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The key factors influencing the Diels—Alder reaction rate at ambient and elevated pres-
sures were elucidated using data on the reactivity of various diene—dienophile systems in usual
and Lewis acid-catalyzed Diels—Alder reactions, the reaction enthalpy, complex formation,
dissolution, and solvation, and the donor-acceptor properties of the reactants. It was found
that taking account of both the orbital interaction energy and the balance of bond rupture and
formation energies allows correct prediction of the reaction rate in the absence or in the
presence of Lewis acids.
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A key place in organic chemistry is occupied by diene Scheme 1
synthesis or the [4+2] cycloaddition in which dienes react
with dienophiles to give unsaturated six-membered carbo-

and heterocycles (Scheme 1). Z + o . | |
This reaction underlies the synthesis of diverse carbo- A ' /'
and heterocyclic compounds (including natural products), X X
diene  dienophile adduct
* The paper is dedicated to the 75-year anniversary of the
Diels—Alder reaction. A, B, X are carbon atoms or heteroatoms
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drugs and new types of polymers,1—3 whose synthesis by
other methods is usually difficult or impossible. Consid-
erable attention is devoted to the mechanisms of the
Diels—Alder reaction.

The formation of cyclohexene derivatives upon iso-
prene dimerization under pressure was first suggested
by V. N. Ipatiev (1887) and proved by E. E. Wagner
(1894); cyclic dimerization of butadiene follows the same
route.!

The general character of this reaction was established
in 1928 by O. Diels and K. Alder, who showed? that diene
synthesis can proceed not only as cyclodimerization. Buta-
diene (1) reacts with maleic anhydride (2) even at
room temperature to give adduct 3 in a high yield
(Scheme 2).

Scheme 2
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Either open or cyclic 1,3-conjugated systems contain-
ing a C=C—C=C fragment can be used as dienes, for
example, butadiene, cyclopentadiene, anthracene or fu-
ran derivatives. Later, the range of 1,3-dienes has mark-
edly extended by covering also heterodienes containing
heteroatoms such as O, N, P, S, Se. Dienophiles can be
represented by ethylene or acetylene derivatives as well
as unsaturated heteroatomic systems containing C=0,
C=N, S=0, N=N, N=0, C=S, C=Se, and C=P frag-
ments. Thus it can be seen that cross-combination of
dienes with dienophiles can give an enormous number of
products.

During the last decade, the Diels—Alder reaction has
been studied by chemists in many countries. Among the
numerous scientific centers, research groups headed by
Sauer,>—8 Klarner,%1% Houk,!!:!2 and Sustmann!314 can
be distinguished.

In most cases, no side reactions are involved; thus, it
is possible to obtain reliable quantitative data on the rates
of usual and catalyzed processes, equilibria, reaction heats,
and the dependence of these characteristics on the prop-
erties of substituents, catalysts, solvents, and pressure in-
crease.15=20 A great body of data on the regio- and
stereoselectivity and on the product structures has been
accumulated;21—32 procedures for the preparation of
Diels—Alder polyadducts have been developed.33—3% This
review deals with the factors that control the reaction
rate, route, and equilibrium in the absence or in the pres-
ence of catalysts under ambient and elevated pressures.

1. General views on the Diels—Alder
reaction mechanism

The mechanism of the Diels—Alder reaction has been
actively discussed for many years, because of the exten-
sive opportunities of experimental verification of any of
its versions. R. Woodward and R. Hoffmann have shown#?
that the orbital symmetry is retained in this process on
passing from the reactants to the activated complex and
then to the adduct. Fukui and coworkers#! introduced the
notion of stabilization energy resulting from interaction
of the frontier orbitals. Unlike many organic reactions
that are charge-controlled, the Diels—Alder reaction pro-
ceeds under orbital control.

Currently, all three variants of the controlling interac-
tions of the frontier orbitals are considered to be pos-
sible! (Fig. 1).

In the most common version of the reaction (a donor
type diene and an acceptor type dienophile, see Fig. 1),
the predominant type of interaction is that between the
highest occupied molecular orbital (HOMO) of the diene
and the lowest unoccupied molecular orbital (LUMO) of
the dienophile. The opposite variant of the controlling
interaction between the frontier orbitals (an acceptor type
diene and a donor type dienophile, see Fig. 1) was found
experimentally4? in a study of the reactivity of dienophiles
toward perchlorocyclopentadiene.

The possibility of intermediate, or "neutral” variant
(see Fig. 1, B) was first demonstrated experimentally by

e ¢ df

Fig. 1. Three variants of controlling interactions of frontier or-
bitals in the Diels—Alder reaction: A4 is interaction of a donor
diene with a acceptor dienophile, B is neutral orbital interac-
tion, C is interaction between an acceptor diene and a donor
dienophile.
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Table 1. Rate constants (k, - 103/L mol~!s~!) of the Diels—Alder
reactions of substituted phencyclones 4a—e with substituted sty-
renes 5a—f in toluene at 40 °C 43.44

Diene Dienophile

5a 5b 5¢ 5d 5e 5f
4a 6.12 4.52 8.15 9.40 40.1 710.0
4b 11.70 7.00 8.70 6.00 18.5 112.0
4c 18.20 7.90 7.50 4.40 12.4 74.8

4d 22.00 11.20 9.45 4.10 13.3 45.4
4e 2320 9.30 7.40 4.60 12.0 54.8

A. 1. Konovalov in relation to Diels—Alder reactions
involving phencyclones, tetracyclones, and acecyclo-
nes.#3—45 The Diels—Alder reactions between substi-
tuted phencyclones 4a—e and substituted styrenes 5a—f
(Scheme 3) were used to embody all three variants of
controlling orbital interactions (Table 1). All reactions of
substituted styrenes with each substituted phencyclone
displayed a neutral type of orbital interactions where elec-
tron-donating and electron-withdrawing substituents in
styrene both accelerate the reaction (see Table 1).

Scheme 3
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4: R' = 4-NO, (a), 4-Cl (b),
H (c), 4-Me (d), 4-MeO (e)

5: R2 = 4-NO, (a), 3-NO, (b), 4-Br (c),
H (d), 4-MeO (e), 4-Me,N (f) R!

The rate of reactions of the substituted cyclones 4a—e
with a stronger n-donor, styrene 5f, is controlled by the
interaction of the HOMO of dienophile 5f with the
LUMO of dienes 4a—e, while in the reaction with a
weaker n-donor, styrene 5a, the interaction between the

dienophile LUMO and diene HOMO becomes control-
ling.43:44 Recently, the possibility of existence of all three
types of controlling interactions between frontier orbitals
was also demonstrated for the Diels—Alder reactions be-
tween a number of dienes and substituted thioketones
(reaction at the C=S bond).8

The development of the views on the Diels—Alder
reaction mechanism, which is based on extensive experi-
mental material, has been discussed in detail in mono-
graphs and reviews.1—3:5:15=20 Cyrrently, the Diels—Alder
reaction is considered to proceed
with retention of the orbital sym- o 1#*
metry40:41 on passing to the cyclic -
activated complex of type 7 and ( ) O
with simultaneous formation of <7
new bonds (one-step process). 0]

According to the view of con- 7
certed consecutive (asymmetric)
formation of bonds in the activated complex, the forma-
tion of the first and second bonds is somewhat separated
in time; in addition, the first bond is formed only pro-
vided that the system is ready for closure of the second
bond, which rules out the existence of a long-lived inter-
mediate. This two-step mechanism should be expected in
most of reactions involving heteroatomic unsaturated
compounds because the energies of the incoming bonds
are different.46 The mechanism of concerted cleavage and
formation of bonds in the Diels—Alder reaction is con-
firmed by the retained orientation of the reactant sub-
stituents on passing to the adduct (stereospecificity of the
addition).47

A radical or polar activated complex is currently con-
sidered less probable due to the lack of direct experimen-
tal evidence.

2. Factors determining the rate of the
Diels—Alder reaction

2.1. Effect of the orbital interaction

Orbital interactions responsible for the formation of
n,t-molecular complexes*® make a considerable stabiliz-
ing contribution to the formation of the activation barrier
in the Diels—Alder reaction. The relations for calculation
of the stabilization energy related to orbital interactions
proposed in a number of publications?!48—50 include, as
the major component, the difference between the donor
HOMO and the acceptor LUMO, B%/(ep — €,), Where
B is the overlap integral of the reacting p-orbitals. The use
of these approaches provides a qualitative explanation for
all three variants of orbital interaction (see Fig. 1).

However, neither the principle of orbital symmetry
retention? nor the controlling interaction of the frontier
orbitals#! allow one to predict the reactivity of particular
diene—dienophile systems and to explain numerous sub-
stantial abnormal features in the dependence of the reac-
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tion rate on the energy of donor—acceptor interaction. It
is clear that the stabilization energy characterizes only the
decrease in the activation barrier caused by the orbital
interaction between the reacting species but not the height
of the activation barrier itself. With the assumption that
the predominant contribution of the orbital interaction
]32/(£D — g,) to the stabilization energy can be expressed
by the proportional Bz/(IPD — E,) value, the activation
barrier can be estimated by using the available ionization
potential (/Pp) of the diene and the electron affinity (£,)
of the dienophile.

Within an individual structural row of dienes or
dienophiles, a rather clear correlation between the Ink
and (IPp — E,)~! values for a constant B? value is often
observed. The reactivity of compounds of one structural
row is often controlled by the change in the orbital inter-
action energy, because other factors change only slightly.
However, the reactivity of compounds in the Diels—Alder
reaction is not entirely dictated by the stabilization en-
ergy. For example, cyclopentadiene (/Pp = 8.58 ¢V) and
9,10-dimethylanthracene (8) (/Pp = 7.04 ¢V) behave in
different ways with respect to cyanoethylenes (Fig. 2).

The rates of reactions of highly electron-withdrawing
dienophiles (tetracyanoethylene (9) and tricyanoethylene)
with 9,10-dimethylanthracene are higher than those with
cyclopentadiene. In the case of less electron-withdrawing

8 + logk,

12

15 20 100BX(IPp — Ey)~/eV-!

Fig. 2. Logarithm of the rate constants (k,/L mol~! s~1) of the
Diels—Alder reaction of cyanoethylenes with cyclopenta-
diene (/) and with 9,10-dimethylanthracene (2) vs. donor-ac-
ceptor properties of the reactants (BX(/Pp — E5)~!): a is cyano-
ethylene, b is 1,2-trans-dicyanoethylene, ¢ is 1,1-dicyano-
ethylene, d is tricyanoethylene, e is tetracyanoethylene.

dienophiles (acrylonitrile, fumarodinitrile, and
maleodinitrile), the reaction rate is higher with
cyclopentadiene, which is the less conjugated diene. It
follows from the data of Table 2 that the kinetic activity of
the reactants is not often related unambiguously to the
thermodynamic stability of the products.

Table 2. Rate constants of the Diels—Alder reactions (k,/L mol~! s~!), ionization potentials of dienes (/Pp/eV), electron affinity
energies of dienophiles (E£,/eV), and the enthalpies of these reactions in solutions (AH,,./kJ mol~1) at 25 °C

Reaction Dienophile Diene 8 + logk, IPp E, 100/(IPp — Ej) —AH 5
1 Tetracyanoethylene 1,3-Diphenylisobenzofuran 16.00 7.62 2.88 21.09 69
2 Tetracyanoethylene 9,10-Dimethylanthracene 12.97 7.04 2.88 24.04 88
3 Tetracyanoethylene 9-Methoxyanthracene 11.71 7.17 2.88 23.31 61
4 Tetracyanoethylene 9-Methylanthracene 11.35 7.17 2.88 23.31 85
5 Tetracyanoethylene 9,10-Dimethoxyanthracene 10.94 7.09 2.88 23.75 53
6 Tetracyanoethylene Anthracene 8.48 7.33 2.88 22.47 77
7 Tetracyanoethylene 9-Chloroanthracene 7.74 7.39 2.88 22.17 66
I Tetracyanoethylene 2-Methoxy-1,3-butadiene 8.47 8.62 2.88 17.42 159
9 Tetracyanoethylene 2,3-Dimethyl-1,3-butadiene 8.40 8.61 2.88 17.45 176
10 Tetracyanoethylene trans-1-Phenyl-1,3-butadiene 7.81 8.16 2.88 18.94 142
11 Tetracyanoethylene trans-1-Methyl-1,3-butadiene 7.23 8.61 2.88 17.45 163
12 Tetracyanoethylene trans,trans-1,4-Diphenyl- 6.87 8.09 2.88 19.19 97
1,3-butadiene
13 Tetracyanoethylene 2-Methyl-1,3-butadiene 6.87 8.89 2.88 16.64 166
14 Tetracyanoethylene 1,3-Butadiene 5.23 9.03 2.88 16.26 154
15 Tetracyanoethylene Cyclopentadiene 10.63 8.58 2.88 17.54 113
16 Tetracyanoethylene 1,3-Cyclohexadiene 8.14 8.25 2.88 18.62 130
17 Tricyanoethylene 1,3-Diphenylisobenzofuran 12.00 7.62 2.10 18.12 71
18 Tricyanoethylene 9,10-Dimethylanthracene 8.77 7.04 2.10 20.24 90
19 Tricyanoethylene Cyclopentadiene 8.68 8.58 2.10 15.43 115
20 1,1-Dicyanoethylene 1,3-Diphenylisobenzofuran 11.00 7.62 1.53 16.42 77
21 1,1-Dicyanoethylene 9,10-Dimethylanthracene 7.10 7.04 1.53 18.15 96
22 1,1-Dicyanoethylene 9-Methylanthracene 6.18 7.17 1.53 17.73 93
23 1,1-Dicyanoethylene Anthracene 4.52 7.33 1.53 17.24 85

(to be continued)
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Table 2 (continued)

Reaction Dienophile Diene 8 +logk, IPp E, 100/(IPp — Ep) —AH ot
24 1,1-Dicyanoethylene Cyclopentadiene 7.66 8.58 1.53 14.18 121
25 Fumarodinitrile 1,3-Diphenylisobenzofuran 7.49 7.62 0.78 14.62 82
26 Fumarodinitrile Cyclopentadiene 4.91 8.58 0.78 12.82 126
27 Fumarodinitrile 9,10-Dimethylanthracene 4.14 7.04 0.78 15.97 101
28 Fumarodinitrile 9-Methylanthracene 3.08 7.17 0.78 15.65 98
29 Fumarodinitrile 9-Methoxyanthracene 2.28 7.17 0.78 15.65 74
30 Fumarodinitrile Anthracene 1.62 7.33 0.78 15.27 90
31 Fumarodinitrile 9,10-Dimethoxyanthracene 1.08 7.09 0.78 15.85 66
32 Acrylonitrile 1,3-Diphenylisobenzofuran 5.34 7.62 0.02 13.16 87
33 Acrylonitrile Cyclopentadiene 3.02 8.58 0.02 11.68 131
34 Acrylonitrile 9,10-Dimethylanthracene 1.95 7.04 0.02 14.24 106
35 Acrylonitrile 9-Methylanthracene 1.04 7.17 0.02 13.99 103
36 Acrylonitrile 9-Methoxyanthracene 0.70 7.17 0.02 13.99 79
37 Acrylonitrile Anthracene —0.07 7.33 0.02 13.68 95
38 Maleic anhydride 1,3-Diphenylisobenzofuran 8.53 7.62 0.97 15.04 85
39 Maleic anhydride Cyclopentadiene 6.96 8.58 0.97 13.14 129
40 Maleic anhydride 9,10-Dimethylanthracene 6.09 7.04 0.97 16.47 104
41 Maleic anhydride 9-Methylanthracene 4.54 7.17 0.97 16.13 101
42 Maleic anhydride 9-Methoxyanthracene 3.45 7.17 0.97 16.13 77
43 Maleic anhydride Anthracene 2.78 7.33 0.97 15.72 93
44 Maleic anhydride 9,10-Dimethoxyanthracene 2.49 7.09 0.97 16.33 69
45 Maleic anhydride 9-Chloroanthracene 2.16 7.39 0.97 15.57 82
46 Maleic anhydride 2,3-Dimethyl-1,3-butadiene 4.53 8.61 0.97 13.09 194
47 Maleic anhydride trans-1-Methyl-1,3-butadiene 4.36 8.61 0.97 13.09 179
48 Maleic anhydride 2-Methyl-1,3-butadiene 4.19 8.89 0.97 12.63 182
49 Maleic anhydride trans-1-Phenyl-1,3-butadiene 4.05 8.16 0.97 13.91 158
50 Maleic anhydride 1,3-Butadiene 3.83 9.03 0.97 12.41 170
51 Maleic anhydride trans,trans-1,4-Diphenyl- 2.47 8.09 0.97 14.04 113
1,3-butadiene
52 Maleic anhydride Pentacene 6.13 6.64 0.97 17.64 132
53 Maleic anhydride Tetracene 4.88 7.01 0.97 16.55 103
54 Maleic anhydride Hexachlorocyclopentadiene 0.06 8.96 0.97 12.56 58
55 Chloromaleic anhydride 1,3-Diphenylisobenzofuran 8.58 7.62 1.08 15.29 82
56 Chloromaleic anhydride 9,10-Dimethylanthracene 5.81 7.04 1.08 16.78 101
57 Chloromaleic anhydride 9-Methylanthracene 4.35 7.17 1.08 16.42 98
58 Chloromaleic anhydride Anthracene 2.49 7.33 1.08 16.00 90
59 Chloromaleic anhydride 9-Chloroanthracene 1.83 7.39 1.08 15.85 79
60 Methylmaleic anhydride 9,10-Dimethylanthracene 3.38 7.04 0.83 16.10 103
61 Methylmaleic anhydride 9-Methylanthracene 1.93 7.17 0.83 15.77 100
62 N-(p-Nitrophenyl)maleimide 1,3-Diphenylisobenzofuran 9.16 7.62 1.01 15.13 96
63 N-(p-Nitrophenyl)maleimide Pentacene 7.75 6.64 1.01 17.76 143
64 N-(p-Nitrophenyl)maleimide Tetracene 5.96 7.01 1.01 16.67 124
65 N-(p-Nitrophenyl)maleimide Cyclopentadiene 7.31 8.58 1.01 13.21 140
66 N-(p-Nitrophenyl)maleimide 9-Methylanthracene 5.23 7.17 1.01 16.23 112
67 N-(p-Nitrophenyl)maleimide Anthracene 3.93 7.33 1.01 15.82 104
68 N-(p-Nitrophenyl)maleimide 9-Chloroanthracene 2.92 7.39 1.01 15.67 93
69 N-Phenylmaleimide 1,3-Diphenylisobenzofuran 8.57 7.62 0.89 14.86 98
70 N-Phenylmaleimide Cyclopentadiene 6.94 8.58 0.89 13.00 142
71 N-Phenylmaleimide 9,10-Dimethylanthracene 6.48 7.04 0.89 16.26 117
72 N-Phenylmaleimide 9-Methylanthracene 4.71 7.17 0.89 15.92 114
73 N-Phenylmaleimide 9-Methoxyanthracene 3.45 7.17 0.89 15.92 90
74 N-Phenylmaleimide Anthracene 2.86 7.33 0.89 15.53 106
75 N-Phenylmaleimide 9-Chloroanthracene 1.45 7.39 0.89 15.38 95
76 N-Phenylmaleimide Pentacene 6.98 6.64 0.89 17.39 145
77 N-Phenylmaleimide Tetracene 5.34 7.01 0.89 16.34 126

(to be continued)
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Table 2 (continued)

Reaction Dienophile Diene 8 +logk, IPp E, 100/(IPp — Ep) —AH ot
78 N-Phenylmaleimide 5,11-Dichlorotetracene 4.43 6.81 0.89 16.89 107
79 Acrolein 1,3-Diphenylisobenzofuran 5.92 7.62 0.15 13.39 78
80 Acrolein Cyclopentadiene 3.30 8.58 0.15 11.87 122
74 Acrolein 2-Methyl-1,3-butadiene 0.70 8.89 0.15 11.44 175
82 Acrolein 1,3-Butadiene 0.00 9.03 0.15 11.26 163
83 N-(p-Nitrophenyl)maleimide 1,3-Diphenylisobenzofuran 9.22 7.62 0.99 15.08 95
84 N-(p-Bromophenyl)maleimide 1,3-Diphenylisobenzofuran 8.87 7.62 0.95 14.99 98
85 N-(p-Tolyl)maleimide 1,3-Diphenylisobenzofuran 8.56 7.62 0.83 14.73 98
86 N-(p-Methoxyphenyl)maleimide 1,3-Diphenylisobenzofuran 8.50 7.62 0.81 14.68 99
87 N-(p-Dimethylaminophenyl)- 1,3-Diphenylisobenzofuran 8.36 7.62 0.73 14.51 100
maleimide
88 Maleodinitrile 1,3-Diphenylisobenzofuran 8.12 7.62 0.78 14.62 84
89 Acrylic acid 1,3-Diphenylisobenzofuran 6.18 7.62 0.09 13.28 84
90 Methyl acrylate 1,3-Diphenylisobenzofuran 5.28 7.62 0.19 13.46 85
91 Acrylic acid Cyclopentadiene 4.77 8.58 0.09 11.78 128
92 Methyl acrylate Cyclopentadiene 3.51 8.58 0.19 11.91 129
93 Ethylene 1,3-Butadiene -2.70 9.03 —1.81 9.22 166

Note. The data on the reaction rate constants were taken from Refs. 6,7,15,16,25,51—57; the ionization potentials and electron
affinities are from Refs. 6,11,16,48,51,54,58—62, and the reaction enthalpies are from Refs. 16,59,62—65. The enthalpies of reac-
tions 81, 82, and 93 were calculated’® from the data on the heats of formation of the reactants and the adducts.

2.2. Effect of the energy of bond cleavage and formation

In conformity with the Bell—Evans—Polanyi—Se-
menov principle,%—68 the energy of bond cleavage plays
an important role in the formation of the activation bar-
rier, its "fraction" varying from 0 to 1, depending on the
contribution of other factors. With the contribution of
other factors remaining constant, a higher activation bar-
rier should be expected for more conjugated systems with
a high energy of bond cleavage. Since the difference be-
tween the energies of the single C—C bonds in the result-
ing cycloadducts is insignificant, the change in the activa-
tion energy is expected to be proportional to the reaction
enthalpy. The reaction enthalpy does not necessarily con-
trol the reaction rate but it always influences the activa-
tion barrier to one or another extent.

It should be noted that all the Diels—Alder reactions
are accompanied by heat evolution and the reaction heat
should be greater than —40 kJ mol~! to ensure the possi-
bility of detecting at least traces of the adduct. This is due
to the rather constant negative entropy of the process
(—150£20 J mol~! K-1). Hence, the equilibrium for a less
exothermic process would be shifted appreciably toward
the reactants. For this reason, it is almost impossible (see
below) to perform this reaction with conjugated dienes
such as benzene or naphthalene.

When the energy of conjugation is sharply changed,
the dependence of the reaction rate on the stabilization
energy can be violated even within a single reaction se-
ries.1® For example, due to the enhanced energy of conju-
gation, the exothermic effect of the Diels—Alder reaction
involving 9-methoxy- or 9,10-dimethoxyanthracene is

much lower than that of the reaction with 9-methyl- or
9,10-dimethylanthracene, which are comparable as re-
gards the electron-donating properties (see Table 2). This
is responsible for not only the relatively low values of the
equilibrium constant but also for lower reaction rate con-
stants.59:92 Due to the lower energy of conjugation in the
row of substituted butadienes, the exothermicity of reac-
tions involving these compounds is much higher than that
with substituted anthracenes (see Table 2). Indeed, de-
spite the fact that the m-donor properties of anthracene
(IPp = 7.33 eV) are more pronounced than those of
2,3-dimethylbutadiene (8.40 eV), these compounds ex-
hibit equal reactivities toward a strong m-acceptor, tetra-
cyanoethylene (£, = 2.88 eV), due to the substantial
difference between the enthalpies of these processes (—77
and —176 kJ mol~!, respectively). On passing to a less
n-acceptor dienophile, maleic anhydride (E, = 0.97 eV),
the reactivity of anthracene becomes 56 times lower than
2,3-dimethylbutadiene reactivity due to the decrease
in the stabilization energy (see Table 2). The differ-
ence between the enthalpies of reactions of maleic an-
hydride with 2,3-dimethylbutadiene (—194 kJ mol™1),
trans-1-phenylbutadiene (—158 kJ mol~!), and especially
trans, trans-1,4-diphenylbutadiene (—113 kJ mol~!) is so
pronounced that the direction of the change in the reac-
tion rate cannot be predicted based on the orbital proper-
ties of the reactants alone; the contributions of bond cleav-
age and formation energies should also be taken into ac-
count (Fig. 3).

Analysis of the whole set of data listed in Table 2
reveals quite a few "violations" of this type. Thus, the
usual and "abnormal” patterns of variation of the reactiv-
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Fig. 3. Logarithm of the rate constants (k,/L mol~!s~!) of the
Diels—Alder reaction of substituted butadienes with maleic
anhydride vs. donor-acceptor properties of the reactants
((IPp — E»)~1/ev~1) without (a) and with allowance () for the
reaction enthalpy (AH,.,./kJ mol~'). The numbering of points
corresponds to that in Table 2.

ity of compounds of various classes in the Diels—Alder
reaction become understandable upon combined consid-
eration of the effects of the intermolecular interaction
energy and the reaction enthalpy; this is true not only for
comparison of different reaction series but sometimes even
within a single reaction series.

For predicting the rates of reactions involving differ-
ent classes of reactants, it is necessary to take into ac-
count all the main factors influencing the reactivity of
compounds in this process. It was proposed!6:59 to take
into account three main factors, namely, (1) the energies
of the diene and dienophile frontier orbitals; (2) the en-
ergy balance of bond cleavage and formation; and (3) the
change in the overlap coefficients of the orbitals mainly
determined by the difference in the C(1)—C(4) inter-

atomic distances in the diene (R;_4). To perform such an
extended analysis, data on the enthalpies of all kinetically
studied Diels—Alder reactions are required. The results
of thermochemical measurements we obtained are sum-
marized in Table 2. It should be noted that heats of the
reaction for a series of dienes with any pair of dienophiles
differ by an approximately constant value characterizing
the difference between the m-bond energies of these
dienophiles. A similar feature can be found in reactions of
a series of dienophiles with any pair of dienes.5® This
allows one to calculate the heat of reaction between reac-
tants from the heats of other reactions involving each of
these reactants.

2.3. Effect of the diene structure

No correlation between the logk, and (IPp — E)~!
values can be followed for the whole array of reactions
(see Table 2) between dienes and dienophiles of different
structural classes whose rates can differ by almost 20 or-
ders of magnitude.16:39 If difference between the bond
cleavage and formation energies during these reactions,
which is determined by the difference between the reac-
tion heats, is additionally taken into account, the whole
array of kinetic data (see Table 2) splits into three separate
linear dependences (Fig. 4).

It can be noticed that enhanced reactivity of dieno-
philes is observed in reactions with furan derivatives (see
Fig. 4). The interatomic distance (R;_4 = 2.19 A) in
furan is shorter than in cyclopentadiene (2.36 A), an-
thracene (2.81 A), or s-cis-1,3-butadiene (2.90 A). With
equal values of the 125.7/(/Pp — E5) — 0.052AH ., pa-
rameter, the rate constants for the reactions with furan

8 + logk,

13+

20 25 30 35
125.7(1Pp — EA)71 — 0.052AH ¢,

Fig. 4. Logarithm of the rate constants (k,/L mol~!s~!) of the
Diels—Alder reactions of dienophiles with furan (7), cyclo-
pentadiene (2), anthracene, and butadiene (3) derivatives vs.
donor-acceptor properties of the reactants ((IPp, — E,)~!/eV—1)
and the reaction enthalpy (AH,.,./kJ mol~!) (according to the
data of Table 2).
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derivatives are two orders of magnitude greater than those
with cyclopentadiene derivatives and six to seven orders
of magnitude greater than those with anthracene or buta-
diene derivatives (see Fig. 4). It was shown!? that an
increase in the interatomic distance in the diene (R;_4)
entails a linear (r = 0.999) decrease in the squared overlap
coefficient (B2) of the reacting p-orbitals

B2:abel_4. (1)

Therefore, the contribution of the stabilization energy
with allowance for the diene structure can be expressed by
the relation

B%/(IPp — Ep) = a/(IPp — Ep) — bRy _4/(IPp — Ep). (2)

Taking account simultaneously of three factors gave
(Fig. 5) a general correlation (r= 0.972, N=93, s, = 0.9)
for the whole array of reactions

logk, = —28.81 + 316.3/(IP, — E,) —
— 69.9R,_4/(IPp — Ep) — 0.054AH, ., 3)

where the IPp and E, values are expressed in eV, R;_4 are
in A, and AH,,, are in kJ mol~".

The influence of the change in enthalpy on the rate
(logk,) of the Diels—Alder reaction (see Fig. 5, Eq. (3)) is
commensurable with the contribution of the change in
the overlap coefficients of the corresponding reactant or-
bitals, each of these contributions being twice smaller
than the contribution of the difference between the
(IPp — Ey)~! values.

The discovered features allow one to interpret the ap-
pearance of usual and "abnormal” relationships between
the reactivity and the selectivity and the differences in the
ratios of the kinetic activity and thermodynamic stability;

8 + logk,
ISt
10
5 -
O -
[
20 25 30 35 40

316.3(IPp — Ex)~' — 69.9R,_4(IPp — Ep)~" — 0.054AH o,

Fig. 5. Logarithm of the rate constants (k,/L mol~!s~!) of the
Diels—Alder reactions vs. donor-acceptor properties of the re-
actants ((IPp — E,)~!/eV~1), interatomic distance in the dienes
(R,_4/A), and the reaction enthalpies (AH,q,q/kJ mol~!) (ac-
cording to the data of Table 2).

to choose deliberately the reactants and conditions needed
to prepare particular products, especially when compet-
ing processes are involved; and to predict the rates of
Diels—Alder reactions between various dienes and dieno-
philes not yet performed experimentally. For example, it
becomes clear that the yield of the adduct formed in the
reaction between 9,10-dimethoxyanthracene and tetra-
cyanoethylene cannot be increased by raising the reaction
temperature. For the Diels—Alder reaction between ben-
zene and maleic anhydride, relation (3) can be used to
estimate the rate constant (~10~13 L mol~!s~!) and the
equilibrium constant (~10=3 L mol~!) at 25 °C. Under
ambient conditions, according to the kinetic requirements,
the half reaction time for maleic anhydride in benzene
equals >20- 103 years, and according to thermodynamic
requirements, the degree of dienophile conversion can-
not exceed 0.1—1.0%.

2.4. The "abnormal” relationship between the reactivity
and the selectivity

Numerous kinetic data accumulated in organic chem-
istry for charge-controlled reactions imply that more re-
active reagents are less selective and, vice versa, less reac-
tive reagents are more selective.% It has been shown!5:18,19
that in orbital-controlled processes, in particular, in the
Diels—Alder reaction, a more reactive compound can
prove to be more selective and, correspondingly, a less
reactive compound can be less selective. However, in the
case of a great difference between the reaction enthalpies
for a particular pair of reactants, the "abnormal” relation-
ship between the reactivity and the selectivity, caused by
the controlling contribution of the orbital interaction en-
ergy, can switch to the usual one. Analysis of the factors
determining the rate of the Diels—Alder reaction (Eq. (3))
shows that the "abnormal" relationship is strictly fulfilled
if the following definitions are used: "more donor diene is
more selective” and "more acceptor dienophile is more
selective."

2.5. The role of molecular complexes
in the Diels—Alder reaction

There are numerous examples confirming the forma-
tion of molecular complexes between reactants during the
Diels—Alder reaction.15,16,18—20,50,70,71 The effects of the
solvent and substituents in the reactant molecules on their
donor-acceptor properties induce proportional changes
in the rate constant for the Diels—Alder reaction and the
equilibrium constant for the formation of m,m-com-
plexes.51—53,70=76 However, this proportionality does not
allow one to elucidate the role of molecular complexes
(MCQ) in the reaction pattern:

Ky

kl
MC — P, (4)

K k
MC =—= D+A —2

D+A

> P. (35)
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It can be shown that for a large excess of one reactant
(for example, ¢, >> cp), the observed rate constants (kexp)
for the above pathways are given by relations (6) and (7),
respectively

kexp = k1 Kog/(1 + Kegea), (6)
kexp = k2/(1 + Kech)- (7)

The equilibrium constants (K,) for processes involv-
ing molecular complexes calculated from the dependences
of 1/key, on ¢, (Egs. (6) and (7)) are in good agreement
with experimental data.”® It is clear that these results also
do not allow one to decide between pathways (4) and (5).
Under conditions where the product K ¢, is appreciably
smaller than unity, the experimental values of the activa-
tion enthalpy for the two possible routes (4) and (5),
respectively, are determined by the relations

AH¢exp = AH¢1 + AHOMc, (8)
A = A, ©)

For reactants able to form stable molecular complexes,
the AH”¢,, can be negative only in the case of reaction
along pathway (4), where |AH\;c| > AH#%| (Eq. (8)). In the
Diels—Alder reaction between a strong nt-donor, 9,10-di-
methylanthracene 8 (/Pp = 7.04 V), and a strong n-ac-
ceptor, tetracyanoethylene 9 (E, = 2.88 eV), in a number
of solvents, the reaction rate constant was found’! to
decrease with an increase in temperature; this gives nega-
tive values of the observed activation enthalpy in acetoni-

Scheme 4

Me

Me

8

+ e e
NC][CN
NC CN

9

=
NC CN NC CN

trile, dichloromethane, 1,2-dichloroethane, and chloro-
form (=5.0, —7.5, 7.9, and —11.5 kJ mol~!, respectively).
These results indicate that the energy of intermolecular
interaction between these reactants exceeds the energy
expenditure during redistribution of bonds associated with
the formation of the activated complex. It is also note-
worthy that this reaction does not require reorientation of
the structure of molecular complex 10 for its subsequent
transformation into activated complex 11 and reaction
product 12 (Scheme 4).71

2.6. Solvation effects
in the Diels—Alder reaction

Data on the change in the enthalpy of solvation of
reactants and on the activation energy of reactions make
it possible to calculate the variation in the enthalpy of
solvation of the transition state in a series of solvents.”’—81
It follows from the thermodynamic cycle that the en-
thalpy of solvation of the transition state (8 Hyg*'Y) with
respect to that in a reference solvent (S;) is determined by
the relation

SHrs*M(S/Sg) = SH*(S/Sy) + 8Heag™(S/Sy). (10)

It was shown that the energy level of the transition
state both in noncatalyzed’8—80 and in catalyzed”-8! pro-
cesses changes only slightly and randomly. The difference
between the activation energies in the solvents studied is
largely caused by the change in the energy level of the
reactants.”’—81 Weakly associated solvents capable of
H-bonding with a dienophile are an exception. Most of
Diels—Alder reactions are somewhat accelerated in sol-
vents like chloroform or pentachloroethane due to the
enhanced stabilization of the activated complex caused
by the increase in the strength of the H-bond between the
H-donor solvent and the heteroatom of the activating
group of the dienophile.53

It is of interest that the change in the enthalpy of
solvation of the transition state in the series of solvents
(Eq. (10)) found for the forward process coincides with
the results found for the retro reaction.1® The solvation
effects involved in catalyzed reactions under normal and
enhanced pressure are considered below.

3. Characteristic and specific features of
catalytic processes

3.1. Catalysis by Lewis acids

Numerous examples point to slight influence of the
solvent polarity on the rate of the Diels—Alder reaction,
whereas specific interactions of the reactants with the
medium can markedly change the reactivity.16:71,78,81 Hy.
drogen bonds usually slightly activate the dienophile.
Much stronger interactions occur between dienophiles
and Lewis acids. This fact has stimulated extensive re-
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search, which gave, during the last two decades, a
large array of kinetic data concerning acceleration of
Diels—Alder reactions and data on the enthalpy of for-
mation of n,v-complexes, the enthalpy of Lewis acid-
catalyzed reactions, and on the effect of the medium on
the solvation of reactants, »,v-complexes, and the transi-
tion state.16,34,37,79,82—93

Catalysis by Lewis acids gives a new, more reactive
reactant molecule representing an n,v-complex of the
Lewis acid with the dienophile. The formation of stable
n,v-complexes entails a sharp (by up to 10° times) accel-
eration of the reaction; thus, the reaction can be car-
ried out with compounds that are highly inert under
usual conditions. The increase in the rate of catalyzed
Diels—Alder reactions of the "donor diene and acceptor
dienophile" type carried out in solvents rather inert to-
ward Lewis acids (benzene, toluene, dichloromethane,
dichloroethane) was shown82:84=93 to be approximately
constant. In the case of coordination (to give 1 : 1 com-
plexes) to SnCl,, BBr;, GaCls, AICl;, and AlBrj, the rate
usually increases by 1, 3, 4, 5, and 6 orders of magnitude,
respectively. In reactions with inverted electronic proper-
ties of the reactants, i.e., "an acceptor type diene and a
donor type dienophile," the coordination of these Lewis
acids to the diene also increases the reaction rate, al-
though in this case, the acceleration is much less pro-
nounced. 16,9192

The reason for the observed acceleration of the
Diels—Alder reaction on passing from dienophiles to their
n,v-complexes 13 (with AlICl;) and 14 (with GaCls) has
been studied.89 It was found®? that the energy of the maxi-
mum of the charge transfer band of the n,m-complexes
formed by hexamethylbenzene, a n-donor that does not
enter into the Diels—Alder reaction, and N-arylmale-
imides activated by the formation of the n,v-complexes
14a—d is much lower than that for the n,m-complex of
hexamethylbenzene with nonactivated N-arylmaleimides
15a—d (Table 3). For complexes with the same n-donor,
the difference between the charge transfer energy corre-
sponds to the difference between the electron affinities of

the m-acceptors.48:50
ol dowme, o= Y=o
N N

Ar Ar
13a—c: M = Al 15a—d
14a—d: M = Ga

Ar = p-Tol (a), Ph (b), p-BrCgH, (¢), p-O,NCgH, (d)

It can be seen from the data of Table 3 that the differ-
ences between the charge transfer energy (E; — E,) of the
n,m-complexes formed by hexamethylbenzene with pure
maleimides 15 and with activated maleimides 14a—d are
rather substantial (0.75—1.0 eV) and virtually coincide

Table 3. Energies of the n—n" transitions for N-(p-RC¢Hy)male-
imides 15a—d (£) and their complexes with GaCl; 14a—d (£,),
the energies of the absorption maxima for the m,n-complexes
formed by hexamethylbenzene with nonactivated (E3) and
activated maleimides (£;) and the enthalpies of formation
(AH/KkJ mol~!) of complexes of maleimides with GaCls in ben-
zene.%®

R E, E, Ey E, E—-E, E;—E, —AH

eV

Me 477 3.63 376 2.6l 1.14 1.15 57
H 479 374 3.68 264 1.05 1.04 55
Br 4.68 3.82 359 264 0.86 0.85 53
NO, 449 376 340 2.67 0.73 0.73 48

with the change in the m,n*-transition energy (E£; — E,) in
nonactivated 15a—d and activated 14a—d dienophiles.8?
This implies that the decrease in the energy level of the
vacant orbital in maleimides 15a—d upon their transition
into complexes 14a—d plays the crucial role in the ob-
served change in the m,m*-transition energy (£, — E5).
Comparison of the rate of the Diels—Alder reaction and
the charge transfer energy in the t,n-complexes formed by
hexamethylbenzene with a series of dienophiles showed3?
a common pattern of dependence for nonactivated and
activated maleimides, which is similar to the widely known
dependence found for a series of cyanoethylenes (Fig. 6).

The enthalpies of formation of n,v-complexes of a
Lewis acid with dienophiles and with adducts were found
to differ only slightly.85 This corresponds to a slight dif-

6 + logk,

2.5 3.0 3.5 4.0

ECT/eV

Fig. 6. Logarithm of the rate constants (k,/L mol~!'s~!) of the
Diels—Alder reactions of anthracene with a number of dieno-
philes vs. charge transfer energy (Ect) in their n-complexes with
hexamethylbenzene: (1) N-(p-tolyl)maleimide (15a), (2) N-phe-
nylmaleimide (15b), (3) N-(p-bromophenyl)maleimide (15¢),
(4) N-(p-nitrophenyl)maleimide (15d), (5—&) n,v-complexes
with GaCl; 14a—d, respectively, (9—11) n,v-complexes with
AICl; 13a—c, respectively; (12) tetracyanoethylene, (13) 1,1-di-
cyanoethylene, (/4) fumarodinitrile, (15) acrylonitrile.
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ference between the enthalpies of usual and Lewis acid-
catalyzed Diels—Alder reactions. With allowance for the
change in the electron affinity (£,) of dienophiles in cata-
Iytic processes, Eq. (3) predicts rather accurately the rate
of a catalyzed process. This enables deliberate selection of
the conditions for conducting the catalyzed reaction.
Thus, sharp acceleration of the Diels—Alder reaction in
the presence of Lewis acids is due to appreciable en-
hancement of the orbital interaction between the diene
and the activated dienophile. It is of interest that the
reaction rate for maleimide as the n,v-complex with GaCl,
and, especially, with AICl; is close to the reaction rate
observed for the most reactive dienophile, tetracyano-
ethylene (see Fig. 6).

The efficiency of the Diels—Alder reaction in the pres-
ence of Lewis acids can be clearly seen by examining the
rate of reaction of 9,10-dimethylanthracene, which is a -
donor, with the GaCl; complex formed by an extremely
inert dienophile, O,0-diethyl B-methoxycarbonylvinyl-
phosphonate (16).87

ﬁ)—'GaCl3
MeO\C ___P(OE),

Il
GaCl;+—0
16

AH (1: 1, P=0) = —90 kJ - mol~!
AH (2: 1, P=0, C=0) = —148 kJ - mol"!

Whereas the estimated time for 50% degree of conver-
sion in the absence of GaCl; at 25 °C is equal to 350 years,
the coordination of two GaCl; molecules to the P=0 and
C=0 groups increases the process rate by a factor of
1.9-107, the half-reaction time being less than 10 min.87

The enthalpies of formation of n,v-complexes were
determined by calorimetry.16:34,37,81,87—93 1t wag found!6
that the catalytic acceleration of the Diels—Alder reac-
tion In(k,/k,) is proportional (= 0.985) to the enthalpy
of formation of the molecular complex of dienophile with
the Lewis acid:

In(kgy/ky) = 0.19Hyc. (11)

Selection of an appropriate solvent is exceptionally
important for a catalyzed reaction. The presence of n-
donor additives leads to redistribution of the Lewis acid
due to its binding to not only the dienophile but also to
the competing n-donor. Thus it is possible to smoothly
modify the catalytic acceleration of the reaction in the
presence of Lewis acids from its maximum value to its
complete suppression.’?:81,94

The data of thermochemical measurements’® were
used to determine the changes in the enthalpy of solva-
tion of the n,v-complex in various solvents from the dif-
ference between the corresponding enthalpies of dissolu-

SHOMc/kJ molil

40
30
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8Hy*°V/kJ mol~! b

5
0%\././.\.____./.\.
=5

OH,

reag

SOlV/kJ mol~!
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\]_
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Fig. 7. Change in the enthalpy of solvation of the reactants
(N-phenylmaleimide and GaCl;) (a), n,v-complexes they
form (b), and the enthalpy of formation of this complex (c)
in chlorobenzene (1), benzene (2), toluene (3), dichloro-
methane (4), p-xylene (5), mesitylene (6), nitromethane (7),
and nitrobenzene (§).

tion of maleimides (8 Hyy*°") and GaCls (§Hg,cp3*°") and
the enthalpy of formation of the n,v-complex (AHy;c)
between them in the solution:

SHMCSOIV = AHOMc(Si) — AHOMC(SO) +
+ 8H Y + 8Hg,c, 12)

Despite the substantial differences between the en-
thalpy of dissolution and the enthalpy of formation of the
n,v-complexes in various solvents, the enthalpies of sol-
vation of the n,v-complex are close (Fig. 7).

3.2. Acceleration of the Diels—Alder reaction
in the presence of lithium perchlorate

A whole series of compounds (furan and cyclo-
pentadiene derivatives, vinyl ethers) cannot be activated
by Lewis acids as they tend to polymerize and/or undergo
resinification. Meanwhile, many reactions proceed much
faster in a 5M solution of lithium perchlorate in diethyl
ether,?5—9 and both the reactants and the products are
stable under these conditions. Note that this is often ac-
companied by a decrease in the reactant solubility (salt-
ing-out effect).
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A possible reason for acceleration of reactions in solu-
tions of LiClO4 might be activation of a reactant (usually
dienophile) through the formation of a complex involving
the heteroatom of the activating group in the dienophile
and the lithium cation. However, this assumption is at
variance with some data. Indeed, activation of the same
dienophile substantially accelerates some Diels—Alder
reactions (for example, between maleimides and cyclo-
pentadiene or furan) and virtually does not accelerate
other reactions (for example, between maleimides and
substituted anthracenes or isobenzofuran).?® Conversely,
in the presence of aluminum or gallium halides, the accel-
eration effects are rather persistent for most Diels—Alder
reactions. The acceleration observed in the presence of
GacCl; for a reaction carried out in acrylonitrile or ethyl
acrylate was found® to be 1.9-10% and 3.1-10%, respec-
tively, which virtually coincides with the acceleration in
an inert solvent. However, the addition of diethyl ether or
acetonitrile entails distribution of GaCl; between the
n-donors due to the competing formation of n,v-com-
plexes; consequently, the acceleration effect sharply de-
creases. This pattern of GaCl; distribution was confirmed
by the invariability of the calculated ratio of the equilib-
rium constants of n,v-complexes.?® A different type of
dependence is observed in the presence of lithium per-
chlorate. The addition of a competing #-donor (diehyl
ether) not only does not decrease the reaction rate but
even increases it, as has been found in the reaction of
cyclopentadiene with acrylonitrile.?® If the mechanism of
LiClO, activation was the same as with usual Lewis acids,
the effect of addition of n-donor solvents would also be
the same, at least, in its sign, which is not confirmed
experimentally. It is noteworthy that for reversible reac-
tions involving furan in the presence of LiClOy,, both rate
and equilibrium constants increase, while for reactions
with C, N-diphenylnitrone, these characteristics decrease
(Table 4).99

It was found that, unlike the usual salting-out effect of
lithium perchlorate observed for a polar compound in
diethyl ether, in the case of C,N-diphenylnitrone, the
solubility in this solvent was found to increase (salting-in
effect).?® Although the reasons for the influence of LiC10,4
solutions on the reaction rate and equilibrium are not
entirely clear, these solutions have found wide use in
organic synthesis.

Calorimetric determination of the enthalpies of disso-
lution of lithium perchlorate has shown199:101 that disso-
lution is exothermic in all solvents, the minimum heat
being observed for diethyl ether. Only for diethyl ether
and nitromethane, did the heat of dissolution of the salt
sharply change in the region of small concentrations. In
exactly these solvents, the rates of the Diels—Alder reac-
tion increased more appreciably in the region of small
concentrations of lithium perchlorate.101

Table 4. Rate constants (k) and equilibrium constants (K,) for
the reaction of furan with N-phenylmaleimide (reaction /),
C, N-diphenylnitrone with N-(4-bromophenyl)maleimide (reac-
tion /1), and C, N-diphenylnitrone with N-phenylmaleimide (re-
action /17) in solutions of lithium perchlorate at 25 °C in various
solvents®?

Reac- Solvent Criclo 4 ky K.

€
tion /mol L1 /L mol~!s! /L mgI*1
1 Et,O 0.00 (6.6%0.3) - 10-¢ 3.6+0.2
1 Et,O 0.05 (5.5£0.20)- 103 25.0%1.0
1 Et,O 4.00 (5.3£0.11)- 1073 118030
17 Et,O 0.00 (6.12£0.30)-10~3 4500200
17 Et,0 3.00 — 100£3
17 Me,CO 0.00 (2.41£0.10)- 1073 2200£160
11 Me,CO 1.00 (1.4740.10)- 1073 530x13
11 Me,CO 3.00 (5.80£0.25)- 10~* 310x18
11 Et,O 0.00 (5.30£0.30)- 103 913%13
17 Et,O 4.00 (5.90£0.25)- 10~ 303+6

Analysis of accumulated data on acceleration of the
Diels—Alder reaction in the presence of aluminum, gal-
lium, and boron halides made it possible to establish an
enhancement of the orbital interaction. Thus, these salts
are more favorable for conducting orbital-controlled pro-
cesses. In concentrated solutions of LiClO, in organic
solvents, the overall effect on the rates and equilibria of
various types of reaction is dictated by charge stabiliza-
tion and by the difference between salting-in and salting-
out of the reactants, products, and transition states.96—99

4. Diels—Alder reactions
at elevated pressure

Any cycloaddition reaction is accompanied by a de-
crease in the volume on passing from the reactants to the
activated complex and then to the products. The depen-
dence of the rate and equilibrium constants of the reac-
tion on the external pressure (p) is described by the re-
lations

_ G op)y _  AV*

(dInk/dp)y RT T (13)
3G, /9 %

(In K/ap), = —% = —%, (14)

where AV* and AV, are the activation and reaction vol-
umes, respectively. Thus it follows that the rates and equi-
librium constants increase when the process is carried out
under an elevated hydrostatic pressure.102,103

4.1. Reactions without a catalyst

Study of the effect of solvation on the change in the
molar volumes of the reactants, the activated complex,
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and the products is a key problem in elucidating the rea-
sons for the change in the rate and equilibrium positions
of the reactions under elevated pressure. The volume of a
dilute solution can be represented by the relation

V= VANA+ Vst + (V*S — Vs)nNA, (15)

where V), Vs, and V*g are the molar volumes of the sol-
ute, the free solvent, and the solvent in the solvation
shell; n is the number of the solvent molecules in the
solvation shell; N, and Ng are the numbers of moles of
the solute and the solvent, respectively. Thus it follows
that the partial molar volume of a substance (V,) in a
dilute solution is determined by the relation

AV/IN, = Vi + n(V¥g — V). (16)

In the absence of specific interactions in the solution
(V*g — V5 =0), the partial molar volume of the solute can
be calculated from the data on solution density and even
using an additive pattern with atom or bond increments.104
If the interaction of the solute with the medium is signifi-
cant, the additivity rule does not hold due to a large
contribution of the change of the volume of the solvent as
it passes to the solvation shell. In these cases, the calcu-
lated partial molar volumes are often negative.195 Evi-
dently, this problem is also faced for infinitely dilute so-
lutions.

Since separate experimental determination of the
n(V*g — Vg) and V), values is impossible, all the changes
of these values are attributed to the molar volume of the
solute (V). The experimental values of the activation or
reaction volume reflect the change in the volume of the
whole reacting system as it has reached the activated com-
plex or the reaction products. Therefore, the difference
between the partial molar volumes of the reactants and

the products corresponds to the true reaction volume.
The activation volume can be calculated only from the
dependence of the reaction rate constant on the external
pressure (Eq. (13)). The reaction volume can be deter-
mined from the dependence of the equilibrium constant
on the external pressure (Eq. (14)) and from the differ-
ence between the partial molar volumes of the products
and the reactants. This allows one to verify the presence
or absence of complications in determination of the vol-
ume parameters from the dependence of the equilibrium
constant on the external pressure.

A highly reactive n-acceptor dienophile, tetracyano-
ethylene, forms complexes with many solvents.30,71,106
The partial molar volumes of tetracyanoethylene deter-
mined from the density of dilute solutions are listed in
Table 5.107—111 Comparison of the presented data shows
that the changes in the enthalpy of solvation of tetra-
cyanoethylene in alkylbenzenes have qualitatively the
same effect on its partial molar volume, the enthalpy and
the free energy of formation of its m,t-complexes with the
solvent, and on the rate of the Diels—Alder reaction (see
Table 5).107-111

There exist a great deal of datal92:193 concerning the
influence of the elevated pressure on the rate of the for-
ward Diels—Alder reaction; however, no data on direct
measurements of the effect of the pressure on the process
equilibrium have been reported. Only direct spectropho-
tometric monitoring of the reaction in a high-pressure
celll12:113 can provide a complete cycle of independent
measurements of the influence of the pressure on the
reaction rate and equilibrium. The reversible reaction be-
tween 9-chloroanthracene (17) and tetracyanoethylene
(TCNE) (9) in 1,2-dichloroethane proved to be conve-
nient for such measurements (Scheme 5).

Table 5. Partial molar volumes of tetracyanoethylene (Vrcng), ionization potentials of the solvents (/P),
dissolution (AH,,) and solvation (AH,,) enthalpies, free energies (AG,) of the formation of tetra-
cyanoethylene complexes with alkylbenzenes, and rate constants (k,) for the Diels—Alder reaction of
tetracyanoethylene with anthracene at 25 °C in various solvents!07—111

Solvent P Viene AH —AH,, —AG, ky
/eV /cm? mol~! J mol-! /Lmol~1s!

Chlorobenzene 9.10 109.23 23.1 58.1 —0.65 1.82
Benzene 9.25 108.40 14.9 66.3 1.72 0.38
Toluene 8.82 104.56 9.7 71.5 3.24 0.13
0-Xylene 8.58 102.06 1.4 79.8 4.81 0.061
p-Xylene 8.48 101.46 0.0 81.2 5.04 —
Mesitylene 8.14 98.07 2.7 83.9 7.07 0.010
Acetonitrile 12.12 109.97 15.2 66.0 — 2.18
Ethyl acetate 9.54 112.09 9.2 72.0 — 0.24
Cyclohexanone 9.14 110.42 7.6 73.6 — 0.20
1,4-Dioxane 9.13 105.72 4.3 76.9 — 0.34
1,2-Dichloroethane  11.12 107.81 21.3 59.9 — 3.82
Dichloromethane 11.35 107.50 23.4 57.8 — 4.28
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Scheme 5
Cl
NC CN
) X =
NC CN
17 9
NC CN
NC CN
Cl
18

The volume of this reaction was determined!14—118 by
three independent methods. First, the volume V), equal
to —20.6+1.5 cm?® mol~!, was calculated from the effect
of pressure on the equilibrium constant. Second, the
reaction volume was determined from the difference
between the partial molar volumes of the adduct 18
(255.5 cm?® mol~!) and the reactants 17 and 9 (170.7 and
107.8 c¢cm? mol~!, respectively); this gave ¥, equal to
—23.242.0 cm?® mol~!. Finally, the difference between
the activation volumes for the forward (—28.5 cm3 mol~!)
and back (—6.5 cm? mol~!) reactions also provides a simi-
lar value for the reaction volume (—22.0+1.5 cm3 mol™}).
Thus, it can be concluded that the activation and reaction
volume parameters based on the effect of pressure on the
Diels—Alder reaction rate and equilibrium are correctly
defined by relations (13) and (14).

It is of interest that activation during decomposition
of adduct 18 is also accompanied by a decrease in volume.
This fact was explained!!8 by assuming that the decrease
in volume caused by flattening of the sterically branched
structure of the adduct after the transition state has been
reached is more pronounced than the volume increase
caused by loosening of two C—C bonds.

In the absence of strong specific interactions of the
reactants with the solvent, the solvent exerts an insignifi-
cant effect on the activation volume of the Diels—Alder
reaction.!0%:103 The contribution of the energy of specific
interactions of tetracyanoethylene with the solvent sharply
decreases on passing to the activated complex and, espe-
cially, to the adduct.11%111 Tt was shown for these reac-
tions that an increase in the process exothermicity in a
series of solvents entails an increase in the negative values
of the actvation and reaction volumes.!10-11L119 There_
fore, for the greatest and favorable change in the rate and
equilibrium of these reactions under conditions of high
pressure, the most inert solvent should be used.110

The substantial change in the activation volume for
reactions with a polar transition state in solvent differing
in polarity is usually due to different compressibility coef-

log(k/s~1)
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Fig. 8. Rate of thermal intramolecular Diels—Alder reaction
19 — 20 (see Scheme 6) vs. external pressure in methyl-
cyclohexane (/) and 2-methyl-2,4-dicyclohexylpentane (2).

ficients of the medium.192:103 However, with an increase
in pressure, the reaction rate can additionally change due
to the change in the solvent properties (for example, an
increase in the density, dielectric constant, and viscos-
ity). It was shown!16—118 that for reactions with polar or
ionic activated complexes, a pressure increase results in
an increase in the rate constant due to both the pAV*
contribution and the increase in the dielectric constant. It
is worth noting that after subtraction of the latter term,
the activation volume for these reactions depends only
slightly on the solvent properties.!16—118 Hijgher tempera-
ture and higher pressure usually entail opposite changes
in the properties of the medium. Therefore, the use of
elevated pressures is quite useful not only for practical
purposes but also for elucidating some theoretical as-
pects. For example, it was found!2? that the thermal in-
tramolecular Diels—Alder reaction 19 — 20 (Scheme 6)
carried out in a low-viscosity solvent is markedly acceler-
ated when the pressure is increased to 6 kbar, like other
reactions of this type.193 In a high-viscosity solvent
(Fig. 8), this type of dependence is observed only up to 3
kbar. The solvent viscosity is known to increase exponen-
tially with an increase in pressure.

Scheme 6

19

When the pressure and, hence, viscosity is further in-
creased, the reduced thermal fluctuations of solvent mol-
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Scheme 7
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ecules do not provide any longer the necessary activation
upon collision with reactant 19 (dynamic effect of the
solvent).120

A great deal of data on the activation and reaction
volumes for the Diels—Alder reaction have been accu-
mulated to date. It is noteworthy that these volume pa-
rameters are originated not only due to the change in the
intrinsic volumes of the reactants (change in the van der
Waals volume V, 4 ,,) on passing to the activated complex
or to the adduct, but also due to the change in the volume
of voids during the reaction in solution. The latter con-
tribution often exceeds in magnitude the change in
the van der Waals volume, which is rather constant
for the Diels—Alder reaction, being equal only to
—(8—10) cm3 mol=1.%10 The change in the volume of
intermolecular voids during the reaction is determined by
the difference between the packing coefficients (n =
V, 4w/ V) of the reactants, the activated complex, and the
reaction products. The change in the packing coefficients
during the reaction is usually higher for small reactant
molecules than for large molecules.?s1% For this reason,
the activation and reaction volumes are more negative for
reactions involving reactants with small molecules. Thus
for reactions of dienophiles with cyclopentadiene and
alkylbutadienes, the activation and reaction volumes
are —(35—40) cm3 mol~!, whereas for reactions with
anthracene derivatives, these parameters are only
—(20—25) cm?® mol~!. When the pressure increases, the
volume of the intermolecular voids decreases. For this
reason, the activation and reaction volumes also decrease
in magnitude with an increase in pressure. El 'yanov and
coworkers!21:122 gbtained valuable semiempirical relations
for determining the volume parameters of the reactions at
different temperatures and pressures, which allow one to
predict much more precisely the change in the rate and
the equilibrium for processes upon an increase in pres-
sure. All the foregoing should be taken into account in

interpreting the reaction mechanism using data on the
reaction and activation volumes?-10,110—124

Much experience has been accumulated in the suc-
cessful use of elevated pressures for the synthesis of a large
number of products difficult to prepare.125:126 A typical
example is the synthesis of cantharidin (21), a compound
actively used for treating benign tumors.126 The seem-
ingly simple route for its synthesis according to the
Diels—Alder reaction between furan and dimethylmaleic
anhydride (22) to give exo- (23) and endo-adducts (24)
(Scheme 7) followed by hydrogenation cannot be imple-
mented without using high pressure. The reason is that
the rate of formation of adducts 23 and 24 is exceptionally
low (ky ~ 10719 L mol~!s~! at 25 °C).?3 The traditional
ways of increasing the reactivity are inapplicable in this
case because at higher temperature, the equilibrium shifts
toward the reactants and because furan tends to polymer-
ize in the presence of Lewis acids. Due to the substantial
decrease in the real activation volume,!?2 the process ac-
celeration at a pressure of 40 kbar proved to be much
lower than predicted by relation (13) and product 21 was
obtained only in a low yield.126

A more convenient procedure for cantharidin synthe-
sis involves the Diels—Alder reaction between furan and
strained bicyclic dienophile 25 (see Scheme 7).* Here the
rate of the reaction between furan and anhydride 25 and
the stability of adducts 26 and 27 were suitable for conve-
nient synthesis of cantharidin 21 at lower pressures.126

4.2. Catalysis at elevated pressure

The conduction of catalyzed processes at elevated pres-
sures is of special interest. Since catalysts cannot influ-

* The strain of the double bond in bicyclic dienophiles of this
type sharply increases, which results in an enhanced ease of its
cleavage. For this reason, dianhydride of ethylenetetracarboxylic
acid cannot be isolated in a pure state, whereas its stable adducts
with a number of dienes are formed rather easily.127-128



308 Russ.Chem.Bull., Int.Ed., Vol. 52, No. 2, February, 2003

Konovalov and Kiselev

ence the reaction equilibrium, this combined action is
fairly desirable for slow reversible reactions.

The very high sensitivity of the rate of a catalytic reac-
tion to the change in the bond energy in the n,v-complex
(Eq. (11)) makes it the most convenient model for testing
the possible changes in the bond energy in this #,v-com-
plex at elevated pressures.

If the energy of dienophile bonding to the Lewis acid
increases with an increase in pressure, the increase in the
reaction rate will be due not only to the contribution of
PpAV#, as in the reaction without a Lewis acid, but to the
increase in the dienophile activity. It follows from rela-
tions (11) and (13) that, if the bond energy in the complex
increases by only 1.0 kJ mol~! at an external pressure of
1 kbar, the additional change in the rate of the catalyzed
reaction under pressure (Ink.,(p = 1000)/k.,(p = 1)) is
equivalent to an additional decrease in the activation vol-
ume (AV#) by 5 cm3 mol~!. By using modern barostats
with direct monitoring of the reaction rate under pres-
sure, one can determine the activation volume with an
error of not more than (1—2) cm? mol~!.103,112,113 The
results of these measurements allow one to draw conclu-
sions concerning the change or retention of the type of
bonds in the activated complex under elevated external
pressure.

Study of the rates of catalyzed reactions in n-donor
solvents (e.g., acetonitrile, diethyl ether) is faced with
problems in interpretation of the results due to catalyst
redistribution between the n-donor solvent and the
dienophile. Recently, it was shown% that the addition of
only 0.5% (v/v) of dibutyl ether to a solution of reactants
in 1,2-dichloroethane can suppress almost completely the
AlCl;-catalyzed Diels—Alder reaction between 9,10-di-
methylanthracene and maleic anhydride. This is due to
the fact that the catalyst is bound almost entirely into a
complex with the ether, which is a stronger n-donor.

Data on the influence of n- and n-donor solvents on
the properties of x- and v-acceptors have been reported.129

The data listed in Table 6 indicate that GaCl;, unlike
tetracyanoethylene, interacts much more efficiently with

Table 6. Partial molar volume (V') and heat of dissolution (AH,))
of GaCls and tetracyanoethylene (TCNE) in various solvents!2?

Solvent V/em3 mol~! AH . /kJ mol~!
GaCl, TCNE GaCl; TCNE
Benzene 74.8+0.1 108.4 9.6 15.1
Toluene 68.710.1 104.4 2.50 9.6
0-Xylene 67.1£0.1 102.2 —0.8 1.4
Mesitylene 64.8+0.4 98.1 7.1 -2.7
1,2-Dichloroethane 73.4£0.4 107.8 5.1 21.3
Ethyl acetate 60.7+0.3 112.8 —65.7 9.2
Acetonitrile 61.9£0.3 109.8 —71.1 15.1
1,4-Dioxane 61.5£0.5 106.1 —-74.0 4.2

n-donor than with n-donor solvents and reacts only slightly
with benzene, toluene, and 1,2-dichloroethane.

The effect of pressure on the rate of the catalyzed
Diels—Alder reaction between acrylonitrile and 9-methyl-
anthracene in the presence of GaCl; in toluene has also
been studied139—133 (Scheme 8). Due to substantial reac-
tion acceleration in the presence of GaCl; (when com-
plex 28 is the real dienophile), the contribution of the
noncatalyzed reaction between acrylonitrile and 9-methyl-
anthracene to give adduct 29 to the overall reaction rate
does not exceed 0.1%. The calculated activation volume
for the catalyzed reaction is —16.9%+1.0 cm?3 mol~!.130—133
The activation volume for the non-catalyzed reac-
tion of acrylonitrile with 9,10-dimethylanthracene is
—18.0%1.1 cm? mol~1.134

Scheme 8
CN

f + GaCl, — f
28

CN
-

900 *

Me CN—GaCl,
—r— I

Me

The equal activation volumes for the usual and cata-
lyzed processes imply!39—133 that an increase in the pres-
sure does not lead to bond strengthening in the #,v-com-
plex formed by dienophile and gallium chloride. The re-
sults show that in the transition state, the character of
bonds also does not change or changes only slightly upon
a pressure increase (at least, when the pressure increases
up to 1 kbar).

CN—GaCl,

* * *

The series of studies into the Diels—Alder reactions
identified the main factors that control the reactivity of
various diene—dienophile systems. Quantitative relation-
ships between the reaction rate and experimentally avail-
able characteristics of the above-mentioned factors were
established. This made it possible to elucidate the reasons
for many "abnormal features" in the Diels—Alder reac-
tion in the absence and in the presence of catalysts under
typical and atypical reaction conditions.
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