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Abstract. The dimerization reactions of ketene imine
and bis(trifluoromethyl)ketene imine were studied theo-
retically. All the dimerization processes take place in a
concerted but asynchronous manner, each proceeding
through a four-membered ring transition state. For the
ketene imine dimerization reactions, three different pro-
cesses have almost equal activation barriers, while for the
three bis(trifluoromethyl)ketene imine dimerization pro-
cesses the reaction giving symmetrical a four-membered
heterocyclic product has the lowest activation barrier.

Key words: Ab initio calculation — Dimerization —
Ketene imine — Bis(trifluoromethyl)ketene imine

1 Introduction

Ketene imines are known to dimerize [1-5] and trimerize
[6] to yield heterocyclic compounds whose structures
depend on the ketene imine substitution pattern and
reaction condition. For example, Barker and Rosamond
[2] reported that when diphenylketene N-methylimine
is heated for 1 week at 125°C, the azetidine 1, an
unsymmetrical dimer results. Similar treatment of di-
methylketene N-(2,6-dimethylphenyl)imine results in the
production of the cyclobutane derivative 2 [3], whereas
Deltsova et al. [4] have observed that bis(trifluorome-
thyl)ketene N-arylimines yield symmetrical heterocyclic
dimers 3 when treated with “weak bases”. To our
knowledge, no theoretical studies have been reported on

Ph,C-C=N-CH, (CH})2C|—C:N-Ar (CF,),C=C-N-Ar
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ketene imine dimerization reaction mechanisms. In this
paper, we have used ketene imine and bis(trifluoro-
methyl)ketene imine as model compounds to study the
reactions and the substituent effect theoretically. The
reactions studied are as follows:
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2 Methods of calculation

For the ketene imine dimerization reactions 1, 2 and 3,
the geometries and energies of all the stationary points
[reactants, transition states (TSs) and products] were fully
optimized by means of the Berny method, a modified
Schlegel method [7], with the RHF/6-31G and B3LYP/
6-31++G** basis sets, while for the bis(trifluorometh-
yl)ketene imine dimerization reactions 4, 5 and 6, RHF/
6-31G and B3LYP/6-31++G**//RHF/6-31G basis sets
were used. Furthermore, all the TSs have been confirmed
by vibrational analysis and characterized by the corre-
sponding imaginary vibration modes and frequencies. All
the calculations were carried out with the GAUSSIAN 94
program [8] on a Pentium Pro 200 computer.

The principal methods that has been used to study
the electronic structure is Bader-type electron density
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analysis [9-11]. Bond critical points are located by using
Bader’s topological analysis; it is suitable for seeing if
cyclization took place or not. The topological properties
of the electron density distribution of a molecule are
based on the gradient vector field of the electron density
Vp(r), and on the Laplacian of the electron density
V2p(r), where r is a position vector of an electron in
three-dimensional space.

The PC version of AIMPAC[12] was employed for
the electron density topological analysis, using the elec-
tron densities obtained from the B3LYP/6-31++G**
calculations with reactions 1-3.

3 Results and discussion
3.1 The dimerization reactions of ketene imine

The stationary points on the potential energy surface of
the ketene imine dimerization reaction were located with
the ab initio energy gradient method with RHF/6-31G
and B3LYP/6-31++G** basis sets. For the three differ-
ent dimerization routes 1, 2 and 3, one TS was found on
each reaction path; therefore all three dimerization
processes take place in an asynchronous concerted
manner. The TSs located at the HF/6-31G and
B3LYP/6-31++G** levels have only one imaginary
vibration frequency each, corresponding to the motion
along the reaction coordinate. The chief geometric
parameters of the stationary points are given in Table 1.
(For the configuration of the TS and atom numbering,
see Fig. 1.) Inspection of the data in Table 1 reveals that
all three dimerization processes are asynchronous and all
the TSs have a twisted structure. This can be rationalized
by the frontier molecular orbitals (FMOs) interaction of
the reactants (see Fig. 2). For reaction 1, the interaction
between the LUMO of one molecule and the HOMO of
another one favors only the formation of a C—N bond,
while,in reaction 2, the corresponding FMO interaction
favors the formation of only one C—C bond; this
accounts for the higher asynchronicity of reactions 1 and
2. However, reaction 3 favors the formation two C—N
bonds of; therefore, reaction 3 has lower asynchronicity.
This can be used to explain the differences between the
dihedral angles of the four-membered ring TSs. Charges
of 0.25¢, 0.25¢ and 0.42¢ are transferred from one
reactant to another in the TS for reactions 1, 2 and 3,
respectively, stabilizing the TSs.

Topological properties of the TSs of the reactions are
summarized in Table 2. Molecular graphs and Laplacian
distributions of the TSs are shown in Fig. 3. In Fig. 3,
positive values of V?p,, are denoted by dashed lines and

Fig. 1. The numbering system Hs. H,
for the transition states (7'S) of /
the ketene imine dimerization H /CZ\C;/ ¢
reaction 5 l
Nz
Hi,
TS1

Table 1. The chief geometric parameters for the transition states
(TS) and products (P) of the ketene imine dimerization reaction®

HF/6-31G B3LYP/6-31H++G**
TS P TS P
Reaction 1
N,—C, 1.273 1.408 1.278 1.406
C;—N, 1.456 1.387 1.466 1.391
C,—C, 2.436 1.531 2.607 1.532
C,—Cs 1.413 1.540 1.411 1.547
/C3N,C, 112.79 95.60 115.97 95.57
/C4C N, 67.19 89.60 62.54 89.96
/C4CiN,C3 -20.54 0.00 -23.00 -0.02
Reaction 2
C,—C, 1.404 1.521 1.388 1.530
C—C, 1.768 1.531 1.741 1.539
C,—C, 3.248 1.531 2.817 1.539
C,—Cs 1.345 1.521 1.375 1.530
/C3C,Cy 101.70 87.15 100.45 87.27
/C4C,C, 48.72 92.85 63.53 92.73
/C4CC,Cs 30.38 0.02 28.33 0.03
Reaction 3
C—N, 1.345 1.415 1.338 1.424
N—C, 1.465 1.415 1.454 1.424
C,—N, 2.161 1.415 2.144 1.424
C;—N; 1.279 1.415 1.292 1.424
/N;C,oN; 99.98 88.64 101.07 90.94
/C4N,C, 75.86 91.37 76.19 89.05
/C4NC,N;3 8.41 0.05 4.46 0.01

?Bond lengths in angstroms, angles in degrees

negative values by full lines. Bond paths (heavy solid
lines), bond critical points (solid circle) and ring critical
points (triangle) are shown for p(r). For the three reac-
tions, the C4,—C; bonds of reactions 1 and 2 have no
bond paths and bond critical points in the corresponding
TS; subsequently, TS1 and TS2 have no ring critical
points. These results are consistent with the geometries.
The C4,—C; bond and the four-membered ring are not
formed in TS1 or TS2. They are formed only partially in
TS3 which is less asynchronous than TS1 or TS2.

The energies of all the stationary points (reactants TS
and products) and the activation barriers of three
dimerization routes are listed in Table 3. The result of
B3LYP/6-31++G** shows that the three dimerization
reactions, 1, 2 and 3, are competitive each other.

3.2 The dimerization reaction
of bis( trifluoromethyl ) ketene imine

For the three dimerization reactions of bis(trifluoro-
methyl)ketene imine, 4, 5 and 6, the geometries of

TS2 TS3
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Fig. 2. The interaction of frontier molecular orbitals of reactions
1, 2 and 3 using B3LYP/6-31++G** results

Table 2. The topological properties of electron density distribu-
tions

Bond b V2ps & H,
(1) TS1
N2—Cl1 0.374 -0.711 0.138 —4.422
C3—N2 0.249 —-0.630 0.061 -2.250
C4—Cl
C4—C3 0.303 —-0.811 0.275 -2.036
N6—C3 0.382 -1.319 0.286 —4.278
C10—Cl1 0.344 -1.051 0.415 -3.130
(2) TS2
C2—Cl1 0.299 —-0.865 0.156 -2.428
C3—C2 0.150 -0.169 0.038 —-0.582
C4—Cl1
C4—C3 0.321 —-0.901 0.338 -2.312
N7—C3 0.378 -1.119 0.198 —4.352
N11—ClI 0.427 -0.357 0.133 =5.111
(3) TS3
C2—NI1 0.353 -1.231 0.227 —3.438
N3—C2 0.256 —0.643 0.022 -2.394
C4—NI1 0.055 0.139 0.231 —-0.025
C4—N3 0.370 —-0.882 0.171 —4.275
C5—C2 0.326 -0.925 0.395 —2.438
C9—C4 0.347 -1.072 0.428 -3.260

|

Fig. 3a—c. The molecular graphs and Laplacian distributions of
the TSs for the dimerization reaction of ketene imine (according to
the B3LYP/6-31++G** data). a TSI, b Ts2 and ¢ TS3
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stationary points were optimized only by using the HF/
6-31G method owing to the complexity of this system.
Similar to reactions 1-3, reactions 4—6 also proceed in an
asynchronous concerted manner and each dimerization
process has a twisted TS (see Fig. 4). The main
geometric parameters of reactions are given in Table 4.

The calculated energy barriers at the HF/6-31G level
of theory are 197.28, 220.99 and 173.28 kJ mol™" re-
spectively for reactions 4, 5 and 6. On account of the
geometries of B3LYP/6-311++G** level is similar to
that of HF/6-31G for reactions 1-3, single point B3LYP/
6-311++G** calculations were carried out based on HF/
6-31G geometries to improve the energies of reactions 4—
6. The results give activation barriers of 136.55, 216.45
and 119.83 kJ mol ™" respectively for reactions 4, 5 and 6.
The higher barrier of reaction 5 can be explained by
steric hindrance effects. The nuclear repulsion energies
for the TSs of reactions 4, 5 and 6 are 2237.02, 2310.99

Table 3. The total energies of stationary points [reactants (R), TS
and P] (E,,) and the activation barrier (kJ mol™") of the ketene imine
dimerization reaction

Total energy Activation
barrier
R TS P
HF/6-31G
(€))] —263.62288 —263.54947 -263.68374 192.76
?2) —263.54430 -263.67339 206.35
3) —263.55610 —263.66237 175.35
B3LYP/6-31++G**
(@) —265.45402 -265.40313 -265.50914 133.61
?2) —265.40318 —265.49978 133.48
3) —265.40051 -265.48767 140.49

and 2109.59 hartrees mol™', respectively, which show
that the TS of reaction 5 has the highest steric hindrance
effect. According to Mulliken population analysis, the
CF; group in the reactant has only weak electron-re-
leasing or electron-withdrawing effects; besides, the en-
ergy gap between the HOMO and the LUMO of
bis(trifluoromethyl)ketene imine is nearly equal to that
of ketene imine; therefore the electronic energies are
similar for the two systems.

4 Conclusions

According to B3LYP/6-311**G** calculations, the
following conclusions can be drawn from the results
obtained.

1. The dimerization reactions of ketene imine and
bis(trifluoromethyl)ketene imine are all concerted and
asynchronous, taking place through twisted four-
membered cyclic TSs.

. For ketene imine dimerization reactions, the three
different dimerization schemes have almost equal
activation barriers, which shows that the three reac-
tions compete with each other.

3. For the three bis(trifluoromethyl)ketene imine di-
merization reactions, the process giving a symmetrical
four-membered heterocyclic product has the lowest
activation barrier, and these reactions are controlled
by steric hindrance effects.
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Table 4. The main geometric parameters for the TS and P of the (trifluoromethyl)ketene imine dimerization reaction®

Reaction (4) TS P Reaction (5) TS P Reaction (6) TS P
N,—C, 1.256 1.371 C—C, 1.461 1.534 C—N, 1.302 1.397
C;—N, 1.466 1.390 C;—C, 1.725 1.548 N;—C, 1.469 1.397
C—C, 2.375 1.556 C,—C, 2.648 1.548 Ci—N, 2.120 1.397
Ci—C; 1.476 1.566 C,—Cs 1.445 1.534 Cs—N; 1.264 1.397
/C3N,C,y 114.04 97.49 /C3C,Cy 104.34 86.52 /N3C,N| 100.61 89.33
/C4C N, 72.03 90.14 /C4CC, 73.48 93.48 /C4N,C, 76.38 90.67
/C4CiN,C; 9.06 -0.87 /C4C1CCs -5.90 0.67 /C4N;C,N; 8.62 -0.01
#Bond lengths in angstroms, angles in degrees
Fig. 4. The numbering system F\ F\
for TSs of the bis(trifluoro- E. H )
methyl)ketene imine dimerizat- F\C& Com /Né/ ' Fl:..{»\cg\ P Cm\;
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