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The enthalpies of the Diels—Alder reactions of twenty dienes with two active dienophiles,
tetracyanoethylene and 4-phenyl-1,2,4-triazoline-3,5-dione, are compared, and the corre-
sponding relationship between them was obtained. The values of enthalpies of very slow and/or
equilibrium reactions were calculated from the obtained relationship. These data obtained
make it possible to optimize the conditions for such reactions.
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The values of enthalpies of reactions in solution can be
used for planning experimental conditions and, in some
cases, for explaining an unusual kinetic behavior. For ex-
ample, it was shown!-2 for many reactions of [4+2] cy-
cloaddition of the "diene-donor, dienophile-acceptor” type
involving C=C bonds that the rate of the process can be
predicted taking into account three main parameters:

— energies of frontier orbitals of diene and dienophile;

— balance of energies of bond dissociation and formation;

— changes in the coefficients of orbital overlapping
mainly determined by the difference in the distance be-
tween the reacting atoms C(1)—C(4) in diene (R;_y).

When the three factors were taken into account, the
following empirical relationship was found!:2 for the whole
set of reactions (correlation coefficient » = 0.972, number
of reactions n = 92):

logky = —28.81 + 316.3/(IPp—E,) —
—69.9R,_4/(IPh—E,) — 0.054AH,_, (1)

where k, is expressed in L mol~!s~!, [P} is the ionization
potential of diene (eV), E, is the energy of electron affinity of
the dienophile (eV), R;_, is the distance between the atoms
C(1) and C(4) (A), and AH,_, is the enthalpy of the reaction
(kJ mol=1). It was noted!:? that the influence of the differ-
ence in enthalpies of the reactions on their rate is comparable
with the contribution of the change in the overlapping coeffi-
cients of the reacting orbitals of the reactants and that each
contribution is halved over the contribution of differences to
the value of (/P — E4)~!. The data obtained make it possible
to explain reasons for the manifestation of the usual and
"anomalous" relationship between the reactivity and selectiv-

ity and diversity in the ratio of kinetic activity and thermody-
namic stability. This, in turn, makes it possible to purpose-
fully choose reagents for the preparation of necessary prod-
ucts, especially in competitive processes, and to predict rates
of yet unstudied Diels—Alder reactions with normal electron
requirements. Many works®4 were devoted to the study of
the influence of the balance of energies of bond dissociation
and formation on the reaction rates. It should be emphasized
that this balance of energies, which is manifested quantita-
tively as a reaction enthalpy, does not always determine the
order of changing the reaction rate in a series of reactants but
always affects the rates of these reactions.? Note that the
enthalpy of the reaction in solution reflects both the balance
of bond dissociation and formation energies as well as possi-
ble differences in solvation and structural strain of the ad-
dends. For a known entropy of the process, the equilibrium
constants can be estimated and the reaction conditions can
be planned. However, for slow and/or equilibrium cycload-
dition reactions, it is difficult or even impossible to determine
the enthalpy of the reaction by calorimetry with a sufficient
accuracy.

Considering two pairs of reactions of dienophiles (A, A,)
with dienes (D) and (D,), we assumed that the difference
in enthalpies of reactions of two dienophiles with a com-
mon diene is mainly determined by the difference in ener-
gies of the reacting bonds of the dienophiles

A}Ir—n(Dl + Al) - A}Ir—n(Dl + AZ) =
=Ki[AH, (Dy+Ay) —AH, (D, + Ay)]. (2

Correspondingly, for the pairs of reactions of two dienes
with a common dienophile, it should be expected that the
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difference in enthalpies of these reactions would mainly be
determined by the difference in energies of the reacting
bonds of the dienes

A}Ir—n(Dl + Al) - A}Ir—n(D2 + Al) =

=K AH,_ (D + Ay —AH,_ (D +Ay].  (3)

It can be expected that the proportionality coefficients
K and K, would be close to unity. This makes it possible

Ph
— Me
0
- 7\ /X
Ph
1 2 3
Cl Br
Cl Br
Cl Br
@ Cl Br
Cl Br
Cl Br

7 8 9
R'=R2=H (11);

to calculate the enthalpy of a reaction difficult for measur-
ing, for example, AH,_,(D; + A,), from the data obtained
for three reactions convenient for measurements.

We considered the relationship between the enthalpies
of the Diels—Alder reactions in solutions of twenty dienes
(1—20) with two active dienophiles, tetracyanoethylene
(21) and 4-phenyl-1,2,4-triazoline-3,5-dione (22).

The enthalpies of reactions 17 + 21, 17 + 22, and
18 + 22 obtained in this work and literature data are

presented in Table 1.
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Table 1. Enthalpies of the Diels—

Me Me
M //_\\—Ph Ph—//_\\—Ph

Alder reactions of dienes 1—20 with dienophiles 21 and 22 in solution at 25 °C

Diene 21 22
—AH?_ . Reference —AH2, Reference
/kJ mol~! /kJ mol

2,5-Diphenylisobenzofuran (1) 69¢ 5 1040 6
Buta-1,3-diene (2) 154¢ 6 2016 6
2-Methylbuta-1,3-diene (3) 166¢ 7 217% 6
2,3-Dimethylbuta-1,3-diene (4) 176¢ 8 2186 6
trans-1-Phenylbuta-1,3-diene (5) 142¢ 6 186° 6
trans,trans-1,4-Diphenylbuta-1,3-diene (6) 97¢ 6 1420 6
Cyclopentadiene (7) 113¢ 8 1340 10
Hexachlorocyclopentadiene (8) 4704 — 77b 11
Hexabromocyclopentadiene (9) 3504 — 64° 11
5,5-Dimethoxytetrabromocyclopentadiene (10) 65¢ 6 975 11
Anthracene (11) 774 9 1054 6
9-Chloroanthracene (12) 667 9 1014 6
9-Methylanthracene (13) 854 9 1094 6
9-Methoxyanthracene (14) 61¢ 9 1014 6
9,10-Dimethylanthracene (15) 884 9 1184 6
9,10-Dimethoxyanthracene (16) 52¢ 9 924 6
Cyclohepta-1,3,5-triene (17) 904/ — 11078 —
Cyclohexa-1,3-diene (18) 130¢ 8 16078 —
9,10-Diphenylanthracene (19) 2348 — 508 12
Norbornadiene (20) 17444 - 2188 10

Note. @ Solvent 1,2-dichloroethane. ? Solvent benzene. ¢ Solvent dichloromethane. ¢ The enthalpies of the reactions
were calculated from Eq. (4). ¢ Solvent 1,4-dioxane./ Data of the present work. & Solvent toluene.
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Fig. 1. Relationship between the enthalpies of the Diels—Alder
reactions of dienes 1—20 with compounds 21 and 22.

The comparison of the experimental values of enthalp-
ies of the Diels—Alder reactions of dienes 1—20 with di-
enophiles 21 and 22 (Fig. 1) confirms that Egs (2) and (3)
are fulfilled

AHP' = (20+4) + 0.887AH2, . 4)

For Eq. (4), = 0.9896, SD = 6.9, and n = 16.

The obtained Eq. (4) allowed us to calculate the en-
thalpies of reactions 8 + 21,9 + 21, 19 + 21, and 20 + 21
equal to —47, —35, —23, and —174 kJ mol~!, respectively.
It is difficult to measure the enthalpy of reaction 20 + 21
because of its very low rate.!? If the entropy of Diels—
Alder reaction is accepted to be —140 J mol~! K~! (see
Refs 2 and 13), the calculated equilibrium constant for
reactions 8 + 21, 9 + 21, and 19 + 21 at 25 °C are 8.5,
71072, and 5-10~% L mol~!, respectively. These data
clearly show that attempts to carry out slow and equilibri-
um processes 8 + 21, 9 + 21, and 19 + 21 at elevated
temperatures will be unsuccessful. They can be carried out
only under conditions of high hydrostatic pressure when
the rate and equilibrium constant increase significantly.14
For reaction 20 + 21, the high value of the equilibrium
constant (higher than 1-1023 L mol~!) allows it to occur
at elevated temperatures.

Thus, the high reactivity of compound 22 and the en-
hanced exothermicity of its Diels—Alder reactions with
dienes make it possible to calculate the enthalpies of slow
and/or equilibrium reactions with compound 21 and to
choose optimum conditions for them.

Experimental

Commercial reagents (Sigma-Aldrich) were used. Prior to use,
dienes 17 and 18 were distilled, and dienophiles 21 and 22 were
purified by sublimation (100 °C, 100 Pa). Solvents were purified
using known methods.15 The order of measuring the heat effects
was described earlier.1® In reaction 17 + 21, a weighed sample
(30—50 mg) of sublimed tetracyanoethylene was added to a solu-
tion of cycloheptatriene in 1,2-dichloroethane (150 mL) placed in

the Dewar flask of a differential calorimeter. The enthalpy of
the reaction in solution was calculated taking into account the
heat of dissolution of 21 (21.3 kJ mol~!). The following values
were obtained: —91.5, —89.4, —91.0, —89.0, —90.0, and
—90.2 kI mol~!. The average value of the enthalpy of reaction
17 + 21 is —90.240.7 kJ mol~!. The following values were obtained
for the reaction of diene 17 with compound 22 in toluene (the heat
of dissolution of 22 is 18.3 kJ mol~!): —110.2, —110.4, —110.9, and
—109.2 kI mol~!. The average value of the enthalpy of reaction
17 + 22 is —110.2+0.2 kJ mol~!. The following values were ob-
tained for reaction 18 + 22 in toluene: —158.5, —158.1, —162.5,
—160.2, and —159.3 kJ mol~!. The average value of the enthalpy of
reaction 18 + 22 is —159.7+1.3 kJ mol~!.
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