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AbstractÐHybrid density functional theory calculations with the B3LYP/6-31Gp method were used to calculate the activation barriers of
nitrile oxide cycloadditions to the unsymmetrical alkynes cyanoacetylene and methyl propiolate. Inherent electronic effects and solvent
polarity both in¯uence regioselectivity. q 2000 Elsevier Science Ltd. All rights reserved.

Rolf Huisgen established the 1,3-dipolar cycloaddition as
one of the most general types of organic reactions.1 These
reactions are frequently the methods of choice for ®ve-
membered heterocyclic synthesis. Huisgen showed that
these reactions have concerted, six-electron pericyclic
mechanisms1 in accordance with the Woodward±Hoffmann
rules.2 He also uncovered a rich bounty of reactivity, regio-
selectivity, and stereoselectivity puzzles which have led to
intense mechanistic and theoretical scrutiny.

One of the intriguing features of 1,3-dipolar cycloadditions

involves the reactions of nitrile oxides with unsymmetrical
electron-de®cient acetylenes.3 The reactions occur with low
and variable regioselectivity which was dif®cult to under-
stand in terms of a concerted mechanism. Normally,
cycloadditions of nitrile oxides to monosubstituted alkenes
and alkynes give 5-substituted isoxazolines or isoxazoles.
With electron-withdrawing substituents, partial reversal of
regioselectivity was observed. Examples of the experi-
mental results for methyl propiolate are shown in Fig. 1.1,4

We also found that cyanoacetylene, tri¯uoropropyne, and
ethyl propiolate give signi®cant amounts of the 4-substituted
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Figure 1. Regioselectivities of 1,3-dipolar cycloadditions of methyl propiolate with nitrile oxides.
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adducts, 43, 43, and 66%, respectively, with mesitonitrile
oxide in CCl4.

5 Although a qualitative theory to rationalize
these results was presented,5,6 and an energy partitioning
analysis identi®ed the factors involved in regioselectivity
control,7 no quantitative theory to account for the regio-
selectivity has been reported. Huisgen noted that `The
clouds around the pass are not fully dissipated'.3 We
describe calculations which provide quantitative predictions
of regioselectivity and show the in¯uence of inherent elec-
tronic effects as well as solvent effects on regioselectivity.

The perturbation MO treatment of cycloaddition reactivity
pioneered by Sustmann8 was applied by our group to
explain qualitatively the regioselectivity of 1,3-dipolar
cycloadditions.5,9±13 The 5-substituted products of nitrile
oxide cycloadditions to terminal alkynes and alkenes are
usually favored because the 1,3-dipolar cycloaddition
reaction is controlled by the interaction between the
LUMO of the dipole and the HOMO of the dipolarophile.6

The dipole LUMO has its largest coef®cient on carbon, and
this becomes united with the unsubstituted dipolarophile
carbon, the site of highest HOMO coef®cient for a variety
of substituents.6,13 For suf®ciently electron-de®cient
dipolarophiles, however, the major interaction now involves
the dipolarophile LUMO and the dipole HOMO.6±10 This
arises because the electron-withdrawing group on the
dipolarophile lowers the energy of the HOMO and
LUMO. The 4-substituted product is now favored because
the nitrile oxide oxygen is most nucleophilic. Consequently,
the oxygen becomes bonded to the unsubstituted carbon of
the dipolarophile, which in these cases is the site with the
largest LUMO coef®cient. Based on this rationale, several
predictions were made and were veri®ed experimentally.5,13

The dipole substituent also in¯uences the FMO energies and
coef®cients and can alter the regioselectivity (Fig. 1).

Many theoretical studies have probed the transition states
and mechanisms of 1,3-dipolar cycloadditions.2,12 Density
Functional Theory (DFT)14 has proven to be a widely
applicable method for exploring organic chemistry. For
the 1,3-dipolar cycloaddition of fulminic acid to acetyl-

ene,15,16 B3LYP17 calculations often give comparable or
even slightly better results than MP2,18 CASSCF,19 or
CCSD(T)20 calculations. The latter is generally considered
to be reliably close to experimental values. Morokuma et
al.16 calculated the transition structure for the reaction of
nitrile oxide with acetylene at different theoretical levels
(Fig. 2). It is clear that B3LYP tends to give an earlier TS
than MP2 or coupled cluster methods. Similar energy
barriers are predicted by all of these levels of theory
(Table 1). All methods predict that the forming CC bond
is shorter than the forming CO bond in the transition state,
consistent with the electrophilic nature of the carbon termi-
nus of fulminic acid.

CossõÂo et al. have explored the role of aromaticity in the
regioselectivity of nitrile oxide cycloadditions.21 The tran-
sition states are aromatic according to magnetic criteria, but
the regioselectivity is not determined by aromaticity. These
authors also found that solvent could in¯uence the acti-
vation barrier and transition state synchronicity.21

We have used hybrid density functional theory calculations
(B3LYP/6-31Gp) to explore the delicate regiochemical
phenomena exhibited by nitrile oxides, and to better under-
stand the role of FMO interactions and electrostatic effects
on stereoselectivity. The latter are revealed in the sensitivity
of these reactions to solvent effects, which we have also
explored theoretically. All the energies were computed
with GAUSSIAN 9822 based on B3LYP/6-31Gp optimized
transition geometries. A simple polarized continuum model
(PCM)23 was used to estimate solvation energies for CCl4

and water.

Table 2 shows the computed activation barriers in the gas
phase, water, and CCl4, for formation of regioisomeric
products. These results indicate that the energy barriers
for the reactions of fulminic acid or mesitonitrile oxide
and the electron-de®cient acetylenes, cyanoacetylene and
methyl propiolate, are generally about 13±14 kcal/mol.16

We chose cyanoacetylene and methyl propiolate to study
the effects of the electron-withdrawing substituents on
regioselectivity. Fig. 3 gives the structures of transition
states for cycloadditions of fulminic acid with cyanoacetyl-
ene at different levels of theory: B3LYP and two lower
levels were utilized to test whether more economical
methods might be used for larger systems. Each method
leads to early asynchronous TSs. For the 5-substituted
cases, the differences in forming bond lengths are large. It
is largest, 0.4 AÊ , with B3LYP. The TS leading to the
4-substituted product is much less asynchronous. The TS
for the 5-substituted isoxazole product is lower in energy
and also much more polar, so that the preference for the
5-substituted product increases in water. Although these
reactions are not usually carried out in water, recent

Figure 2. Transition structure for the 1,3-dipolar cycloaddition of fulminic
acid to acetylene with (top to bottom) B3LYP/6-31Gp, MP2/6-31Gp,16 and
CCSD(T)/6-31Gp.16

Table 1. Activation energy of the 1,3-dipolar cycloaddition of fulminic acid and acetylene at different theoretical levels

Energy evaluation Geometry optimization Activation energy (kcal/mol)

B3LYP/6-31Gp B3LYP/6-31Gp 13.4
CCSD(T)/6-31Gp B3LYP/6-31Gp 13.4
CCSD(T)/6-31Gp MP2/6-31Gp 13.3
CCSD(T)/6-31Gp CCSD(T)/6-31Gp 13.8
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examples of antibody catalysis of related reactions caused
us to probe the in¯uence of polar solvents on regioselec-
tivity.24 This also provides an extreme in solvent polarity.
We showed earlier that the bending of fulminic acid in the
transition state causes the C to increase in nucleophilicity.10

The 5-substituted transition state bene®ts from both
HOMO±LUMO and LUMO±HOMO interactions.

The B3LYP geometries for transition states of cyclo-
additions of mesitonitrile oxide and cyanoacetylene are
shown in Fig. 4. The mesityl substituent is a good electron
donor. It increases the nucleophilicity of the nitrile oxide by
raising the HOMO and LUMO energies, and enhances the
HOMO coef®cient on oxygen. The 4-substituted regio-
isomer is now favored. This transition state is quite asyn-
chronous, re¯ecting the high nucleophilicity of oxygen. The
forming isoxazole is planar in this and the remaining tran-
sition states. The reaction is now under dipole HOMO and
dipolarophile LUMO control. The difference in energy is
quite small, in line with the experimental ratio of 72:28 in
favor of the 4-isomer. However, the disfavored 5-substituted
transition state is more polar and may become the lowest
energy transition state in polar solvents. In CCl4, the regio-
selectivity is in the same direction as in the gas phase.

The methyl ester exhibits similar behavior. Fig. 5 shows the
relevant transition states obtained in the gas phase. The
trends in bond lengths are the same as for the cyano sub-
stituent. The calculations predict that the ester favors the

Table 2. (B3LYP/6-31Gp) Activation energies (kcal/mol) for 4- and 5-substituted products in the gas phase, CCl4, and water using a PCM solvation model

Gas phase CCl4 Water

Reaction DEa (kcal/mol) Dipole moment (D) DEa (kcal/mol) Dipole moment (D) DEa (kcal/mol) Dipole moment (D)

1 14.0 2.4 13.2 2.6 13.9 3.2
2 13.5 6.4 12.6 7.1 12.2 8.6
3 14.7 2.4 14.4 2.6 15.2 2.9
4 13.5 8.7 14.1 9.6 14.2 11.7
5 13.0 3.2 14.6 3.5 15.7 4.1
6 13.4 5.1 14.6 5.7 15.0 7.3
7 12.1 4.1 15.2 4.6 20.6 5.6

Figure 3. Transition structures of 1,3-dipolar cycloaddition of fulminic acid
and cyanoacetylene by (top to bottom) PM3, HF/6-31Gp, and B3LYP/6-
31Gp.

Figure 4. The B3LYP/6-31Gp optimized transition structures for the 1,3-dipolar cycloaddition of mesitonitrile oxide and cyanoacetylene.
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4-substituted product more than the nitrile does in the gas
phase. There appears to be no signi®cant steric effect here
since the larger ester forms the 4-position even more than
the small cyano group. This is also consistent with the
experimental result in CCl4, where CN gives 43% of the
4-substituted isomer and CO2Et gives 66% of the 4-substi-
tuted isomer. The PCM model for CCl4 overestimates the
relative destabilization of the 4-substituted isomer, predict-
ing that the 5-isomer should be favored by 0.5±0.6 kcal/mol
with mesitonitrile oxide, whereas the 4-isomer makes up
66% of the mixture of isomers with CO2Et and 43% with
CN experimentally. The amount of 4-isomer obtained with
CO2Me in ether (72%) is about the same as with CO2Et in
CCl4 (66%).

In all cases studied here, the 5-substituted transition struc-
ture is more polar than the 4-substituted one. The trends in
predicted effects of solvent on reaction rates are in qualita-
tive accordance with the magnitude of the transition state
dipole moments relative to those of reactants. Table 2 gives
the dipole moments calculated for the various transition
states in each solvent. In the gas phase, the computed dipole
moments of HCNO, MesCNO, HCCCN, and HCCCO2Me
are 3.2, 4.4, 3.8 and 1.8 D, respectively. The low effect of
solvent polarity on the rate of reaction 3 arises because the
polarities of reactants (3.2 and 3.8 D) and transition state
(2.4 D) are similar. By contrast, the formation of the
5-substituted isomer from reaction 5 is accelerated substan-
tially by polar solvents, since the transition state dipole
moment is high (6.4 D). The trend is followed in all cases:
the transition state leading to the 4-substituted product is
relatively nonpolar; consequently, the reactions are unaf-
fected or even slowed down by polar solvents. The forma-
tion of the 5-substituted product is accelerated to varying
degrees by an increase in solvent polarity.

In reactions 3±7, the activation barriers are higher in water
than in the gas phase. The transition states are less polar than
the reactants. The computed dipole moments of the
reactants in the gas phase are: fulminic acid (3.2 D),
misitonitrile oxide (4.4 D), cyenoacetylene (3.8 D), methyl
propiolate (1.8 D). The 5-substituted transition state is more
polar than the 4-substituted. Consequently, in these cases, a

polar solvent reverses the regioselectivity preference from
the 4- to the 5-substituted product. Experimental data on
such solvent effects are not yet available but may provide
a useful way to control regioselectivity.

Our studies con®rm the regioselectivity model described
earlier, but also show that solvent effects can in¯uence
regioselectivity. The more polar 5-substituted transition
states are favored in more polar solvents. We anticipate
explorations of these solvent effects in the future.
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