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Abstract

A number of quantum chemical and density functional methods have been used to study the chemo- and regioselectivity of the uncatalysed
and Lewis acid mediated cycloaddition of the nitrone PhCH]N(Me)O with the C]C or the C^N bond of (E )-cinnamonitrile. In agreement
with experimental evidence, Lewis acid coordination to the nitrile strongly promotes reaction at the C^N bond over reaction at the alkene
moiety. The main factors responsible for this inversion of the chemoselectivity were identified as the following: (i) the Lewis acid strongly
stabilises the product of C^N addition and the transition state leading to it, thus favouring this reaction both kinetically and thermodynamically.
Addition across the C]C bond, in contrast, only receives weak kinetic activation; (ii) the cycloaddition to the C]C or C^N bonds involves
different molecular orbitals at the cinnamonitrile, and the Lewis acid influences the orbital involved in C^N addition to a larger extent; (iii) the
Lewis acid has a stronger effect on the electron distribution of the C^N bond. As an overall result, the Lewis acid not only promotes the
cycloaddition, but also alters the order of functional group reactivity and brings about a complete change in chemoselectivity.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Cycloaddition of 1,3-dipolar reagents to C]C and C^C
bonds represents one of the most atom efficient and versatile
methods for the synthesis of five-membered heterocycles.1

Hetero multiple bonds such as nitriles can also act as dipolaro-
philes in cycloaddition reactions. However, in most cases the
reactivity of the C^N bond is not sufficiently high and appli-
cations are limited. Known transformations are restricted to the
reactions of electron deficient nitriles with nitrones to form
D4-1,2,4-oxadiazolines,2 with azides to give tetrazoles,3 addi-
tion to nitrile oxides as an alternative route to the well known
1,2,4-oxadiazoles,4 reaction with C,N-diacylimines to afford
amidooxazoles,5 or the formal cycloaddition of carbonyl stabi-
lised carbenoids to furnish 1,3-oxazoles.6
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Our previous work demonstrated that the coordination of
nitriles to Lewis acids such as Pt(IV), Pt(II) or Pd(II) promotes
the cycloaddition of the C^N bond with nitrones. Using this
technique, a wide range of otherwise inaccessible D4-1,2,4-
oxadiazolines and their transition metal complexes have been
synthesised.7 Quantum chemical calculations suggested that
the purely organic cycloaddition is a concerted pericyclic reac-
tion, whereas coordination of the nitrile to a model Lewis acid
changes the reaction mechanism towards a two-step reaction.
The Lewis acid mainly acts by stabilizing the highly polar
transition states, intermediates and also the product.8,9 This
activation pathway is markedly different from the traditional
interpretation of Lewis acid effects on the cycloaddition to car-
bonyl conjugated alkenes. In these compounds, the Lewis acid
is assumed to activate the C]C bond of the reactant by mak-
ing it more electron deficient and by lowering the energies of
the frontier orbitals involved in the reaction.10

With this in mind, we became interested in comparing the be-
haviour of a C]C and a C^N bond directly, by studying the
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Scheme 1. Experimental results of the [2þ3] cycloaddition of nitrones to free or transition metal-bound cinnamonitrile (M¼Pt(II), Pd(II)).11
reactivity of (E )-cinnamonitrile bearing both functional groups
conjugated to each other. In this case, one expects a competition
between the two different mechanisms, classical C]C activa-
tion via Lewis acid coordination to the conjugated functional
group, and enhanced reactivity of the C^N bond due to stabili-
zation of the resulting product by the Lewis acid. In the synthetic
experiment,11 the purely organic reaction produced two diaste-
reomeric isoxazolines as a result of cycloaddition to the C]C
bond, whereas platinum- or palladium-coordinated cinnamoni-
trile reacted exclusively at the C^N bond. The presence of the
Lewis acid thus switches the chemoselectivity of the reaction
(see Scheme 1). The present work now aims to explain and un-
derstand these experimental results, in particular the observed
chemoselectivity and the effect of the Lewis acid transition
metal, using quantum mechanical calculations.

2. Computational details

Calculations were performed with GAUSSIAN9812 (DFT)
and the PC GAMESS version13 of the GAMESS(US)14 quan-
tum chemistry package (HF and MP). Results were visualised
with MOLDEN,15 MOLEKEL,16 and PLATON.17 Full geome-
try optimizations were performed at HF, MP2 and B3LYP
levels of theory, using the standard basis sets LANL2DZ for
platinum and 6-31G*18 for all other atoms. Additionally, single
point energies were calculated for the structures obtained from
the HF/6-31G* geometry optimization using MP2/6-31G*,
MP3/6-31G* and MP4/6-31G*. The geometries optimised with
B3LYP/6-31G* were used for single point calculations with
MP2/6-31G*, MP3/6-31G* and MP4/6-31G*, and also the dif-
ferent DFT approaches SVWN/6-31G*, SLYP/6-31*, BVWN/
6-31*, BP86/6-31*, O3LYP/6-31G*, mPW1PW91/6-31G*
and PBE1PBE/6-31G*. The influence of the basis set was
studied by single point energy calculations with B3LYP/6-
311þG(d,p) and MP3/6-311þG(d,p).

Harmonic vibrational frequencies were computed for all
stationary points in order to characterise them as local minima
(no imaginary frequency found) or transition states (only one
imaginary frequency exists). The vibration associated with
the imaginary frequency was found consistent with the ring
formation in all cases. Reaction pathways were traced from
the transition states towards both reactant and product direc-
tion along the imaginary mode of vibration using the algo-
rithm developed by González and Schlegel.19 All transition
states were found to connect reactants and products correctly.

The topological analysis of the charge density was per-
formed with the program MORPHY.20 Critical points were lo-
cated by using the eigenvector following method as
implemented in the program.21 The respective wave function
input files were generated by GAMESS(US) from single point
calculations (MP3/6-31G*//B3LYP/6-31G* and MP3/6-311þ
G(d,p)//B3LYP/6-31G*). AIM atomic charges were calculated
by integration over the atomic basins using the algorithm im-
plemented in MORPHY.20,22 Natural population analysis
(NPA) charges and bond orders were obtained from NBO
Version 3.123 as implemented in Gaussian 03.

3. Results and discussion

Due to the known dependence of the reactivity on the sub-
stituents present in the substrate, the organic reaction was cal-
culated in full rather than as a model system, to keep as close
as possible to the experiment. BF3 was used as a model Lewis
acid to reduce the computational effort involved in the calcu-
lation of transition metal species, and the corresponding plat-
inum-coordinated species with the PtCl2(MeCN) fragment as
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the Lewis acid was then calculated for comparison. This was
expected to show whether the experimentally observed effect
can be explained as general Lewis acid activation or whether
specific transition metal interactions play a role.

3.1. Cycloaddition of N-methyl-C-phenyl-nitrone to (E)-
cinnamonitrile

The starting materials 1a, 2 and all possible isomeric prod-
ucts 4a, 6a, 8a, 10a, and 12a, shown in Scheme 2, were geometry

Scheme 2. Calculated species in the [2þ3] cycloaddition of nitrone 2 to

uncoordinated cinnamonitrile 1a.
optimised using the HF/6-31G*, MP2/6-31G* and B3LYP/
6-31G* methods, and the relative energies of the products
were compared (Table 1).

The order of thermodynamic stability of the four isomeric
cycloaddition products to the C]C bond follows an order:
6a>8a>4a>10a, irrespective of the computational method
used. However, the energetic position of the cycloadduct to
the C^N bond (12a) within this series depends strongly on
the computational approach. HF predicts 12a to be less stable
than the C]C adduct 8a but more stable than 4a, and MP2
positions it in between 4a and 10a. B3LYP, in contrast, seems
to overestimate the stability of 12a and predicts it as the ther-
modynamically preferred product. Also the relative energy
values deviate considerably. The HF and MP2 energies are of
an order of �18.6 to �29.7 kcal/mol, but the B3LYP energies
are consistently higher, ranging from þ4.5 to �13.1 kcal/mol.
Again, as shown previously for a similar cycloaddition of ben-
zonitrile oxide to a nitrile, alkyne and alkene,9 B3LYP calcu-
lations of cycloadditions of dipolar reagents to different types
of dipolarophiles seem to be not fully comparable with each
other, whereas cycloaddition to the same functional group
appears to give consistent results.

The large deviation in the energy values and the contradict-
ing results with respect to the relative position of the nitrile
cycloadduct among the alkene cycloadducts prompted us to
investigate the influence of the computational method in more
detail. Firstly, both HF and B3LYP geometries were used for
single point calculations on MP2/6-31G*, MP3/6-31G*, and
MP4/6-31G* levels of theory, for the purpose of studying
Table 1

Relative energies (kcal/mol) for the reactions of N-methyl-C-phenyl-nitrone 2 with E-cinnamonitrile 1a

Reaction HF/6-31G*//

HF/6-31G*

MP2/6-31G*//

HF/6-31G*

MP3/6-31G*//

HF/6-31G*

MP4/6-31G*//

HF/6-31G*

MP2/6-31G*//

MP2/6-31G*

B3LYP/6-31G*//

B3LYP/6-31G*

TS Product TS Product TS Product TS Product TS Product TS Product

1a+2/4a +35.4 �18.6 +10.2 �24.2 +19.6 �25.1 +18.8 �23.4 +6.5 �23.6 +23.3 �2.6

1a+2/6a +32.0 �26.8 +4.8 �30.3 +15.2 �31.8 +14.3 �29.9 +2.0 �29.7 +19.7 �8.5

1a+2/8a +41.0 �24.1 +5.5 �28.5 +19.0 �29.6 +18.9 �27.8 +2.0 �28.2 +24.4 �6.3

1a+2/10a +41.9 �10.8 +5.2 �19.0 +19.5 �19.0 +19.2 �17.4 +0.5 �19.4 +24.7 +4.5

1a+2/12a +33.9 �22.4 +11.7 �21.9 +19.3 �26.5 +18.5 �22.5 +12.6 �19.8 +20.4 �13.1

Reaction MP2/6-31G*//

B3LYP/6-31G*

MP3/6-31G*//

B3LYP/6-31G*

MP4/6-31G*//

B3LYP/6-31G*

B3LYP/6-311+ G**//

B3LYP/6-31G*

MP3/6-311+G**//

B3LYP/6-31G*

PBE1PBE/6-31G*//

B3LYP/6-31G*

TS Product TS Product TS Product TS Product TS Product TS Product

1a+2/4a +8.4 �23.3 +18.7 �25.4 +17.7 �23.4 +27.1 +0.7 +16.6 �27.4 +16.5 �17.5

1a+2/6a +3.8 �29.3 +14.4 �31.8 +13.8 �29.8 +22.9 �5.7 +12.0 �33.6 +12.6 �23.0

1a+2/8a +4.0 �27.7 +17.9 �29.7 +18.1 �27.9 +28.0 �3.1 +15.4 �31.9 +17.0 �20.8

1a+2/10a +3.5 �18.5 +18.5 �19.4 +18.4 �17.7 +28.6 +7.9 +15.5 �22.1 +17.5 �10.5

1a+2/12a +12.7 �20.0 +20.0 �26.2 +19.1 �21.8 +23.8 �8.7 +19.2 �28.4 +15.0 �26.4

Reaction SVWN/6-31G*//

B3LYP/6-31G*

SLYP/6-31G*//

B3LYP/6-31G*

BVWN/6-31G*//

B3LYP/6-31G*

BP86/6-31G**//

B3LYP/6-31G*

O3LYP/6-31G*//

B3LYP/6-31G*

mPW1PW91/6-31G*//

B3LYP/6-31G*

TS Product TS Product TS Product TS Product TS Product TS Product

1a+2/4a +0.3 �26.6 �9.9 �37.8 +32.5 +14.6 +18.6 �4.0 +28.0 �0.2 +18.4 �15.2

1a+2/6a �3.5 �30.2 �13.3 �40.6 +28.7 +8.0 +14.8 �9.2 +24.0 �7.0 +14.6 �20.9

1a+2/8a �0.1 �28.2 �10.2 �38.7 +33.1 +10.2 +18.6 �7.3 +28.1 �4.7 +19.1 �18.7

1a+2/10a �0.2 �10.5 �10.6 �32.2 +33.7 +21.5 +19.0 +2.6 +29.2 �7.6 +19.6 �8.1

1a+2/12a �2.0 �39.4 �11.3 �49.9 +27.9 +2.0 +15.2 �16.0 +24.4 �12.7 +16.5 �24.5

Relative energy of dipolarophile+dipole¼0 kcal/mol.
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the effect of dynamic electron correlation estimated through
second and higher order perturbation theory. The starting geo-
metry has only minor influence, and the MP2/6-31G* single
point energies are in good agreement with the ones obtained
from the rather demanding full geometry optimization using
MP2/6-31G*. With MP3/6-31G* and MP4/6-31G*, the
C]C cycloadducts 4a, 6a, 8a and 10a are within 1e2 kcal/
mol compatible with the MP2 results. Also the MP4 energy of
the CN adduct 12a agrees well with MP2. MP3 predicts this
compound to be 5 kcal/mol more stable, but the stability order
of 6a>8a>12a is still unchanged.

The influence of the basis set was analyzed by comparing
B3LYP/6-311þG(d,p) and MP3/6-311þG(d,p) single point
calculations on the B3LYP/6-31G* geometry with the corre-
sponding calculations using the 6-31G* basis set. The relative
energies are in good agreement, and the products are predicted
2e4 kcal/mol less (B3LYP), or 2 kcal/mol more stable (MP3).

The B3LYP geometry optimised structures were subjected
to single point calculations with several ‘first generation’
DFT approaches, with the aim to separately study the effect
of gradient corrections to correlation and exchange, as well as
the effect of HF exchange. From these calculations, one would
not expect accurate energy values, but the relative stabilities
might show whether one of these correction terms can be iden-
tified as responsible for the discrepancies. The LDA functional
SVWN gives relative energies for the C]C adducts similar to
HF, but the CN adduct is predicted to be significantly more
stable, like B3LYP. Adding gradient correction to correlation
in SLYP lowers the relative energy of all products by approx.
10 kcal/mol without changing their order of stability. Gradient
correction to exchange, considered in BVWN, has the opposite
effect and strongly destabilises all products. BP86 as a GGA
functional with gradient corrections to both correlation and ex-
change performs quite similar to the hybrid functional B3LYP,
and the relative energy values agree well within 3 kcal/mol.

Among the modern DFT methods, the hybrid functionals
O3LYP (using the OPTX exchange functional),24 mPW1PW9125

and PBE1PBE26 were chosen. O3LYP performs similarly to
B3LYP, but the other two methods seem to be in slightly better
agreement with the MP methods, and their relative energies
occupy an intermediate position between HF/MP and B3LYP
or BP86. The stability trend, however, is the same as with all
other DFT methods, but the CN adduct 12a is only 3.4 kcal/
mol more stable than the lowest energy C]C adduct 6a, com-
pared to other DFT methods where the difference was larger
(4.6 kcal/mol with B3LYP, 10 kcal/mol with lower level DFT
methods). Other DFT methods such as MPW1K27 have been
recommended for cycloaddition reactions. We have not used
these here because the reported energy differences to B3LYP
were small.

In summary, all HF and MP methods give consistent values
for the relative energies of the products. They appear compat-
ible with the experiment in that the observed C]C addition
product 6a is predicted to be thermodynamically most stable.
The DFT methods scatter more widely with respect to the rel-
ative energy values. The stability trends, however, are consis-
tent among all DFT methods used. In contrast to HF and MP,
DFT predicts the CN adduct 12a as the thermodynamically
most stable product. This is only compatible with the experi-
ment if the reaction was not thermodynamically controlled.
Without experimental energy values for comparison it is diffi-
cult to assess, which computational approach gives the more
accurate result. Still, one would not expect such a large dis-
crepancy for energy minimum structures containing only first
and second row main group atoms.

To evaluate the kinetic aspects of the reaction, the transition
states for all pathways shown in Scheme 2 were localised and
validated by analysis of their imaginary vibrational frequency
and their relaxation towards the reactants or products. Their
HF structures and relevant bond distances are shown in Fig-
ure 1, the corresponding values for the B3LYP transition states
are given in parenthesis. All reactions occur in a concerted
manner via comparatively early transition states. The bond
formation is slightly asynchronous, with the OeC bond being
more advanced in all cases. Compared to the HF geometries,
the B3LYP transition states are more synchronous whereas
the MP2 geometries occupy an intermediate situation.

MP2 gives the expected underestimation of the activation
barriers, whereas HF clearly overestimates them. MP3, MP4,
BP86, mPW1PW91 and PBE1PBE predict activation energies
of 14e20 kcal/mol, which is a plausible range for a reaction
that requires 60 �C to take place. The B3LYP values are typi-
cally 5e6 kcal/mol higher. The lower level DFT methods per-
form very badly with respect to energy values for transition
states, as expected, but the order is reproduced in close agree-
ment with B3LYP and BP86.

Except for MP2, the activation barrier leading to the C]C
addition product 6a via TS5a is always lowest, independent,

Figure 1. Transition states in the reaction of nitrone 2 with uncoordinated cin-

namonitrile 1a. Relevant bond distances (Å) are stated for the HF geometry,

B3LYP values are given in parenthesis.
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which DFT or higher order MøllerePlesset method was used.
This is in clear agreement with the experiment where 6a was
one of the observed products. The formation of the by-product
4a, however, is more difficult to motivate because its relative
activation energy depends on the computational method. All
DFT methods used consistently rank TS3a leading to 4a as
second most favourable, which is in agreement with the exper-
iment. All MP methods predict very similar activation barriers
for the formation of 4a, 8a and 10a, so that no clear decision
can be made. On the other hand, the MP methods seem to per-
form far better than HF or DFT with respect to the relative po-
sition of the transition state TS11a leading to C^N addition.
HF and most DFT methods do not discriminate clearly be-
tween TS5a and TS11a, and the two activation energies typi-
cally differ by less than 1 kcal/mol. This would hardly be
enough to explain the experimental selectivity in favour of
C]C addition. Compared to this, MP2 predicts a more drastic
difference of 6e8 kcal/mol. MP3 and MP4 give intermediate
values of 4e5 kcal/mol, which appear more in agreement
with the experiment. Among the DFT methods, PBE1PBE
and mPW1PW91 come closest to the MP results with an acti-
vation energy difference between TS5a and TS11a of approx.
2 kcal/mol.

In an attempt to analyze solvent effects, B3LYP/6-31G* sin-
gle point calculations were performed using the Kirkwoode
Onsager model,28 which places the solute in a spherical cavity
within the solvent reaction field. A dielectric constant of 8.93
(CH2Cl2) and a solute radius of 6.0 Å was used for all transition
states. The results have to be interpreted with care since most
of the transition states, in particular TS11a, deviate strongly
from a spherical shape. The solvent effect was assessed by look-
ing at the activation energy differences relative to the preferred
TS5a. For TS3a, the relative activation energy decreases by
0.1 kcal/mol, whereas there is an increase by 0.6, 0.5 and
0.3 kcal/mol for TS7a, TS9a and the TS11a leading to C^N
addition. Although the effects are very small, a polar solvent
tends to favour the formation of the observed regioisomeric
C]C adducts 4a and 6a, whereas formation of the
regioisomers 8a and 10a becomes less favourable. The activation
energy for reaction at the C^N bond, however, is still unreal-
istically close to the one for C]C addition.

3.2. Cycloaddition to BF3- and platinum-coordinated
(E )-cinnamonitrile

BF3-coordinated (E )-cinnamonitrile 1b, the BF3-coordi-
nated cycloaddition products 4b, 6b, 8b, 10b, and 12b, as well
as the transition states leading to these products were geome-
try optimised with HF/6-31G* and B3LYP/6-31G*, and their
relative energy was compared with single point calculations
obtained with MP2/6-31G*//HF/6-31G* and MP3/6-31G*//
B3LYP/6-31G* (see Scheme 3 and Table 2). The relative en-
ergies of the uncoordinated compounds 4a, 6a, 8a and 10a and
their BF3-coordinated counterparts 4b, 6b, 8b and 10b are
practically the same. The presence of the Lewis acid neither
stabilises these products nor changes the thermodynamics of
the cycloaddition to the C]C bond. The product of C^N ad-
dition, however, is far more stable in its coordinated state 12b.
Depending on the computational method, the difference in rel-
ative energy between 12a and 12b is 15e20 kcal/mol, hence
formation of 12b becomes thermodynamically clearly pre-
ferred over the formation of the C]C cycloadducts.

Also with respect to the relative activation energies and
transition state geometries (Fig. 2), the HF, B3LYP and MP3
results are quite consistent, although the numerical values vary
strongly. Overall, the energy values obtained with B3LYP
seem to be in best agreement with the experiment. The cyclo-
addition to the C]C bond still occurs in a concerted but less
synchronous manner. In the formation of 4b and 6b via TS3b
and TS5b, the CeO bond is more advanced than the CeC
bond. In the case of the regioisomers 8b and 10b, this effect
is less pronounced. The activation barriers for the C]C attack
are 2e10 kcal/mol lower than in the uncatalysed case, indicat-
ing that the Lewis acid activates the C]C bond. The order of
activation energy is the same as for the uncatalysed reaction.
TS3b and TS5b benefit more from the Lewis acid activation
Scheme 3. Calculated species in the [2þ3] cycloaddition of nitrone 2 to BF3-coordinated cinnamonitrile 1b.
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Table 2

Relative energies (kcal/mol) for the reactions of N-methyl-C-phenyl-nitrone 2 with BF3-coordinated (E )-cinnamonitrile 1b

Reaction HF/6-31G*//HF/6-31G* MP2/6-31G*//HF/6-31G* B3LYP/6-31G*//B3LYP/6-31G* MP3/6-31G*//B3LYP/6-31G*

TS Product TS Product TS Product TS Product

1bþ2/4b þ25.2 �18.7 þ6.1 �25.2 þ17.4 �3.6 þ10.3 �26.8

1bþ2/6b þ20.1 �26.5 þ0.04 �30.2 þ12.6 �8.1 þ5.2 �31.6

1bþ2/8b þ40.5 �23.9 þ4.3 �28.5 þ22.4 �6.5 þ23.1 �30.7

1bþ2/10b þ41.4 �16.2 þ3.7 �22.6 þ21.4 þ0.9 þ13.7 �23.2

1bþ2/12b þ8.9 �36.9 þ3.8 �42.6 þ6.6 �28.5 þ2.2 �45.2

1cþ2/4c þ23.9 �1.4 þ11.2 �28.3

1cþ2/6c þ18.9 �6.2 þ6.4 �39.4

1cþ2/8c þ27.6 �3.0 þ18.1 �29.6

1cþ2/10c þ27.4 þ3.4 þ14.9 �23.2

1cþ2/12c þ11.3 �21.6 þ0.9 �44.5

Relative energy of dipolarophileþdipole¼0 kcal/mol.
than TS7b and TS10b, so the regioselectivity would be
expected even more pronounced than in the uncatalysed case,
if the cycloaddition did in fact occur at the C]C bond. So far,
the Lewis acid activation mechanism resembles closely that
of other cycloadditions to conjugated C]C bonds, as, for
example, the DielseAlder reaction of methyl cinnamate with
cyclopentadiene,29 the reaction of butadiene with acrolein,30

or the addition of nitrones to electron deficient alkenes.31

In the presence of the Lewis acid, the formation of the C^N
cycloadduct occurs via a mechanism that is very close to a two-
step reaction, as described previously for the reaction of nitro-
nes with acetonitrile.8 The activation barrier is significantly
lower than in the uncatalysed case (order 14e18 kcal/mol),
and this leads to a high preference for this pathway also from
a kinetic point of view. Overall, Lewis acids have been

Figure 2. Transition states in the reaction of nitrone 2 with BF3-coordinated

cinnamonitrile 1b. Relevant bond distances (Å) are stated for the HF geometry,

B3LYP values are given in parenthesis.
frequently used to accelerate cycloaddition reactions, and to di-
rect their regio- and stereochemistry.10 The present case is one
of the rare ones where the Lewis acid can be used to alter the
chemoselectivity to induce a reaction at an otherwise unreactive
functional group in the presence of a more reactive one.

The results obtained with BF3 coordination suggest that
Lewis acidity might be sufficient to explain the experimental ef-
fect observed with Pt coordinated species. To confirm this hy-
pothesis, the reaction of nitrone 2 with the cinnamonitrile
ligand in the platinum complex 1c was calculated, and the path-
ways leading to the C]C cycloadducts 4c, 6c, 8c, 10c and the
nitrile addition product 12c were considered (see Scheme 4).

The relative product energies and activation barriers show
same trend as in the case of BF3 coordination, and also the
numerical values of the energy values match fairly well. The
transition states TS3c and TS5c, shown in Figure 3, are slightly
more synchronous than the ones observed with BF3, but other-
wise their geometries are in very close agreement. Similar re-
sults have been obtained previously for the transition states of
nitrone addition to acetonitrile coordinated to BF3 or the
PtCl2(MeCN) fragment.8,32 This suggests that BF3 can indeed
be used to model the platinum centre in this type of reactions.

3.3. Orbital involvement

If the addition to the C]C or C^N bond involved the same
cinnamonitrile FMO orbital, one should expect the Lewis acid
to promote both reactions to a similar extent, and a change of
chemoselectivity would be difficult to motivate. We therefore
analyzed the relevant molecular orbitals of free and BF3-coor-
dinated (E )-cinnamonitrile with a p-contribution at the C]C
or the C^N bond, shown in Figure 4, together with the corre-
sponding orbital energies obtained from HF/6-31G* calcula-
tions. MP2/6-31G* orbital energies are given in parenthesis,
KohneSham orbital energies from B3LYP/6-31G* calculations
are in square brackets. The HOMO/LUMO pair is orthogonal to
the plane of the phenyl ring and delocalised over the entire mol-
ecule. In terms of symmetry, it is suited for cycloaddition to the
C]C bond but unsuited for reaction at the nitrile because of the
nodal plane passing through the nitrile carbon. The next lower
occupied orbital (HOMO�1) and the next higher unoccupied
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Scheme 4. Calculated species in the [2þ3] cycloaddition of nitrone 2 to platinum-coordinated cinnamonitrile 1c.
orbital (LUMOþ1) are located at the aromatic ring and irrele-
vant to cycloadditions. The HOMO�2/LUMOþ2 pair is again
orthogonal to the phenyl plane and delocalised, but its symme-
try makes it suited for cycloadditions at the C]C or the C^N
bond. The HOMO�3/LUMOþ3 orbital pair has its major con-
tribution at the nitrile and is in plane with the aromatic ring. It
has the correct symmetry for reaction at the C^N moiety.

The transition state geometries for cycloaddition to the
C]C bond (TS3a, TS5a, TS7a and TS9a) reveal that the ni-
trone, in all cases, approximates from a direction orthogonal to
the plane through the alkene moiety of the cinnamonitrile, as
expected. The CeO bond forms at a slightly earlier stage than
the CeC bond, indicating that the reaction is initiated by a nu-
cleophilic attack of the nitrone oxygen. The relevant orbital
interaction therefore involves an occupied orbital at the nitrone
(HOMO) and an unoccupied orbital at the cinnamonitrile,
which is most likely the LUMO, although the LUMOþ2 can-
not be excluded on the basis of transition state geometry
consideration.

Cycloaddition to the nitrile occurs via the transition state
TS11a. The CeO bond is more advanced than the CeN
bond, and the reaction is also dominated by an interaction of
an occupied orbital at the nitrone with an unoccupied orbital
at the cinnamonitrile. The nitrone, however, approaches the
nitrile from a direction orthogonal to the one in the reaction
with the alkene. This clearly suggests involvement of different
orbitals for the two reactions, and the only suitable orbital
compatible with the direction of attack of the nitrone at the
C^N bond is the LUMOþ3. This orbital is energetically less
favourable and interaction with the nitrone HOMO is expected
to lead to a smaller overlap. The approach of the reagent to
LUMOþ3 also appears more difficult because of potential ste-
ric interaction with the C]C bond of the cinnamonitrile. On
the other hand, use of the LUMOþ3 for the bond formation
does not disturb the extended conjugated p system during
the reaction. Overall, the choice of the interacting orbitals ap-
pears to depend on a delicate balance between all energetic
contributions.

The Lewis acid mediated reactions show the same effect,
and comparison of the BF3-coordinated transition states TS3b,
TS5b, TS7b or TS9b versus TS11b or the platinum species
TS3c, TS5c, TS7c or TS9c versus TS11c, confirms that the
reaction at the C]C or C^N bond involves different orbitals
of the cinnamonitrile since the attack of the nitrone at these
two groups occurs from orthogonal directions. The presence
of the Lewis acid does not change the orbital coefficients to
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any significant extent. However, the orbital energies are low-
ered, and the HOMO�3/LUMOþ3 pair is affected to a larger
extent than the FMO or FMO�2 orbitals. The activation of the
C^N is thus expected to be stronger and this favours an inver-
sion of the selectivity of the reaction towards formation of the
oxadiazoline.

Figure 3. Transition states in the reaction of nitrone 2 with the platinum-coor-

dinated cinnamonitrile 1c. Relevant bond distances (Å) are stated for the

B3LYP geometry.

Orbital E in 1a (eV) E in 1b (eV)

LUMO+3

5.6

(5.4) 

[1.0] 

5.2

(4.1) 

[–0.2] 

LUMO+2

4.9

(4.6) 

[0.5]

4.7

(4.0) 

[–0.4] 

LUMO

1.7

(1.6) 

[–2.2]

1.5

(0.7) 

[–2.9] 

HOMO

–8.8 

(–8.8)

[–6.6]

–9.1 

(–9.4) 

[–7.3] 

HOMO-2 

–11.4 

(–11.1)

[–8.4]

–11.7

(–12.1) 

[–8.9] 

HOMO-3 

–12.6 

(–12.2) 

[–8.8]

–13.2

(–13.8) 

[–9.2] 

Figure 4. Relevant orbitals and HF/6-31G* orbital energies of free and BF3-

coordinated E-cinnamonitrile 1a and 1b (MP2/6-31G* values are given in

parenthesis, B3LYP/6-31G* values in square brackets).
Interactions with non-FMOs seem to be comparatively
common in cycloadditions involving triple bonds with non-de-
generated p systems, as, for example, in the reaction of nitro-
nes with benzonitrile,8 benzonitrile oxide with carbonecarbon
or carbonehetero multiple bonds,9a or phenylazide with al-
kenes.33 However, there are also cases where FMO interaction
is preferred, as in the reaction of mesitonitrile oxide with
alkynes,34 or the Lewis acid mediated variant of the above
mentioned cycloaddition of benzonitrile oxide with carbone
carbon or carbonehetero multiple bonds.9b In these cases,
the approach of the reagent to the non-FMO is sterically hin-
dered, and interaction with the FMO seems to be accepted as
the second best choice. Analysis of this effect and its influence
on the reactivity and selectivity of cycloadditions did not
receive overly much attention so far.

3.4. Charge density and distribution in free and
coordinated cinnamonitrile

To study the nature of the activating effect of the Lewis acid
in more detail, the topology of the charge density in free and
BF3-coordinated cinnamonitrile was examined, by using the
theory of ‘Atoms in Molecules‘ (AIM) introduced by Bader.35

The charge densities of relevant bond critical points of trans-
cinnamonitrile 1a and its BF3-adduct 1b are given in Table 3.
The rBCP values for CeC, C]C and C^N bonds are in the nor-
mal range expected for these types of bonds.35 The NeB bond
is relatively weak with a rBCP of only 0.066 a.u., however, this
value is in good agreement with the one found previously for
MeCNeBF3.9b,36 Compared to other boron coordinated spe-
cies,37 the NeB bond in nitrile complexes is best characterised
as electrostatic interaction with partial covalent contribution.
The charge transfer from the Lewis base to the Lewis acid
moiety was determined to be 0.094 a.u. (AIM charges), as com-
pared to 0.197 a.u. based on NPA charges,23 respectively. As
expected, these values are lower than the ones found for the
strong Lewis acid adduct between BF3 and ammonia (0.011e
0.13 a.u. (AIM) or 0.27e0.33 a.u. (NPA), depending on the ba-
sis set used).38 Comparison of the charge densities of bonds in
coordinated and free cinnamonitrile reveals that the Lewis acid
withdraws more electron density from the C^N bond than
from the C]C bond, suggesting a stronger activation of the
C^N bond. This is further confirmed from the atomic charges
and bond orders. The atomeatom net linear NLMO/NPA bond
order23 of the C]C bond decreases only slightly upon BF3 co-
ordination whereas the C^N bond weakens drastically. Both
AIM and NPA atomic charges change considerably at the
C^N bond, leaving the N1 atom with a higher negative charge
whereas the C2 atom becomes significantly more positive. The
C^N bond is strongly polarised upon BF3 coordination, which
motivates the tendency towards a two-step cycloaddition in-
duced by nucleophilic attack at the C2 atom, and the increased
reactivity. The charges at the carbons of the C]C bond, in con-
trast, are only weakly affected by the presence of the Lewis
acid, resulting in a weaker activation and a less pronounced
asynchronicity.
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Table 3

Charge densities r (a.u.) of relevant bond critical points, NLMO bond orders, and atomic charges q (a.u.) of selected bonds and atoms of trans-cinnamonitrile 1a,

its BF3-adduct 1b and the complex trans-PtCl2(MeCN)(trans-cinnamonitrile) 1c

PheC C]C CeC C^N NeB/NePt

rBCP (MP3/6-31G*)a

r(1a) 0.28786 0.34297 0.29291 0.46476 d
r(1b) 0.29056 0.34099 0.29188 0.46037 0.06604

r(1c) 0.29030 0.34023 0.29308 0.45213 0.11999

Dr¼r(1b)�r(1a) 0.00270 �0.00198 �0.00103 �0.00439 (0.06604)

Dr¼r(1c)�r(1a) 0.00244 �0.00274 0.00017 �0.01263 (0.11999)

rBCP (MP3/6-311þG**)a

r(1a) 0.28576 0.33946 0.28962 0.47063 d

r(1b) 0.28830 0.33745 0.28811 0.46490 0.06680

Dr¼r(1b)�r(1a) 0.00254 �0.00201 �0.00151 �0.00573 (0.06680)

NLMO bond orders

b(1a) 1.0470 1.7885 1.0552 2.5988 d
b(1b) 1.0664 1.7063 1.0574 2.3125 0.2043

b(1c) 1.0636 1.7050 1.0654 2.2705 0.2538

Db¼b(1b)�b(1a) 0.0194 �0.0822 0.0022 �0.2863 (0.2043)

Db¼b(1c)�b(1a) 0.0166 �0.0835 0.0102 �0.3283 (0.2538)

Ph, Cipso C4 C3 C2 N1 B/Pt

AIM (MP3/6-31G*)a

q(1a) 0.0164 0.0171 �0.1241 1.0721 �1.4475 d

q(1b) 0.0227 0.0254 �0.1955 1.0836 �1.5630 2.5815

Dq¼q(1b)�q(1a) 0.0063 0.0083 �0.0714 0.0115 �0.1155 (2.5815)

NPA (MP3/6-31G*)a

q(1a) �0.10867 �0.09266 �0.36195 0.30864 �0.36823 d
q(1b) �0.13323 �0.03422 �0.41654 0.53310 �0.45755 1.57005

q(1c) �0.13051 �0.03572 �0.41666 0.53357 �0.46999 0.96792

Dq¼q(1b)�q(1a) �0.02456 0.05844 �0.05459 0.22446 �0.08932 (1.57005)

Dq¼q(1c)�q(1a) �0.02184 0.05694 �0.05471 0.22493 �0.10176 (0.96792)

a From single point calculation performed on the B3LYP/6-31G* geometry.
The charge densities at bond critical points, and also the
NLMO bond orders and atomic charges of the Ptecinnamoni-
trile complex 1c show essentially the same trends as in the BF3-
coordinated species, suggesting a similar type of interaction.
The PtCl2(MeCN) moiety seems to act as a slightly stronger
Lewis acid as the change in electronic properties appear more
pronounced than with BF3. This, however, does not reflect in
the energy considerations, which predict the Pt complex to act
similarly (MP3) or as a weaker Lewis acid (B3LYP) than BF3.

4. Concluding remarks

We have shown in this work that the selectivity of the cy-
cloaddition of nitrones to cinnamonitrile can be switched
from reaction at the C]C to an exclusive C^N attack if the
cinnamonitrile is coordinated to a Lewis acid, which does not
necessarily have to be a platinum species used in the experi-
ment.11 This change in chemoselectivity is motivated by
a number of factors. (i) The cycloaddition to the C]C or
C^N bond involves different activation mechanisms; in the
reaction with the C]C bond, the Lewis acid stabilises the re-
actant and the products to a very similar extent because the
functional group attached to the Lewis acid is not altered.
The thermodynamic driving force of the reaction is thus rela-
tively unaffected by the Lewis acid. The activation barrier is
smaller because the Lewis acid lowers the orbital energies
so that the overlap with the orbitals of the nitrone is more
efficient. The cycloaddition to the C^N bond, in contrast,
occurs under conversion of the weakly Lewis basic nitrile
into an imine, which acts as a stronger Lewis base. As a result,
the product is far more stabilised by coordination to the Lewis
acid, and this reflects in a significantly enhanced thermody-
namic driving force. In addition, the Lewis acid also stabilises
the transition states so that the activation barrier is signifi-
cantly decreased. Overall, the C^N activation mechanism
outperforms the C]C activation pathway. (ii) The cycloaddi-
tion to the C]C or C^N bond involves different molecular
orbitals: the Lewis acid induced lowering of the orbital energy
is more pronounced for the orbital used for C^N addition,
and much weaker for the one relevant to the reaction with
the C]C bond. Hence, C^N addition is promoted more effi-
ciently than C]C addition. (iii) Lewis acid coordination to the
starting material (1a) causes larger electronic changes to the
C^N bond, as compared to the weak effect on the C]C
bond: the C^N bond is weakened and becomes strongly po-
larised, it is therefore easier to attack for the nucleophilic oxy-
gen atom of the nitrone. This also motivates the change from
a concerted nearly synchronous C^N cycloaddition towards
an almost two-step reaction and a similar but weaker trend
for the reaction at the C]C bond.

Although the reaction studied would appear fairly standard
for modern computational techniques, the choice of the
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computational method requires care. In particular, the ap-
proach to electron correlation seems crucial, and rather high
level methods such as MP3 or MP4 are required to achieve
convergent results. The basis set dependence is negligible,
and the results from 6-31G* calculations are in good agree-
ment with the ones obtained with 6-311þG**. DFT methods,
including the commonly used B3LYP, give results that do not
fully agree with the experiment. As previously observed for
the reactions of acetonitrile, propene and propyne with benzo-
nitrile oxide,9 a comparison of different dipolarophiles is dif-
ficult whereas all trends for the same type of dipolarophile are
correctly reproduced.
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