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Abstract: Density functional theory calculations at the B3LYP/6-31G* level on the dimerization reactions
of acetonitrile oxide and para-chlorobenzonitrile oxide to form furoxans indicate that these processes are
stepwise involving dinitrosoalkene intermediates that have considerable diradical character. The rate-
determining steps for these two reactions correspond to C-C bond formation. The retardation of dimerization
in aromatic nitrile oxides arises from the interruption of conjugation between the nitrile oxide and aryl groups
in the C-C bond formation step. The present study also suggests that the isomerization of single-ring
furoxans occurs via a diradical intermediate mechanism.

1. Introduction

Nitrile oxides are widely used participants in 1,3-dipolar
cycloadditions to generate five-membered ring heterocycles.1

Nitrile oxides (especially for lower aliphatic and acyl nitrile
oxides) easily dimerize to form 1,2,5-oxadiazole-2-oxides,
commonly known as furoxans or furazan oxides (reaction 1 in
Scheme 1).1 Under acidic or basic conditions, nitrile oxides can
also dimerize to give either 1,2,4-oxadiazole-4-oxides or sym-
metric 1,4-dioxa-2,5-diazines (reactions 2 and 3 in Scheme 1).2

Two paths have been proposed for the dimerization of nitrile
oxide to furoxans, but the detailed mechanism is not known.3

The most widely accepted mechanism is a concerted 1,3-dipolar
cycloaddition process, where one nitrile oxide acts as a dipole
while the C-N multiple bond in the other nitrile oxide acts as
a dipolarophile (Scheme 2). A (closed-shell) stepwise mecha-
nism, often called the carbene mechanism, has also been
proposed. In the carbene mechanism, the first step corresponds
to bond formation between the carbenoid carbons of two nitrile
oxides to form a dinitroso alkene intermediate, which then
cyclizes to the furoxan. Huisgen, the originator of the field of

1,3-dipolar cycloadditions, and Dondoni, have given evidence
in favor of the concerted mechanism.3,4 Early experimental
support for the stepwise mechanism came from Mallory’s
experimental work on the interconversions of two methylphe-
nylfuroxans and two ethylmethylfuroxans, in which they have
assumed the existence of dinitrosoalkene intermediates during
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the tautomerization.5 Recently, Pasinszki and Westwood6 re-
ported gas-phase spectroscopic and density functional theory
(DFT) studies on the decomposition of dimethylfuroxan to
acetonitrile oxide; their calculations predicted a two-step mech-
anism for the dimerization with a reasonable activation barrier
of 16.6 kcal/mol.6a,7 Very recently, Himmel, Rauhut, and co-
workers observed an aliphatic dinitroso alkene intermediate
during the photoinduced isomerization and decomposition of
dimethylfuroxan.8a DFT calculations gave the geometry of the
dinitrosoalkene intermediate.8 These experimental and theoreti-
cal investigations6,8 imply that dimerization of nitrile oxides to
furoxans adopt the (closed-shell) stepwise carbene mechanism.
However, all the previously reported calculations6,8-10 on the
isomerization and decomposition of furoxan are based on
restricted wave functions, and the diradical character of the
dinitrosoalkene has been overlooked (although Pasinszki and
Westwood do refer to the “Firestone-type intermediate”, and
Firestone has been the champion of diradical intermediates11

in cycloaddition of nitrile oxides). Here, we report density
functional theory calculations on the dimerizations of acetonitrile
oxide and para-chlorobenzonitrile oxide. Theory predicts that
the formation of furoxans involves stepwise reactions through
dinitrosoalkene intermediates, which have substantial diradical
character (stepwise diradical mechanism, Scheme 2). The origin
of the slower rate of dimerization of arylnitrile oxides to
furoxans has also been explored computationally.

2. Computational Methods

All of calculations were performed with theGaussian 98program
except for2(ctt), 2(ttt), TS4, 9(ctt), TS10andTS11, which were located
using theGaussian 03program.12 The hybrid B3LYP functional13 in
conjunction with the 6-31G* basis set14 were applied for the optimiza-
tion of all the stationary points in the gas phase except those singlet
diradical transition states and intermediates, which were located at the
UB3LYP/6-31G* level. Frequency calculations at the same level have
been performed to confirm each stationary point to be either a minimum
or a transition structure. Solvent effects were estimated with the PCM
model15 implemented in theGaussian 98using the gas-phase optimized
structures.∆Gsolvent and∆G298 are calculated relative free energies in

various solvents (CCl4, CH2ClCH2Cl, CH2Cl2, CH3OH, and H2O) and
the gas phase, respectively.∆E0 are the zero-point energy (ZPE)
corrected relative electronic energies in the gas phase. For all diradical
transition states and intermediates, a spin-projection scheme has been
used to estimate energies of singlet diradical structures.16

3. Results and Discussion

3.1. Dimerization of Acetonitrile Oxide. Figure 1 shows
the potential energy surface for the dimerization of acetonitrile
oxide to form dimethylfuroxan in the gas phase, together with
the B3LYP/6-31G* computed structures. No concerted 1,3-
dipolar cycloaddition transition state for the formation of furoxan
could be found. Instead, the dimerization is stepwise via a
dinitrosoalkene. The first step corresponds to the formation of
intermediate2(ctc)17 via a singlet diradicalTS1, in which the
forming C1-C4 bond is 1.957 Å.18 Two salient features of the
structure ofTS1 are worthy of mention. One is that the two
NdO groups inTS1 are trans to each other in order to avoid
electrostatic repulsions. In addition, both NO groups are bent
toward the forming bond so that the nitrogen lone pairs avoid
electrostatic repulsion with theπ electrons involved in the
forming C1 and C4 bond. All efforts to locate the transition
state leading to2(ccc), with nitroso groups in cis, always led to
TS1 with the ctc configuration. No transition structure with ttt
conformation could be found using B3LYP and UB3LYP
methods.

The generation of2(ctc) from two nitrile oxides is exothermic
by 11.9 kcal/mol in the gas phase. Although we are tempted to
write dinitrosoalkene2 as an alkene, it is in fact a singlet
diradical species, as evidenced by the C1-C4 bond length of
1.479 Å, a distance characteristic of an sp2-sp2 single bond.
Intermediate2(ctc) is found to be aσ, σ diradical, as is evident
from the radical orbitals that are composed of the in-plane p
orbitals of N and O (Scheme 3);2(ctc) consists of two iminoxy
radicals, which are alsoσ radicals (Scheme 3).19 A closed-shell
singlet structure of2(ctc) is higher in energy than its singlet
diradical structure by 22.7 kcal/mol. The spin distributions of
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(18) A closed-shell singletTS1* can also be located, but it is higher thanTS1
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2(ctc) and its other conformers, some of which are slightly lower
in energy, are given in Figure 2.20-22

To form a furoxan, the two NdO groups must rotate to the
ccc conformation. This process requires only 7.1 kcal/mol. In
the rotation transition stateTS3, the dihedral angle, N2-C1-

C4-N5, is 81°. Conformer2(ccc) is nonplanar due to the O3-
O6 repulsion. This O3-O6 repulsion also raises the energy of
2(ccc) with respect to2(ctc) by 6.3 kcal/mol in terms of∆E0.
Both 2(ctc) and2(ccc) have very low-lying triplet states: their
triplet states are higher in energy than their singlet states by
only 1.7 kcal/mol for 2(ctc) and 0.3 kcal/mol for2(ccc),
respectively.23

Once2(ccc) is formed, it can be transformed to furoxan by
forming either the O3-N5 or O6-N2 bonds. The located
transition structureTS4 is also a diradical species for this step.
This planar transition state corresponds to the bending of the
O6-N5-C4 bond and the formation of the O3-N5 bond. The
transformation of2(ccc) to furoxan is very facile with an
activation energy of 4.9 kcal/mol in the gas phase.24

The dimerization is very exothermic (31.2 kcal/mol) and has
a rate-determining transition state,TS1, which is only 11.1 kcal/
mol higher than the reactants. Aliphatic nitrile oxides can easily
dimerize to furoxans via this diradical intermediate mechanism.
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M. J. Phys. Chem. A2002, 106, 3365.
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dinitrosoethene is in ttt conformation at the B3LYP/6-311++G** level.
By using UB3LYP/6-311++G**, we found that the ctc conformer (singlet
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(closed-shell) by 9.9 kcal/mol (without ZPE and spin-projection corrections).
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At the (U)MP2/6-31G* level, the singlet diradical dinitrosoethene in ctc
conformation is higher in energy than its closed-shell ttt conformer by 29.2
kcal/mol. This energy difference is questionable because we found that
the restricted and unrestricted Hartree-Fock wave functions of these two
conformers are not stable.22

(22) Carsky, P.; Hubak, E.Theo. Chim. Acta1991, 80, 407.
(23) The triplet and singlet diradical states have not been corrected by spin

projection method. Their computed structures are given in the Supporting
Information.

(24) The Hoffmann-Gleiter-Mallory5c suggested nonplanar transition state for
furoxan opening, which is the reverse step of2(ccc) to furoxan5, can also
be located at the closed-shell RB3LYP/6-31G* level. However, this
transition state is less stable thanTS4 by 18.4 kcal/mol and therefore can
be excluded for consideration.

Figure 1. Potential energy surface for the dimerization of acetonitrile oxide to furoxan5 computed by the (U)B3LYP/6-31G* method in the gas phase.
Numbers in parentheses are free energies. Bond distances in Å.

Scheme 3
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Solvent effects have been considered using the PCM model.
Table 1 shows that in all solvents except CCl4, the dimerization
reaction is slower than in the gas phase. The reason for this is
that the reactants are more polar than the transition stateTS1;
the dipole moment of acetonitrile oxide is 4.2 D, whereasTS1
has a dipole moment of only 1.7 D. Table 1 shows that

dimerization in very nonpolar solvents such as CCl4 has a lower
activation barrier than for polar solvents such as methanol and
water.

Figure 1 also has some implications for the long-standing
debate about the tautomerization of furoxans. The above study
clearly shows that tautomerization of furoxans occurs via a
diradical transition state to give the dinitrosoalkene intermediate
in ccc conformation, which then can be converted to a more
stable ctc conformation via facile C-C bond rotation. The
computed activation energy for the tautomerization in the gas
phase is 30.5 kcal/mol. In solution, the activation energies
(∆E0

+(sol)) are 32.1, 33.1, 31.5, 32.2, and 32.3 kcal/mol in
dichloromethane, dichloroethane, tetrachloromethane, methanol,
and water, respectively.25 These values are very close to the
activation energy of 35.3 kcal/mol found for the isomerization
of ethylmethylfuroxan in tetrachloroethane by Mallory and co-
workers.5b The present study also suggests that further study is
needed to confirm the conformation of dinitrosoalkene obtained
by Himmel, Rauhut, and co-workers.8

We have also investigated the reaction path for forming 1,2,4-
oxadiazole-4-oxide from acetonitrile oxide. As shown in Figure
3, this process is concerted and has an activation energy of 24.4

(25) The activation energies in different solvents are estimated by the formula:
∆E0

q(sol))∆E0
q(gas)+ ∆∆Gq(sol) Here∆∆Gq(sol) is the Gibbs energy

of solvation computed by the PCM method.

Figure 2. Computed relative energies in terms ofE0 andEele (ZPE and spin projection corrections have been included inE0 but not inEele), 〈S2〉 and C1-C4
distances of2 with different conformations. The values in parentheses are computed spin densities. Structures2(cct) and2(tct) cannot be located.

Figure 3. Dimerization process of acetonitrile oxide to 1,2,4-oxadiazole-4-oxide7 computed by the B3LYP/6-31G* method in the gas phase.

Table 1. Energetics of Stationary Points Involved in the
Dimerization of Acetonitrile Oxide to Furoxan 5 and
1,2,4-Oxadiazole-4-oxide 7 in the Gas Phase and Various
Solventsa-d

E0 G298 GCH2Cl2 GCH2ClCH2Cl GCCl4 GCH3OH GH2O

CH3CNO 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TS1 11.1 22.0 25.7 22.9 21.4 26.3 23.9
2 (tcc) -11.9 0.2 1.9 1.3 0.3 5.6 3.1
TS3 -4.8 8.1 10.1 9.6 7.0 13.0 10.6
2 (ccc) -5.6 6.8 7.6 7.0 5.7 11.0 8.9
TS4c -0.7 11.2 15.0 15.8 11.8 15.8 14.5
5c -31.2 -17.6 -15.4 -15.6 -18.0 -14.7 -16.1
TS6 24.4 36.7 37.7 37.1 35.8 40.0 38.1
7 -47.1 -34.3 -35.1 -35.8 -32.9 -32.7 -36.9

a The standard states are 1 atm in the gas phase and 1 M in solution,
respectively.b All the solvation free energies were computed by the PCM
model implemented inGaussian 98except forTS4 and 5, which were
calculated by the PCM model inGaussian 03, asTS4 cannot be located by
Gaussian 98.c The relative solvation free energies ofTS4 and 5 with
respected to acetonitrile oxide were computed by the PCM model in
Gaussian 03. d The computed activation free energies in solution were
overestimated. After removal of the overestimation of entropy, the activation
barriers were estimated to range from 18.4 to 19.5 kcal/mol.26
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kcal/mol, more normal for a concerted pericyclic reaction. This
is 13.3 kcal/mol higher than the activation energy for formation
of furoxan that involves the relatively stable diradical intermedi-
ate. Comparison of Figures 1 and 3 shows the dimerization to
furoxan is kinetically but not thermodynamically favored,
because the formation of 1,2,4-oxadiazole-4-oxide is more
exothermic by 15.9 kcal/mol than the formation of furoxan. The

lower stability of furoxan than 1,2,4-oxadiazole-4-oxide is
probably due to its weak O3-N5 bond, as manifested by its
long bond length (1.450 Å) and small bond order (0.8) (see
Figures 1 and S3 (bond orders) in the Supporting Information).

3.2. Dimerization of Para-Chlorobenzonitrile Oxide. To
investigate whether aromatic nitrile oxides dimerize to furoxans
in the same way as aliphatic nitrile oxides, and to determine

Figure 4. Potential energy surface for the dimerization of para-chlorobenzonitrile oxide to furoxan12 computed by the (U)B3LYP/6-31G* method in the
gas phase.

Figure 5. Computed geometries of transition states and intermediates for the dimerization of para-chlorobenzonitrile oxide to furoxan12 computed by the
(U)B3LYP/6-31G* method in the gas phase.
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why aromatic nitrile oxides are usually less reactive than the
aliphatic nitrile oxides in this process, we have computed the
potential energy surface for the dimerization of para-chloroben-
zonitrile oxide. Figure 4 shows the energetics of this process in
the gas phase. The computed transition states and intermediates
are given in Figure 5. The formation of furoxan is again stepwise
involving a diradical intermediate. The rate-determining step
is the first transition stateTS8, which is higher in energy than
the reactants by 14.2 kcal/mol in the gas phase. The activation
energy for this reaction is 3.1 kcal/mol greater than the
dimerization of acetonitrile oxide. The higher barrier for the
dimerization of aromatic nitrile oxides is attributed to the
reduction of the conjugation between phenyl group and the CNO
group of the nitrile oxide inTS8. The first step of the
dimerization results in the formation of diradical intermediate
9 in the ctc conformation. It is expected that9(ctc) can be easily
transformed to another conformer9(ccc) via rotation because
9(ccc) is only 2.9 kcal/mol higher in energy than9(ctc).
However, to form furoxan,9(ctc) first undergoes O6-N5-C4
bending via transition structureTS10 to generate9(ctt), which
has its O6-N5 bond trans to the C4-C1 bond. The final step
to close the ring is throughTS11 and requires only 1.1 kcal/
mol. TS11 has the two C-N-O fragments approximately
perpendicular to each other. The transition structureTS11
resembles a rotation transition state to transform9(ctt) to9(cct)
conformer. Actually, the process of9(ctt) to furoxan12 occurs
first via rotation via TS11 to form 9(cct), which is not a
minimum and will directly collapse to the final product. The
dimerization process is exothermic by 20.9 kcal/mol in the gas
phase.

The solvent effects on the reaction rates have been investi-
gated by computing the relative energies of rate-determining
TS8 with respect to two para-chlorobenzonitrile oxides in
various solvents. As with acetonitrile oxide, the dimerization
of the aromatic nitrile oxide is also slower in solution than in
the gas phase. The computed activation energies in CH2Cl2, CH2-
ClCH2Cl, CCl4, CH3OH, and H2O are 19.0, 18.3, 17.0, 17.6,
and 17.7 kcal/mol, respectively.25 These barriers range from 17.0
to 19.0 kcal/mol, very close to the values (16.0 to 18.1 kcal/

mol) obtained experimentally,4 suggesting the present B3LYP
method is alike to reproduce this reaction adequately.

4. Conclusions

The dimerizations of aliphatic and aromatic nitrile oxide to
form furoxans are stepwise via diradical intermediates.28 The
rate-determining step corresponds to the bond formation between
two carbenoid carbons of nitrile oxides. The intermediates
formed are dinitrosoalkenes, which are diradicals. These diradi-
cal intermediates are formed first in the trans conformation. The
formation of furoxan is a kinetically favored process compared
to the formation of 1,2,4-oxadiazole-4-oxides. The reluctance
of aromatic nitrile oxides to dimerize with respect to aliphatic
nitrile oxides is attributed to conjugative stabilization of the
former. The dimerization processes in solution are slower than
in the gas phase, and polar solvents retard the reaction rates.
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(26) The computed entropy contribution for a bimolecular reaction in solvent
is sometimes overestimated by the procedure used here. For example,
it was found that the entropy contribution in aqueous solution for bi-
molecular reaction is found to be overestimated by 50-70%.27 The
computed activation energy of dimerization of para-chlorobenzonitrile
in the gas phase is 3.1 kcal/mol higher than that required for dimeriza-
tion of acetonitrile oxide (14.2 vs 11.1 kcal/mol). Therefore, the activa-
tion free energies for CH3CNO is also approximately 3.1 kcal/mol lower
than that of para-chlorobenzonitrile, which has activation free energies
21.5-22.6 kcal/mol in various solvents,4 on the range of 18.4 and 19.5
kcal/mol.

(27) For discussions of entropy overestimation in bimolecular reactions in
aqueous solution, see: (a) Strajbl, M.; Sham, Y. Y.; Villa, J. V.; Chu, Y.
Y.; Warshel, A.J. Phys. Chem. B2000, 104, 4578. (b) Hermans, J.; Wang,
L. J. Am. Chem. Soc.1997, 119, 2707. (c) Amzel, L. M.Proteins1997,
28, 144.

(28) The diradical carbene mechanism of nitrile oxides has also been found in
the intramolecular 1,3-dipolar ene reactions between nitrile oxides and
alkenes, see: Yu, Z.-X.; Houk, K. N.J. Am. Chem. Soc.2003, 125, 13825.
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