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Theoretical Studies on Cycloaddition Reactions between 1-Aza-2-azoniaallene
Cations and Isocyanates

Mei-Ju Wei, !l De-Cai Fang,*!?l and Ruo-Zhuang Liul?!

Keywords: 1-Aza-2-azoniaallene cations / [3+2] Cycloaddition / Isocyanates / Reaction mechanisms

The mechanisms of the title reactions between 1-aza-2-azon-
iaallene cations and isocyanic acid or isocyanates have been
theoretically explored at the B3LYP/6-31++G™** level. It was
found that all of these reactions proceed in asynchronous but
concerted pathways. The substituent effects are also obvious;
e.g., the presence either of an electron-withdrawing chlorine
substituent on the 1-aza-2-azoniaallene cation or of an elec-
tron-releasing methyl substituent on the isocyanate both
favor the cycloaddition reactions. For the [1,2]-shift reactions,

all the substituents lower their activation barrier, especially
Cl substituents on the 1-aza-2-azoniaallene cation, but when
Cl substituents are present on the 1-aza-2-azoniaallene cat-
ion the rearrangement product is not as stable as others. In
addition, solvent effects with the PCM model are also re-
ported, and a model reaction has been investigated at the
MP2/6-31+G* and QCISD/6-31+G* levels as well as by DFT.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

1,3-Dipolar cycloaddition reactions of neutral 1,3-dipoles
have developed into a generally practical method for five-
membered heterocyclic-ring synthesis,['l and these reactions
have been extensively studied both experimentally®® and
theoretically.®] Recently, cycloadditions of cationic four-
electron, three-center components with multiple bonds,
which open up a new and potentially useful route for the
construction of five-membered heterocycles, have aroused
chemists’ interest.[*! The novel cationic four-electron, three-
center components, 1-aza-2-azoniaallene cations, are gener-
ated as reactive intermediates in many oxidative processes
of hydrazones®! or are obtained from 1-chloroalkyl azo
compounds by treatment with Lewis acids such as SbCls or
AICI; %4 at low temperatures. The cations are reactive and
can undergo cycloadditions with multiple bonds through
[3+2] cycloaddition reactions.l! This subject is one of our
research projects, dedicated to study the mechanisms of cu-
mulene cations.!”]

In 1994, Jochims and co-workers found that the strongly
electrophilic 1-aza-2-azoniaallene salts react with isocyan-
ates to furnish 4,5-dihydro-5-ox0-3H-1,2,4-triazolium salts
or 4,5-dihydro-5-oxo-1H-1,2,4-triazolium salts after iso-
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merization.[°d¢1 In addition, the 4,5-dihydro-5-oxo-3H-
1,2,4-triazolium salts can be prepared by treatment of gemi-
nal azoalkyl isocyanates with acidst®®8%! or by alkylation of
5,5-disubstituted  4,5-dihydro-3H-1,2,4-triazol-3-ones. !
Many experiments have shown that 1,2-rearrangement in
1,2,4-triazolium salts can take place spontaneously, on
heating or on treatment with acids.[¢-¢4:94=%d] The primary
ab initio works for the rearrangements were performed by
Kroemer and co-workers,**°fl who predicted that a [1,2]-
shift from a carbon atom to an electron-deficient nitrogen
atom would not be a nucleophilic rearrangement, and mi-
gratory aptitudes are predicted to be in the order isopropyl
> ethyl > methyl on the basis of HF/6-31G* and MP2/6-
31G*//HF/6-31G* calculations. Wang et al.[l have carried
out some semiempirical AM1 calculations to explain the
mechanism together with their experiments. However, to
the best of our knowledge, a high-level calculation has not
yet been done for the title reactions. In this paper, the
mechanism and solvent and substituent effects of the title
reaction have been investigated by theoretical calculations.
The studied reactions are shown in Scheme 1.
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Results and Discussion

The Model Reaction H,C=N*=NH + HNCO

The reaction was first investigated in the gas phase. The
geometries of the reactants (1a and 2a), complex (COMa),
transition states (TSla and TS2a), and products (3a and
4a) were optimized at the B3LYP/6-31++G**, MP2/6-
31+G*, and QCISD/6-31+G* levels, respectively, and all
the stationary points were characterized by vibrational fre-
quencies at the corresponding levels. The atomic numbering
systems of these stationary points are shown in Scheme 2
(more detailed information is given in Figure S1 of the Sup-
porting Information; see also footnote on the first page of
this article), and the optimized parameters, frequencies, and
energies are also listed in Tables S1—S3 of the Supporting
Information, respectively.

B3LYP/6-31++G** predicts the 1-aza-2-azoniaallene
cation (1a) to be an approximately linear molecule with the
hydrogen atom connected to the nitrogen atom almost on
the same plane as its skeleton atoms, while the plane of the
methylene group is perpendicular to the C—N—N plane.[4]
From the structural parameters, it can be seen that the
other reactant, isocyanic acid (2a), is also a planar mol-
ecule, and the atoms N, C, and O are nearly linear, with the
bond angle being 172.2°.

When reactant 2a approaches 1a, a complex COMa is
formed, owing to the favorable electrostatic interaction of
the reactants (the charges of NH group and CH, group
are —0.25 and +0.28e, respectively), with the N2—C1 bond
length at the B3LYP/6-31++G** level being 2.734 A.
When the two reactants approach more closely, the product
4,5-dihydro-5-oxo0-3H-1,2,4-triazolium ion (3a) is formed
via a transition state TS1a, in which the N5—N4—C1 angle
becomes 140.0° from the original 167.1°, and the N2—C1
and N5—C3 distances are 2.092 and 3.371 A, respectively.
It is therefore an asynchronous but concerted [3+2] cyclo-
addition Oreaction.DHowever, the N4—C1 distance in TS1a
is 1.307 A, 0.052 A longer than that in 3a. From the reac-
tants to TS1a, the C3—06 distance does not greatly change
(1.175, 1.165, and 1.156 A in 2a, COMa, and TSla, respec-
tively). In addition, the N4CIN2C3 and HIN2CIN4 tor-
sion angles in TS1a are —36.6 and 144.8°, which could be
elucidated in terms of frontier orbital interactions (see Fig-
ure 1). From Figure | it can be seen that two types of or-
bital interactions are involved in the bonding process: the
interaction between the LUMO+1 of 1a and the HOMO
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of 2a and the interaction between the LUMO+1 of 1a and
the HOMO-—1 of 2a. Because of the mismatching of orbital
interaction or lower energy of the HOMO of 1a, the
LUMO and HOMO of 1a seem not to be involved in the
reaction. Product 3a is a five-membered heterocycle with
the C1—-N2, N2—C3, C3—NS5, N5—N4, and N4—N1 bond
lengths being 1.438, 1.353, 1.547, 1.237, and 1.455 A,
respectively, the C3—N5 bond length thus being about
0.1 A longer than a normal single C—N bond. All the
atoms except for the two hydrogen atoms connected to the
methylene group are in the same plane, and the bond
lengths are in good agreement with structural measurement
of 1,2,4-triazole derived from X-ray data.l®¥ Product 3a can
undergo a hydrogen-shift (H-shift) reaction to produce 4a,
in which the main ring frame suffers from some distortion
(e.g., N4—C1—-N2-C3 = —-0.4° N5—-N4-Cl1-N2 =
—3.9° and O6—C3—N2—-C1 = —176.3°). During the H-
shift process, the N2—Cl1, N4—CIl, and N5—C3 bond
lengths are all shortened by about 0.1 A (N2—-C1 = 1.331;
N4—-Cl1 = 1.318; N5—C3 = 1.401 A in 4a). On the other
hand, the N5—N4 and C3—N2 bond lengths in 4a are 0.143
and 0.087 A longer than their counterparts in 3a. The
C1—N2 and C1—N4 bond lengths are shorter than a gen-
eral C—N single bond, which shows that those bonds have
some double bond characteristics. The transformation from

e 8%

{a} 1a: LUMO (-0.3323) (by Ta: LUMOAT (- 0.3015)

{c) 2a: HOMO{ 0.3174) {d) Za: HOMO [ { 0.3411)

Figure 1. Sketch graphs and energies of the LUMO and LUMO+1
in 1a and the HOMO and HOMO-1 in 2a
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3a to 4a needs to pass through TS2a, in which the H8—C1
and H8—N4 distances are 1.322 and 1.369 A, respectively.

The mechanism of the model reaction was also explored
by MP2/6-31+G* and QCISD/6-31+G* methods. All
stationary points were fully optimized and confirmed by
the number of imaginary vibrational frequencies. It can be
concluded from the geometry parameters (see Table S1 of
the Supporting Information) that the structures of all the
stationary points are similar to those at the B3LYP/6-
31++G** level. The largest difference in bond length is
0.048 A for the N2 and C1 distance in TS1a, and the maxi-
mum difference in bond angle is about 6.0° for the
N4—C1—N2 angle in COMa.

The schematic potential energy surface for the model re-
action (with zero-point energy correction) is given in Fig-
ure 2, from which it can be inferred that all the stationary
points are below the reactant asymptote. COMa is 5.7 kcal/
mol more stable than the reactants, because of favorable
molecular interaction, and the energy of TSla is 3.6 kcal/
mol above COMa, but 2.1 kcal/mol below the reactants 1a
+ 2a. It is therefore obvious that the reaction la + 2a is
quite facile, which is consistent with experimental find-
ings, [ described by Wang et al. in 1994, that cycloaddition
of 1-aza-2-azoniaalene salts to isocyanates occurred at —60
°C. Intermediate product 3a might undergo a [1,2]-H-shift
reaction via TS2a, with an activation barrier of 22.1 kcal/
mol, to form the more stable 4a, with an energy 26.1 kcal/
mol lower than that of 3a. IRC calculations, starting both
from TS1a and from TS2a, confirmed that these transition
states could reach the corresponding minima on both sides
shown in Figure 2, which indicates that the obtained
transition states are on the right reaction pathways.

The potential energy surfaces calculated at the MP2/6-
31+G* and QCISD/6-31+G* levels are also shown in Fig-
ure 2, from which it can be seen that they are quite similar
for different calculations. All the stationary point relative

energies at the MP2/6-31+G* level are slightly lower than
those at the B3LYP/6-31++G** level, but the activation
barrier for rearrangement from 3a to 4a is 2.6 kcal/mol
higher than that at B3LYP/6-31++G™**. Similar trends are
seen for QCISD/6-31+G* calculations.

In 1994, Wang et al. employed AMI1 to study cycload-
ditions of MeNCO to Ar—N=N*=C(Me), or Bu—N=
N*=C(Me), [l and found a two-step reaction proceeding
via acylium ion intermediates. Wang et al. also suggested,
that it seemed premature to conclude that the cycloaddition
reactions would generally occur in a non-concerted man-
nerl®! after considering errors inherent in the AM1 method
and solvent effects. Although we were able to repeat the
intermediate for the two-step process in the model reaction
by the AM1 method, we failed to locate a similar intermedi-
ate at the B3LYP/6-31++G** level; thus, at the B3LYP/6-
31++G** level the cycloaddition reaction is a concerted
process. The same conclusions are obtained at the MP2/6-
31+G* and QCISD/6-31+G* levels. The reaction mecha-

(a) COMa

(b) TS1a

Figure 3. Molecular graphs and Laplacian distribution of some
stationary points; in these figures, dashed lines denote positive val-
ues of V?p, and full lines stand for negative values of V?py,; the
bonded charge concentrations are indicated by solid squares; in
addition, bond paths (heavy solid lines), bond critical points (solid
circles) are shown for p(r)
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Figure 2. Schematic description of potential energy surfaces (with ZPE correction) for the model reaction (1a + 2a)
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ZPE correction)

nism can be explained in terms of the Laplacian distri-
butions of electron density in Figure 3, from which it can
be seen that only one loose bond (C1—N2) exists in COMa
and TSla. The geometric changes along IRC in Figure 4
(a), in which the C1—N2 bond length changes dramatically
before TS1a and that of C3—NS drops steeply after TS1a,
confirm the above analysis. In fact, such a transition state
is in-between a concerted and a two-step process, which can
in general be described as asynchronous.

The solvent effect of the model reaction was also studied
at the B3LYP/6-31++G** level with the PCM model and
CH,(Cl, as a solvent that has been used in experimental in-
vestigations. It was found that the structures of all station-
ary points (see Table S1 of the Supporting Information)
were in excellent agreement with those found in the gas
phase. The C1—N2 bond in TSla is 0.054A shorter than
that in the gas phase. As reported in our preceding paper,’%
because the cumulene cation 1 in the solution phase is much
more stable than that in the gas phase, the COMa complex
disappears and the energy of transition state TS1a in solu-
tion is 5.7 kcal/mol higher than that of the reactants. The
obtained results indicate that cycloaddition products 3a and
4a in the solution phase are more stable than their gas-
phase counterparts, and the energy barrier for rearrange-
ment from 3a to 4a is also lowered by 5.5 kcal/mol, which
shows that the CH,Cl, solvent favors the [1,2]-H-shift reac-
tion.

Effects of Substituents on the Nitrogen Atom in Isocyanates

This section reports substituent effects with methyl and
Cl on the nitrogen atom in isocyanates, such reactions being
denoted 1a + 2b and 1a + 2¢, respectively (see Scheme 1).
The geometric locations were performed by the B3LYP/6-
31++G** method for all the possible stationary points,
which are denoted as COMb, TS1b, TS2b, 3b, and 4b and
as COMc, TSlc, TS2c¢, 3c, and 4c, respectively. The optim-
ized geometric parameters, frequencies, and energies are
listed in Tables S4—S9 (Supporting Informations), and the
relative energies are shown in Figure 5. The atomic number-
ing systems of the above stationary points are shown in

Eur. J. Org. Chem. 2004, 4070—4076 WWW.eurjoc.org

Scheme 2 (more detailed information is given in Figures S2
and S3 of the Supporting Information).

For the reaction 1a + 2b, a complex COMb and a tran-
sition state TS1b were located. The two fragments of the
complex were still remote from each other, with the C1—N2
distance being 2.702 A. In TS1b, the C1—-N2 and C3—NS5
bond lengths are 2.241 and 3.672 A, respectively, 0.149 and
0.301 A longer than those in TS1a because the bulky sub-
stituent (CH3) on the nitrogen atom has a larger steric ef-
fect. From the potential energy surface, it can be seen that
the reaction 1a + 2b can take place more easily than reac-
tion 1a + 2a. If Figure 2 is compared with Figure 5, several
points should be pointed out. Firstly, COMb has more sta-
bilization energy than COMa, due to the electron-donating
group on the isocyanate. Secondly, the relative energy of
TS1b is 2.8 kcal/mol lower than that of TS1a, which results
in only 1.4 kcal/mol of activation barrier between COMb
and 3a via TS1b (i.e., 2.2 kcal/mol lower than that in the
model reaction). Thirdly, the cycloaddition product 3b is
more stable than 3a by about 9 kcal/mol. The methyl sub-
stituent therefore also favors the rearrangement reaction.
The rate-controlling step is still the [1,2]-shift process, which
needs to overcome a 20.5 kcal/mol activation barrier, 1.6
kcal/mol lower than that in the model reaction.

When the electron-withdrawing chlorine atom is intro-
duced into the isocyanate, the reaction seems to experience
a little more difficulty in taking place than the model reac-
tion. The stabilization energy of COMe is 0.2 kcal/mol
lower than that of COMa, and the activation barrier for
the cycloaddition reaction to form 3c is higher than that in
the model reaction (about 1.1 kcal/mol). The reaction can
occur easily, however, because the transition state TSlc is
still below the reactant asymptote. As far as the rearrange-
ment reaction is concerned, the activation barrier and the
stabilization energy of rearrangement for the process from
3c to 4c are very similar to those for the model reaction.

The above results can easily be interpreted by analysis of
frontier molecular orbital interactions. The presence of an
electron-releasing substituted group such as methyl on the
isocyanate should increase the energy levels of the HOMO

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4073
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Figure 5. Schematic description of potential energy surfaces for 1a + 2b, 1a + 2¢, 1b + 2a, and 1c¢ + 2a reactions at the B3LYP/6-

31+ +G** level (with ZPE correction)

and HOMO-—1 of the isocyanate, reducing the energy dif-
ference between the HOMO or HOMO-—1 of 2b and the
LUMO+1 of 1a and favoring the formation of 3b. The
presence of an electron-withdrawing group in the isocyanate
has the reverse effect (i.e., it should disfavor the reaction
slightly, which needs to be confirmed by experiments). This
trend is similar to our previously reported’? substituent
effects on olefins in the reactions of la with olefins.

Effects of Substituents on the Carbon Atom of the 1-Aza-2-
azoniaallene Cation

The effects of substituents on the carbon atom of the 1-
aza-2-azoniaallene cation (see Scheme 1) are reported here.
The relative energies of the stationary points for reactions
1b + 2a and 1c¢ + 2a are given in Figure 5, and the optim-
ized geometric parameters, frequencies, and energies calcu-
lated by the B3LYP/6-31++G** method are listed in
Tables S10—S15 (Supporting Information), respectively.
The atomic numbering systems of the above stationary
points are shown in Scheme 2 (more detailed information is
given in Figures S4—S5 of the Supporting Information).

The presence of two methyl groups at C1 of the 1-aza-
2-azoniaallene cation will affect the C1—N2 bond length
through a larger steric effect. The CI—N2 distance in
COMd becomes 3.187 A, much longer than those in other
complexes. However, the C1—N2 distance in the transition
state TS1d is 0.023 A shorter than that in the model reac-
tion, but the CI1—N4 bond is 0.047 A longer than that in
the model reaction. Moreover, the main skeleton atoms of
TS1d are in the same plane, due to favorable steric effects,
and the orbital interaction between the LUMO+1 of 1b
and the HOMO-—1 of 2a makes the TS1d stable. In prod-
ucts 3d and 4d, the C1—N4 distances are 0.021 and 0.016
A longer, respectively, than those in the model reaction.
One of the CH; groups may be transferred from C1 to N4

4074 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

via TS2d, to yield the final product 4d. The charge on the
migrating methyl group is 0.29 e (i.e., this methyl group has
a partial carbocation character, which is consistent with the
reports by Jochims and Kroemerl®-9¢°1),

When electron-withdrawing CI atoms are introduced into
cumulene cation 1, the C=N double bond is obviously
lengthened (0.046 A longer than that in 1a). Accordingly,
the C1—N4 bonds in the following stationary points are all
lengthened. The C1—N2 distance in COMe is 0.097 A
longer than in COMa because the chlorine substituents
produce larger steric effects.

As shown in Figure 5, the energy of COMd is 2.0 kcal/
mol less than that of COMa, and TS1d is above the reac-
tant asymptote by 4.8 kcal/mol, but 6.8 kcal/mol above
COMd, which is 3.2 kcal/mol higher than that in the model
reaction. Methyl substituents on the carbon atom of the 1-
aza-2-azoniaallene cation therefore disfavor the cycload-
dition reaction. However, the energy of TS1e in the reaction
lc + 2a is 1.2 kcal/mol lower than that of TSla in the
model reaction, which indicates that the presence of chlor-
ine substituents on the carbon atom of the 1-aza-2-azon-
iaallene cation should favor the [3+2] cycloaddition reac-
tion slightly. Although the substituents do not change the
energy barrier very much, they make 3d, 3e, 4d, and 4e less
stable than their counterparts in the model reaction, es-
pecially in the case of 4e. From the electron densities at the
N—R! bond critical points (see Table S17 in the Supporting
Information), it can be seen that the electron densities for
N—-CIl, N—H, and N—C bonds in 4a, 4d, and 4e are 0.34,
0.24, and 0.21, respectively, which indicates that the N—Cl
bond in 4e is the weakest among the studied systems. As in
the case of the activation barriers of the [1,2]-shift reactions,
the transition from 3a to 4a is the most difficult and that
from 3e to 4e the easiest. This can be explained in terms of
the strength of the bond to be broken. Because the electron
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density at the C—Cl (p, = 0.20) bond critical point in 3e is
smaller than those of C—H (p, = 0.28) in 3a and C-C
(pp = 0.23) in 3d, the C—Cl bond strength is less than those
of the C—H and C—C bonds, which is favorable for CI
atom migration. In addition, the local energy densities Hy,
for C—H, C—C, and C—Cl in the intermediates 3a, 3d, and
3e are —1.99, —1.28, and —0.87, respectively, the same
trend as the change of py. In fact, the C—Cl and N—Cl
bond strengths are similar, which gives rise to the similar
stabilities of 3e and 4e, while the energy barrier for a migrat-
ing Cl atom is only 13.3 kcal/mol (i.e., they could be trans-
formed into each other easily, which remains to be con-
firmed by experiments).

Conclusion

From the above discussion, the following conclusions can
be drawn:

(1) According to these calculations, all the studied reac-
tions proceed by asynchronous but concerted pathways in
the gas phase or in CH,Cl, solution.

(2) Electron-withdrawing chlorine substituents on the 1-
aza-2-azoniaallene cation and the electron-releasing methyl
substituent on the isocyanate favor the cycloaddition reac-
tions, while electron-releasing methyl substituents on the 1-
aza-2-azoniaallene cation and electron-withdrawing chlor-
ine substituents on the isocyanate have the opposite effect.

(3) The activation barriers for cycloaddition reactions are
quite low, which is in agreement with the experimentally
ascertained fact that these reactions can occur at low tem-
perature.

(4) The presence of Cl substituents on the 1-aza-2-azon-
iaallene cation dramatically lowers the activation barrier for
the [1,2]-shift reactions of cycloaddition products.

Experimental Section

Computational Methods of Calculation: All calculations included in
this work were performed with the Gaussian98w program pack-
agel'’l. The geometries of reactants, products, complexes, inter-
mediates, and transition states were fully optimized. All the geo-
metric parameters of possible stationary points were located at the
B3LYP/6-31++G** level and were characterized by the number of
imaginary frequencies. For the model reaction (1a + 2a), the Polar-
ized Continuum (overlapping spheres) model (PCM)!' and
CH,(l, solvent (dielectric constant ¢ = 8.93) were employed to
calculate the solvent effects at 298.15 K. In addition, the stationary
points for the model reaction were also located and characterized
by second-order Meller-Plesset perturbation theory (MP2) and
quadratic configuration interaction calculations, including single
and double substitutions (QCISD) methods. For some key reaction
paths, Intrinsic Reaction Coordinates (IRCs)!'?! were traced to con-
firm the TS connecting the two corresponding minima. The relative
energies of all stationary points were corrected with zero-point vi-
brational energies. The bonding character and charge distribution
for some stationary points were studied on the basis of Bader’s
AIM theory.['3] The AIM98PC package,!'¥ a PC version of AIM-
PAC,[">) was employed for electron density topological analysis
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with the electron densities obtained by B3LYP/6-31++G** calcu-
lation.

Supporting Information: The Z-matrixes, frequencies, energies, and
detailed information of atomic numbering systems of all the
stationary points are listed in Tables S1—S15 and Figures S1—S5
in the Supporting Information. The charges and the topological
properties of electron density distributions of some stationary
points are shown in Tables S16—S17 of the Supporting Infor-
mation.
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