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Abstract: The [2�3] cycloaddition of
nitrone PhCH�N(Me)O to nitriles
RC�N (R�Me, Ph, CF3) was studied
using quantum chemical calculations at
the HF/6-31G* and B3LYP/6-31G* level
of theory. With MeCN and PhCN, the
reaction occurs through a concerted
mechanism and leads selectively to �4-
1,2,4-oxadiazolines rather than �2-1,2,5-
oxadiazolines. Electron withdrawing
substituents such as CF3 at the nitrile
provoke a non-synchronous bond for-
mation, with the C�O bond being estab-
lished on an earlier stage than the C�N
bond. Additionally, the reaction be-
comes thermodynamically and kineti-

cally more favourable. In the reaction of
adducts of MeCN with BH3 or BF3 as
model Lewis acids, the mechanism was
found to change from fully concerted in
the case of free MeCN towards a two-
step reaction in the presence of BF3, in
which C�O bond formation occurs first.
The BH3-mediated reaction occupies an
intermediate stage where ring formation
occurs in one-step but non-simultane-
ously, similar to the reaction of CF3CN.

Interaction of the Lewis acid with the
nitrile in the course of the reaction
facilitates the cycloaddition by stabiliz-
ing transition states, intermediate and
product rather than by activating the
nitrile. The solvent influences the organ-
ic reaction mainly by lowering the
energy of the reagents, thus leading to
a higher activation barrier in a more
polar solvent. In the Lewis acid medi-
ated reaction, in contrast, the intermedi-
ate is strongly stabilised by a polar
solvent and with that the synchronicity
of the reaction changes in favour of a
two-step mechanism.

Keywords: cycloaddition ¥ computer
chemistry ¥ heterocycles ¥ Lewis
acids ¥ solvent effects

Introduction

[2�3] Cycloadditions represent a highly atom efficient,
elegant and versatile method for the synthesis of five-
membered ring systems, and depending on the choice of
dipolar reagent and dipolarophile, a large variety of hetero-
cycles can be prepared.[1] Nitrones, in particular, have
attracted much attention since they are readily available and
easy to handle, and their reactions with olefins give conven-
ient access to oxazolines. Moreover, Lewis acid catalysis
allows for further fine tuning of the reactivity and control of
regio- and stereochemistry of the cycloaddition.[2] Nitriles, in
contrast, although promising starting materials in the syn-
thesis of heterocycles, are only rarely used in cycloaddition
reactions due to their low reactivity towards most dipolar
reagents. Known transformations include reactions with
azides to give tetrazoles,[3] addition 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 stabilized carbenoids to
furnish 1,3-oxazoles.[6]

Reaction of nitrones with nitriles, however, is difficult to
achieve and actually only takes place when either electron
deficient nitriles[7] or extremely reactive nitrones are used.[8]

Taking into account that this restricted reaction is the only
known pathway that allows for selective synthesis of �4-1,2,4-
oxadiazolines, it is not surprising that this relevant class of
heterocycles is still lagging behind in its development.
In our previous work, it was shown that platinum-coordi-

nated nitriles undergo cycloaddition with nitrones under
surprisingly mild conditions to give stable �4-1,2,4-oxadiazo-
line complexes from which the newly formed ligand can be
released and isolated, and with this, the limited possibilities of
organic chemistry for the synthesis of this type of heterocycles
were improved considerably.[9] With chiral platinum com-
pounds, a stereoselective reaction can be performed, thus
giving for the first time access to enantiomerically enriched
�4-1,2,4-oxadiazolines, with ee values of up to 70%.[10] As a
working hypothesis, which explains the overall effect and also
the fact that PtIV species achieve a higher degree of activation
than PtII centers, it is anticipated that platinum acts as a Lewis
acid; this would make the nitrile more electron deficient. Thus
a similar result was obtained as if a nitrile with an electron
withdrawing substituent was used. As a consequence, the
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activating effect should not be Pt-specific, but any Lewis acid
coordinating to the nitrile should be able to promote this
reaction.
As to add more evidence to this assumption, a deeper

understanding of the reaction mechanism is necessary, to
clarify the following questions: i) how does the energetic
profile of the purely organic reaction look like, is the reaction
concerted or does it occur in two steps, and how can we
understand the observed regioselectivity to give �4-1,2,4-
oxadiazolines rather than �2-1,2,5-oxadiazolines; ii) what
influence on the reaction mechanism and reactivity do the
nitrile substituents exhibit, iii) how does coordination of a
Lewis acid to the nitrogen atom of the nitrile modify the
course of reaction, and iv) what is the influence of the solvent
on these reactions?
In order to answer these questions, a theoretical investiga-

tion using ab initio calculations was undertaken, and the
results of the study are presented in this work.

Computational Methods

Calculations were performed with GAMESS(US)[11] and GAUSSI-
AN98.[12] Results were visualized with MOLDEN[13] and PLATON.[14]

Molecular geometries were fully optimized at ab initio Hartree ± Fock
and B3LYP level of theory, using the standard basis set 6-31G*[15] for all
atoms. The relative energies of all structures include unscaled zero-point
energy corrections. Harmonic vibrational frequencies were computed for
all stationary points in order to characterize them as local minima (no
imaginary frequency found) or transition states (only one imaginary
frequency exists). The vibration associated with the imaginary frequency
was examined for being consistent with the ring formation. Reaction
pathways were traced from the transition states towards both reactant and
product direction along the imaginary mode of vibration using the
algorithm developed by Gonza¬ les and Schlegel.[16] For the calculations of
solvent effects, the SCRF method was used.[17]

Results and Discussion

[2�3] Cycloadditions received much attention in theoretical
studies already in early days. An extensive computational
work explaining the reactivity and selectivities in 1,3-dipolar
cycloadditions using semiempirical or extended H¸ckel
methods covers a large number of dipolar reagents and their
behaviour in the reaction with olefins.[18] The addition of the
parent all-H nitrone to C�C bonds was later on studied on
different levels of theory,[19, 20] and recently, Tanaka et al.[21]

reported on ab initio studies of the influence of Lewis acids
such as BF3 or BH3 on the reaction of this nitrone to the C�C
bond of acrolein. In all these cases, olefins were used as
dipolarophiles, and surprisingly little is known about the
mechanism of the cycloaddition of nitrones with hetero-
dipolarophiles, the reaction with C�S bonds seemingly the
only case examined theoretically.[20]

For the present computational study, the reactions of
MeCN (1a), PhCN (1b), CF3CN (1c) and the Lewis acid
adducts of MeCN with BH3 (1d) and BF3 (1e) with the
nitrone PhCH�N(Me)O (2) were chosen (see Scheme 1).
With this choice, we tried to keep as close as possible to
reactions for which experimental data are available, and

which cover a broad range of reactivity.[9, 10, 22] The model
Lewis acids BH3 and BF3 were selected mainly on the basis of
the following arguments: i) the calculations should be feasible
on a reasonable time-scale and computational effort, ii) only
elements should be included for which 6-31G* parameters are
available, to assure a balanced basis set, and iii) the system
chosen should enable to study the impact of the ™pure∫ Lewis
acid, excluding specific transition metal effects.
Geometry optimisation was performed for nitriles 1a ± c,

and the BH3 and BF3 adducts of MeCN (1d and 1e). All bond
lengths and angles were found in good agreement with
corresponding values from X-ray structure determination for
similar compounds;[23, 24] this indicates that the calculations at
both HF/6-31G* and B3LYP/6-31G* levels reproduce the
structures well. A similar consistency between calculated and
experimental structural parameters was found for the �4-
1,2,4-oxadiazolines 4a ± e[9, 10, 25] and �2-1,2,5-oxadiazoline
6a.[26] The equilibrium geometry of N-methyl-C-phenylni-
trone (2), which showed largest deviations of up to 0.03 ä
from the corresponding bond lengths found by X-ray dif-
fraction for similar compounds,[27] was also calculated on
6-31G*/MP2 level of theory. The CN bond thereby becomes
longer (1.336 ä) and the NO distance is found slightly shorter
(1.267 ä). However, since X-ray structural data are in
between the calculated values found by either HF and DFT
or MP2 computations, we presumed that HF and DFT
calculations might give sufficient accuracy for the qualitative
purpose of this study. Earlier calculations of the parent all-H-
nitrone were done with B3LYP/6-31G*,[19a] MP2/6-31G*,[21] or
STO-3G[17b] and show even larger variation in bond lengths, a
previous report on the calculation of N-Me-C-Ph-nitrone 2
using semiempirical methods (AM1 and PM3) does not quote
any geometric parameters for comparision.[21]

Although the HF/6-31G* calculations closely reproduce the
structures, it is well documented that activation energies tend
to be overestimated at this level of theory. The Hartree Fock
energy values presented in this study give the same qualitative
trends as the DFT calculations, however, the energies
obtained with DFT methods are expected to be closer to
experimental data.

Reaction ofMeCNwith nitrone 2 : In order to gain insight into
the mechanism of the purely organic reaction, the system
nitrile 1a, nitrone 2 and oxadiazoline 4a was studied and the
transition state TS3a leading to the product was located. The
possibility for a formation of the other regioisomer 6a via
transition state TS5a was also taken into account (see
Scheme 1A). Relative energies are given in Table 1, selected
bond lengths, angles and bond orders for all structures are
given in the Supporting Information.
Comparison of the relative energy of starting materials

(1a�2) and product 4a show that the overall reaction is in fact
thermodynamically favoured, although only to a moderate
extent. Product 4a is more stable than the starting materials,
and a reaction should therefore be possible. The activation
barrier of 35.3 kcalmol�1 in HF or 21.7 kcalmol�1 in the DFT
calculations, however, is comparatively high, and with that, it
becomes comprehensible that the reaction was never ob-
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served experimentally[22] but could only be achieved by metal
mediation.[9, 10]

The structure of the transition state 3a is shown in Figure 1.
The nitrone carbon and oxygen approach the C�N triple bond
simultaneously, leading to a five-membered cycle in an
envelope conformation, with the nitrone×s nitrogen atom at
the flap. The bond orders reflect that the C2�O3 and C5�N1
bonds are formed to equal extents of about 40% of their final
value, and therefore, the reaction can be considered con-
certed. The transition state geometry still resembles more the
starting materials than the product, it is hence an early
transition state on the reaction coordinate. The nitrile N1-C2-

Me starts to bend out of linearity, and the CN bond becomes
slightly longer. In the nitrone part, an elongation of the
O3�N4 and N4�C5 bonds and a bending of the O3 atom out
of the Ph-C5-N4 plane are observed.
Calculation of the intrinsic reaction coordinate (see Fig-

ure 2) confirms this interpretation, since both pathways from
the transition state lead steadily down to the starting materials
and the oxadiazoline, without any evidence for a potential
intermediate. In the course of the reaction, the nitrone
approaches the nitrile with the bond forming O3 and C5
atoms simultaneously (s��10 to �2). During this approx-
imation, both nitrile C�N triple bond (N1�C2) and nitrone
C�N (N4�C5) do not change, and only when the system is
already close to the transition state, a restructuring of these
bonds takes place (s��2 to 3). In the same region of the
reaction path the ring closure occurs, with formation of the
O3�C2 bond being only slightly more advanced to the
formation of the C5�N1 bond. The overall reaction can
therefore be considered to occur with a high degree of
concertedness.
Comparision of HOMO/LUMO energies gives evidence

that the reaction is controlled by the interaction of HOMO of
nitrone (�8.08 eV) and LUMO of nitrile (�5.76 eV) rather
than by LUMO(nitrone) ±HOMO(nitrile) interaction
(�2.50 eV and �12.63 eV), if frontier orbital considerations
were to apply.
Since the nitrone might also have some contribution

towards a resonance structure with neutral oxygen and
negative charge at carbon, the possibility of the formation
of the other regioisomer was also studied by calculating the
corresponding product 6a and the transition state 5a leading
to it. As a result of these calculations, production of this
regioisomer was found even less probable, since the transition
state is considerably higher in energy than the reactants, thus
causing an activation barrier of 64.4 kcalmol�1 in HF or
36.2 kcalmol�1 in DFT which is unlikely to be overcome
thermally. Additionally, the product �2-1,2,5-oxadiazoline is
significantly higher in energy than the starting materials,
showing that the reaction is also thermodynamically disfav-
oured. For further studies, this reaction pathway can be
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Scheme 1. Reactions studied: A) regiochemistry, B) influence of the
nitrile substituent (a : R�Me, b : R�Ph, c : R�CF3), C) influence of
Lewis acid coordination (a : without LA, d : LA�BH3, e : LA�BF3).

Table 1. Relative energies [kcalmol�1] and dipole moments (Debye) for the reactions of nitriles 1a-1e with nitrone 2 via intermediate I and transition states
TS3a ±TS3e and TS5a to give �4-1,2,4-oxadiazolines 4a ± e and �2-1,2,5-oxadiazoline 6a. Relative energy of nitrile�nitrone� 0 kcalmol�1.

Gas phase HF/6-31G* B3LYP/6-31G*
reaction transition state oxadiazoline transition state oxadiazoline

E � E � E � E �

1a�2� 4a � 35.3 1.4 � 16.6 1.4 � 21.7 1.1 � 11.1 1.3
1a�2� 6a � 64.4 6.2 � 19.8 4.0 � 36.2 5.8 � 17.5 3.4
1b�2� 4b � 34.9 1.3 � 18.2 1.3 � 20.4 1.0 � 12.8 1.1
1c�2� 4c � 23.8 6.0 � 24.4 3.2 � 12.8 4.3 � 17.9 3.4
1d�2� 4d � 20.1 9.6 � 27.2 4.7 � 14.3 6.5 � 18.8 4.4
1e�2� I � 13.4 11.1 � 13.0 13.6 � 6.7 8.6 ( ± ) ( ± )
I� 4e � 14.2 10.8 � 29.6 5.7 ( ± ) ( ± ) � 26.5 5.4

SCRF, [�]� 8.9 HF/6-31G* B3LYP/6-31G*
reaction transition state oxadiazoline transition state oxadiazoline

E � E � E � E �

1a�2� 4a � 47.1 1.6 � 5.3 1.5 � 31.6 1.3 � 1.3 1.4
1e�2� I � 13.8 14.7 � 6.9 22.1 � 8.1 16.2 � 6.4 22.3
I� 4e � 15.7 12.4 � 23.4 6.7 � 11.5 11.8 � 18.8 6.4
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excluded. Experimentally, this result is clearly confirmed
since in all cases of a reaction of a nitrile with a nitrone, the
formation of the �4-1,2,4-oxadiazoline was observed exclu-
sively, no �2-1,2,5-oxadiazoline was produced.

Influence of the nitrile substituent : In order to understand the
effect of the nitrile substituent on the course of the reaction,

nitriles MeCN 1a, PhCN 1b
and CF3CN 1c were compared
and their tendency to react with
nitrone 2 to give the corre-
sponding products 4a ± c via
transition states TS3a ± c was
studied (Scheme 1B). Relative
energies are summarized in Ta-
ble 1, selected bond lengths,
angles and bond orders are
given in the Supporting Infor-
mation.
The reaction of PhCN with

nitrone 2 shows practically the
same energetic profile as the
corresponding reaction of
MeCN, although the latter one
was never observed experimen-
tally whereas the first one can
at least be achieved in moder-
ate yields when forcing condi-
tions are applied.[22] The activa-
tion energy is slightly lower,
and the reaction energy is
somewhat higher, but both ef-
fects are too subtle for a de-
tailed interpretation on the lev-
el of theory used.
The transition state TS3b

(see Figure 1) resembles geo-
metrically the one found for the reaction of MeCN; the bond
order analysis shows that the C2�O3 bond is formed to only a
moderately higher extent (approx. 41% of the final value)
than the C5�N1 bond (approx. 36% of the final value), the
reaction therefore can be considered concerted.
Analysis of the frontier orbital energies might suggest that

reaction of PhCN is more feasible because the two � orbitals
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Figure 1. Transition states and intermediate in the reaction of nitriles with nitrone 2.

Figure 2. Intrinsic reaction coordinate (amu1/2 bohr) for the reaction 1a�2� 4a.
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with CN contribution are energetically not equivalent (in
contrast to MeCN). The one which is orthogonal to the plane
of the aromatic ring mixes with the aromatic � system, thus
leading to a LUMO at lower energy (�2.44 eV, as compared
to �5.76 eV for MeCN). In contrast, the orbital with CN �

contribution in the aromatic plane (�5.99 eV) is not affected
by the � system of the aromatic ring and is comparable in
energy with the corresponding orbitals in MeCN, but ener-
getically higher than the LUMO of PhCN. However, the
transition state geometry reveals that the nitrone obviously
interacts with the energetically less favourable orbital in plane
with the aromatic system, leading to a structure in which the
phenyl substituent of the nitrile still keeps in conjugation to
the unaffected � system of the C�N bond. If the energetically
more favourable � orbital were involved in the reaction with
the nitrone, a bending of the NCPh unit would result in a loss
of conjugation, and this might explain why PhCN and MeCN
are similar in reactivity, although the frontier molecular
orbitals suggest a much higher reactivity of PhCN. All
attempts to localize a transition state in which the phenyl
group is perpendicular to the remaining CN � bond
failed.
As an example of an electron deficient nitrile, CF3CN was

studied. Experimental data showed that CCl3CN reacts about
10000 times faster than PhCN,[22] and this trend should be
even more pronounced for the more electron deficient
CF3CN. The calculations point out that product 4c is
considerably stabilized, as compared to the starting materials,
and therefore, the thermodynamic driving force for this
reaction is much stronger. Additionally, the transition state is
lower in energy, and with that, the activation energy of the
reaction is considerably reduced. Moreover, the structure of
the transition state TS3c is somehow different, as shown in
Figure 1. It resembles more a five-membered cycle in twist
conformation, with the nitrone N4 and C5 atoms at left and
right hand side of the plane formed by the nitrile N1, C2 and
nitrone O3 atoms. The C2�O3 bond is formed already to more
than 50% of its final value whereas the C5�N1 bond exists to
about 29% only; this suggests that this reaction still occurs
through a one-step mechanism but with a non-simultaneous
bond formation. Due to the electron withdrawing effect of the
substituent, the carbon atom of the CN bond is more prone
towards nucleophilic attack by the nitrone oxygen.
Frontier orbital considerations show that the LUMO in

CF3CN (�4.26 eV) is lowered with respect to MeCN (but
higher in energy than the corresponding LUMO of PhCN),
and this gives evidence that both FMO energies and the
gradual change in reaction mechanism have a strong influence
on the reactivity.

Influence of nitrile coordination to a Lewis acid : For the
investigation of the influence of a Lewis acid on the reactivity
and the mechanism of the reaction, BH3 and BF3 were chosen
as model Lewis acids. Free MeCN 1a, BH3-coordinated
MeCN 1d and BF3-coordinated MeCN 1e were structurally
optimized, as well as the resulting products 4a, d, e formed
via transition states TS3a, d, e (Scheme 1C). Relative ener-
gies are given in Table 1, relevant bond lengths, angles and
bond orders are listed in the Supporting Information.

Analysis of the geometry of the BH3 and BF3 adducts of
MeCN reveals that coordination of the model Lewis acids to
MeCN is weak. In fact, BH3 forms a complex, as seen in the
N�B bond length and the average N-B-H bond angle. BF3,
however, practically does not interact with MeCN at all, for
the B-N distance is too long for being considered a bond, and
the boron atom is surrounded by the fluorine atoms in a
triangular coordination plane rather than in the expected
tetrahedral environment. Likewise, the geometry of the nitrile
is practically unchanged in the presence of BF3. As a further
consequence, the Lewis acid scarcely influences the energetic
position of the frontier orbitals, and therefore, one might
expect the reactivity of the nitrile to be not much modified by
the Lewis acid.
On the other hand, both BH3 and BF3 form Lewis acid

complexes with the oxadiazoline, and N�B bond orders
in a range 0.4 to 0.5 are observed. The structure of the
heterocycle barely changes upon coordination, a weakening
of the N1�C2 and C5�N1 bonds being the only effect,
reflected in the bond orders but not to a significant extent
in the bond lengths. This observation is in accord with
X-ray structural data of free and coordinated oxadiazo-
lines[9, 10, 25] which equally show insignificant geometric
changes of the heterocycle upon complexation. However,
coordination to a Lewis acid leads to a stabilization of the
product with respect to the starting materials, thus enhancing
the thermodynamic driving force of the reaction. BF3 as the
stronger Lewis acid provokes a more pronounced effect than
BH3.
In the reaction with BH3, a transition state was localized

which resembles much the transition state found for the
reaction with CF3CN. The C2�O3 bond is formed to 60%
already whereas the C5�N1 bond is still weak (17%) but
present, and with that, the tendency towards a non-simulta-
neous formation of the two ring forming bonds is more
distinct than in the case of CF3CN. These results show that
electron-withdrawing groups exhibit the same qualitative
effect, independent of their location at the carbon or the
nitrogen side of the C�N triple bond.
In the Hartree ± Fock calculations, the BF3 adduct with

MeCN 1e was found to react with nitrone 2 through a two-
step mechanism. The starting materials convert via a first
transition state TS3e-1 into an intermediate I in which the
C2�O3 bond is already present but the C5�N1 bond is not yet
formed. The intermediate then passes a second transition
state TS3e-2 to generate the product. These results parallel to
quite some extent the work of Tanaka[21] who showed that the
reaction of all-H nitrone with BF3-coordinated acrolein
equally proceeds stepwise, leading to a Michael adduct
complex intermediate which then cyclizes to the final product
of the formal [2�3] cycloaddition.
The structures of intermediate I and transition states 3e-1

and 3e-2 for the BF3-mediated reaction are shown in Figure 3.
Bond lengths, angles and bond orders reflect that the Lewis
acid binds to the transition states and intermediate even more
strongly than to the final product of reaction, thus leading to a
considerable lowering of the activation barrier of the reaction.
The cycloaddition is therefore not accelerated by modifying
the reactivity of the starting material, as often considered for
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other Lewis acid mediated reactions,[2] but rather by stabiliz-
ing transition states and intermediates.
The intrinsic reaction coordinate, shown in Figure 4,

correctly connects the reactants 1e�2 with the product 4e
via transition state TS3e-1, intermediate I and transition state
TS3e-2. In the course of the reaction, the C�N triple bond

changes to a C�N bond already
on an early stage, when passing
the first transition state (s��2
to 3). At the same time, the
nitrone oxygen establishes the
bond to the nitrile carbon atom
to approximately 60% of its
final value. The nitrone C�N
bond remains unaffected, and
the C5�N1 bond is still far
from being formed.
Both TS3e-1 and I can be

best described as five-mem-
bered cyclic structures in twist
conformation, with the nitrone
C5�N4 bond crossing over the
nitrile N1�C3 bond. In the
further progress of the reac-
tion, rotation of the nitrone
unit around the C2�O3 bond
then brings the bond forming

atoms C5 and N1 closer together, and the twisted conforma-
tion converts into an envelope conformation. Simultaneously
with the ring closure between C5�N1, the nitrone N4�C5
transforms into a single bond and the C2�O3 bond formation
is completed, but these processes essentially occur only after
the second transition state TS3e-2 (s� 13 to 20) at a very late

stage of the reaction.
Remarkable is the change of

the B�N1 distance in the course
of the reaction. Upon approx-
imation of the nitrone, the ni-
trile starts to bend and to devel-
op a stronger interaction with
the Lewis acid. During forma-
tion of the C2�O3 bond (when
passing the first transition state
TS3e-1), the B�N1 bond be-
comes even stronger until it
reaches a minimum distance of
1.585 ä and a maximum bond
order of 0.6 in the intermediate
I. The subsequent ring closure
can only be performed if the
B�N1 bond is loosened to some
extent, and this almost causes
the Lewis acid to be expelled
from the nitrogen atom (s� 13
to 16). The final product, how-
ever, gets stabilized by re-estab-
lishing the coordination to the
Lewis acid, but the B�N1 bond
remains weaker than in the
intermediate (s� 16 to 22).
In the gas phase DFT calcu-

lations, only one transition state
was localized. Its structure is
similar to the one obtained for
the reaction of the BH3 coordi-
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Figure 3. Transition states and intermediate in the reaction of BF3-coordinated acetonitrile with nitrone 2.

Figure 4. Intrinsic reaction coordinate (amu1/2 bohr) for the reaction 1e�2� I� 4e.



[2�3] Cycloaddition to Nitrones 1503±1510

nated acetonitrile but the C5�N1 distance is longer; this
indicates that the reaction is less synchronous. Tracing the
intrinsic reaction coordinate from this transition state leads in
fact to the starting materials and the product, however, the
slope around the transition state is very flat and the energetic
profile in this range resembles more a plateau composed from
two transition structures and an intermediate of very similar
energy, before it eventually drops down to the energetic
minima. More evidence for this hypothesis can be obtained
from the development of the bond lengths of the newly
forming C�O and C�N bonds along the reaction coordinate,
which looks quite similar to the one shown in Figure 4 for the
HF calculation of the same reaction, with a clearly stepwise
generation of the ring forming bonds. This shows that the BF3-
mediated reaction is just at the borderline to a two-step
reaction where the two transition states and the intermediate
are too close in energy to be clearly distinguished.

Solvent effects : The solvent effect on dipolar cycloadditions
can not be generalized that easy. For some cycloadditions such
as the reaction of nitrile oxides with alkenes or alkynes, the
solvent noticeably influences the activation barrier and
synchronicity of the reaction[28] and also affects the regiose-
lectivity.[29] In contrast, for the closely related reaction of
nitrones with olefins, only a minor dependence on the solvent
is found both experimentally[30] and theoretically.[20]

In order to understand the influence of a solvent on the
cycloaddition of nitrones to nitriles, the reactions of uncoor-
dinated MeCN 1a and BF3-coordinated MeCN 1e with
nitrone 2 were calculated using the SCRF method. This
method is based on the Kirkwood ±Onsager model of a
molecule in a spheric cavity surrounded by a dielectric
medium.[31] A dielectric constant of 8.9 was applied in the
calculations, corresponding to dichloromethane which is the
solvent used experimentally for the Pt-mediated reactions.
The corresponding relative energies and dipole moments of
the transition states, intermediate and products are given in
Table 1.
Both organic and BF3-mediated reaction do not change

qualitatively in a more polar solvent insofar as the organic
reaction still occurs via a concerted mechanism whereas the
BF3-mediated reaction takes place in a two-step process.
However, for the organic reaction of 1a�2, the activation
barrier increases and the reaction energy decreases to almost
thermoneutrality. Both factors clearly disfavour the reaction
in a more polar solvent, and this indeed matches with the
experimental observation that the reaction of PhCN with
nitrone 2 takes place in toluene,[22] whereas no conversion is
achieved when the more polar PhCN is used as a solvent.
Considering the electrostatic moments of the species involved
in the reaction, this result can be rationalized. The starting
materials 1a and 2 possess much larger electrostatic moments
(4.0 and 3.9 D) than the transition state TS3a or the product
4a. Therefore, one would expect the polar solvent to stabilize
the starting materials to a higher extent.
In the BF3-mediated reaction, the most polar species is the

intermediate I, followed by the two transition states 3e-1 and
3e-2. Both starting materials and product 4e are of lower
polarity and quite similar to each other. Therefore, one would

expect only small changes in the reaction energy but a
considerable decrease in activation energies. As a conse-
quence, the reaction should be more feasible in a polar
solvent, in contrast to the non-catalyzed reaction described
above. The SCRF calculations reflect these expectations only
partially. The reaction energy is found smaller and the
activation barriers is higher than in the gas phase calculations.
However, the intermediate is clearly stabilised and the entire
reaction has a much more pronounced two step character than
in the gas phase. Also the structures of the transition state
TS3e-1 and the intermediate I change considerably when a
electrostatic field representing the solvent is applied. The
main feature observed is a much larger C2-O3-N4-C5 torsion
angle (104.2 vs 78.7 for TS3e-1, 125.4 vs 65.2 for I), leading to
longer C5�N1 distances (3.65 vs 3.02 for TS3e-1, 3.65 vs 2.96
for I). In a polar solvent, the intermediate can therefore be
described as a 1,5-dipole, and one might ask whether such a
species can be trapped by another reagent before the ring
closure to the oxadiazoline occurs. This would open up a route
to a novel multicomponent chemistry.

Conclusion

Cycloaddition ofN-methyl-C-phenylnitrone to nitriles MeCN
and PhCN occurs through a concerted mechanism under
synchronous generation of the ring-forming bonds. However,
the activation energy of the reaction is high and its thermo-
dynamic motivation is only moderate. For both kinetic and
thermodynamic reasons, the formation of �4-1,2,4-oxadiazo-
lines is highly preferred, and the formation of the correspond-
ing �2-1,2,5-oxadiazolines is much unlikely to occur.
Electron withdrawing substituents on the nitrile (e.g. CF3)

change the reaction mechanism from a concerted reaction to a
one step reaction with non-simultaneous bond formation. This
is clearly noticeable in the geometry of the transition state
which shows that the C�O bond is formed to a much higher
extent than the C�N bond. Additionally, both product and TS
are stabilized, and with that, the activation barrier becomes
lower and the reaction enthalpy larger.
Coordination of a Lewis acid results qualitatively in the

same but more pronounced effects, further favouring the
reaction. With the stronger Lewis acid BF3, the cycloaddition
tends towards a two step mechanism via an intermediate, in
which the C�O bond is formed to a high extent already,
whereas the C�N is still open. The Lewis acid coordination
does not modify the reactivity of the nitrile, but rather
stabilizes transition states, intermediates and products. This
alternative concept of activation is not used deliberately in
organic chemistry but would certainly deserve more attention
due to its potential to give new inspiration for a further
development in Lewis acid promoted chemistry.
The computational results obtained with BH3 and BF3

reproduce the experimental findings of the activation of
nitriles by coordination to platinum species surprisingly well.
Therefore, one might assume that platinum indeed acts as a
nitrile-specific Lewis acid. As a consequence, it should be
possible to use the computational strategy applied in this work
for the prediction of new metal mediated cycloaddition
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reactions involving nitriles. Further work in this sense is in
progress in our group.
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