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Volume parameters of some Diels—Alder reactions
involving С=С, C=S, and N=N bonds*
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The effect of a hydrostatic pressure of up to 1000 kg cm–2 on the rate constants of the
Diels—Alder reactions of maleic anhydride with 1,2,3,4�tetraphenylcyclopentadiene and with
6,13�dichloropentacene, of 4�phenyl�1,2,4�triazoline�3,5�dione with hexachlorocyclo�
pentadiene, and of thiobenzophenone with isoprene was studied at 25 °С. The volume param�
eters and ratios of the activation to reaction volumes make it possible to exclude electrostriction
of the solvent during transition state solvation in all the reactions studied, which corresponds to
the nonpolar nature of the transition state.
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Elevated pressure facilitates substantially chemical pro�
cesses if the volume of the system decreases during the
reaction. The origin of a volume change is not the main
problem for practical purpose. However, the use of vol�
ume parameters of the reaction to refine the reaction
mechanism requires information on the contributions that
form these volume parameters. The factors that affect the
activation volume (∆V≠) and Diels—Alder reaction vol�
ume (∆V ) have been considered earlier.1—4 These volume
parameters can be determined from the dependence of
the rate (k) or equilibrium (K ) constant on the pres�
sure (p).

(∂lnk/∂p)T = –1/RT(∂G≠/∂p)T = –∆V≠/RT (1)

(∂lnK/∂p)T = –1/RT(∂G/∂p)T = –∆V/RT (2)

Real and imaginary changes in the volume parameters
should be distinguished. Real values of the volume pa�
rameters are caused by the general volume changes in the
system (addends, transition state, and solvents) and in�
clude changes of the intrinsic (van der Waals, ∆VW) vol�
umes due to the bond redistribution and changes in inter�
molecular volumes (∆Vsolv) in the solvate shell of the cor�
responding states (reactants, transition state, products).
The reaction volume values can be obtained both by
Eq. (2) and directly from the difference between partial
molar volumes (PMVs) of the products and reactants.
The activation volumes can be calculated only using the
dependence (1). If an elevated pressure can induce a
change in the properties of the system, which, in turn,

affects the free activation or reaction energy, then the
volume parameter values including the imaginary contri�
butions can be obtained from Eqs (1) and (2). With a
pressure increase, the rate (k) or equilibrium (K ) con�
stants can change due to the energy р•∆V≠ or р•∆V and
pressure�induced changes: in the dielectric constant of
the medium,3 concentration of active species in the cata�
lytic process,5 and viscosity of the medium to a level of
the diffusionally controlled rate of the process.4,6

Two new C—C bonds are consistently formed in a
nonpolar Diels—Alder reaction. However, the values of
the activation and reaction volumes can strongly differ
(from –15 to –40 cm3 mol–1), depending on the size and
structure of the reactants.7 The formation of the products
from the reactants with elevated packing coefficients
(η = VW/V ) was found8 to be usually accompanied by a
weak increase in this parameter, while an increase in the
packing coefficients on going to the adducts is much higher
in the reactions involving "loose" reactants. The observed
reaction volume (∆V) by more than a factor of 2 exceeds
the van der Waals reaction volume ∆VW due to an addi�
tional contribution caused by a change in the volume of
intermolecular cavities.1,2,7,8 This has recently been con�
firmed experimentally by a comparison of the volumes of
several Diels—Alder reactions in the solid phase and in
solutions.9 The intrinsic volume of the Diels—Alder reac�
tion determined by the difference in the van der Waals
volumes VW of the products and reactants is rather con�
stant (–8±2 cm mol–1) for all types of reactants. The
contribution of a change in the volume of intermolecular
cavities to the observed reaction volume ranges from –10
to –30 cm3 mol–1, i.e., up to 50—75% of the total volume
effect.1,2,8—10 It is clear that this tendency in changing the
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packing coefficients and volume parameters should also
be observed in reactions with the polar transition state.
However, the superimposition of the electrostriction of
the solvent and a high sensitivity of the rate of polar and
ionic processes to a pressure�induced change in the di�
electric constant of the medium considerably impedes
this analysis.

Results and Discussion

In this work, we determined the volume parameters of
four Diels—Alder reactions involving dienes and dieno�
philes of different nature (Scheme 1): π�donor dienes,
viz., 1,2,3,4�tetraphenylcyclopentadiene (1) and 6,13�di�
chloropentacene (4), with maleic anhydride (2); π�ac�
ceptor diene, viz., hexachlorocyclopentadiene (6), with

4�phenyl�1,2,4�triazoline�3,5�dione (7); and isoprene (9)
with thiobenzophenone (10). The data obtained make it
possible to monitor changes in the packing coefficients of
the addends and their effect on the activation and reac�
tion volumes and the influence of dienophiles with the
С=С, N=N, and C=S bonds on the volume parameters
in the Diels—Alder reaction.

Reaction of 1,2,3,4�tetraphenylcyclopentadiene (1) with
maleic anhydride (2). Tetraalkylcyclopentadienes usually
exist as a mixture of isomers of the C=C bond position
due to the easy 1,5�hydrogen shift.11 Substituents increas�
ing the conjugation energy facilitate an increase in the
fraction of more stable 1,2,3,4�substituted cyclopenta�
diene. Although the phenyl fragments in diene 1 are shifted
from the plane of the cyclopentadiene ring, it can be
assumed that its conjugation energy is much higher than
that in the unsubstituted cyclopentadiene. The equilib�
rium constant in the reaction of diene 1 with maleic an�
hydride is higher and, hence, more difficult for determi�
nation. The reaction with the more conjugated dienophile,
viz., tetracyanoethylene, in 1,2�dichloroethane at 25 °С
is rather fast (k2 = 96±5 L mol–1 s–1) and equilibrium
(Keq = 2140±100 L mol–1). The enthalpy of the reaction
of tetracyanoethylene with diene 1 in 1,2�dichloroethane
was determined by calorimetric measurements and equals
–57.8±0.7 kJ mol–1. The calculated entropy of the reac�
tion (–130 J mol–1 K–1) is typical of the Diels—Alder
reaction. It seems useful to compare the rate constants
(k2/L mol–1 s–1), equilibrium constants (Keq/L mol–1),
and enthalpies (∆H/kJ mol–1) in the Diels—Alder reac�
tions of tetracyanoethylene with several dienes under these
conditions (25 °С, 1,2�dichloroethane).

Diene k2 Keq ∆H

Cyclopentadiene12 5•103 ≥1012 –113
1,2,3,4�Tetraphenylcyclopentadiene 96 2.1•103 –58
Hexachlorocyclopentadiene12 — ~4 –42
Isoprene12 0.074 ≥1020 –166

For the reaction of 1,2,3,4�tetraphenylcyclopenta�
diene with maleic anhydride, the equilibrium constant
can be estimated as 3•106 L mol–1, based on the reaction
enthalpy12 –76 kJ mol–1 and with allowance for the reac�
tion entropy –130 J mol–1 K–1. The resulting data on the
pressure effect on the rate of the reaction of diene 1 with
maleic anhydride are given in Table 1.

The dependence of the reaction rate on the external
pressure is described (Fig. 1) by the linear equation (3)
(r = 0.9981; n = 6).

lnk2 = (–8.27±0.02) + (1.02±0.01)•10–3р (3)

An additional increase in the reaction rate under an
elevated pressure due to an increase in the concentrations
in the compressed solvent results in an overestimation (by

Scheme 1
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modulus) of the experimental value of the activation vol�
ume (–25.8±0.3 cm3 mol–1) by a value of ∆n•βRT

∆V≠
corr = ∆V≠

exp + ∆n•βRT, (4)

where ∆n = –1 is the change in the number of moles
during the reaction; β = –7.9•10–5 bar–1 is the com�
pressibility coefficient of 1,2�dichloroethane;13 R =
84.78 cm3 kg cm–2 K–1 mol–1; T/K is temperature. The
corrected activation volume in the reaction between reac�
tants 1 and 2 is –23.8±0.3 cm3 mol–1. In the calculation
of the reaction volume from the difference between
the PMVs of the products and reactants, all errors
are summated, which can result in an uncertainty of
±(2—3) cm3 mol–1 for the reactions involving large�vol�
ume molecules. The kinetic method for determination of
the reaction volume by a change in the density of the
solution of the reactants needs no data on the PMVs and,
therefore, is more exact. The volume of the solution of
the reactants can be presented by Eqs (5) and (6)

Vt = VS + (CA
0 – CP)VA +

+ (CB
0 – CP)VB + CPVP, (5)

Vt = [VS + (CA
0VA + CB

0VB)] +
+ CP(VP – VA – VB) = Vt=0 + CP∆V, (6)

where Vt=0 and Vt are the initial and current volumes of
the solution of the reactants at the moment t; VS is the
solvent volume; VA, VB, and VP are the partial molar
volumes of the reactants (А and В) and product (P); CA

0,
CB

0, and CP are the initial molar concentrations of the
reactants and the concentration of the reaction product at
the moment t; ∆V is the reaction volume.

Dilatometric measurements of volume changes in time
(Eq. (6)) usually need comparatively large volumes of
concentrated solutions. To analyze the density data for
the reaction in the resonating tube of a precision densim�
eter, it seems more convenient to transform Eq. (6)
into (7).

1/dt = 1/dt=0 + CP∆V/1000dt=0 (7)

The reaction volume determined from the difference
of the PMVs of adduct 3 (372.2±1.0 cm3 mol–1), diene 1
(334.8±0.8 cm3 mol–1), and dienophile 2 (72.0±0.1
cm3 mol–1) is –34.6±1.9 cm3 mol–1. Well reproducible
results of the reaction volume with an average value of
–32.9±0.3 cm3 mol–1 were obtained in three series of
measurements of the density of solutions of the reactants
in time (Fig. 2).

The coefficient θ (θ = ∆V≠
corr/∆V = –23.8/–32.9 =

0.72) allows one to believe that the transition state vol�

Table 1. Effect of the pressure (р) on the rate constant (k2) of the
Diels—Alder reaction of 1,2,3,4�tetraphenylcyclopentadiene (1)
with maleic anhydride (2) in 1,2�dichloroethane at 25 °С

р/kg cm–2 k2•104/L mol–1 s–1 –lnk2

1 2.61 8.25
300 3.39 7.99
350 3.56 7.94
490 4.35 7.74
850 6.17 7.39
1005 7.24 7.23

Fig. 2. Anamorphoses of the density of a solution of reactants 1
and 2 during the formation of adduct 3 in 1,2�dichloroethane at
25 °С in measurement series 1—3:

Se� C1
0 C2

0 r sd•106 n ∆V
ries

mol L–1 /cm3 mol–1

1 0.01867 0.2116 0.9994 2.6 42 –32.8±0.2
2 0.01826 0.2128 0.9980 4.4 27 –32.9±0.4
3 0.01846 0.2198 0.9993 2.9 44 –33.1±0.2

1/dt

0.80175

0.80165

0.80155

0.80145

0.002 0.006 C/mol L–1

1

2

3

Fig. 1. Plot of lnk vs. external pressure (р) for the Diels—Alder
reaction of 1,2,3,4�tetraphenylcyclopentadiene (1) with maleic
anhydride (2) in 1,2�dichloroethane at 25 °C.
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ume (383 cm3 mol–1) is closer to the volume of the reac�
tion product 3 (372 cm3 mol–1) than to that of the reac�
tants (407 cm3 mol–1). It should be mentioned that the
further decrease in the volume of the system, when the
transition state moves to the reaction products, is mainly
caused by a decrease in the intermolecular cavities. Simi�
lar volume parameters were obtained14 for the reaction of
1,2,3,4�tetrachlorocyclopentadiene with methyl acrylate
in 1�chlorobutane at 40 °С (θ = –24.6/–33.2 = 0.74).

Reaction of 6,13�dichloropentacene (4) with maleic an�
hydride (2). The solubility of diene 4 in chlorobenzene at
25 °С is higher (~5•10–4 mol L–1) than in 1,2�dichloro�
ethane and toluene and is sufficient for monitoring the
reaction rate by a change in the diene absorption. The
data on the pressure effect on this reaction rate are pre�
sented in Table 2.

The dependence of the reaction rate on the exter�
nal pressure (Fig. 3) is described by Eq. (8)
(r = 0.9955; n = 13).

lnk2 = (–5.993±0.013) + (8.872±0.067)•10–4р (8)

The experimental value of the activation volume
(–22.4±0.2 cm3 mol–1) with the correction for a con�
centration increase with the pressure growth (βRT =
1.9 cm3 mol–1, for chlorobenzene13 β = –7.45•10–5 bar–1)
results in the activation volume in the reaction between
reactants 4 and 2 equal to –20.5±0.2 cm3 mol–1. A similar
activation volume (–22.7 + 2.5 = –20.2±0.2 cm3 mol–1)
has been obtained previously15 for the Diels—Alder reac�
tion between maleic anhydride and 9,10�dimethylanthra�
cene in acetonitrile at 25 °С. The volume of the reaction
between reactants 4 and 2 was not determined because of
the low solubility of diene 4. The ratio of the activation
and reaction volumes for the reaction of dienophile 2 with
9,10�dimethylanthracene (θ = –20.2/–23.6 = 0.856) cor�

responds to the Diels—Alder reaction with the nonpolar
transition state.15 Note that the absolute values of the
volume parameters of the Diels—Alder reaction of dieno�
phile 2 with "loose" alkylbutadienes are almost twofold
higher (–35—–45 cm3 mol–1).14

Reaction of hexachlorocyclopentadiene (6) with 4�phe�
nyl�1,2,4�triazoline�3,5�dione (7). It is known that hexa�
chlorocyclopentadiene (6) is a π�acceptor diene and,
hence, is more reactive in the reactions with π�donor
dienophiles.16 The rates of the most part of the earlier
studied Diels—Alder reactions of diene 6 with acyclic and
cyclic dienophiles are rather low. Therefore, the activa�
tion volumes were calculated from the data obtained at
elevated temperatures (50—100 °С), whereas the reaction
volumes were determined14,17,18 at 25 °С. The rate con�
stant and enthalpy for the reaction between reactants 6
and 2 12 at 25 °С are 1.1•10–8 L mol–1 s–1 and
–58 kJ mol–1, and for reactants 6 and 7 12,16 they are
1.84•10–3 L mol–1 s–1 and –77 kJ mol–1, respectively.
For comparison, these parameters at 25 °С in the reaction
of cyclopentadiene with dienophile 2 12 are equal to
9.1•10–2 L mol–1 s–1 and –129 kJ mol–1, and those in
the reaction with dienophile 7 12,16 are 2.0•104 L mol–1 s–1

and –148 kJ mol–1, respectively. It follows12 from
the difference in the enthalpies of the reactions of sev�
eral dienes with the common nucleophile that the con�
jugation energy in hexachlorocyclopentadiene is by
71 kJ mol–1 higher than that in cyclopentadiene and by
14 kJ mol–1 higher than that in 1,2,3,4�tetraphenylcyclo�
pentadiene.

The data obtained for the pressure effect on the reac�
tion rate of reactants 6 and 7 are given in Table 3.

The dependence of the reaction rate on the external
pressure (Fig. 4) is described by Eq. (9) (r = 0.9964; n = 9)

lnk2 = (–6.29±0.02) + (1.04±0.01)•10–3р. (9)

Table 2. Effect of the pressure (р) on the rate constant (k2) of the
Diels—Alder reaction of 6,13�dichloropentacene (4) with ma�
leic anhydride (2) in chlorobenzene at 25 °С

р/kg cm–2 k2•103/L mol–1 s–1 –lnk2

1 2.57 5.964
170 2.86 5.857
185 2.91 5.839
250 3.04 5.796
275 3.22 5.738
400 3.52 5.649
470 3.63 5.619
515 4.07 5.504
640 4.40 5.426
640 4.53 5.397
680 4.65 5.371
820 5.14 5.271
900 5.46 5.210

Fig. 3. Plot of lnk vs. external pressure (р) for the Diels—Alder
reaction of 6,13�dichloropentacene (4) with maleic anhydride (2)
in chlorobenzene at 25 °С.
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The activation volume corrected by the βRT value for
the reaction between reactants 6 and 7 is –24.2±0.3
cm3 mol–1.

The reaction volume determined from the difference
between the PMVs of adduct 8 (271.5±1.5 cm3 mol–1),
diene 6 (162.1±0.5 cm3 mol–1), and dienophile 7
(131.5±0.5 cm3 mol–1), which is equal to –22.1±2.5
cm3 mol–1, is inferior in accuracy to the value determined
from the dependence of the density of a solution of the
reaction mixture on the concentration of the adduct that
formed (Eq. (7)). The reaction volumes were calculated
using these measurements (Fig. 5).

Based on the obtained values of the reaction volume
∆V, we calculated the ratio of the volume parameters
(θ = ∆V≠

./∆V ) as equal to 0.964.
Two chlorine atoms at the C(5) atom in hexachloro�

cyclopentadiene (6) prevent a dienophile from approach�
ing at the both sides of the diene. We have found19 a
similar effect in the Diels—Alder reaction involving

hexamethylcyclopentadiene. This hindrance is absent in
1,2,3,4�tetraphenylcyclopentadiene (1). The activation
volumes in the reactions between reactants 1 and 2
(–23.8 cm3 mol–1) and 6 and 7 (–24.2 cm3 mol–1) are
commensurable. However, the substantial difference
between the volumes of these reactions (–32.9 and
–25.1 cm3 mol–1), which considerably exceeds measure�
ment errors, corresponds to a significantly loosened mo�
lar volume of adduct 8, probably, due to steric loads caused
by the geminal chlorine atoms at the C(5) atom.

Reaction of isoprene (9) with thiobenzophenone (10).
The reaction was studied in toluene at 25 °С. The reactiv�
ity of the C=S bond in dienophile 10 and the stability of
its adducts are much lower than those in the case of the
N=N bond in dienophile 7. Taking into account the asym�
metry of the C=S bond, we can assume some asynchro�
nous character for bond formation in the transition state
of the reaction. This asymmetry should be manifested in
the electrostriction of the solvent and an elevated (by
modulus) activation volume, which can be checked ex�
perimentally. The data on the pressure effect on the
Diels—Alder reaction rate between reactants 9 and 10 are
presented in Table 4.

The dependence of the reaction rate on the external
pressure (Fig. 6) is described by the linear equation (10)
(r = 0.9921; n = 9)

lnk2 = (–9.289±0.027) + (1.050±0.051)•10–4р. (10)

The experimental activation volume (–26.5±1.2
cm3 mol–1) with allowance for the solvent compres�
sion (the β coefficient for toluene is equal13 to
–8.96•10–5 bar–1) gives a corrected activation volume in

Table 3. Effect of the pressure (р) on the rate constant (k2) of the
Diels—Alder reaction of hexachlorocyclopentadiene (6) with
4�phenyl�1,2,4�triazoline�3,5�dione (7) in 1,2�dichloroethane
at 25 °С

р/kg cm–2 k2•103/L mol–1 s–1 –lnk2

1 1.84 6.30
320 2.55 5.97
410 2.74 5.90
490 3.09 5.78
590 3.51 5.65
705 4.02 5.52
810 4.35 5.44
910 4.58 5.39
950 4.87 5.32

Fig. 4. Plot of lnk vs. external pressure (р) for the Diels—Alder
reaction of hexachlorocyclopentadiene (6) with 4�phenyl�1,2,4�
triazoline�3,5�dione (7) in 1,2�dichloroethane at 25 °С.
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Fig. 5. Anamorphoses of the density of a solution of reactants 6
and 7 during the formation of adduct 8 in 1,2�dichloroethane at
25 °С in measurement series 1 and 2:

Se� C6
0 C7

0 r sd•106 n ∆V
ries

mol L–1 /cm3 mol–1

1 0.1633 0.01838 0.9997 2.1 28 –25.0±0.1
2 0.1681 0.01360 0.9993 2.0 32 –25.2±0.2

1/dt

0.7952

0.7951

0.7950

0.7949

0.7948

0.7947

0.004 0.008 0.012 C/mol L–1

1

2
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the reaction between reactants 9 and 10 of –24.3±1.2
cm3 mol–1. The volume of this reaction determined from
the kinetic dependence (Fig. 7) is –33.2±0.2 cm3 mol–1.
The reaction volume was also calculated from the data on
the density of the reaction mixture obtained at the mo�
ment of mixing the reactants and after the reaction was
completed, being –33.8 cm3 mol–1.

*                 *                 *

It has previously been shown2,8 that the activation
volume for the Diels—Alder reaction with consistent bond
formation in the cyclic transition state should be by ap�
proximately 15 cm3 mol–1 more negative than that of the
radical process of successive bond formation (two�step
mechanism). The activation volumes obtained in this work
for all the four studied Diels—Alder reactions involving
С=С, N=N, and C=S bonds of dienophiles with π�donor
(1, 4, 9) and π�acceptor (6) dienes are almost equal
(Table 5). No correlation is observed, on the one hand,

between changes in the reactivity of the studied series of
reactants and the stability of their adducts and, on the
other hand, changes in the activation volumes and the
reaction volumes. This corresponds to the fact that the
energy and volume profiles are formed under the influ�
ence of different factors. Even great differences in the
energy of orbital interaction of reacting atoms do not

Table 4. Effect of the pressure (р) on the rate constant (k2) of the
Diels—Alder reaction of isoprene (9) with thiobenzophenone
(10) in toluene at 25 °С

р/kg cm–2 k2•104/L mol–1 s–1 –lnk2

1 0.932 9.28
160 1.10 9.11
285 1.24 8.99
320 1.22 9.01
510 1.49 8.81
535 1.73 8.66
605 1.78 8.63
770 2.11 8.46
980 2.51 8.29

Fig. 6. Plot of lnk vs. external pressure (р) for the Diels—Alder
reaction of thiobenzophenone (10) with isoprene (9) in toluene
at 25 °С.
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Table 5. Intrinsic (VW) and partial molar volumes (V ) of com�
pounds, their packing coefficients (η = VW/V ), and activation
(∆V≠) and reaction volumes (∆VW, ∆V) at 25 °С

Com� VW V η ∆VW
a ∆V≠/∆V

pound
cm3 mol–1 /cm3 mol–1

1b 227.3 334.8 0.679 –6.6 –23.8/–32.9 = 0.72
2b 48.4 72.0 0.672 –6.6
3b 269.1 372.2 0.723 –6.6
6b 101.1 162.1 0.624 –6.8 –24.2/–25.1 = 0.96
7b 90.0 131.5 0.684 –6.8
8b 184.3 272.5 0.676 –6.8
9c 52.9 100.3 0.528 –6.8 –24.3/–33.5 = 0.73
10c 116.9 — — –6.8
11c 163.0 — — –6.8
2d 48.4 70.4 0.687 –8.3 –20.2/–23.6 = 0.86
12d 129.6 187.2 0.692 –8.3
13d 169.7 232.2 0.731 –8.3

а The ∆VW value for the reaction 2 + 4 → 5: 223.8 – (48.4 +
183.8) = –8.4 cm3 mol–1.
b In 1,2�dichloroethane.
c In toluene.
d The data15 for the reaction of maleic anhydride (2) with 9,10�di�
methylanthracene (12) with formation of cycloadduct 13 in ac�
etonitrile. The volume of this reaction calculated by the differ�
ence between the PMVs is –25.4±2.5 cm3 mol–1, and that cal�
culated from a change in the solution density in time is
–23.6±0.16 cm3 mol–1.15

Fig. 7. Anamorphosis of the density of a solution of reactants 9,
10 during the formation of adduct 11 in toluene at 25 °С, С10

0 =
0.1099 mol L–1, С9

0 = 2.4164 mol L–1, r = 0.9999, sd = 1.1•10–6,
n = 38, ∆V = –33.2±0.1 cm3 mol–1.

1/dt

1.229

1.228

1.227

1.226

1.225

0 0.04 0.08 C/mol L–1
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determine volume changes in the reaction. This agrees
completely with the conclusion2 that the increase in the
absolute value of the activation volume over the reaction
volume (θ = ∆V≠/∆V > 1) cannot be explained by the
energy of interaction of secondary orbitals. The van der
Waals reaction volumes reflecting the change in the sys�
tem volume upon the formation of new bonds are almost
the same for all reactions (see Table 5) and do not exceed
27% of the reaction volume. A great difference in the
volume parameters is caused by different changes in the
packing coefficients (η = VW/V ) during the reaction. It
should be assumed that the molar volume of the transition
state can be smaller than the molar volume of the adduct
(θ = ∆V≠/∆V > 1) despite partial bond formation only
because of a more compact parallel arrangement of the
molecules. This is confirmed by examples of negative ac�
tivation volumes for the reactions of adduct decomposi�
tion.3,18 Note that a more exact determination of the
volume parameters (the same temperature, solvent, in�
troduction of corrections for compressibility, kinetic
method of determination of the reaction volume) de�
creases considerably the number of these examples (θ > 1)
but does not exclude them completely.

Based on the obtained values of the volume param�
eters, we cannot assume that the mechanism of the Diels—
Alder reaction involving the N=N and C=S bonds differs
from the concert mechanism in the Diels—Alder reaction
involving the С=С bonds.

Experimental

Reagents and solvents. Hexachlorocyclopentadiene (Aldrich)
was purified by distillation in vacuo(118 °С (2 kPa),
nD

20 = 1.5660; cf. Ref. 20: nD
20 = 1.5652). 1,2,3,4�Tetra�

phenylcyclopentadiene (Aldrich) was recrystallized from a ben�
zene—ethanol (1 : 4) mixture, m.p. 178—179 °С (cf. Ref. 21:
m.p. 178 °С). 6,13�Dichloropentacene (m.p. 297—300 °С;
cf. Ref. 22: m.p. 300 °С) was used without additional purifica�
tion. 4�Phenyl�1,2,4�triazoline�3,5�dione (7) was synthesized
by a known method23 and purified by sublimation at 100 °С
(20 Pa), m.p. 180 °С (decomp.) (cf. Ref. 23: m.p. 180 °С). The
spectral purity of dienophile 7 was checked from the absence of
the final absorption of its solution after the end of the reaction
with excess trans,trans�1,4�diphenylbutadiene and from the ab�
sorption coefficient of sublimed dienophile 7 (186.2 at 527 nm,
dioxane, 25 °С). Thiobenzophenone (10) was synthesized by a
known method24 and purified by distillation in vacuo at 100 Pa,
m.p. 51—53 °С (cf. Ref. 24: m.p. 53 °С). Maleic anhydride was
distilled and additionally purified by recrystallization from a
benzene—hexane (1 : 6) mixture. Solvents were purified accord�
ing to known procedures.25

Kinetic measurements. The reaction rates of formation of
adduct 3 were monitored by a change in the absorption (SF�46
and Specord UV—VIS spectrometers) of diene 1 at 400—420 nm,
C0 (1—3)•10–3 mol L–1; adduct 5, from a change in the absorp�
tion of diene 4 at 565—570 nm, C0 (1—2)•10–4 mol L–1; ad�
duct 8, from a change in the absorption of dienophile 7 at

565—585 nm, C0 (1—2)•10–2 mol L–1; and adduct 11, from a
change in the absorption of dienophile 10 at 620—660 nm,
C0 (1.0—1.5)•10–2 mol L–1. The other components of the reac�
tions were transparent in these spectral regions.

Kinetic measurements under an elevated pressure were car�
ried out in a high�pressure temperature�controlled optical cell
placed in the cell compartment of a Specord UV—VIS spectro�
photometer. In all measurements, more than a 20�fold excess of
an optically transparent reactant was used. Isooctane was used
as the pressure�transmitting medium. The apparatus and proce�
dure for measuring reaction rates at an elevated pressure have
been described earlier.3

Apparent molar volumes (ϕA) of the compounds in a solu�
tion were calculated using the equation (11)

ϕA = 1000(d0 – d)/mA•d•d0 + MA/d, (11)

where mA is the molality of the solution, d and d0 are the densi�
ties of the solution and solvent, and MA is the molar weight of
the solute.

It is more reliable to determine the partial molar volume
(VA) from the concentration dependence. For this purpose,
Eq. (11) was transformed into (12).

(1000 + mAMA)/d = VAmA + 1000/d0 (12)

The angular coefficient of the dependence of (1000 + mAMA)/d
on mA is equal to VA.

The order of operation of a DMA�602 precision densimeter
has been described previously.3 The temperature of the resonat�
ing tube was maintained with deviations of ±2•10–3 °С.

The data on the change in the density of solutions of the
reactants with the conversion at least 50% were used for the
kinetic method of calculation of the reaction volumes (Eq. (7)).
The experimental plots are presented in Figs 2, 5, and 7. In
several cases, it was more convenient to determine the reaction
volumes from the data on a change in the density of the reaction
mixture at the completion of the process. Here only the data on
the concentration of the reactant taken in deficiency are addi�
tionally needed. The change in the density of a solution of the
reactants was determined in an interval of 20—30 min and ex�
trapolated to the moment of preparation of the solution. Then
this solution of the reactants was left in the tube of a densimeter
until the reaction was completely ceased. In parallel, the initial
solution of the reactants in a sealed vessel was stored to the
completion of the reaction (≥99%, UV monitoring), and then its
density was determined. A good correspondence of the reaction
volumes indicates the absence of side processes. The kinetic
method (Eq. (7)) makes it possible to determine the reaction
volume with a considerably smaller error.

The equilibrium constant of the reaction between diene 1
and tetracyanoethylene (К = 2140 L mol–1) was calculated from
the data on the absorption of diene 1 before the reaction and
after equilibration in 1,2�dichloroethane at 25 °С. The initial
concentration of diene 1 was equal to (3.5—5.5)•10–4 mol L–1,
and that of tetracyanoethylene was (2—10)•10–3 mol L–1. The
change in the absorption of diene 1 at 390—400 nm was 70—80%.
The enthalpy of the reaction between these reactants in 1,2�di�
chloroethane at 25 °С was calculated from the data on the
thermal effect of the reaction (–27.2±0.7 kJ mol–1) for the mix�
ing of a weighed sample of crystals of diene 1 with a solution of
tetracyanoethylene (0.021 mol L–1) in 1,2�dichloroethane
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(153 mL) in the calorimeter cell and the heat of dissolution
(30.6±0.5 kJ mol–1) of crystalline diene 1 in 1,2�dichloroethane.

The authors thank A. A. Zharov (N. D. Zelinsky Insti�
tute of Organic Chemistry, Russian Academy of Sciences)
for help in producing barostats.

This work was financially supported by the Russian
Foundation for Basic Research (Project Nos 02�03�32945
and 05�03�32583), the USA Civil Research and Develop�
ment Foundation (CRDF, Grant REC�007), and the
Ministry of Education and Science of the Russian Fed�
eration.

References

1. K. A. Swiss and R. A. Firestone, J. Phys. Chem. A, 1999,
103, 5369.

2. F.�G. Klarner and M. K. Diedrich, in The Chemistry of
Dienes and Polyenes, Wiley, New York, 1997, 547.

3. V. D. Kiselev, E. A. Kashaeva, and A. I. Konovalov, Tetra�
hedron, 1999, 55, 1153.

4. V. D. Kiselev, E. A. Kashaeva, M. S. Shikhab, L. N.
Potapova, and G. G. Iskhakova, Izv. Akad. Nauk, Ser. Khim.,
2004, 45 [Russ. Chem. Bull., Int. Ed., 2004, 53, 45].

5. S. D. Hamann, in Organic High Pressure Chemistry,
Ed. W. J. le Noble, Elsevier, Amsterdam—Oxford—New
York—Tokyo, 1988, 50.

6. T. Asano, H. Furika, and H. Sumi, J. Am. Chem. Soc., 1994,
116, 5545.

7. A. I. Konovalov and V. D. Kiselev, Izv. Akad. Nauk, Ser.
Khim., 2003, 279 [Russ. Chem. Bull., Int. Ed., 2003, 52, 293].

8. V. D. Kiselev, E. A. Kashaeva, L. N. Potapova, M. S.
Shikhab, and A. I. Konovalov, Zh. Obshch. Khim., 2004, 74,
1674 [Russ. J. Gen. Chem., 2004, 74 (Engl. Transl.)].

9. V. D. Kiselev, G. G. Iskhakova, E. A. Kashaeva, L. N.
Potapova, and A. I. Konovalov, Izv. Akad. Nauk, Ser. Khim.,
2004, 2386 [Russ. Chem. Bull., Int. Ed., 2004, 53, 2490].

10. V. D. Kiselev, A. I. Konovalov, T. Asano, G. G. Iskhakova,
E. A. Kashaeva, M. S. Shihaab, and M. D. Medvedeva,
J. Phys. Org. Chem., 2001, 14, 636.

11. V. A. Mironov, E. V. Sobolev, and A. N. Elizarova, Tetra�
hedron, 1963, 19, 1939.

12. V. D. Kiselev and A. I. Konovalov, Usp. Khim., 1989, 58, 383
[Russ. Chem. Rev., 1989, 58 (Engl. Transl.)].

13. N. S. Isaacs, Liquid Phase High Pressure Chemistry,
Wiley—Interscience, Chichester—New York—Brisbane—
Toronto, 1981, 414 pp.

14. T. Asano and W. J. le Noble, Chem. Rev., 1978, 78, 408.
15. V. D. Kiselev, G. G. Iskhakova, E. A. Kashaeva, M. S.

Shikhab, M. D. Medvedeva, and A. I. Konovalov,
Zh. Obshch. Khim., 2003, 73, 1992 [Russ. J. Gen. Chem.,
2003, 73 (Engl. Transl.)].

16. J. Sauer and H. M. Schuhbauer, Liebigs Ann. Chem. Recl,
1997, 1739.

17. R. Van Eldik, T. Asano, and W. J. le Noble, Chem. Rev.,
1989, 89, 549.

18. G. Jenner, in Organic High Pressure Chemistry,
Ed. W. le Noble, Elsevier, Amsterdam—Oxford—New
York—Tokyo, 1988, 143.

19. V. D. Kiselev, A. G. Sakhabutdinov, I. M. Shakirov, and
A. I. Konovalov, Zh. Org. Khim., 1991, 27, 1641 [J. Org.
Chem. USSR, 1991, 27 (Engl. Transl.)].

20. J. Kovacs and C. S. Marvel, J. Polym. Sci., 1967, 5�A�1, 1279.
21. H. Carpenter, Liebigs Ann., 1898, 223.
22. E. Clar, Ber. Deutsch. Chem. Ges., 1932, 65, 503.
23. M. E. Burrage, R. C. Cookson, S. S. Gupte, and J. D. R.

Stevens, J. Chem. Soc., Perkin Trans. 2, 1975, 1325.
24. B. S. Pedersen, S. Scheibye, N. H. Nilsson, and S.�O.

Lawesson, Bull. Soc. Chim. Belg., 1978, 87, 223.
25. A. Weissberger, E. S. Proskauer, J. A. Riddick, and E. E.

Toops, Jr., Organic Solvents, Interscience Publishers, New
York—London, 1955.

Received February 15, 2005;
in revised form June 6, 2005



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
  ]
  /NeverEmbed [ true
    /Helvetica
    /Times-Roman
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


