon
and enthalpy-entropy compensation effect, however, the
isoparametric points of the same importance, such as oy,
07®, 0v'?(6) and o7P@), for the parameter of another variable
factor do not usually attract any attention of researchers.
Here it was shown that such points contain worthy of
attention information about the hidden properties of the
reacting systems.

It should be noted that ignoring multifactor experi-
ments in the study of the enthalpy-entropy compensation
effect does not allow obtaining statistically reliable charac-
teristics of compensation dependencies. The enthalpy—
entropy compensation derived from a plot AH against AS
appears often to be a phantom due to random errors in
kinetic data that generate an apparent compensation
effect (sometimes termed the statistical compensation

effect). Moreover, false compensation dependences can
arise since the activation parameters are mutually depend-
ent because of their determination from the same experi-
mental data. This topic is constantly debated in dozens of
publications since the 1960s. In some of them, the
existence of any real compensation effect was derided (see,
for example, simulation of a random compensation
dependence with the use of telephone numbers).14¢! Critics
call the enthalpy-entropy compensation effect “a phantom
phenomenon,” “a computational (statistical) artifact,” “a
false (meaningless) compensation,” and so on.

The reviewed cross-reaction series have shown that
consensus in disputes concerning enthalpy—entropy com-
pensation can be reached based on the theory of interac-
tions,® according to which the enthalpy-entropy
compensation effect is a specific aspect of isoparametricity.
It is not difficult to conclude that multifactor experiments
performed with a cross variation of temperature and any
other factor, and utilization of the methodology of the pol-
ylinearity principle for the correlation analysis of the results
of such experiments will allow to avoid confusion with the
statistical artifacts and get reliable evidence of the compen-
sation phenomenon in all its manifestations in various
fields of natural sciences.

Further Study of the Isoparametricity
Phenomenon

This article shows that the nucleophilic substitution reac-
tions at the different electrophilic centers are promising for
the experimental investigation of the isoparametricity phe-
nomenon in all its aspects. The great variety of nucleophilic
substitution reactions opens limitless possibilities of
researching this phenomenon. New interesting discoveries
should be expected with further investigation of the cross
effects of structure, catalyst, temperature, medium and
other internal and external factors on the rate and activa-
tion parameters of ring opening reactions of aromatic sub-
stituted derivatives of small heterocycles such as oxiranes,
thiiranes, aziridines, oxetanes and others.

Promising for the study of isoparametricity are the
reactions of electrophilic addition (Adg) of the strong elec-
trophiles like arylsulphenyl halides, arenesulfonic acids and
others to such unsaturated compounds as 1-aryl-, 1,1-di-
aryl-, 1,2-diaryl-ethylenes, 1-aryl-, 1,2-diaryl-acetylenes,
etc.[7] Effective interaction of the structural factors is
expected in these reactions, as evidenced by the reactions
of X-substituted 1-arylethylenes 6a-6d [X = 4-OMe (6a),

X-CgHy,CH=CH, + Y-CgH,SCl _» X-CeH,ucH(SCeHs-Y)—CH,Cl
6a-6d Ta-Tc

Scheme 8. Reactions of 1-arylethylenes 6 with
arylsulphenyl chlorides 7.
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4-Me (6b), H (6¢c), 3-NO; (1d)] with Y-substituted
arylsulphenyl chlorides 7a-7c [Y = 4-Me (7a), H (7b), 4-NO,
(7¢)] in AcOH at 298 K (Scheme 8).[48]

The combined effects of the substituents X and Y on
the rate of these reactions are described by Eq. (22), whose
coefficients are presented in regression, Eq. (23) (R =
0.990).

logk,, =logk,, +py oy +pso, +py0o50,  (22)

logk,, = (0.93 % 0.03) + (~1.45 + 0.07)o, +

(23)
(-0.18 £0.07)0, +(-1.2 +0.1)0 0,

The isoparametric characteristics of considered reac-
tions are the isoparametric points ox*'? = -py**Hpxy1 = -0.15
and oy = —pxY"pxy! = -1.21 as well as log kxy'* = log kun —
oxMpy*Hpxy™t = 1.15 at these points. The isoparametric
point oy'? cannot be implemented due to the lack of strong
electron-donating substituents Y. Along with this, the iso-
parametric point ox*'? falls within the range of variation of
the constants ox* of substituents X in alkenes 6a-6d: -0.78
(X =4-OMe) to 0.67 (X = 4-NO,). At this point, the influence
of substituents Y on the rate of the process should disap-
pear (pv* = 0), and after passing this point, the sign of py*
should be reversed, which is actually observed: py*, r >
0.996 (X, ox*) = 0.77 + 0.05, (4-OMe, -0.78), 0 (4-Me,
-0.31), -0.220 + 0.03, (H, 0), -0.93 + 0.08, (3-NO,, 0.69).
Figure 10 demonstrates the transition through the isopara-
metric point ox*'" = -0.15 in these reactions.

Numerous processes in chemistry, physics, biology,
pharmacology, etc. are associated with the formation of
the H-bonds.[%9-51 They have great prospects for the mani-
festation of isoparametricity. Since the strength of the H-
bond is affected by many factors, such as temperature
[increase (decrease) in temperature weakens (strengthens)

0.5 |

_1 i 1 i 1 L 1 i 1 i 1 i 1 L 1 i 1 i ]
1 08 06 04 02 0 02 04 06 08

.
ox

Figure 10. Transition through the isoparametric point ox*'? =
-0.15 in the reactions of 1-arylethylenes 6 with arylsulphenyl
chlorides 7a (3), 7b (2), 7¢ (1) in AcOH at 298 K.[48]

H-bonding], medium [decrease (increase) in medium polar-
ity promotes (prevents) the formation of H-bond], struc-
ture of hydrogen bond donors and hydrogen bond
acceptors, etc., various combinations of second-order in-
teractions of their effects are possible in H-bond formation
processes. This is evidenced by the considered above reac-
tion of 3,5-dinitrobenzoyl chloride with 3-fluoraniline in
which there is an intense interaction of temperature and
medium polarity effects [gst = -11.6 + 0.9 in Eq. (10)] due
to the formation of cyclic transition state B with a hydrogen
bond (Scheme 4).

The interaction of structural effects was found in the
formation of H-bonds between X-substituted phenols and
Y-substituted pyridines in carbon tetrachloride at 298 K.[52]
The joint effects of substituents X and Y on the complexa-
tion constants were estimated by Eq. (24).

logk,, =1.76 +1.080, —1.350, — 0.570,0, (24)

None of the isoparametric points in this reaction
series (ox'? = -2.37, oy = 1.89) were realized.

If we look at the problem of isoparametricity more
broadly, we can conclude that this property should be
inherent to any process, the quantitative characteristics of
which depend on the non-additive effects of at least two
factors in accordance with the principle of polylinearity.
Therefore, the study of intriguing isoparametric properties
of the different processes in animate and inanimate nature
seems to be a promising area of research for scientists in
various fields of knowledge.
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