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Theoretical Studies on Cycloaddition Reactions of 2-Azaallene Cations
with Isocyanates
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The mechanisms of cycloaddition reactions between 2-aza-
allene cations and isocyanates have been explored at the
B3LYP/6-31G* level. It is found that [2+2] or [2+4] cycloaddi-
tion reactions can take place via an intermediate when 2-
azaallene cations react with 1 or 2 equiv. of isocyanates. The
effects of substituents are also reported in the present paper,
and the results obtained indicate that electron-attracting

groups on 2-azaallene cations favor the reaction, and elec-
tron-donating groups on 2-azaallene cations hinder the reac-
tion. Substituents on isocyanates have the opposite effects.
These results have been rationalized with FMO interaction.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

Cycloaddition reactions between cumulenes and double-
bond compounds are very important routes for the syn-
thesis of cycloadducts. In the past decades, [2+2] cyclo-
addition reactions of ketenes, ketenimines, allenes, and
keteniminium cations have been extensively studied
theoretically!! ™ and experimentally.>~% Our previous
papers®7 indicate that the mechanisms of cycloaddition re-
actions involving keteniminium or 2-azaallene cations are
quite complicated, and many intermediate species have been
located. 2-Azaallene cations, as a class of heterocumulenes,
are very reactive, giving rise to heterocycles and open-chain
compounds.B~1 In 1995, Ismail et al. reported the exper-
imental results of [2+2] and [2+4] cycloaddition reactions
of 2-azaallene salts with isocyanates, which provide a new
route for the preparation of heterocycles and less-conven-
tional open-chain compounds.['?!

To the best of our knowledge, there has been no theoreti-
cal study of the reaction mentioned in the title of this arti-
cle. Therefore, we present DFT studies on the mechanisms
for reactions of the 2-azaallene cation with one isocyanate
molecule or two isocyanate molecules. We have also investi-
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gated substituent effects on these reactions. The reactions
considered are shown in Scheme 1.
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Scheme 1

The Z-matrixes, energetics (total energies and ZPEs) of
all the stationary points are listed in Tables S1—S8 of the
Supporting Information, along with the numbering systems
in Figures S1—S4 (see footnote on page 1 of this article).

Results and Discussion

The Prototype Reaction: H,C=N*=CH, + HN=C=0
and H,C=N*=CH, + 2 HN=C=0

First we considered the reaction H,C=N*=CH, +
HN=C=0, in which the geometries of reactants (la and
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2a), complex (COMIla), intermediate (INT1a), transition
states (TS1a, TS2a), and product (3a) are optimized at the
B3LYP/6-31G* and MP2/6-31G* levels. The numbering
systems of the stationary points are shown in Scheme 2 and
the geometries obtained are listed in Table S1 of the Sup-
porting Information, which indicate that both calculation
methods (B3LYP and MP2) give similar results.
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The structural parameters reveal that one reactant, the 2-
azaallene cation (1a), is a linear molecular with its skeleton
atoms in the same plane, while the two methylene planes
are perpendicular to each other. The obtained bond length
and angle are in reasonable agreement with those reported
by Bottger et al.l'8! in 1997 at the B3LYP/6-31+G* level.
The skeleton atoms in the four-membered ring product 3a
are in the same plane, but the two hydrogen atoms attached
to C? are distributed above and below the plane (see Figure
S1 and Table S1 of the Supporting Information).

When reactant 2a approaches la, complex COMIla is
formed owing to the favorable electrostatic interaction of
the reactants (the charges of N* and C* are —0.26 and
+0.53 ¢, respectively), with the bond length of N*—C?3 being
2.68 A at the B3LYP/6-31G* level. After COMla, inter-
mediate INT1a is formed via a transition state, TS1a. The
C3—N* and C5—N! distances in TS1a are 1.84 and 3.70 A,
respectively, and the angle C2—N!—C? in TSla becomes
142.6° from the original 180.0° in 1a. As the reactants ap-
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proach further, TSla becomes intermediate INTla, in
which the bond lengths of C?*—N* and C*—N' are 1.54 and
3.52A, respectively. In TS2a, the dihedral angle
C’—N*—C3>*—N! becomes 110.3°, 47° less than that in
INT1a, and the C°—N! distance is slightly shorter (3.31 A).
After TS2a, the reaction yields a four-membered ring prod-
uct 3a, in which the bond lengths of C?*—N* and C°—N!
are 1.46 and 1.59 A, respectively.

The relative energies of the stationary points are given in
Figure 1 (with zero-point energy correction), which shows
that as COMla is formed, the reaction first releases
8.1 kcal/mol energy (only 7.3 kcal/mol with BSSE correc-
tion) and then overcomes an energy barrier of 11.9 kcal/
mol (12.9 kcal/mol with BSSE correction) to form INT1a,
which is the rate-controlling process. Figure 1 also shows
that INT1a is an unstable intermediate and easily changes
to the adduct 3a, whose energy barrier is only about
0.9 kcal/mol (with ZPE) at the B3LYP/6-31G* level.

Relative energies (kcal/mol)

Reaction process

Figure 1. Schematic description of the potential energy surface for
the reaction of 1a + 2a [(V B3LYP/6-31G*+ZPE(B3LYP), ® MP2/
6-31G*+ZPE(MP2), ® CCSD(T)/6-31G*//B3LYP+ZPE(B3LYP),
@ CCSD(T)/6-31+G*//B3LYP+ZPE(B3LYP)]

After INT1a, there are two possiblities. One is to form
adduct 3a as discussed above; the other is that INT1a can
further react with excess HN=C=O0 to form the six-mem-
bered ring product 4a. For the latter process we have lo-
cated a complex (COM2a), one intermediate (INT2a), two
transition states (TS3a, TS4a) and one product (4a) at both
B3LYP/6-31G* and MP2/6-31G* levels (see Figure S1 and
Table S1 of the Supporting Information).

An intermolecular complex COM2a forms first when
INT1a reacts with an HN=C=0 molecule. In COM2a, the
lengths of C5—N!2 and N'2—H® are 2.80 and 2.45 A and
the C°—N*—C3*—N! and CPN'"2C°N* are 166.74 and
—109.34°, respectively. As the reaction proceeds, the hydro-
gen bond in COM2a is destroyed first and then intermedi-
ate INT2a is formed via a transition state TS3a. The ge-
ometry of TS3a is somewhat similar to COM2a, but the
C5—N!2 distance is only 1.94 A, 0.86 A shorter than in
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COM2a and 0.3 A longer than that in INT2a. As the di-
hedral angle of C°—N*—C3>—N! changes, the ring closure
of INT2a produces a six-membered ring adduct 4a via
TS4a.

Because C° in INT1a carries a higher charge (+0.82 e)
and the N'2 atom in the HN=C=0 molecule has a negative
charge (—0.26 ¢), COM2a has 5.9 kcal/mol less energy than
INT1a+2a at the B3LYP/6-31G*+ZPE level as shown in
Figure 2, which shows that the energy barrier for the step
from COM2a to INT2a is 2.1 kcal/mol while that for the
step from INT2a to 4a is 1.0 kcal/mol at the B3LYP/6-31G*
level, i.e., the [2+4] cycloaddition reaction can take place
quite easily. If BSSE is considered, the energy barrier for
the process from COM2a to INT2a will become 2.7 kcal/
mol, 1.8 kcal/mol higher than for the process from INT1a
to 3a.

INT1at+2a

Relative energies (kcal/mol}

115®
JEs

Reaction process

Figure 2. Schematic description of the potential energy surface for
the process from INTla + 2a to 4a [V B3LYP/6-31G*
+ZPE(B3LYP), @ MP2/6-31G*+ZPE(MP2), ® CCSD(T)/6-
31G*//B3LYP+ZPE(B3LYP), ¥ CCSD(T)/6-31+G*//B3LYP+
ZPE(B3LYP)]

In both [2+2] and [2+4] reactions, the rate-controlling
steps (the formation of INT1a) are the same, but if one
wants to discuss the ratio of products 3a and 4a, one might
calculate the rates of reaction for processes from INT1a to
3a, from COM2a to INT2a or from INT2a to 4a. In fact,
the [2+4] process is unfavorable for both enthalpic and en-
tropic reasons. The change of entropy (AS™) for the process
from INT1a to 3a is —2.4 cal'mol™!"K~!, while those for
the processes from COM2a to INT2a and from INT2a to
4a are —10.9 and —8.3 cal'mol ""K !, respectively. Such
differences will contribute to the change in Gibbs free en-
ergy (AG™) of about 2.5 (from COM2a to INT2a) or 1.7
kcal/mol (from INT2a to 4a) even at room temperature
(298 K), which is large enough to influence the reaction rate
of the low-energy-barrier reaction. Therefore, as was
pointed out by a referee, the reaction H,C=N*=CH, + 2
HN=C=0 must be entropically hindered. From transition
state theory, we calculated that the reaction rate for the pro-
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cess from INT1a to 3a is 7.66-10'! s~!, while those for the
processes from COM2a to INT2a and from INT2a to 4a
are 9.69-10° and 7.68-:107 s ! respectively. So our present
results are in good agreement with Ismail’s experimental re-
sult that even with excess (2—5 equiv.) of isocyanate, the 2-
azaallene cation will react in a 1:1 ratio to form a four-
membered ring product.[?!

In order to study the basis set and correlation energy ef-
fects, single-point energy calculations of CCSD(T)/6-31G*//
B3LYP/6-31G* and CCSD(T)/6-31+G*//B3LYP/6-31G*
have been performed at the optimized stationary points.
The relative energies of these methods are given in Figures |
and 2, which indicate that the relative energies in the proto-
type reaction are similar at B3LYP, MP2, and CCSD(T)
calculation levels and the biggest difference is about 4 kcal/
mol, i.e., B3LYP/6-31G* is reliable for the present study.
Therefore, only the B3LYP/6-31G* method has been em-
ployed in the later study of the effects of substituents.

To study the bonding character and charge distribution
for the intermolecular weak interactions, electron density
analysis has been carried out with B3LYP/6-31G* wave-
functions. Laplacian distributions of TSla, INTla,
COM2a, and TS3a are illustrated in Figure 3, which indi-
cates that there are two critical points between the reactants
in COM2a. One is that between C° and N'2, the other be-
tween N'2 and H®. The electron densities py, for the C3—N!?
and N'>2—H? bonds are 0.013 and 0.01 in COM2a, which
means that these bonds are quite weak. However, in TS3a,
the bond critical point between N'? and H® disappears and
the C°>—N'? bond becomes stronger (p, = 0.04). In TSla,
the electron density p,, for the bond N*—C? to be formed
is 0.1, which is mainly caused by electron donation from
the nitrogen atom in the HNCO molecule, the same as the
FMO interaction shown in Scheme 3. However, in INT1a
the electron density py, for the bond N*—C3 is 0.208, and a
single bond has been formed as illustrated in Figure 3.

Effects of Substituents on the Carbon Atom in the
2-Azaallene Cation

To study the influence of substituents on the carbon
atoms in the 2-azaallene cation, we tried to investigate the
reactions of 1,3-dichloro-2-azaallene and 1,3-dimethyl-2-
azaallene with HNCO, i.e., the reaction 1b + 2a and 1c¢ +
2a. The numbering systems are illustrated in Scheme 2, and
the complete reaction scheme (see Scheme 2), as discussed
in the model reaction, is also considered here.

Because larger groups such as Cl or CHj; are attached to
the terminal carbon atoms of 2-azaallene, we could not lo-
cate intermolecular complexes similar to COM1a, but in
each case a hydrogen-bonded complex could be found,
which is confirmed by topological analysis shown in Fig-
ure 3. The electron-attracting effect of the Cl group leads
to a slightly more active C—H bond in 2-azaallene, and thus
COMI1b is more stable than COMlec (see Figure 4). Just
like the model reaction, two transition states (TS1b and
TS2b or TS1c and TS2¢) and one intermediate (INT1b or
INT1c) have been located for each substituted reaction.
From Figure 4, one can see that the Cl atom, an electron-
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Figure 3. Molecular graphs and Laplacian distribution of the stationary points in the studied reaction; in these figures, dashed lines
denote positive values of V?p, and full lines stand for negative values of V?p,; bonded charge concentrations are indicated by solid
squares; in addition, bond paths (heavy solid lines), bond critical points (solid circle) and ring critical points (triangle) are shown for p(r)
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attracting substituent, favors the reaction. The energy of
TS1b is only 3.8 kcal/mol above 1b+2a and 11.9 kcal/mol
above COMI1b (with ZPE correction). On the contrary, the
CHj; group, an electron-donating substituent, reduces the
ease with which the reaction proceeds. The energy of TS1c¢
is 18.4 and 22.7 kcal/mol above the reactants and COMlc,
respectively, much higher than in the model reaction. Thus,
we can conclude that electron-attracting substituents on a
2-azaallene cation favor the reaction while electron-donat-
ing substituents on a 2-azaallene cation inhibit the reaction.
This conclusion can be inferred from the frontier orbital
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interaction (FMO) as shown in Scheme 3, because the elec-
tron-attracting groups lower the energy level of the LUMO
of the 2-azaallene cation, and lower the energy gap between
the HOMO of HNCO and the LUMO of the 2-azaallene
cation. Obviously, electron-donating groups have the op-
posite effects. So we can conclude that 1,3-dichloro-2-azaal-
lene is more reactive than 1,3-dimethyl-2-azaallene, which
might be one reason why Ismail et al. selected 1,3-dichloro-
2-azaallene salts as one of the reactants in their experi-
ments.[1Z]

When HNCO is in excess, the intermediates INT1b or
INT1c could combine with another HNCO to form a mo-
lecular complex COM2b or COM2c¢. In these complexes,
there are two weak intermolecular interactions, N--C and
N--H-C (the same as Figure 3, c), but the N'>~C> dis-
tance in COM2b is 0.18 A shorter than that in COM2c¢
(2.95 A). The mechanisms of these reactions are the same
as those of the model reaction.

Owing to the disappearance of N+-*H—C bonds in TS3c,
the energy barrier (4.0 kcal/mol) from COM2c¢ to INT2c is
higher than that from COMZ2b to INT2b (0.1 kcal/mol) as
shown in Figure 5. In TS3b, the hydrogen bond N+-H-C
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TS1b 3.8
TSlc 184 %ggb 2.9
TS1d 83 ¢ 20.7
TS24 7.5
TSle 2.7 Toze 32
1b+2a 0.0
1¢+2a 0.0
1a+2b 0.0 INTIb 1.0
1a+2¢ 0.0 INTIe 16.1
INTId 7.5

INTle -4.0

Relative energies (kcal/mol)

Reaction process

Figure 4. The schematic description of potential energy surfaces
for 1b + 2a, 1c + 2a, 1a + 2b, and 1a + 2c reactions at the B3LYP/
6-31G* level (with ZPE correction)

is still present. With the further approach of reactants to
each other, the N'?--H°—C bond is broken, but another
intermolecular hydrogen bond (p, = 0.027) between CI'°
and H'> forms in INT2b (see Figure 3), which makes INT2b
more stable than other corresponding intermediates. For ex-
ample, the relative energy of INT2b is 12.1 kcal/mol lower
than that of INT2¢ (see Figure 5).

INT1b+2a 0.0
INT1c+2a 0.0
INT1d+2b 0.0
INT1e+2¢ 0.0

~ TS3b -8.0
2 TS3e 2.1
= TS3d-5.9 TS4b -11.7
g TS3e -4.5 TS4c 1.7
e 6.6
[
£ COM2b -8.1 .
] COM2¢ -6.0
& CcoM2d 6.6
2 COM2e -6.4 INT2b -14.1
£ INT2¢ 2.0
= INT2d -10.2

INT2e -8.6

Reaction process

Figure 5. The schematic description of potential energy surfaces
for [2+4] reaction processes at the B3LYP/6-31G*+ZPE level

Effects of Substituents on the Nitrogen Atom in Isocyanates

In this section, we report our studies of the effects of
substituents on the nitrogen atom in isocyanates (see
Scheme 2). We chose two types of substituents (Cl and
CHs;) and we also considered both four- and six-membered
ring products.

For the reaction of 1a + 2b or 1a + 2c¢ (see Scheme 2),
we have located all the possible transition states and inter-

1946 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

mediates, which are denoted as COMId, TS1d, TS2d,
INT1d and COMle, TSle, TS2e, INT1e, respectively. These
stationary points are also further confirmed by vibrational
analysis, and the transition states are characterized by the
only imaginary frequency. The numbering systems are given
in Scheme 2.

For reaction 1la + 2b, the optimized parameters for
COMI1d, TS1d, INT1d, and TS2d are similar to those of
the corresponding stationary points in the model reaction.
As far as the energy is concerned, the energy of TS1d is 8.3
and 14.4 kcal/mol above 1a+2b and COMI1d, respectively,
which are slightly higher than those in model reaction
la+2a (see Figures1 and 4). This situation can be ex-
plained by frontier orbital interaction (see Scheme 3). When
an electron-attracting substituent (such as Cl) is attached to
the N atom in an isocyanate, the energy level of the HOMO
in the isocyanate will be slightly lower than that in HN=
C=0, which will increase the energy gap between the
HOMO of the isocyanate and the LUMO of the azaallene
cation.

However, for the reaction 1a + 2¢, a molecular complex
COMle is formed first, which has about 6.2 kcal/mol stabil-
ization energy. Figure 4 indicates that TS1e is only 2.7 kcal/
mol above the reactant asymptote and the energies of all
other stationary points along this reaction path are well be-
low the reactant 1a+2c. Because an electron-donating CH;
group in the isocyanate will promote the energy level of the
isocyanate HOMO, it will decrease the energy gap between
the HOMO of isocyanate and the LUMO of the 2-azaallene
cation and thus favor the interaction shown in Scheme 3. In
Ismail’s experiments,['?) only electron-donating groups were
chosen for study, which is in good agreement with our pre-
sent results.

When 2b and 2c¢ are in excess, the intermediates INT1d
and INT1e can further react to form the last six-membered
products 4b and 4c. The corresponding molecular com-
plexes COM2d and COM2e are also located at the begin-
ning of the reaction INT1d + 2b and INT1e + 2c. There is
nothing special about COM2d, but the structures of INT2d
and COM2e are somewhat different. Topological analysis
indicates that a weaker interaction exists between CI'! and
C! in INT2d, which might explain why INT2d is about
14.1 kcal/mol lower in energy than INT1d+2b. In COM2e,
interactions occur between C>+N!'2 and N!'Z-H!¢ as
shown in Figure 3. The relative energies show that [2+4]
reaction processes are quite easy because complexation of
the intermediate with HNCO is exothermic to the extent of
6—8 kcal/mol, which is sufficient for overcoming the later
activation barriers.

Conclusions

For the model reaction, the reaction proceeds to form an
initial intermediate, and the intermediate can then either
undergo cyclization to form a four-membered ring adduct
or combine with another HNCO to form a six-membered
ring product.
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Electron-attracting substituents on the carbon atom of a
2-azaallene cation (as in the 1,3-dichloro-2-azaallene cat-
ion) have a positive influence on the rates of reactions, but
electron-donating substituents on the 2-azaallene cation (as
in 1,3-dimethyl-2-azaallene) inhibit the reaction.

When substituents are on the nitrogen atom of an isocy-
anate, they have the opposite effects. Electron-donating
groups favor the reaction, which is in good agreement with
the FMO interaction.

The calculated activation barriers of the title reactions
are quite low, which is in agreement with the experimental
fact that these reactions between the 2-azaallene cation (or
its salts) and isocyanates can occur at room temperature.

Experimental Section

Computational Method and Models: All the calculations included
in this work have been performed with the Gaussian 98w pro-
gram.['31 For the model reaction, the geometries of reactants, prod-
ucts, complexes, intermediates, and transition states of the title re-
action have been fully optimized at B3LYP/6-31G* and MP2/6-
31G* levels, and single-point energies of the title reaction have been
recomputed at CCSD(T)/6-31G*//B3LYP/6-31G* and CCSD(T)/6-
31+G*//B3LYP/6-31G* levels. All stationary points have been
further confirmed by the computation of force constants analyti-
cally and characterized by the number of imaginary vibrational fre-
quencies. IRC has also been traced with B3LYP/6-31G* for the
model reaction, which shows that the transition states are on the
right potential energy surface. For the substituted reactions, only
B3LYP/6-31G* has been used to locate the geometric parameters
in order to save CPU time. Bader’s theory of AIMI['415] has been
used to study the bonding character and charge distribution for the
complexes, some transition states and intermediates. The
AIMO98PC package,') a PC version of AIMPAC,'”! has been
employed for the electron density topological analysis using the
electron densities obtained with B3LYP/6-31G* calculations.
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