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Abstract—Quantum chemical methods (MP2 and B3LYP) together with a topological analysis of the charge density have been used to study
the BH3- or BF3-mediated reaction of benzonitrile oxide with acetonitrile, propyne and propene. In the reaction with propene or propyne,
addition of Lewis acids has only little influence on the outcome of the reactions. The cycloaddition of nitrile oxides with nitriles, however,
is generally promoted by strong Lewis acids. When the Lewis acid coordination takes place at the nitrile oxide the reactant is activated and the
product binds weakly to the Lewis acid so that the reaction is expected to be catalytic. In the case of coordination to the nitrile the reaction is
Lewis acid mediated. Here the reactant is not much influenced by addition of Lewis acid, but the transition state and the product are stabilised
and consequently such processes require a stoichiometric amount of Lewis acid and form a stable Lewis acid–product complex.
It has also been demonstrated that the different activation routes for these reactions involve different reaction mechanisms. Whereas the
reaction of a Lewis acid coordinated nitrile oxide is of ‘inverse electron demand’, the Lewis acid coordinated nitrile reacts through a ‘normal
electron demand’ cycloaddition.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Cycloadditions are of high practical use in the synthesis
of heterocycles, due to their complete atom economy and
high functional group compatibility.1 Nitriles, however, al-
though promising starting materials for a number of nitrogen
containing heterocycles, have been rarely employed in
cycloadditions because of their low reactivity in such type
of reactions.2

In our previous work, we found that nitrile-specific Lewis
acids such as Pt(IV), Pt(II) or Pd(II) facilitate the cycloaddi-
tion of nitrones to coordinated nitriles. These metal mediated
reactions occur under mild conditions and with a wide range
of nitriles. They afford D4-1,2,4-oxadiazolines, which are
difficult to prepare using other methods, or not accessible
at all.3 A quantum chemical study showed that the purely or-
ganic reaction is a concerted pericyclic reaction with a high
activation barrier and a low thermodynamic driving force. In
terms of orbital interactions, the reaction can be classified as
one of the ‘normal electron demand’, i.e., an occupied
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orbital of the dipole interacts with an unoccupied one of
the dipolarophile. Coordination of the nitrile to a model
Lewis acid changes the reaction mechanism towards
a two-step reaction. The Lewis acid activates the starting
material only poorly, but rather acts by stabilising the highly
polar transition states and intermediates, as well as the
product.4 Due to the strong interaction of the Lewis acid
with the product, the reaction is not catalytic.

In our attempts to extend the chemistry of nitriles towards
cycloadditions with other dipolar reagents, we examined
the mechanism of the reaction of acetonitrile with benzoni-
trile oxide.5 This work demonstrated that the Lewis acid
free reaction differs mechanistically from the corresponding
reaction with nitrones, in that an interaction of an occupied
orbital of the nitrile with an unoccupied one of the benzoni-
trile oxide is now relevant for the bond formation. The reac-
tion is of ‘inverse electron demand’. In this light, Lewis acid
coordination to the dipole is expected to accelerate the
reaction, whereas coordination to the nitrile should retard
it. Experimental data, however, point to an enhanced reactiv-
ity of electron deficient nitriles,6 and this apparent contra-
diction suggests that the system can easily switch between
inverse and a normal electron demand. Under these circum-
stances, coordination of a Lewis acid to the nitrile might also
promote the reaction, by changing its mechanism.
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In order to verify this hypothesis, we have now used quan-
tum mechanical calculations together with a topological
analysis of the charge density to study the two possible
reaction pathways of the Lewis acid mediated reaction of
acetonitrile and benzonitrile oxide. As examples of a strong
and a weak Lewis acid BF3 and BH3 have been chosen. The
results are compared with the Lewis acid free reaction, in
terms of relative energies and orbital involvement. Questions
such as which activation pathway is more efficient, and
which one is experimentally preferred, are addressed.
Finally, a comparison with the corresponding Lewis acid
mediated reactions with propene and propyne is made to
compare the reactivity of the hetero-multiple bond with
the one of a C]C or C^C bond.

2. Computational details

MP2 and DFT calculations were carried out with the
GAMESS (US)7 and GAUSSIAN8 programs respectively,
and the results were visualised with MOLDEN9 or PLA-
TON.10 Molecular geometries were fully optimized using
the post-Hartree–Fock method MP2 and the DFT method
B3LYP in combination with the basis set 6-31G*11 for all
atoms. All stationary points were characterised as local
minima or transition states, according to their number of
imaginary harmonic vibrational frequencies. For all transi-
tion states, the vibration associated with the imaginary fre-
quency was examined for being consistent with the ring
formation. Intrinsic reaction pathways were traced at MP2/
6-31G* level of theory from the transition states towards
both reactant and product direction along the imaginary
vibrational mode using the algorithm developed by
Gonz�alez and Schlegel.12 All transition states correctly
connect reactants and products. Single point calculations
with higher level basis sets were performed on all stationary
states (MP2/6-31+G*//MP2/6-31G*, MP2/6-311++G**//
MP2/6-31G* and B3LYP/6-311++G**//B3LYP/6-31G*).
The topological analysis of the charge density was per-
formed with the program MORPHY.13 Critical points
were located by using the eigenvector following method
as implemented in the program.14 The respective wave-
function input files were generated by GAMESS (US)
from single point calculations (MP2/6-31G*) on each
individual IRC point. For selected molecular structures
these calculations were repeated with wavefunctions
from MP2/6-311++G**//MP2/6-31G*, B3LYP/6-31G*//
B3LYP/6-31G* and B3LYP/6-311++G**//B3LYP/6-31G*
calculations.

3. Results and discussion

Geometry optimisations at MP2/6-31G* and B3LYP/6-
31G* levels of theory were performed for the reactants
1a–c, 2a–c, 5 and 10 and the products 4a–d, 7, 9, 12 and
14, whose structures are shown in Scheme 1. The transition
states of all reactions were located. Their MP2-geometries
are depicted in Figures 1 and 2, selected bond distances
and angles are given in Table 1. Relative energies and dipole
moments of the transition states and products are listed in
Table 2, together with the relative energies of the Lewis
acid free reactions published earlier.5
The structure of benzonitrile oxide 2a is in good agreement
with the solid state structure of closely related substituted
benzonitrile oxides.15 The N–O bond distances calculated
with MP2 or B3LYP are only 0.02–0.03 Å shorter and the
C–N bond distances are 0.02–0.04 Å longer than the average
experimental values. No experimental data is available on
structures of Lewis acid coordinated nitrile oxides, although
such species are postulated to exist in solution.16 Lewis acid
complexes of nitriles, however, have been studied intensely

Figure 1. Transition states in the Lewis acid mediated reaction of benzo-
nitrile oxide with acetonitrile.

Scheme 1. Lewis acidmediated reactions of benzonitrile oxidewith dipolaro-
philes 1, 5 and 10.
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Figure 2. Transition states in the Lewis acid mediated reaction of benzo-
nitrile oxide with propyne and propene.
with computational and experimental methods. The struc-
ture of MeCN–BF3 1b in the gas phase,17 with a B–N dis-
tance of 2.011 Å and a N–B–F angle of 95.6�, differs
substantially from the one found in the solid state,18 where
a B–N distance of 1.630 Å and a N–B–F angle of 105.6�

was observed. A recent computational study19 examined
the structure and bonding of 1b using a range of methods
and basis sets to find two types of equilibrium structures,
one with a B–N distance of 1.8–1.9 Å and another with
2.2–2.3 Å, and an extremely shallow potential energy profile
along the B–N bond over the whole range of 1.8–2.4 Å. In
our calculations, MP2 and B3LYP produced an energy min-
imum structure with a B–N distance of 1.88 and 1.90 Å,
respectively. The acetonitrile complex with BH3 is known
to exist in the condensed phase but it dissociates in the gas
phase.20 This suggests an easily variable B–N distance as
in the case of the BF3 complex, and also that BH3 acts as
Table 1. Table of selected bond lengths (Å) and angles (degree) for MP2/6-31G* geometry optimised transition states TS3a–d, TS6, TS8, TS11 and TS13

TS3a TS3b TS3c TS3d TS6 TS8 TS11 TS13

1-2 1.201 (1.186) 1.200 (1.185) 1.200 (1.173) 1.196 (1.171) 1.243 (1.228) 1.245 (1.231) 1.370 (1.364) 1.375 (1.368)
2-3 1.905 (1.907) 1.906 (1.920) 2.183 (2.423) 2.266 (2.485) 2.302 (2.590) 2.168 (2.275) 2.316 (2.323) 2.226 (2.287)
3-4 1.255 (1.259) 1.250 (1.258) 1.286 (1.287) 1.297 (1.290) 1.247 (1.271) 1.237 (1.207) 1.253 (1.202) 1.237 (1.209)
4-5 1.228 (1.202) 1.225 (1.196) 1.220 (1.208) 1.219 (1.207) 1.226 (1.201) 1.240 (1.274) 1.230 (1.273) 1.249 (1.275)
5-1 2.136 (2.333) 2.136 (2.345) 1.961 (2.003) 1.925 (1.984) 2.159 (2.236) 2.178 (2.338) 2.250 (2.500) 2.265 (2.363)
X-B 1.631 (1.592) 1.696 (1.679) 1.698 (1.642) 1.671 (1.657) 1.905 (1.700) 2.186 (1.716) 1.814 (1.698) 1.920 (1.724)
1-2-3 109.9 (110.4) 108.6 (108.7) 102.2 (95.3) 96.9 (92.5) 99.7 (95.1) 103.0 (101.0) 99.8 (98.5) 101.7 (98.7)
2-3-4 99.5 (102.4) 99.5 (101.9) 93.8 (91.6) 92.7 (91.2) 95.4 (93.0) 98.3 (102.6) 97.6 (96.0) 99.8 (104.2)
3-4-5 135.6 (138.9) 136.8 (141.6) 133.0 (134.7) 132.4 (134.2) 138.7 (137.9) 137.0 (134.7) 139.3 (138.4) 138.3 (135.5)
4-5-1 93.3 (88.4) 92.0 (86.2) 102.5 (103.7) 104.2 (104.6) 98.1 (102.9) 96.5 (95.9) 98.7 (102.6) 97.4 (96.4)
5-1-2 101.6 (99.7) 103.1 (101.5) 108.4 (114.4) 111.9 (117.1) 108.1 (110.9) 105.3 (105.4) 104.3 (104.1) 102.3 (103.3)
1-2-Me 147.8 (149.6) 148.6 (150.5) 157.6 (169.8) 160.8 (171.6) 163.4 (175.7) 157.2 (155.1) 123.1 (125.2) 121.9 (123.0)
N-C-Ph 140.6 (151.0) 142.0 (153.2) 141.5 (143.5) 141.2 (143.3) 137.7 (145.4) 134.0 (143.9) 135.9 (144.5) 134.1 (142.5)
Y-X-B 146.3 (148.6) 141.4 (139.5) 113.2 (117.5) 111.7 (116.1) 111.1 (115.3) 107.9 (116.5) 112.0 (116.2) 111.3 (114.8)
X-B-(F/H) 104.6 (106.0) 103.7 (104.3) 102.4 (103.9) 103.2 (103.5) 98.7 (102.7) 95.1 (102.2) 100.2 (102.4) 98.5 (102.0)

The values for the B3LYP/6-31G* optimised geometries are given in parenthesis.

Table 2. Relative energies (kcal/mol) and dipole moments (Debye) for the BF3-mediated reactions of benzonitrile oxide 2 with acetonitrile 1, propyne 5 and
propene 10 (relative energy of dipolarophile+dipole¼0 kcal/mol)

Method MP2/6-31G* B3LYP/6-31G*

Reaction Reactants TS Product TS Product

m E m E m E E

1a+2a/4a 2.8 +12.3 (+12.4) 3.8 �56.9 (�50.1) 2.5 +16.7 (+14.7) �54.1 (�48.1)
1b+2a/4b 3.6 +6.4 (+12.4) 4.4 �61.8 (�50.1) 3.0 +9.0 (+14.7) �60.8 (�48.1)
1c+2b/4c 5.6 +7.8 (+12.4) 6.1 �44.5 (�50.1) 3.3 +7.8 (+14.7) �45.7 (�48.1)
1c+2c/4d 7.0 +6.3 (+12.4) 7.9 �48.2 (�50.1) 2.6 +6.8 (+14.7) �49.4 (�48.1)
5+2b/7 9.5 +5.7 (+6.4) 7.8 �81.3 (�82.1) 4.4 +9.9 (+14.9) �77.8 (�74.7)
5+2b/9 8.3 +7.3 (+8.6) 6.8 �77.9 (�79.1) 4.9 +14.2 (+18.5) �72.9 (�69.7)
10+2b/12 9.4 +2.4 (+4.5) 8.2 �54.5 (�47.7) 8.1 +9.9 (+14.1) �45.5 (�38.6)
10+2b/14 9.3 +3.8 (+5.0) 7.8 �51.1 (�45.1) 8.6 +13.3 (+17.1) �41.1 (�34.5)

Method MP2/6-31+G*//MP2/6-31G* MP2/6-311++G**//MP2/6-31G* B3LYP/6-311++G**//B3LYP/6-31G*

Reaction TS Product TS Product TS Product

E E E E E E

1a+2a/4a +11.1 �56.8 +12.3 �55.6 +20.2 �46.0
1b+2a/4b +4.3 �61.9 +7.5 �58.2 +13.1 �50.3
1c+2b/4c +6.1 �44.8 +7.4 �42.1 +11.0 �38.2
1c+2c/4d +4.3 �47.1 +6.4 �45.9 +8.9 �41.6
5+2b/7 +4.3 �80.0 +5.4 �77.8 +12.9 �68.0
5+2b/9 +6.4 �76.8 +7.0 �75.0 +17.3 �63.4
10+2b/12 +1.4 �54.2 +1.8 �51.9 +11.8 �38.6
10+2b/14 +2.8 �51.6 +2.8 �49.7 +15.2 �34.8

The relative energies of the corresponding Lewis acid free reactions5 are given in parenthesis.
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a weaker Lewis acid than BF3. The latter is confirmed
from the experimental heats of formation,21 the vibrational
frequencies and force constants of the B–N bond.20,22 Our
calculations provided structures with a rather short B–N dis-
tance of 1.59 Å (MP2) and 1.55 Å (B3LYP), in agreement
with other theoretical studies.20

3.1. BF3-mediated reaction of benzonitrile oxide with
acetonitrile

This section summarises the results obtained with MP2/6-
31G* and discusses the effects of a strong Lewis acid, mod-
elled by BF3. When coordinated to the nitrile as in reaction
1b+2a/4b, the activation barrier for the cycloaddition to
benzonitrile oxide is 6.0 kcal/mol lower that in the Lewis
acid free reaction.5 This shows that Lewis acids are indeed
able to activate nitriles towards cycloadditions with nitrile
oxides. The BF3-coordinated product 4b is more stable
than the Lewis acid free product, and the thermodynamic
driving force of the reaction is increased by 11.7 kcal/mol.
BF3 coordination to the nitrile favours the reaction both
kinetically and thermodynamically.

The intrinsic reaction path (Fig. 3 left) shows more details
about the reaction mechanism. Most prominently, a trend to-
wards a sequential bond formation is observed. The C/O
bond is established at an earlier stage than the C/N bond,
indicating that the reaction, although still concerted, tends
towards a nucleophilic attack of the oxygen atom of the
nitrile oxide at the nitrile carbon. This suggests that the reac-
tion is driven by an interaction of an unoccupied orbital of
the nitrile with an occupied one of the nitrile oxide. In the
Lewis acid free reaction, the sequence of bond formation
and the orbital involvement was inverted.5 Coordination of a
strong Lewis acid to the nitrile thus switches the mechanism
from an ‘inverse electron demand’ to a ‘normal electron
demand’ cycloaddition, as postulated in our hypothesis.

The geometric changes along the intrinsic reaction path also
help to understand the activation mechanism in more detail.
In the initial phase of the reaction, the reactants approximate
each other and the formerly linear B–N^C–C unit bends to
adopt angles of 148.6 (N]C–C) and 141.4 (C]N–B) in
the transition state. A shortening of the B–N bond during
this process suggests that the interaction of the Lewis acid
with the nitrile becomes stronger. As long as the Lewis acid
complex with the nitrile is linear, coordination takes place
through the sp hybridised nitrogen lone pair orthogonal to
the orbitals involved in the cycloaddition, where the Lewis
acid has relatively little influence on the FMO energies and
the charge distribution within the nitrile. The bending of
the Lewis acid nitrile complex requires a re-hybridisation
of the C^N bond to an sp2 nitrogen and carbon. As a conse-
quence, one of the former p-bonds of the C^N breaks open.

The transition state is of an early character, as frequently
observed for 1,3-dipolar cycloadditions,4,5,23 and the ring
formation and the transformations of the two C^N bonds
into C]N bonds occur after the transition state only. This
process is accompanied by a weakening of the N–B bond un-
til the Lewis acid is almost released from the molecule. The
N–B distance is longest at the point of the intrinsic reaction
path at which the ring can be considered formed as no further
changes in the bond distances within the ring take place
(stride 5.5). From this point on, the heterocycle re-coordinates
to the Lewis acid and this process is exothermic. The N–B
bond in the final complex is slightly shorter and stronger
than in the complex with the nitrile, suggesting that an
exchange of product by reactant will be inefficient. The
reaction is not catalytic but Lewis acid mediated.
Figure 3. Intrinsic reaction coordinates (amu1/2 bohr) for the reactions 1b+2a/4b (left) and 1c+2c/4d (right).
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For the alternative reaction in which the BF3 coordinates to
the oxygen atom of the nitrile oxide rather than to the nitrile
(1c+2c/4d), the activation barrier is equally lowered with
respect to the Lewis acid free reaction, approximately to the
same extent as for the reaction of Lewis acid-coordinated
acetonitrile (1b) with benzonitrile oxide (2a) described
above. BF3 thus promotes the reaction, independent of its
coordination site. Interestingly, however, the product does not
receive additional stabilisation by coordination, and its rela-
tive energy is practically the same as for the Lewis acid free
reaction. Coordination of BF3 to the nitrile oxide favours the
cycloaddition only kinetically, but not thermodynamically.

The intrinsic reaction path (Fig. 3 right) shows that the N–C
bond is formed at an earlier stage than the C–O bond. The
order of bond formation, and with this the orbital interaction,
switches depending on the coordination site of the Lewis
acid. The cycloaddition of nitriles with nitrile oxides is
therefore best described as a Sustmann type II cycloaddi-
tion,24 as initially postulated.

The interaction of the Lewis acid with the nitrile oxide
becomes stronger along the reaction coordinate towards
the transition state, just as in the reaction where the Lewis
acid was coordinated to the nitrile. However, starting from
the point where the ring closure and bond reorganisation
takes place, the B–O bond weakens continuously and BF3

is eventually released from the heterocycle. By the end
of the reaction, the BF3 moiety is 2.4 Å away from the
oxygen. The interaction of BF3 with the reactant is stronger
than with the product, and the reaction is expected to be
catalytic.

To check the validity of the computational method, all calcu-
lations were repeated with higher level basis sets and also
with the commonly used DFT method B3LYP. As shown
in Table 2, the computational method and the basis set
used have little influence on the energy profiles of the two
reactions. MP2 single point calculations using the higher
level basis sets 6-31+G* and 6-311++G** gave the same
trends as with MP2/6-31G*, and the relative energies of the
products and the activation barriers are similar or only mar-
ginally lower. Also the DFT method B3LYP in combination
with the 6-31G* basis set reproduces the MP2 calculations
quite closely. The activation energies are slightly higher
and in agreement with the known fact that MP2 generally
tends to underestimate activation barriers. The B3LYP/6-
31G* optimised transition states are earlier in character and
the bond formation is slightly less advanced than in the MP2
optimised structures. B3LYP is far more vulnerable to effects
of the basis set than MP2, and the reaction energies obtained
from single point calculations using 6-311++G** are 8–
10 kcal/mol lower and the activation barriers 2–4 kcal/mol
higher than with 6-31G*.

3.2. Topological analysis of the charge density using the
theory of ‘atoms in molecules’

Bond distances are affected by a number of factors (e.g., ring
strain or steric interactions) and may not accurately reflect
bond orders. In order to confirm the discussion above we
decided to look at the charge density in the bond, as a
more reliable measure for the bond strength, by using the
theory of ‘Atoms in Molecules’ (AIM), introduced by
Bader.25 A bond is characterised by: (a) the charge density
at the critical point rb as a measure of how much charge is
accumulated between the bonded nuclei. Generally, rb can
be correlated with the bond order and reflects the strength
of a bond. (b) The Laplacian V2rb as a measure of local
charge concentration (V2rb<0) or local charge depletion
(V2rb>0). (c) The ellipticity as a measure for the p character
of a bond but also of its structural stability. In a strict sense,
for atoms to be bonded there must be an atomic interaction
line connecting the atoms through a BCP, and there cannot
be any forces so the system needs to be in a stationary state
for this to be valid. Nevertheless, the AIM concept has been
applied to non-stationary states along an IRC in a topological
analysis of SN2 reactions of methyl halides,26 although the
authors considered changes of atomic properties rather
than changes at the BCP. In another example, the properties
of bond critical points along the IRC have been used to
establish a quantitative structure–property relationship in
calculated reaction pathways.27 In a similar sense, we now
analysed the two reactions MeCN–BF3+PhCNO and
PhCNO–BF3+MeCN with respect to changes of bond prop-
erties along the IRC. The results are shown in Table 3 and
Figures 4 and 5.

First, the bond characteristics in the reactants and products,
obtained from MP2/6-31G* wavefunctions, are discussed.
Charge densities obtained from MP2/6-311++G** or
B3LYP/6-31G* or B3LYP/6-311++G** wavefunctions are
numerically very similar, as shown in Table 3. The charge
density at the BCP of the C^N bonds is rb¼0.45 a.u. for
the nitrile 1c, and rb¼0.38 a.u. for the nitrile oxide 2a. These
comparatively high values are typical for triple bonds and
compare well with literature values (e.g., rb¼0.4912 a.u.
for aliphatic nitriles, determined from the RHF/6-
31++G**//RHF/6-31G** wavefunctions,28 or rb¼0.475 a.u.
for acetonitrile (RHF/4-31G**),29 or rb¼0.5069 a.u. for
C^O, calculated from the RHF/6-311++G**//RHF/6-
311++G** wavefunction).25 The charge density of the nitrile
oxide is lower, reflecting its two resonance structures, one of
which has double bond character (R–C^N+–O�4R–
C�]N+]O). BF3-coordination has little effect on the
charge density of the nitrile and rb is reduced by less than
0.001 a.u. The nitrile oxide responds more strongly to the
presence of the Lewis acid and rb in the C–N bond is
increased by 0.014 a.u. The Laplacian for C^N bonds is
positive, in contrast to other covalent bonds for which nega-
tive values for V2rb are observed. It varies in an order of
+0.19 a.u. for nitrile, +0.33 a.u. for coodinated nitrile, and
+1.16 a.u. for the free or coordinated nitrile oxide. These
values are consistent with literature data (+0.568 a.u. for
MeCN21 and +0.9796 a.u. for CO).25 The ellipticity is small
(0.001–0.05 a.u.), in agreement with a cylindrical electron
distribution around the triple bond. The charge density in
the C]N bonds in the oxadiazoles 4b and 4d is in a range
of 0.37–0.39 a.u. and compatible with values reported for
other double bonds (C]C of ethene: 0.3627 a.u.; C]O of
formaldehyde: 0.4308 a.u.).25 The Laplacian for C]N
bonds is strongly negative (�0.8 to �1.1 a.u.) and similar
to the one of ethene (�1.1892 a.u.).25 The ellipticity is
comparatively large (0.18–0.28), accounting for the presence
of one p-bond. For single bonds, the charge density at
the BCP is typically 0.29–0.32 a.u., with exception of the
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O3–N4 bond of the nitrile oxide (rb¼0.49 a.u. for uncoordi-
nated species 2a and rb¼0.45 a.u. for the BF3-coordinated
2c). This again can be attributed to the relevance of a reso-
nance structure with N]O bond character (R–C]N+–
O�4R–C�]N+]O). The Laplacian is moderately nega-
tive and in an order of �0.12 a.u. for C2–O3, �0.46 to
�0.48 a.u. for O3–N4, and �0.9 to �1.2 a.u. for C5–N1
bonds. The ellipticity is small, as expected for a s-bond
(0.002–0.07 a.u.). The bond characteristics of the Lewis
acid–Lewis base bond indicate a closed shell interaction.
This can be seen in the small value of the charge density at
the BCP (0.04–0.09 a.u. for the B–N or B–O bonds in 1b,
2c and 4b) and a positive value for V2rb (0.23–0.30 a.u.).
The ellipticity is very variable and spreads from 0.25 in the
BF3-coordinated nitrile 1b, to 0.06 in the nitrile oxide–BF3

complex 2c, and 0.03 for the oxadiazoline–BF3 complex
4b. The ellipticity is often associated with bond stability,
and it would appear that the oxadiazoline forms a stable com-
plex with BF3 on the basis of the combination of a low 3 value
and a relatively high rb. This agrees well with energy consid-
erations discussed in the previous section.

Along the IRC of a reaction, bond formation is reflected in
an increase of electron density at the BCP. A bond breakage
can be inferred by extremely low values of rb or complete
disappearance of the BCP, and an increase of 3 indicating
bond instability. Changes in bond order can be observed in

Table 3. Charge densities rb (a.u.) of selected bond critical points (reactions
1b+2a/4b and 1c+2c/4d)

Compound Bond MP2/
6-31G*

MP2/6-
311++G**
//MP2/
6-31G*

B3LYP/
6-31G*

B3LYP/6-
311++G**
//B3LYP/
6-31G*

Reaction 1b+2a/4b
1b N1^C2 0.45185 0.45609 0.46417 0.47201

N1–B 0.06261 0.06298 0.06106 0.06290
2a N4^C5 0.38039 0.38222 0.40121 0.40655

N4–O3 0.49721 0.50491 0.48727 0.48942
TS3b N1]C2 0.43747 0.43810 0.44536 0.44943

C2/O3 0.08904 0.08885 0.08488 0.08377
O3–N4 0.45646 0.46340 0.44277 0.44356
N4]C5 0.39982 0.39819 0.40878 0.41134
C5/N1 0.05931 0.05989 0.03878 0.03893
N1–B 0.08831 0.08855 0.10054 0.10169

4b N1]C2 0.37251 0.36690 0.36579 0.36929
C2–O3 0.31581 0.31240 0.32020 0.31825
O3–N4 0.31315 0.31835 0.30262 0.30316
N4]C5 0.37260 0.36740 0.37356 0.36929
C5–N1 0.31427 0.30907 0.30627 0.30052
N1–B 0.09634 0.09657 0.10270 0.10375

Reaction 1c+2c/4d
1c N1^C2 0.45202 0.45686 0.46506 0.47470
2c N4^C5 0.39407 0.39635 0.41041 0.41614

N4–O3 0.47200 0.47800 0.46671 0.46780
O3–B 0.04314 0.04525 0.03996 0.04136

TS3d N1]C2 0.44429 0.44660 0.45648 0.46391
C2/O3 0.03896 0.03825 0.02562 0.02522
O3–N4 0.41368 0.41927 0.40860 0.40879
N4]C5 0.41755 0.41629 0.41123 0.41290
C5/N1 0.08332 0.08467 0.07522 0.07513
O3–B 0.08513 0.08565 0.09540 0.09678

4d N1]C2 0.38900 0.38395 0.38465 0.38008
C2–O3 0.29049 0.28724 0.29749 0.29498
O3–N4 0.31343 0.31799 0.30217 0.30218
N4]C5 0.36849 0.36377 0.36911 0.36491
C5–N1 0.32880 0.32365 0.32007 0.31461
O3–B (no BCP) (no BCP) 0.01571 0.01564
 changes of rb, V2rb and 3 passing a characteristic maximum.

For the reaction with the BF3-coordinated nitrile (1b+2a/
4b), these changes are shown in Figure 4. All bond forma-
tions and bond rearrangements take place after the transition
state, at a stride of 0–5, confirming the early character of the
transition state. The accumulation of charge density in the
C2–O3 bond is slightly advanced and accompanied by a re-
duction of charge in the O3–N4 bond. The subsequent accu-
mulation of charge in the C5–N1 bond seems to go in
parallel with change depletion in the N1–C2 bond. This sug-
gests that the cycloaddition occurs by an electron transfer
from the oxygen of the nitrile oxide onto the nitrile carbon,
and then from the nitrile nitrogen onto C5 of the nitrile ox-
ide. In the transition state TS3b, the C2/O3 bond has accu-
mulated a charge density of 0.09 a.u. (28% of its final value
in the product 4b), whereas rb in the C5/N1 bond is
0.06 a.u. (19% of its final value) only. Concomitantly, rb in
the O3–N4 bond has decreased by 0.04 a.u., as compared
to the starting material, whereas the corresponding decrease
of rb in the N1–C2 bond is only 0.014 a.u. Also the bonding
of the Lewis acid in the course of the reactions is worth not-
ing. When coordinated to the N1 atom, the charge density
between N1 and B increases on the way to the transition state
and decreases after it. At about stride 5 to 6, the charge den-
sity is lowest and the ellipticity has a maximum, indicating
an instability at which the Lewis acid is nearly released
from the newly formed heterocycle. However, both rb and
3 indicate that the Lewis acid re-coordinates to form a stable
complex towards the end of the reaction. When the Lewis
acid is coordinated to the nitrile oxide, as in reaction

Figure 4. Properties of selected BCP along the IRC of reaction 1b+2a/4b.
Top: charge density rb; middle: Laplacian V2

rb; bottom: ellipticity 3. All
quantities are given in atomic units.
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1c+2c/4d, the reaction profile is significantly different, as
shown in Figure 5. Although the bond formations and bond
rearrangements also take place after the transition state, the
sequence of bond formation is inverted and the electron flow
is in the opposite direction. In the transition state TS3d, the
charge density in the C5/N1 bond is accumulated to
0.08 a.u. (25% of its final value in the product 4d), but rb

in the C2/O3 bond is only 0.04 a.u. (13% of its final value).
It appears that the charge builds up in the newly formed C5–
N1 bond when the O3–N4–C5 moiety of the nitrile oxide is
most affected. Subsequently, the formation of the C2–O3
bond goes in parallel with a depletion of charge in the
N1–C2 bond. The bond between the B atom of the Lewis
acid and O3 of the nitrile oxide shows an initial increase
in charge density along the IRC and the bond is strongest
in the TS. After the TS it is continuously weakened and
eventually broken. This can be seen in the drastic increase
of 3 along stride 2–7 and the disappearance of the bond
critical point at stride 7. In summary, the results derived
from the topological analysis of the electron density confirm
what the changes of geometrical parameters along the IRC
suggested.

3.3. BH3-mediated reaction of benzonitrile oxide with
acetonitrile

In the following section, the effect of a weak Lewis acid BH3

on the reactivity and reaction mechanism is assessed. As for
the BF3-mediated reaction, the computational method (MP2
or B3LYP) and the basis set used (6-31G*, 6-31+G* and

Figure 5. Properties of selected BCP along the IRC of reaction 1c+2c/4d.
Top: charge density rb; middle: Laplacian V2

rb; bottom: ellipticity 3. All
quantities are given in atomic units.
6-311++G**) give comparable results. Coordination of BH3

to the oxygen atom of benzonitrile oxide (reaction 1c+
2b/4c) also results in a lower activation energy, compared
to the Lewis acid free reaction. As expected, the effect of BH3

is smaller than that of BF3. The relative energy of the product
is comparable to that obtained from the Lewis acid free reac-
tion, thus the thermodynamics remain essentially unchanged.
The IRC of the reaction suggests the same sequence of bond
formation and orbital interaction as in the reaction with BF3

as a Lewis acid. A release of the Lewis acid is observed
towards the end of the reaction so the reaction should be
catalytic, as in the case of the BF3 promoted reaction.

If BH3 is bound to the nitrile, the intrinsic reaction path
resembles that of the reaction of the nitrile–BF3 complex,
with the C/O bond forming slightly earlier than the
C/N bond. This suggests that the relevant orbital interac-
tion is switched already and the reaction is of ‘normal elec-
tron demand’. The Lewis acid is trapped by coordination to
the product in the final stage of the reaction, leading to a ther-
modynamic stabilisation of the product. However, in con-
trast to BF3, BH3 is too weak a Lewis acid to promote the
reaction kinetically. Its activation barrier is practically the
same or even slightly higher than for the uncatalysed reac-
tion (MP2: 12.3 kcal/mol vs 12.6 kcal/mol;5 B3LYP:
16.7 kcal/mol vs 14.7 kcal/mol;5 see also Fig. 6).

3.4. Which is the preferred binding site of the Lewis
acid?

Under experimental conditions, a preferred binding of the
Lewis acid to one of the substrates will decide, which activa-
tion pathway is more relevant and thus determines the out-
come of the reaction. Depending on the computational
method and basis set used, the relatively weak and soft
Lewis acid BH3 is 8.7–11.2 kcal/mol more stabilised when
coordinated to the nitrile (E(1a)+E(2a)�E(1c)�E(2b)).
This is also reflected in the bond distances to the substrate.
The B/N bond in 1a is significantly shorter than the B/O
bond in 2b (MP2: 1.595 Å vs 1.770 Å). As a consequence,
BH3 will bind to the functional group which it is unable to
activate. A weak and soft Lewis acid is not expected to pro-
mote the reaction to a significant extent.

In the case of BF3 as a stronger and harder Lewis acid, both
MeCN+nitrile oxide BF3 adduct, or MeCN–BF3+nitrile

Figure 6. Activation energies (kcal/mol) for the uncatalysed reaction of
benzonitrile oxide with acetonitrile, and the Lewis acid mediated reactions
(A) and (B) using BF3 or BH3 as Lewis acids.
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oxide are similar in energy, the O-adduct being 0.5 kcal/mol
more stable than the N-adduct (MP2/6-31G*). With the
other computational methods the order of stability can be
inverted but the energy difference remains in a range 0.05–
1.1 kcal/mol. Both pathways are expected to play a role un-
der experimental conditions. Since both coordination modes
lead to a decrease of the activation energy, the overall reac-
tion will be promoted. However, the N-coordinated product
4b is significantly more stable than the O-coordinated 4d
(DE¼13.1 kcal/mol (MP2) and 11.4 kcal/mol (B3LYP)).
As a result, the reaction will not be catalytic but product
inhibited, because the Lewis acid that is released from the
oxygen atom in the course of the reaction of the coordinated
nitrile oxide will be trapped by coordination to the nitrogen
of the product in an exothermic reaction.

Overall, which coordination mode is preferred appears to
depend strongly on the individual Lewis acid. To achieve a
catalytic reaction, a hard Lewis acid with little tendency to
coordinate to nitrogen seems most promising.

3.5. BF3-mediated reaction of benzonitrile oxide with
propyne or propene

To answer the question as to whether Lewis acids promote
the cycloaddition of benzonitrile oxide with other dipolaro-
philes in a similar way, the reactions of the BF3 adduct of
benzonitrile oxide with propyne and propene were studied.
In the reactions with propyne ((C) in Scheme 1) practically
the same amount of energy is released as in the non-
catalysed case (81.3 vs 82.1 kcal/mol, and 77.9 vs
79.1 kcal/mol for the regioisomeric products 7 and 9). The
Lewis acid does not change the thermodynamics of the
reaction. The activation energy of both reactions is only
marginally lower than in the non-catalysed case (5.7 vs
6.4 kcal/mol, and 7.9 vs 8.3 kcal/mol). With B3LYP the
differences are a bit larger, indicating that the Lewis acid
tends to activate, although the effect may be weak. The
regiochemistry is unaltered by the Lewis acid, both thermo-
dynamic and kinetic arguments are in favour of the 3,5-
disubstituted isomer as preferred product. The intrinsic
reaction paths (Figs. S2 and S3 of the Supplementary data)
show that both energy profile and the change of characteris-
tic distances are very similar to the uncoordinated reaction
described in our previous publication,5 with respect to con-
certedness and an almost synchronous bond formation. The
new element is the behaviour of the BF3, which is released in
the course of the reaction. For this reason the reaction could
be promising for Lewis acid catalysis. However, the activat-
ing effect of the Lewis acid may be too weak to be of prac-
tical use. With this in mind, it is not surprising that no
experimental report on Lewis acid promoted cycloaddition
of nitrile oxides to alkynes exists in the literature.

The reaction of nitrile oxides with appropriate alkenes, in
contrast, can be promoted in the presence of appropriate
Lewis acids. Magnesium ions are most suitable,30 but also
nickel complexes,31 zinc salts32 or lanthanide triflates were
used.33,30g Our calculations of the reaction of BF3-coordi-
nated benzonitrile oxide with propene ((D) in Scheme 1)
showed that both regioisomeric products are slightly stabi-
lised by the Lewis acid (�54.5 vs �47.7 kcal/mol, and
�51.1 vs �45.1 kcal/mol with MP2; �38.6 kcal/mol, and
�41.1 vs �34.5 kcal/mol with B3LYP). The activation bar-
riers are somewhat lowered for both regioisomeric pathways
(approx. 2 kcal/mol with MP2 and 4 kcal/mol with B3LYP).
Overall, the reaction is weakly promoted by the Lewis acid.
The regioselectivity of the reaction remains unchanged in
the presence of the Lewis acid. As in the uncatalysed reac-
tion, the 3,5-disubstituted regioisomer is both thermo-
dynamically and kinetically preferred. The intrinsic reaction
paths (Figs. S3 and S4 of the Supplementary data) show
that the bond distance between the Lewis acid and the nitrile
oxide slightly oscillates along the reaction coordinate, to
eventually reform under stabilisation of the product.
Whether the reaction is catalytic or not cannot be decided
easily. The B/O bond distances in the nitrile oxide or the
products are very similar, so that a ligand exchange with
the reactant seems possible. Also a change of the Lewis
acid, substrate or solvent effects may alter the situation.
The possibility to coordinate both substrates to the same
Lewis acid could be used to enhance the activating effect
because the reaction becomes pseudo-intramolecular. This
strategy has been used in a computational study of a magne-
sium-controlled cycloaddition of nitrile oxides and allylic
alcohols.34

The influence of the computational method and the basis set
on the reaction of benzonitrile oxide with propyne and pro-
pene was analysed and showed some interesting results. As
for the reaction with acetonitrile, MP2 gives consistent re-
sults. The dependence on the basis set (6-31G*, 6-31+G*
or 6-311++G**) is small, with a variation of the relative
energy values within a range of 1–3 kcal/mol. B3LYP, in
contrast, seems not to perform overly well. Although the
trends within a given dipole/dipolarophile combination are
correctly reproduced, the comparison between different
dipolarophiles gives inconsistent results: (i) the experimen-
tally observed reactivity scale alkene>alkyne>nitrile of
the Lewis acid free reaction is reproduced with MP2.
B3LYP, however, predicts essentially the same activation
barriers for all three reactions. (ii) For the Lewis acid medi-
ated reactions, the relative energies calculated with MP2 or
B3LYP differ quite significantly and show a trend nitrile>
alkyne>alkene. Thus, the differences in reaction energies
are in an order 1–2.5 kcal/mol for the nitrile, 3.5–5 kcal/mol
for the alkyne and 9–10 kcal/mol for the alkene. The activa-
tion barriers differ by 0–4.5 kcal/mol, 5–6 kcal/mol and 8.5–
9.6 kcal/mol, respectively. (iii) The basis set dependence is
quite significant with B3LYP, but the differences are at least
consistent for all reactions studied. When 6-311++G** is
used in place of 6-31G* the products are predicted
10 kcal/mol and transition states 3 kcal/mol less stable.
Overall, MP2 seems to outperform B3LYP when the
reactivity of dienophiles with different functional groups is
compared.

4. Conclusion

We have shown with the help of quantum mechanical calcu-
lations and an analysis of the topology of the charge density
of relevant bonds along the IRC that the reaction of nitrile
oxides and nitriles is a promising candidate for Lewis acid
activation. The activation can occur via two different mech-
anisms: If the Lewis acid is coordinated to the nitrile oxide,
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the reactant is activated and the product is easily released
from the Lewis acid. Mechanistically, the cycloaddition is
of ‘inverse electron demand’. If the Lewis acid is coordi-
nated to the nitrile and strong enough, a reversal of the elec-
tronic requirements takes place and the cycloaddition is now
dominated by an interaction of an occupied orbital of the
dipolarophile with an unoccupied one of the dipole. The
activating effect is not so much due to activation of the reac-
tant but rather to a stabilisation of the transition state and
product. As a result, formation of a stable complex of the
product with the Lewis acid is expected.

Although the cycloaddition of nitrile oxide with nitrile or
alkyne is mechanistically similar,5 the influence of a Lewis
acid on these two reactions is entirely different. Compared
to the large kinetic and thermodynamic effects predicted
for the reaction with nitriles, the cycloaddition of nitrile
oxides to alkynes is surprisingly insensitive to Lewis acids.
Alkenes adopt an intermediate position and a weak activa-
tion is expected.
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