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Quantum chemical study of the mechanism of catalytic
[2+2+2] cycloaddition of acrylic acid esters

to norbornadiene in the presence of nickel(0) complexes*
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The mechanism of the [2+2+2] cycloaddition of ethyl acrylate to norbornadiene (NBD)
catalyzed by Ni0 complexes was modeled in terms of the density functional theory (DFT) at the
PBE level. The formation of the first C—C bond between the coordinated NBD and ethyl
acrylate molecules is the rate�determining step of the process. The low stereoselectivity of the
reaction is due to the close matching of the activation barriers for the formation of exo� and
endo�cycloadducts (25.6 and 24.9 kcal mol–1, respectively).
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Catalytic processes involving bicyclo[2.2.1]hepta�2,5�
diene or norbornadiene (NBD) offer exceptional possibil�
ities for the synthesis of difficult to obtain polycyclic com�
pounds1 with unique properties (high density, high specif�
ic heat of combustion, and so on). Polycyclic compounds
based on NBD hold promise as motor fuel additives,2,3 as
well as for the modification of rubbers.

Due to specific features of the molecular structure of
NBD, its cycloaddition reactions have limitless possibili�
ties for studying and achieving different directions and

levels of isomerization. Complexes of Ni0 catalyze various
reactions involving NBD, in particular, its cycloaddition
to activated olefins. The coordination mode of NBD and
olefin molecules to the Ni atom, as well as the composi�
tion and structures of the key intermediates, determine the
stereochemistry and the ratio of the reaction products.

The reaction of NBD with acrylic acid esters has a gen�
eral character and affords exo and endo stereoisomers
(1 and 2) of [2+2+2] cycloadducts of olefins with NBD, as
well as various [2+2] and [2+2+2] homodimers of NBD
(3—6)4—6 (Scheme 1). A system based on Ni(C3H5)2,
which generates catalytically active Ni0 complexes in the
presence of NBD, was used as the catalyst.

* Dedicated to Academician of the Russian Academy of Sciences
M. P. Egorov on the occasion of his 60th birthday.
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Both reactions are described by second�order kinetic
equations:

dCprod/dt =WI = kobsC(Ni)C(olefin),

dCdim/dt = WII = kobsC(Ni)C(NBD).

The reaction rate depends on the structure of the olefin
used. The ratios of the stereoisomers for the first and second
reactions remain unchanged in the course of the experi�
ment and depend only on the solvent and the nature of
acrylate. The kinetic data provide evidence that different
stereoisomers are produced from the same key inter�
mediates by parallel�pathways.6

Kinetic experimental data are not sufficient to deter�
mine the quantitative characteristics of equilibrium steps
of interconversions of the intermediates. Therefore, it was
important to study the mechanism of this process by quan�
tum chemical methods.

In the present study, we report the results of the quantum
chemical modeling of the reaction mechanism of the forma�
tion of the exo� and endo�[2+2+2] cycloadducts of ethyl
acrylate (EA) with NBD catalyzed by nickel complexes.

Calculation procedure

Calculations were carried out in terms of the density func�
tional theory (DFT) using the PRIRODA program7 with the
non�empirical PBE exchange�correlation functional8 and the
TZ2P basis set. This approach has been employed earlier to
calculate nickel complexes9 and the mechanism10,11 of [2+2]
cyclodimerization of NBD catalyzed by NiI complexes. The fol�
lowing Gaussian basis sets (non�contracted/contracted) were
used: (5s1p)/[3s1p] for H atoms, (11s6p2d)/[6s3p2d] for C atoms,
and (17s13p8d)/[12s9p4d] for Ni atoms.

The geometry optimization for the molecule was performed
without symmetry constraints. The types of stationary points
were determined based on the analytically computed second de�
rivatives of the energy and vibrational frequencies. To verify the
direct relationship between the determined transitions states (TS)
and local minima, we performed intrinsic reaction coordinate

(IRC) calculations. The Gibbs free energies were calculated for
323 K. The solvation effects (toluene as the solvent) were taken
into account as the energy corrections calculated using the Gaus�
sian 09 program12 in terms of the polarizable continuum model
(PCM) with the dielectric constant  = 2.3741.

Results and Discussion

Earlier,13 nickel intermediates with different composi�
tion containing from two to four ligands and their inter�
conversions were considered for the cycloaddition of EA
to NBD at the PBE/TZ2P level of theory. It was found
that the formation of complexes with four ligands is ther�
modynamically unfavorable. Considering toluene as the
solvent, it was shown that the solvent molecule cannot
compete with NBD and EA molecules for the coordina�
tion site. The quantum chemical modeling allowed us to
establish the mechanism of the reaction under study pre�
sented in Scheme 2.

The calculations showed that the two�ligand complex
Ni(4�NBD)(2�EA) (7) should be considered as the
catalytically active species for this reaction. The energy
of this species is taken equal to zero. The reaction of
complex 7 with EA affords the diolefin intermediate
Ni(4�NBD)(2�EA)2. Due to the different mutual orien�
tation of the coordinated EA molecules, the complex
Ni(4�NBD)(2�EA)2 has ten isomers. The Gibbs free
energy of the most stable conformer (8a) is 3.4 kcal mol–1

(relative to complex 7 and free EA), and this conformer is
common to the routes to the exo and endo cycloadducts
(see Scheme 2, Table 1).

Little energy is required (9 kcal mol–1) to transform
complex 8a into complex 8b. The distances between the
C atoms in the coordinated NBD and EA molecules in
this complex are short, which is a prerequisite for the next
step of the reaction.

The optimized structures of catalytically active species 7
and intermediates 8a and 8b are displayed in Fig. 1; the
structures of intermediates 9—14, in Fig. 2.

Scheme 1
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The close arrangement of C atoms in the NBD and
EA ligands results in the formation of the first C—C
bond. This is a key step because, depending on the
type of C atoms coming close to each other, complex 8b
is responsible for the formation of a particular stereo�
isomer. Thus, the close arrangement of the C(3) and
C(6) atoms gives rise to the exo cycloadduct, where�
as the endo cycloadduct is formed if the C(1) and
C(8) atoms are closely spaced together. It should be
noted that the participation of the terminal C atom
of the EA molecule is favorable in both cases, be�
cause higher activation barriers have to be overcome in the
case of the involvement of other C atoms (for exam�
ple, C(2) or C(4)). The formation of the first C—C
bond is an endothermic step characterized by the activa�

Scheme 2

Table 1. Relative free energies (G323) of intermediates
and reaction products and the energies of transition states
(G323

)

Inter� G323 TS G323


mediate /kcal mol–1 /kcal mol–1

7 0 178a 14.9
8a 3.4 8a8b 19.0
8b 6.7 8b9 25.6
9 11.8 8b10 24.9
10 11.8 1911 21.3
11 7.0 1012 21.4
12 10.4 1113 22.6
13 –1.7 1214 22.2
14 –1.1
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Fig. 1. Structures of the catalytically active species Ni(4�NBD)(2�EA) (7) and the diolefin intermediates Ni(4�NBD)(2�EA)2
(8a and 8b) optimized at the PBE/TZ2P level of theory. The interatomic distances are given in Å.
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Fig. 2. Structures of intermediates 9—14 optimized at the PBE/TZ2P level of theory. The interatomic distances are given in Å.
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tion barriers of 25.6 and 24.9 kcal mol–1 for the tran�
sitions 8b  9 and 8b  10, respectively (see Scheme 2,
Table 1).

In the next step, the second bond is formed within the
NBD moiety between the C(7) and C(8) atoms in com�
plex 9 or between the C(5) and C(6) atoms in complex 10
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(see Figs 1 and 2). The formation of these bonds is accom�
panied by a decrease in the free energies of the systems by
4.8 (9  11) and 1.4 (10  12) kcal mol–1, respectively
(see Table 1).

The third C—C bond is formed when the C(4) and
C(5) atoms in complex 11 or the C(2) and C(7) atoms in
complex 12 come close to each other (see Figs 1 and 2). The
steps are exothermic, i.e., the free energies of the systems
decrease by 8.7 (11  13) and 11.5 (12  14) kcal mol–1,
respectively (see Table 1).

It should be noted that the above�described sequence
of the C—C bond formation is energetically most favor�
able for the routes to both stereoisomers. In the sequence
giving rise to three C—C bonds, the formation of the first
C—C bond is characterized by the highest free energy of
activation. Consequently, the transitions 8b  9 and 8b  10
can be considered as the rate�determining steps in the
routes to the exo and endo cycloadducts, respectively (see
Table 1).

In the final step of the catalytic cycle, the coordinated
cycloadduct molecule in complex 13 (or 14) is replaced by
the NBD molecule, i.e., catalytically active species 7 re�
turns to the system and is ready for the next cycle. The
total free energies of formation of the exo and endo cyclo�
adducts are –27.6 and –27.1 kcal mol–1, respectively. De�
spite the fact that, according to the results of calculations,
the exo isomer is thermodynamically slightly more favor�
able, the experimentally determined concentration of the
endo isomer is somewhat higher (the ratio of the products
is 47 : 53). This may be attributed to the fact that the endo
isomer is kinetically more favorable because the activation
barrier calculated for the rate�determining step of the route
to this isomer is 0.7 kcal mol–1 lower than that required
for the formation of the exo isomer.

Therefore, we modeled for the first time the mecha�
nism of the [2+2+2] cycloaddition of acrylic acid esters to
NBD based on the results of quantum chemical calcula�
tions for ethyl acrylate. The reaction mechanism involves
the formation of the diolefin intermediate common to the
routes to both stereoisomers and the sequential formation
of three C—C bonds between the NBD and EA ligands.
The formation of the first C—C bond is the rate�deter�
mining step of the mechanism. Much lesser energies are
required to form the next two C—C bonds. According to
the mechanism under consideration, the kinetic equation
should be first order with respect to acrylate and the cata�
lyst, which is in complete agreement with the experimen�
tal data. From the kinetic point of view, the formation of
the endo cycloadduct is more favorable, which leads to the
experimentally observed insignificant predominance of this
isomer.

Quantum chemical calculations were carried out using
computational facilities of the supercomputer complex in�
stalled at the M. V. Lomonosov Moscow State University.

This study was financially supported by the Ministry of
Education and Science of the Russian Federation (Agree�
ment 14.V37.21.1658).
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