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Abstract

This article is a continuation of a series of publications devoted to the systematic study of the still poorly
investigated unique isoparametricity phenomenon in chemistry. Quantitative evidence for all variants of the
second-order interaction structure-structure and structure-temperature types were obtained in the reactions
between X-substituted trans-2,3-diaryloxiranes and Y-substituted arenesulfonic acids. Experimental evidence
for the reality of isoparametric points with respect to the parameters of variable factors was obtained. Of
particular importance is the proof of the physical reality of such an aspect of isoparametricity as the widely
discussed enthalpy-entropy compensation effect. Important information was obtained about the intriguing
properties of the three-parameter relationships with cross terms, concerning such attributes as the critical
values of the parameters of the variable factors. At these critical values corresponding terms in three-
parameter regressions disappear.
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Introduction

Efficient control of chemical processes requires knowledge of the quantitative relations describing the effects
of various internal and external factors (structure, solvent, temperature, pH of medium, pressure, etc.) on
their kinetic, activation, thermodynamic, and other characteristics. This fundamental problem common to the
whole of chemistry has been generally solved in terms of correlation analysis. Many various empirical
relationships have been widely used to estimate the influence of the different factors on organic reactivity.”
They demonstrate the surprising universality of the principle of linearity of free energies, which Palm has
shown is a particular case of the polylinearity principle.” Of special interest are polylinear equations (PLEs)
with cross terms, taking into account non-additivity (interaction) of the effects of mutually varied factors. This
makes them uniquely suitable for the analysis of chemical data. Predictive capabilities of PLEs are significantly
improved compared to traditional one-parameter correlations. The presence of cross terms is implied by the
general form of PLEs’ and is interpreted as a change in the intensity of the effect of one factor under the
influence of another factor. Non-additivity of the effects of two cross-varied factors determines such an
intriguing property of PLEs as isoparametricity.”® This term means that the coefficient of sensitivity to the
effect of one of factors in one-parameter correlations becomes zero for the special value of the parameter of
another factor called isoparametric point (IPP). As a real phenomenon, isoparametricity is a challenge to
traditional concepts in chemistry. Despite this, little attention is paid to its study. One of the reasons is that
the IPPs in many processes fall within the area of distant extrapolation and are unattainable experimentally. In
this context, the experimental evidence of isoparametricity is an actual phenomenological task. Our previous
studies have shown that nucleophilic substitution reactions at carbonyl, benzyl, and benzhydryl carbon
atoms,”™ along with nucleophilic reactions of oxirane ring opening,B—18 are very promising for the
experimental investigation of isoparametricity in all its aspects. The systematic study of multifactor effects on
the kinetics of these reactions revealed a wide variety of IPPs in cross correlations of the structure—structure,
structure—solvent, structure—temperature, and solvent—temperature types. Some of these points were passed
through, which is a rare situation in chemical processes, and this was accompanied by reversal of the signs of
the corresponding sensitivity coefficients because of reactivity reorientation (isoparametricity paradox).

It should be noted that the oxirane ring opening reactions are of particular interest because they clearly
demonstrate such a special aspect of isoparametricity as an enthalpy-entropy compensation effect (EECE),
which has been the subject of hot debate by scientists for many decades.'** Earlier,***® we have studied the
joint effects of structure and temperature on the rates and activation parameters of the reactions of
symmetrically X-substituted trans-2,3-diaryloxiranes (1a-d), X = H (1a), 3-Br (1b), 4-NO, (1c), 3-Br-5-NO, (1d)
with Y-substituted arenesulfonic acids (2a-e), Y = 4-OCHs (2a), 4-CHs (2b), H (2c), 4-Cl (2d), 3-NO, (2e) in a
dioxane—1,2-dichloroethane mixture (7:3/v:v) at 265, 281, and 298 K.

/ % + YCgH,SOH —=

XCgHy@) OS(02)CeHsY
1a-d 2a-e

Scheme 1. Reactions of oxiranes 1a-d with arenesulfonic acids 2a-e.

Since in the reaction series three factors were cross-varied (substituents X, Y, and temperature T), this
allowed us to test the manifestation of various combinations of the second-order interactions of their effects,
as well as the third-order interaction. A part of the results of cross correlation analysis of a kinetic experiment
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was presented in the publications mentioned above. Here we report summarizing information about the study
of reactions of oxiranes 1a-d with acids 2a-e in multifactorial conditions.

Results and Discussion

To quantify the effects of the cross-varied factors on the rate and free activation energy of reactions shown in
Scheme, their kinetic and activation parameters taken from recent papers'®*® were subjected to a regression
analysis.

Two-parameter correlations
To evaluate the effects of two-variable factors i and j at a fixed parameter of the third factor h, on the reaction
rate the following PLE was used

log kijh = log koon + g%"xi + g°"x; + gi"xix; (1)

Here log koon is the value of log ki, at randomly selected standard values of the parameters of the factors i and
j,eg,x=0andx=0, inh and q,-Oh are coefficients of the sensitivity toward x; and x; under standard conditions
(xj = 0, and x; = 0, respectively), qijh is the cross-interaction coefficient, which reflects the perturbing (non-
additive) effects of factors i and j at a fixed factor h (in this and subsequent equations, the subscripts and
superscripts relate respectively to the varied and fixed factors). The presence of a cross term qijh in PLE 1
enables to calculate two IPPs: Xi(j)h = -q,'Oh(Qijh)'1 and xj(i)h = -C/iOh(Qijh)'1 (hereinafter, the subscript in parentheses
refers to the second variable factor). At these IPPs the magnitude of log ki, is the same, i. e. log kij, = log koon -
inhquh(Qijh)_l, and remains constant when either the factor j at the IPP Xi(j)h (qjih = 0), or the factor i at the IPP
X" (q" = 0), is varied.

The PLE 1 has the form of PLEs 2-4, describing the combined effects of substituents X and Y at a fixed
temperature T, substituents Y and T with a fixed substituent X, and substituents X and T with a fixed
substituent Y.

log kxvt = log koot + gx°Ttx + gv°Toy + gxy"xOv (2)
log kxvt = log kxot = = + gv*" = <oy + gr*°1000/T + gvt*oy1000/T (3)
log kxvt = log kovr = + gx'" = <tx + gr°'1000/T + gxr'tx1000/T (4)

Here oy is the Hammett constant for substituent Y and tyx = log koot — log kxor (T = 265 K) is a quantitative
characteristic of total effects of substituents X (tyx for X in oxiranes 1a, 1b, 1c, and 1d are equal to 0, 2.02, 3.47,
and 4.38, respectively®). The values of the coefficients of PLEs 2-4 calculated for various two-factor cross-
reaction series with the use of kinetic data’’ are given in Table 1.

Statistical significance of the cross-interaction coefficients quT, C/YTX, and qXTY show that all variants of the
second-order interactions of the effects of the substituents X, Y and temperature T should be considered
when assessing the reactivity of the studied reaction system. At the same time, the invariance of these
coefficients when the parameters of fixed factors are changed indicates the absence of third-order interaction

(gxyr =0).

Page 95 ©ARKAT USA, Inc



Arkivoc 2019, vi, 93-104 Shpan'ko, I. V. et al.

Table 1. The coefficients of PLEs 2—4 (R > 0.995) and IPPs for the two-factor cross-reaction series including
reactions of oxiranes 1a-d with acids 2a-d in the dioxane—1,2-dichloroethane mixture (7:3/v:v) at 265, 281,
and 298 K

Oh

h

Fixed factor h log koon q”" g gij xi(j)h xj(i)h Refs.
T log koot CIXOT CI\(OT ClxyT Tx(Y)T GY(X)T
265 K -1.24+0.01 -1.00+0.01 1.61+0.04 -0.34+0.01 473 -294 15
281K -0.79+£0.04 -0.90+0.01 2.01+£0.02 -0.33£0.06 6.09 -2.73 ¢
298 K -0.46 £0.05 -0.76 £0.01 2.50+0.03 -0.34 £ 0.08 735 -2.23 ¢
X log kxot = = o qr Qv ovr’  Tw'/K
H 6.2+0.3 10.1+0.9 -1.96 £ 0.07 -2.2+04 -0.89 220 ¢
4-NO, 8.5+0.3 8.3+£0.9 -3.52+0.09 -2.0+0.2 -1.76 241 16
3-Br-5-NO, 11.7£0.1 8.4+0.7 -4.61+£0.04 -2.2+0.2 -2.09 262" 18
Y log kot = ' ar axr’ o Tw'/K
4-OCHs 3.1+0.3 1.1+04 -1.4+0.3 -0.51+£0.09 -2.74 464 ¢
4-CH; 40+0.5 1.2+.0.3 -1.5+0.3 -0.60+0.09 -2.50 500 ¢
H 50£04 13+04 -1.8+0.3 -0.61+£0.08 -2.95 469 ¢
4-Cl 8.3.£0.7 1.0+0.2 -2.4 £0.2 -0.55+0.07 -436 550 ¢

% A multiple correlation coefficient. b Experimentally observed IPP. “This work.

Of the twenty calculated IPPs, such as txy)', T, Svix'» Svin)s Tiv, and Ty, only two points proved to be
experimentally achievable. As can be seen from Table 1, in the cross-reaction series with variable substituents
Y and temperature T at the fixed substituent X = 3-Br-5-NO, in oxirane 1d the IPP T(Y)X = 262 K is close to a
temperature of 265 K in an experiment. In accordance with the regularities of isoparametric dependencies at
this IPP substituents Y in the acidic reagent should not influence on the rate of these reactions (gy*" = 0). This is
illustrated by a decrease in the sensitivity coefficient gy*' to the effects of the substituents Y practically to zero
in the reactions of oxirane 1d with a decrease in temperature:17 quT (TK)=1.01+0.09 (298 K), 0.50 + 0.04
(281 K), 0.10 + 0.05 (265 K).

The IPP tyy' = 4.73 was almost reached in the reaction series with variable substituents X and Y at a fixed
temperature of 265 K, since the value 1x = 4.38 for the substituent X in oxirane 1d is close to the value of this
IPP. At this point the effects of the substituents Y should not appear, which is confirmed by a decrease in gy
(T=265K)=1.57 +0.02, 1.00 + 0.04, 1.50 + 0.03, 0.10 + 0.05 with an increase in the electron-withdrawing
properties of the substituents X in oxiranes 1a, 1b, 1c, and 1d."’

In terms of activation parameters, the second-order interactions of the effects of structure and
temperature can be described by a PLE:

AGijh* = AGoon™ + Q%Xi+ Q') + Qij"xix; (5)

Here AGgoy” is the free energy of activation under standard conditions (x; = x; =0), QiOh and QJOh are parameters
of the standard reactions at x; = 0 and x; = O, respectively, Qijh is the cross-interaction coefficient at a fixed
factor h. The PLE 5 has the form of PLEs 6—8, describing the combined effects of substituents X and Y at a fixed
temperature T, substituents Y and T with a fixed substituent X, and substituents X and T with a fixed
substituent Y.
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AGxyt” = AGoor” + Qx°Ttx+ QvToy + Qxy'txoy (6)
AGxyt” = AGxoo” + QY% + QT°T + Qui*ovT (7)
AGxyT* = AGovo™ + Qx"%tx + Q°'T + Qxr'txT (8)

The coefficients of PLEs 6-8 calculated for various two-factor cross-reaction series with the use of the AGyyt
values taken from our previous work are presented in Table 2.

Table 2. The coefficients of PLEs 6—8 (R > 0.985) and IPPs for the two-factor cross-reaction series including
reactions of oxiranes 1a-d with acids 2a-e in the dioxane—1,2-dichloroethane mixture (7:3/v:v) at 265, 281, and
298 K

Fixed factor h  AGoon” Q™ Q™ Q;" xig"®  xn"®  Refs
T/K AGoor” ol Q" Quy' Tx(Y)T(G) GY(X)T(G)
265 70.2+0.3 53+0.1 -7.0x£0.9 1.3+£0.4 54 -4.1
281 72.5+0.3 49+0.1 -10£0.2 1.4+0.5 7.1 -3.5 b
298 74.8+0.5 46+0.1 -14+£0.2 1.7+0.7 8.2 -2.7 b
X AGxoo” Q/° Q™ Q" GY(T)X(G) T(Y)X(G)/ K
H 34+3 45+9 0.134 +£0.009 -0.19+£0.05 0.70 237 b
4-NO, 67+1 39+3 0.083 £ 0.004 -0.16 £0.01 0.52° 244 16
3-Br-5-NO, 83+1 47 +5 0.036 = 0.003 -0.18 £0.02 0.20° 261° 18
Y AGoyo” Q" Q™ Qxr’ Tx(T)Y(G) T(X)Y(G)/ K
4-OCH; 23+8 11+4 0.19+0.05 -0.021 £ 0.007 9.0 524 b
4-CHs3 26+3 11+3 0.17+£0.03 -0.021 £ 0.005 8.1 524 b
H 31+8 11+2 0.14+0.03 -0.023 £ 0.009 6.1 478 b
4-C| 45+ 4 10+1 0.09+0.01 -0.018 £ 0.004 5.0 555 b
% Experimentally observed IPP. ® This work.

The values of the cross-interaction coefficients Qxy', Qyr', and Qxr' indicates the influence of all types of
the second-order interactions of the effects of the cross-varied factors on the free activation energy AGyyr”. At
the same time, the invariance of these coefficients when the parameters of fixed factors are changed indicates
the absence of third-order interaction (Qxyr = 0). Twenty IPPs (Tx(y)T(G), tx(T)Y(G), Gy(x)T(G), Gy(T)X(G), T(Y)X(G), and
T'?), calculated by formulas x;;™® = -Q°"(Q;")™* and x;y"® = -Q°"(Q;")", are given in Table 2. Only three of
them turned out to be experimentally achievable. First of all it should be noted the IPP for the temperature
T(Y)X(G) = 261 K in the reactions of oxirane 1d with acids 2a-2d, which is consistent with the above calculated
value of the IPP T(y)x =262 K. At this IPP, the free activation energy AGyyt"" should not depend on the effects of
the substituents Y. The reason for the disappearance of the effects Y on AGyy” at the IPP T(Y)X(G) is the EECE:
SyAHyy™ = T(y)X(G)SYASXY’t, as a result of which 8yAGyyt™" = SyAHyy™ - T(Y)X(G)SYASXY’t =0 and AGyyr™" = constant (log
kyyt = constant, quT = 0). Because of the small difference between T(y)X(G) =261 K and temperature 265 K in the
experiment, we have a rare opportunity to prove the physical reality of the enthalpy-entropy compensation
phenomenon.

Due to the EECE in the reactions of oxirane 1d with acids 2a-d at 265 K, the substituents Y have no effect
on the values of the free activation energy'®: AGyr” (Y) = 93.3 (4-OMe), 92.9 (4-Me), 93.0 (H), 93.1 (4-Cl) kI
mol™. Note that the IPP T(Y)X(G), calculated from activation parameters (Equations 7, 8), is called the
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compensation temperature Tcomp, While the term isokinetic temperature T, refers to the IPP T(Y)X, calculated
from kinetic data (Equations 3, 4). These points, calculated in different ways, practically coincide in magnitude.

Two IPPs for the constant of the substituent Y oy(T)X(G) = -QTXO(QYTX)'l, namely, oy(T)X(G) =0.52 (X = 4-NO;) and
oymx(G) =0.20 (X = 3-Br-5-NO,), were realized in the reactions of oxiranes 1c and 1d with acids 2a-e at different
temperatures.'®*® They fall in the experimental range of variation of oy =—0.27 + 0.71. A remarkable feature of
these IPPs is that the free activation energy MGy " at these points does not depend on temperature, that is
possible if in the expression AGxyr™ " = AHyy™ - TASxy” the activation entropy ASy” = 0 and the free activation
energy is determined only by the enthalpy term (AGxt™" = AHyy?). In these reactions we were able not only to
demonstrate a rare case of realization of two IPPs for the structural parameter cy(T)x(G), but also to realize
unique transitions through these points, when the substituents Y were varied. The reversal of the sign of the
activation entropy ASyy” after passing through these IPPs (Figure 1) leads to the inversion of the temperature
effect on the free activation energy AGyyr". This unique situation is illustrated by Figure 2.

50

AS,*/) molt K?
_ e .
Ul (@] (O
o o o o

-0.3 0 0.3 0.6

Figure 1. Sign inversion of the activation entropy ASxy” after crossing the IPP oY(T)X(G) =0.52 in reactions of
oxirane 1c with acids 2a-e; the values of ASyy” are taken from work.’
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Figure 2. The reversal of the temperature effect on the free activation energy AGyyr” after passing through the

IPP oy(T)X(G)= 0.52 in reactions of oxirane 1c with acids 2a (1), b (2), ¢ (3), d (4), e (5); the values of AGxy” are
taken from our previous work."’

Page 98 ©ARKAT USA, Inc



Arkivoc 2019, vi, 93-104 Shpan'ko, I. V. et al.

Calculated IPPs can be used as quantitative criteria of the reaction mechanism presented in Scheme 2.
This mechanism provides for the formation of complex A with H-bond between the oxirane and acid HA
(YCgH4SOs3H) in the first equilibrium stage. In the second and rate-determining stage, the substrate activated in
this way undergoes a nucleophilic attack by the second acid molecules with the formation of transition state
(TS) B. This stage proceeds according to the mechanism AyDy with electrophilic assistance from the acid to the
C-0 bond opening in the oxirane ring.

XCeHa)..,___»CeHazX +HA K XCeHag)..., _sCeHazX

o O---HA
A
HA #
A+HAK CeHaeX| — Products
XCeMa@™ G--HA e
B

Scheme 2. Proposed mechanism of reactions of oxiranes 1a-d with arenesulfonic acids 2a-e.

At the IPPs oy(T)X(G), to which strong acid H-A corresponds, for example, cy(T)X(G) = 0.52 (Table 2, X = 4-NO,),
effective protonation of the oxirane occurs, so AS; < 0 in the first stage of the formation of H-complex A. The
value for entropy of activation at the second stage AS,” depends on the character of the TS B, i.e., on the ratio
of the formation of A—C (ASa.c® < 0) and O—H (ASo.y” < 0) bonds in it, and on the C-O (ASc.o® > 0) bond
opening: AS,” = ASa.c’+ ASo.y” + ASc.o”. It should be expected that with a strong acid HA, ASo.q” = 0 as a result
of the negligible change in the O—H bond in TS B when compared to complex A. In addition, TS B becomes Sy1-
like (C—O bond opening dominates over A—C bond formation) through the low nucleophilicity of HA, as a result
of which ASc.o” > |ASac’| and AS,” > 0. At the IPP cy(T)X(G) = 0.52, the effective entropy of activation becomes
zero (Sxy’ = 0), since AS,” = |AS1|. After transitioning through this IPP to more electron-acceptor substituents Y
with constant oy > 0.52, the C-0 bond opening in TS B grows. This leads to further growth in AS,”, resulting in
a situation where AS,” > |AS;|. The sign of the effective entropy of activation ASxy” > 0 observed in Figure 1 is
then reversed. This in turn causes an inversion of influence of the temperature effect on the free activation
energy AGyyr” (Figure 2).

According to the polylinearity principle the values of IPPs (Tables 1, 2) obtained by qijh interaction of the
effects of two cross-varied factors j and j proved to be dependent linearly on the effects of a fixed factor h:

xi()" = Xi()° + ChXh (9)

i)™ = xi)*® + cn©xn (10)

The values of the coefficients of Equations 9 and 10 are given in Tables 3 and 4. Using them, we can
guantitatively predict the conditions for the implementation of any IPP. Of particular interest is prediction of
conditions under which experimental realization of IPPs for temperature, connected with the EECE, will be
possible. For example, it follows from the data in Table 3 that the accessible IPPs T(Y)X, e.g, T(Y)X =283 Kor 303
K, at which there is no influence of temperature on the effects of substituent Y (gy*' = 0), can be implemented
if tx = 7.11 or 8.66, respectively. From coefficients of Equation 10 in Table 4 for the cross-reaction series in
which the temperature T and substituents X are varied at a fixed substituent Y, it follows that easily accessible
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IPP rme(G) = 0 (X = H), at which there is no effect of temperature on the free activation energy (ASxy” = 0), is

realized if oy = 0.80, for instance, in the case of acid 2 with a substituent Y such as 4-NO; (oy = 0.78). In this way
we can predict at a quantitative level the value of any IPP Xi(j)h or Xi(j)h(G) in two-factor cross-reaction series for a
given value of the parameter of a fixed factor h. However, it should be borne in mind that the change of the
fixed substituents Y has practically no effect on the values of the IPPs Tiy' (Tables 1, 3) and T(X)Y(G) (Tables 2, 4).

Table 3. The coefficients of Equation 9 for the two-factor cross-reaction series

Fixed factor h Xi(j)h Xi(j)o ChXh r
T ™ 28.4+0.1 (-6.27 +0.04) 1000/T  0.999
Ovix) 35415 (-1.7 + 0.4) 1000/T 0.970
Y ™ 3.4+0.3 (-3.5+1.2) oy 0.900
10° / T 2.00 +0.06 (-0.5 £ 0.3) oy .
X ovr) -0.88 +0.07 (-0.27 £0.02) 1% 0.997
10°/ Ty 46+0.1 (-0.15 + 0.04) T« 0.962

Table 4. The coefficients of Equation 10 for the two-factor cross-reaction series

Fixed factor h i i " %, p

T Ty 17 +3 (-0.08 +0.01) T 0.990

o O 154408 (-0.042+0.003) T  0.998

Y ) 6.6 0.2 (-8.2 +1.1) oy 0.981
T 522+ 19 (46 + 96) oy ]

X oy 0.73+0.16 (0.10 + 0.05) T 0.884

Ty 23549 (4.5+2.8) 0.846

Three-parameter correlations
To evaluate the total effects of substituents X, Y and temperature T on the rate of the investigated reactions
considering all types of second-order interactions of the effects of the cross-varied factors, a PLE was used:

log kxvt = log kooo + gx%°tx + gv*%0y + g%« + gxv®Txov + gxrlTxtk + gvrlovtk (11)

Here tg (T) = (1/T — 1/281)x10> = 0.215 (265 K), 0 (281 K), and -0.203 (298 K) is an operationally introduced
internal measure for temperature factor; koo is the rate constant under standard conditions (tx = oy = tx = 0),
qxoo' quo and qTOO are the sensitivity coefficients of standard reactions (oy =tx =0, Ty =t =0, and 1ty = oy = 0,
respectively); quO, qXTO; qYTo are the coefficients of the second-order interactions under standard conditions (tk
=0, oy = 0, and Ty = 0, respectively). The treatment of the results of a multifactorial kinetic experiment®’ by
Equation 11 gave the following multilinear regression (MLR), adequately describing the reactivity of the
investigated system (hereinafter, SD is the standard deviation, N are experimental data points, F is the Fisher
criterion):

log kxyt = (-0.83 + 0.02) + (-0.886 + 0.007)tx + (2.0 + 0.1)0y + (-1.8 £ 0.1)tx +
(-0.32 £ 0.03)tx0v + (-0.55 + 0.04)txtk + (-2.1 £ 0.2)0vtx
R =0.998, SD = 0.077, N = 43, F = 3173

(12)
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In MLR 12 the values of all coefficients are statistically significant and agree with those calculated in partial
correlations at standard conditions (see in Table 1 the values of log koor, quT, qYOT, quT (T=281K); qTXO (X=H),
ar’ (Y=H), gxr' (Y = H), g7 (X = H)).

The combined effects of substituents X, Y and T on the free activation energy AGyy;” were evaluated by a
PLE:

AGxyT* = AGooo”™ + Qx%%tx + Qv%oy + Q%6 + Qxy’txoy + Qxr’txte+ QvrPovts (13)

Here tg (T) = T— 281 =-16 (265 K), 0 (281 K), 17 (298 K) is an internal measure for the temperature factor;
AGoyo” is the free activation energy at tx = oy = tg = 0; ono’ QYOO, QTOO are the sensitivity coefficients under
standard conditions (oy =tg =0, 1x =t =0, Tx= oy = 0, respectively); Qxyo, QXTO, Q. are the coefficients of the
second-order interactions under standard conditions (tg = 0, oy = 0, tx = 0, respectively). When calculating the
coefficients of PLE 13 using the values AGyy1” collected in work17, the following MLR was obtained:

AGxyt*=(72.4+0.2) +(4.93 £ 0.07)tx + (-10 £ 1)oy + (0.12 £ 0.02)tc +
(1.3 £ 0.3)txoy +(-0.016 £ 0.005)txts +(-0.15 + 0.03)ovts
R=0.994,5D=0.773, N=39, F=871

(14)

All coefficients of MLE 14 agree within the accuracy limits of their determination with those calculated in
partial correlations at standard conditions (see in Table 2 the values of AGgor", @', Q, Q' (T = 281 K); Q°
(X =H), Q™ (Y = H), Qxr'(Y = H), Qr” (X = H)).

The isoparametricity considered above is an inherent property of two-parameter relationships with cross
terms. The three-parameter relationships like PLEs 11 and 13 as well as MLRs 12 and 14 exhibit other striking
properties. Each of them is characterized by the critical values (CVs) of the parameters of the variable factors,
at which some of their terms vanish. Consider, for example, PLE 13 in the following forms:

AGxyT” = AGooo™ + (Qx®° + Qxy%oy)Tx + (QY*° + Qvr°ts)oy + (QT°° + Qxr%tx)te (15)

AGxyT* = AGooo™ + (Qx®° + Qxrts)tx + (QY° + Qxv’tx)oy + (Qr*° + QvrPov)te (16)

Now we can easily determine three pairs of the CVs for which the corresponding expressions in the
brackets become zero: oyx™ = -Q™(Qx")" and oym” = - Q) e = -Q(Qx")™" and wm™ = -
QTOO(QXTO)'l, tg(y)CV = -QYOO(QYTO)'l and tG(X)CV = -QXOO(QXTO)'l. In this context, the following CVs are the attributes
of MLR 14 chosen as an example: oy " = -3.79 and oy = 0.80, Txy~" = 7.69 and txm"" = 7.50, tey)"" = -66.7
(T = 214 K) and tG(X)CV = 308 (T = 589 K). In the represented series of CVs the following parts of MLR 14
disappear: (-10 + 1)oy + (1.3+ 0.3)tx0y at Txy) "', (4.93 +0.07)tx+ (1.3% 0.3)t1x0y at oy ", (0.12 +0.02)ts + (-
0.016 + 0.005)txtg at Txn ", (4.93  0.07)tx + (-0.016 + 0.005)Txts at tep ", (0.12 + 0.02)tg + (-0.15 + 0.03)oytg at
cymcv, and (-10 £ 1)oy+ (-0.15 + 0.03)oytg at tG(y)CV. None of these CVs have been implemented under
experimental conditions. The same applies to the MLR 12. It should be noted that experimental evidence for
the realization of numerous CVs of the parameters of the variable factors (structure and temperature) was

obtained in nucleophilic substitution reactions at benzyl carbon atom.'0 1!
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Conclusions

In this work we have shown that oxirane ring opening reactions are suitable for investigation of the
isoparametric properties of the cross-reaction series and especially such an important aspect of
isoparametricity as the EECE. In the reactions of oxirane 1d with acids 2a-d, the physical reality of the EECE
was proved: at a temperature of 265 K in an experiment, close to the IPP Ty = 262 K (T = 261 K), the
influence of substituents Y in the acid reagent on the rate (free activation energy) of these reactions
disappears. In all, five of the forty calculated IPPs (Tables 1 and 2) were implemented in the two-factor cross-
reaction series of the structure-structure and structure-temperature types, and two of them (ome(G) =0.20
and oy(T)X(G) = 0.52) were passed through with the demonstration of the isoparametricity paradox. Linear
dependencies of the values of IPPs, obtained by interaction of mutual effects of two variable factors, on the
effects of the third fixed factor has proved to be valuable in prediction at a quantitative level the conditions
for the implementation of any IPP in cross-reaction series. Important information was also obtained about the
intriguing properties of the three-parameter relationships, concerning such their attributes as the CVs of the
parameters of the variable factors. At a CV corresponding terms of these relationships disappear.

Knowledge of these poorly studied latent properties of cross-reaction series expands our notions on
guantitative regularities of organic reactivity. In this context, new interesting discoveries should be expected
with further study of the cross effects of structure, catalyst, temperature, medium and other internal and
external factors on the rate and activation parameters of ring opening reactions of aromatic substituted
derivatives of small heterocycles such as oxiranes, thiiranes, aziridines and others.

Experimental Section

The third order rate constants kyy M™> s~ (the first order with respect to the oxirane substrate and second
order with respect to the acidic reagent), previously obtained®’ for the reactions of oxiranes 1a-d with acids
2a—e at different temperatures (Scheme) as well as the values of the free activation energy AGyy of these
reactions were used to calculate two-and three-factor regressions with cross-terms in accordance with the
PLEs 2 — 4 and 11 for kinetic data and PLEs 6 — 8 and 13 for activation data. The coefficients of PLEs 2 — 4 and 6
— 8 given accordingly in Tables 1, and 2 were then used to calculate the values of IPPs for the parameters of
variable factors (substituents X, Y and temperature T) in each considered two-factor reaction series. The
coefficients of MLRs 12 and 14 taking into account all variants of the second-order interactions of the effects
of three factors were used to calculate the CVs for each of them.

The accuracy of the correlation parameters was estimated in terms of the standard deviation SD, which
was derived by the statistical method from N experimental data points. Statistical data processing was carried
out for the confidence level of 0.95.
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Supplementary Material

Kinetic and activation parameters of reactions between oxiranes 1la-d and arenesulfonic acids 2a-e are
available in the Supplementary File.
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