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Thermal isomerizations at the C=N double bonds in R1R2C=NC6H4X proceed via an inversion mechanism, in
which the C=NC6H4X bond angle is near 180� at the transition state (TS). Available experimental data on the reactions
of (CF3)2C=NC6H4X and YC6H4CH=NC6H4X have suggested that the reaction mechanism changes with substituent
X. In the present study, HF, B3LYP, and MP2 computations were carried out to analyze the modes of mechanistic
change with the substituent for the reactions of (CF3)2C=NC6H4X, YC6H4CH=NC6H4X, and other systems. There
are two possible pathways within the inversion mechanistic framework: a planar pathway with the R1R2C=N dou-
ble-bond plane and the aromatic ring being coplanar at the TS and a perpendicular one with the two planes being per-
pendicular to each other at the TS. It was found that the mechanistic change is not due to a change in the relative im-
portance of two independent and competitive reaction pathways, but arises from a change of the character of a single TS
from planar to perpendicular geometry when the substituent becomes more electron-withdrawing.

Thermal isomerization at the C=N bond of imine deriva-
tives of aniline is an intriguing reaction, in which the reaction
mechanism readily changes with the structure of the reactant
(Eq. 1).1–10 Three mechanisms are conceivable for isomeriza-
tion of the double bond in general: rotation, inversion-perpen-
dicular, and inversion-planar mechanisms. In the rotation
mechanism, a rotation of the C=N double bond is the main re-
action coordinate with little change of the bond angle (�) in
Eq. 1. The reaction coordinate in the inversion mechanisms
is a change in the angle �, and at the transition state (TS), �
becomes nearly 180�. The torsional angle (�) at the TS is close
to 90� in the inversion-perpendicular mechanism, whereas it is
nearly 0� in the inversion-planar mechanism.
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Roberts et al. reported in 1971 that the reaction of the C=N
isomerization of N-[2,2,2-trifluoro-1-(trifluoromethyl)ethyli-
dene]benzenamine ((CF3)2C=NC6H4X, 1-X) was accelerated
by both electron-donating (ED) and electron-withdrawing
(EW) substituents on the aniline ring.10 The Hammett plot in
Fig. 1 showed a V-shaped behavior, which clearly indicated
a change of the mechanism with the substituents. Asano and

his co-workers more recently measured the rates of a large
number of substituted N-[(4-nitrophenyl)methylene]benzen-
amine (p-NO2C6H4CH=NC6H4X, 2-X), and showed that here
again the points for substrates with a strongly ED or EW sub-
stituent on the aniline ring deviated upwards from the correla-
tion line (Fig. 2).9

A question of how a reaction mechanism changes with a
subtle change in the substrate structure, e.g., by substituents,
has been one of the central issues in physical organic chemis-
try. In general, there are two possible interpretations for the
mechanism switching. First, the reaction proceeds via two in-
dependent pathways, and the relative importance of the two
pathways changes with the substituents. In an alternative inter-
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Fig. 1. Hammett plot for thermal isomerization of 1-X in
pyridine at 25 �C. For electron-donating and electron-
withdrawing substituents, �þ and �� were used, respec-
tively.
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pretation, there is a single reaction pathway for the reaction,
and the nature of the TS changes smoothly with the substitu-
ents. Such a mechanistic issue has been raised in a borderline
SN1–SN2 mechanism, in which an isopropyl or a benzyl sub-
strate shows a borderline character.11 These borderline sub-
strates react through either concurrent SN1 and SN2 pathways
or through a TS with intermediate character. The distinction of
the two possible interpretations by experiment is intrinsically
difficult, since what we obtain from experiment is the statisti-
cal average of a large number of events. Computational meth-
ods are more suitable for such an investigation, because they
give us detailed information on the TS structures and the reac-
tion pathways. However, the computational analysis of the
borderline nucleophilic substitution reactions is complex, be-
cause the comparison of the calculated reactivities of unimo-
lecular and bimolecular reactions is not straightforward, and
also because a large solvent effect involved in the reactions
prevents reliable computations. In contrast, the thermal C=N
isomerizations are computationally accessible and serve as a
good example of borderline reactions, since they are unimolec-
ular reactions carried out in nonpolar aprotic solvents. In the
present study, we carried out DFT calculations on the C=N

isomerization reactions of (CF3)2C=NC6H4X (1-X), p-
NO2C6H4CH=NC6H4X (2-X), and YC6H4CCF3=NC6H4X
(3-X), and analyzed how the mechanism changes with the
substituents.

Computational Method

Substituted reactants and TSs for the three reaction systems
were fully optimized at the HF and the B3LYP nonlocal hybrid
density functional theory12 with the 6-31G� basis set13 using
the Gaussian 98 suite of programs.14 For N-[2,2,2-trifluoro-1-
(trifluoromethyl)ethylidene]benzenamine (1, X ¼ H), the reac-
tant and the TS were fully optimized at various methods (HF/6-
31G�, HF/6-31+G�, B3LYP/6-31G�, B3LYP/6-31+G�,
B3LYP/6-311+G��, MP2/6-31G�, and MP2/6-31+G�) to
see the effects of the theory and the basis sets. Full frequency
analyses were carried out in all cases to confirm that the opti-
mized structures were minima or saddle points. Thermochem-
ical quantities, such as entropy, enthalpy, and free energy, were
calculated from harmonic frequencies at respective levels.

Results and Discussion

Computations at different levels gave basically the same
structures for 1 (X ¼ H) and similar isomerization TS struc-
tures with a linear C=N–Ph and slightly twisted N–Ph confor-
mation. The selected geometrical parameters and activation
barriers are listed in Table 1. The activation barrier slightly de-
pends on the computational level. Although B3LYP calcula-
tions tend to give lower barriers, the calculated barriers are
qualitatively similar in magnitude to the experimental �Hz

(58:6� 0:8 kJmol�1) and �Gz (64:4� 0:1 kJmol�1) in pyri-
dine at 25 �C,10 suggesting that the solvent effect is small in
the reaction.

In Figs. 3 and 4 are illustrated plots of calculated relative re-
activities (�0:4343��H=RT) against the experimental relative
reactivities (log kX=kH) for 1 and 2. We use enthalpy rather
than free energy in the substituent-effect analyses because
the size of the entropy, and hence the free energy, depend
much on low frequencies, which are less reliable than higher
frequencies, especially for compounds with weak interactions,
such as TS. The correlations gave reasonably good straight
lines, indicating that the substituent effects are well reproduced
by the present calculations. Furthermore, the slopes of the cor-
relations are close to unity in both cases. The results suggest
that the solvent effect is not important for the substituent
effects of these reactions.
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Fig. 2. Hammett plot for thermal isomerization of 2-X in
benzene at 25 �C. For electron-donating and electron-
withdrawing substituents, �þ and �� were used, respec-
tively.

Table 1. Selected Geometrical Parameters and Activation Barriers for 1 (X ¼ H) at Different
Computational MethodsaÞ

Computational Reactant TS Barrier height

method � � � � �Hz �Gz

HF/6-31G� 127.4 58.7 180.0 4.7 57.8 60.7
HF/6-31+G� 127.2 62.9 180.0 3.0 57.3 57.7
B3LYP/6-31G� 128.3 46.0 180.0 15.5 54.9 51.5
B3LYP/6-31+G� 129.0 47.4 180.0 15.5 48.1 45.2

B3LYP/6-311+G�� 128.6 49.7 180.0 19.2 51.4 44.8
MP2/6-31G� 123.6 57.3 180.0 18.9 74.8 72.8
MP2/6-31+G� 122.9 62.0 180.0 28.6 73.2 69.5

a) Angles are in degree and energies are in kJmol�1 at 25 �C.
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The Hammett plots for the C=N isomerization of (CF3)2C=
NC6H4X (1-X) at 25 �C obtained by the calculations are
shown in Fig. 5. Here, we used �þ for ED substituents and
�� for EW substituents, since the resonance interaction may
be important for both cases, as discussed below, although the
use of the standard Hammett � values does not change the
conclusions. With a large number of substituents than in the

experiment, the calculated Hammett plots gave a clear V-
shaped behavior, and thus nicely demonstrated that the reac-
tion mechanism changes with the substituents. Figure 6 shows
the Hammett-type plots for p-NO2C6H4C=NC6H4X (2-X) at
25 �C obtained by the calculations. Here again, the calculated
results nicely reproduced the experimental substituent effects.

Although there are no corresponding experimental data
available, the reactions of YC6H4CCF3=NC6H4X (3, Y ¼
p-NO2, H, or p-NH2) were also examined computationally to
see the effect of the structure of the benzylic moiety on the
mechanistic change. The Hammett plots for 3 illustrated in
Fig. 7 show clear V-shape behaviors for the three Y-substitut-
ed series. An examination of the three reactions reveals that
the introduction of a more EW group at the benzylidene ring
shifts the point of the mechanistic change to a less ED side
of the substituent on the aniline ring, from X ¼ p-OH with
Y ¼ p-NH2 to X ¼ H with Y ¼ p-NO2. In other words, with
a more EW substituent (Y) on the carbon center, an ED sub-
stituent (X) on the aniline ring results in greater rate accelera-
tion. The same trend can be seen when the plots of 2
(Y ¼ p-NO2) are compared with those of 3 (Y ¼ p-NO2);
the introduction of CF3 at the carbon center of C=N shifts
the point of the mechanistic change from p-OH (2, Y ¼
p-NO2) to H (3, Y ¼ p-NO2).

In order to answer the question of how the mechanism
changes with the substituents, we analyzed the TS structures
and their variation with substituent X. In Scheme 1 are illus-
trated the structures of the reactant and the TS of three substi-
tuted N-[2,2,2-trifluoro-1-(trifluoromethyl)ethylidene]benzen-
amine. The reactant structures are similar, but the structures
of the TSs differ qualitatively with X. For 1 (X ¼ p-OH),
the phenyl ring and the C=N double bond plane appear to lie
in a parallel fashion to each other and to share a common plane
in the TS, whereas for the p-NO2 TS they are perpendicular.
The TS of the p-CN derivative takes a conformation inter-
mediate between the two extremes. Thus, the torsional angle
(�) at the TS varies with the substituent. In Fig. 8 are illustrat-
ed the energy variations with the torsional angle � in the linear
conformation (� ¼ 180�) of (CF3)2C=NC6H4X; the angle �
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Fig. 3. Comparison of calculated relative activation enthal-
py (B3LYP/6-31G�) and experimental relative reactivity
for the C=N isomerization of 1 at 25 �C.
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Fig. 4. Comparison of calculated relative activation enthal-
py (B3LYP/6-31G�) and experimental relative reactivity
for the C=N isomerization of 2 at 25 �C.
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Fig. 5. Calculated Hammett plots for the C=N isomeriza-
tion of 1-X at 25 �C at B3LYP/6-31G�.
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Fig. 6. Calculated Hammett plots for the C=N isomeriza-
tion of 2-X at 25 �C at B3LYP/6-31G�.
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with minimum energy corresponds to the torsional angle at the
TS for each derivative. The energy of the p-OH derivative var-
ies through a sharp minimum near at � ¼ 0�, whereas the p-
NO2 derivative has a minimum at � ¼ 90�, corresponding to
the parallel TS and perpendicular TS structures for these sub-
stituted derivatives. The p-CN derivative, on the other hand,
has a broader and shallow minimum at � ¼ 73:7�. Thus, the
TS structure of the borderline substrate is flexible, and may
show a wide range of intermediate character between the
two mechanistic extremes. The parallel structure is preferred
for the p-OH derivative because it allows the maximum con-
jugation between the p-OH substituted aniline ring and the

(CF3)2C=N moiety, whereas the p-NO2 derivative takes a per-
pendicular conformation, which allows conjugation between
the lone-pair electrons of the sp-hybridized N and p-NO2 ani-
line ring. In Table 2 are listed the activation energies and the
angle � for (CF3)2C=NC6H4X. The results in Fig. 8 and
Table 2 clearly indicate that the TS structure changes smoothly
with a change in substituent X. It should be noted that no sub-
stituted derivative has two minima in the energy plots in Fig. 8,
which confirms that the mechanistic change detected by the V-
shaped Hammett plots occurs through a variation of the single
TS structure, and is not due to the competition of two reaction
pathways. In a similar manner, the torsional angle � at the TSs
for 2 and 3 increases as X becomes more EW: � ¼ 29:4� for
2, X ¼ p-NH2 and 89.8� for 2, X ¼ p-NO2; � ¼ 20:3� for
3, Y ¼ p-NH2, X ¼ p-NH2 and 89.6� for 3, Y ¼ p-NH2,
X ¼ p-NO2; � ¼ 13:0� for 3, Y ¼ H, X ¼ p-NH2 and 89.6�

X = p-OH X = p-CN X = p-NO2

reactant

TS

Scheme 1. Structures of reactant and TS for substituted 1.
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for 3, Y ¼ H, X ¼ p-NO2; and � ¼ 8:7� for 3, Y ¼ H, X ¼
p-NH2 and 89.6� for 3, Y ¼ H, X ¼ p-NO2.

The change from the perpendicular to the planar mechanism
in the inversion scheme is consistent with a previous mecha-
nistic assignment by Asano et al.,6,9 who interpreted the non-
linear behaviors in the Hammett plots for 1 and 2 as arising
from TS structural variations. The present study confirms
the interpretation based on thorough calculations of the sub-
stituent effects, and reveals that the mechanistic change arises
from the change of the character of a single TS, not from the
change in a relative importance of two competitive reaction
pathways.
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Table 2. Torsional Angles � at the TS and Activation
Enthalpies and Free Energies of Activation for the Isomer-
ization of 1-XaÞ

X � �Hz �Gz

p-NH2 3.6 47.7 46.8
p-OH 4.5 49.8 48.7
p-OMe 4.6 49.8 48.6
p-Me 9.2 53.6 48.8
m-Me 14.0 54.9 51.5
H 15.5 54.9 51.5
p-Cl 14.7 54.7 51.4

m-CHO 19.4 56.1 52.6
m-Cl 23.5 55.8 53.0
m-CF3 27.9 56.1 54.4
m-CN 31.5 57.0 55.5
p-CF3 37.9 56.8 51.9
p-CN 73.7 53.4 49.3
p-CHO 88.9 54.8 50.7
p-NO2 90.0 53.1 51.1

a) Torsional angles in degree and energies in kJmol�1.
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