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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 Scheme 1

Nitrile oxides are widely used participants in 1,3-dipolar N N /0
cycloadditions to generate five-membered ring heterocycles. —— >__< furoxan
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 .- N/OYR
Scheme 1}.Under acidic or basic conditions, nitrile oxides can 2 r N—0 2 >\,{‘ . 124-oxadiazole-d-oxide
also dimerize to give either 1,2,4-oxadiazole-4-oxides or sym- d b
metric 1,4-dioxa-2,5-diazines (reactions 2 and 3 in Scherde 1).

Two paths have been proposed for the dimerization of nitrile R. O
oxide to furoxans, but the detailed mechanism is not kndwn. ©) T|/

The most widely accepted mechanism is a concerted 1,3-dipolar o
cycloaddition process, where one nitrile oxide acts as a dipole
while the G-N multiple bond in the other nitrile oxide acts as ~ S¢eme 2
a dipolarophile (Scheme 2). A (closed-shell) stepwise mecha- ek
nism, often called the carbene mechanism, has also been Concened >\/<
proposed. In the carbene mechanism, the first step corresponds R R \
to bond formation between the carbenoid carbons of two nitrile
oxides to form a dinitroso alkene intermediate, which then . - e ) RS0 e
cyclizes to the furoxan. Huisgen, the originator of the field of 2* NTo RIN//O - >\_f<
R R
TUCLA.
* Universita degli Studi di Pavia. .O/NIR R:/[N\O./
NS

(1) For recent reviews, see: (a) Jager, V.; Colinas, P. A. Nitrile Oxides. In
Synthetic Applications of 1,3-Dipolar Cycloaddition Chemistry Toward
Heterocycles and Natural ProductBadwa, A.; Pearson, W. H., Eds.; John
Wiley & Sons Inc.: New York; 2002, Vol. 59The Chemistry of
Heterocyclic Compoundgb) Caramella, P.; Grunanger, P. Nitrile Oxides
and Imines. IrL,3-Dipolar Cycloaddition ChemistryPadwa, A., Ed.; John
Wiley & Sons Inc.: New York, 1984. (c) Grundmann C.; Grunanger, P.
The Nitrile Oxides Springer-Verlag: Berlin, 1971.

(2) (a) Speroni, G.; Bartoli, MSopra Gli Ossidi di Benzonitrile, Nota VIl
Stabilimento Tipografico Marzocco, Florence, 1952. (b) Morrocchi, S.;
Ricca, A.; Selva, A.; Zanarotti, AChim. Ind. (Milan)1968 50, 558. (c)
Morrocchi, S.; Ricca, A.; Selva, A.; Zanarotti, &azz. Chim. [tal1969
99, 165. (d) De Sarlo, F.; Guarna, A. Chem. Soc., Perkin Trans, 1979

~ O
Stepwise diradical R N R

N/o‘

1,3-dipolar cycloadditions, and Dondoni, have given evidence
in favor of the concerted mechanisth.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

2793, and references therein.

(3) (a) Huisgen, RAngew. Chem.,

R. Angew. Chem.,

Int. Ed. Engl963 2, 565. (b) Huisgen,
Int. Ed. Endl963 2, 633.
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(4) (a) Dondoni, A.; Mangini, A.; Ghersetti, Setrahedron Lett1966 4789.
(b) Barbaro, G.; Battaglia, A.; Dondoni, A. Chem. SoqB), 197Q 588.
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the tautomerizatioA.Recently, Pasinszki and WestwdSogb- various solvents (CGJ CH,CICH,CI, CH,Cl,, CH;OH, and HO) and
ported gas-phase spectroscopic and density functional theorythe gas phase, respectiveltE, are the zero-point energy (ZPE)
(DFT) studies on the decomposition of dimethylfuroxan to corrected relative electronic energies in the gas phase. For all diradical
acetonitrile oxide; their calculations predicted a two-step mech- transition st_ates and |nt_ermed|§tes, a gpln_—prOjectlon scheme has been
anism for the dimerization with a reasonable activation barrier US€d t0 estimate energies of singlet diradical structifres.

of 16.6 kcal/moFa7 Very recently, Himmel, Rauhut, and co-
workers observed an aliphatic dinitroso alkene intermediate
during the photoinduced isomerization and decomposition of
dimethylfuroxarf2 DFT calculations gave the geometry of the

3. Results and Discussion

3.1. Dimerization of Acetonitrile Oxide. Figure 1 shows
the potential energy surface for the dimerization of acetonitrile
dinitrosoalkene intermediafeThese experimental and theoreti-  ©Xide to form dimethylfuroxan in the gas phase, together with
cal investigatior8 imply that dimerization of nitrile oxides to ~ the B3LYP/6-31G* computed structures. No concerted 1,3-
furoxans adopt the (closed-shell) stepwise carbene mechanismdiPolar cycloaddition transition sta}te fqr thg for.matlon of furo>.<an
However, all the previously reported calculati®fs© on the cgqld be found. Inste_ad, the dimerization is stepwise _V|a a
isomerization and decomposition of furoxan are based on gllnltrosoglkene. The _f|rst s_tep corr_esp_onds to_the f(_)rmat|on of
restricted wave functions, and the diradical character of the INtermediate2(ctcy” via a singlet diradicall'S1, in which the
dinitrosoalkene has been overlooked (although Pasinszki andforming C1-C4 bond is 1.957 A Two salient features of the
Westwood do refer to the “Firestone-type intermediate”, and Structure ofTS1 are worthy of mention. One is that the two
Firestone has been the champion of diradical intermediates N=O groups inTS1 are trans to each other in order to avoid
in cycloaddition of nitrile oxides). Here, we report density electrostatic rep_ulsmns. In addition, b(_)th NO groups are be_nt
functional theory calculations on the dimerizations of acetonitrile ©oward the forming bond so that the nitrogen lone pairs avoid
oxide and para-chlorobenzonitrile oxide. Theory predicts that electrostatic repulsion with the electrons involved in the
the formation of furoxans involves stepwise reactions through forming C1 and C4 bond. All efforts to locate the transition
dinitrosoalkene intermediates, which have substantial diradical State leading t@(ccc), with nitroso groups in cis, always led to
character (stepwise diradical mechanism, Scheme 2). The originTSl with the ctc configuration. No _transmon structure with ttt
of the slower rate of dimerization of arylnitrile oxides to conformation could be found using B3LYP and UB3LYP
furoxans has also been explored computationally. methods.

The generation d&(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-C#4 bond length of

2. Computational Methods

All of calculations were performed with th@aussian 98rogram
except for2(ctt), 2(ttt), TS4, 9(ctt), TS10andTS11, which were located
using theGaussian 0%rogram!2 The hybrid B3LYP functionaf in 1.479 A, a distance characteristic of art-spp? single bond.
conjunction with the 6-31G* basis $&tvere applied for the optimiza- Intermediate(ctc) is found to be @, o diradical, as is evident
tion of all the stationary points in the gas phase except those singlet from the radical orbitals that are composed of the in-plane p
diradical transition states and intermediates, which were located at thegrbjtals of N and O (Scheme 3)(ctc) consists of two iminoxy
UB3LYP/6-31G* level. Frequency calculations at the same level have radicals, which are alse radicals (Scheme 3§.A closed-shell
been performed to confirm each stationary point to be either a minimum singlet structure oP(ctc) is higher in energy than its singlet

or a transition structure. Solvent effects were estimated with the PCM . ~ . A,
modefSimplemented in th&aussian 9aising the gas-phase optimized diradical structure by 22.7 kcal/mol. The spin distributions of

structures AGsoventand AGogg are calculated relative free energies in

(12) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,

(5) (a) Mallory, F. B.; Manatt, S. L.; Wood, C. 3. Am. Chem. Sod965 87,
5433. (b) Mallory, F. B.; Cammarata, A. Am. Chem. Sod.966 88, 61.
(c) Hoffmann, R.; Gleiter, R.; Mallory, F. Bl. Am. Chem. Sod.97Q 92,
2, 1460.

(6) (a) Pasinszki, T.; Westwood, N. P. €.Phys. Chem. 2001, 105, 1244.
(b) Pasinszki, T.; Westwood, N. P. @. Phys. Chem. A998 102 4939.

(7) However, their computed activation barrier for decomposition of furoxan

to acetonitrile oxides is 51.6 kcal/mdIThis value is too high given the

fact that thermolysis of furoxans can be used to generate nitrile oxides,
which can participate in 1,3-dipolar cycloadditions with dipolarophiles. (a)

Sheremetev, A. B.; Makhova, N. N.; Friedrichsen, Atlv. Heterocycl.
Chem 2001, 78, 65. (b) Curran, D. P.; Fenk, C.J.Am. Chem. S0od985
107, 5310.

(8) (a) Himmel, H.-J.; Konrad, S.; Friedrichsen, W.; Rauhut)@hys. Chem.
A 2003 107, 6731. (b) Stevens, J.; Schweizer, M.; Rauhut)&m. Chem.
Soc.200], 123 7326.

(9) (a) Seminario, J. M.; Concha, M. C.; Politzer,J? Comput. Cheni992

13, 177. (b) Sedano, E.; Sarasola, C.; Ugalde, J. M.; Irazabalbeitia, 1. X;

Guerrero, A. GJ. Phys. Chem1988 92, 5094.

(10) Studies of tautomerization of benzofuroxans have also attracted attention. (17)

For reviews, see: (a) Boulton, A. J.; Ghosh, PABv. Heterocycl. Chem.
1969 10, 1. (b) Gasco, A. J.; Boulton, A. Adv. Heterocycl. Cheml981,
29, 251. (c) Katritzky, A. R.; Gordeev, M. FHeterocyclesl993 35, 483.

For experimental researches on this field, see ref 5a and the following. (d)

Bulacinski, A. B.; Scriven, E. F. V.; Suschitzky, Mletrahedron Lett1975
3577. (e) Lin, S.-KJ. Photochem. Photobiol. A. Che®88 45, 243. (f)
Hacker, N. PJ. Org. Chem1991, 56, 5216. (g) Gallos, J. K.; Lianis, P.
S.; Rodios, N. AJ. Heterocycl. Chen1.994 31, 481. For theoretical studies,
see: (h) Ponder, M.; Fowler, J. E.; Schaefer, H. F. JOHj. Chem 1994
59, 6431. (i) Friedrichsen, W. J. Phys. Cheml994 98, 12933. (j) Rauhut,
G. J. Comput. Chenl996 17, 1848.

(11) Houk, K. N.; Gonzkez, J.; Li, Y. Acc. Chem. Resl995 28, 81, and
references therein.

R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M;
Gill, P. M. W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.;
Head-Gordon, M.; Replogle, E. S.; Pople, J.Gaussian 98revision A.7;
Gaussian, Inc.: Pittsburgh, PA, 1998.

(13) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Lee C.; Yang, W.;
Parr, R. G.Phys. Re. B 1988 37, 785.

(14) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, AAlnitio Molecular
Orbital Theory Wiley: New York, 1986.

(15) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027.

(16) (a) Yamaguchi, K.; Jensen, F.; Houk, K. Ghem. Phys. Lettl988 149,
537. (b) Goldstein, E.; Beno, B.; Houk, K. N. Am. Chem. Sod.996
118 6036.

for 2(ctc), the first and third ¢ mean that the ©82—C1-C4 and O6-
N5—C4—C1 are both in the s-cis conformations and the middle t means
that two N=O groups are trans to each other (Figure 2). This nomenclature
is the same as that of RauPtufor a convenient comparison of their
RB3LYP calculations with the present study.

(18) A closed-shell singlefS1* can also be located, but it is higher thag1
by 2.5 kcal/mol in terms oAE, (before the spin-projectio,S1* is still
higher thariTS1 by 0.7 kcal/mol in terms oAEg). Compared ta'S1*, the
singlet diradicalTS1is an earlier transition state with longer €C4 bond
length (1.957 vs 1.875 A). The computed structur@®f* is given in the
Supporting InformationTS1* has also been located previously by Pasinszki
and Westwood.
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For both the dimerization transition states and the dinitrosoalkene intermedi-
ates, three letters are used to define the relative conformation. For example,
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1.220

7,
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kcal/mol 19570 03-N2-C1=150.4°
| N2-C1-C4-N5=-149.5°
AEg O
SN m©
[AG2gs] N 6

03-N2-C1=135.2°
N2-C1-C4-N5=-80.8°

03-N2-C1=130.3°
06-N5-C4=173.3°
N2-C1-C4-N5=0.0°

03-N2-C1=134.0°
N2-C1-C4-N5=-34.0°

Figure 1. Potential energy surface for the dimerization of acetonitrile oxide to furé&eomputed by the (U)B3LYP/6-31G* method in the gas phase.

Numbers in parentheses are free energies. Bond distances in A.

Scheme 3
g/ /s e/

o spin
(HOMO-1)

B spin
(HOMO-1)

R N
Z)
1479 A
O

R ~
1232A N1.296A R

R 12814
——N__ 1.228A
> \o.

iminoxy radical (R=H) dinitrosoalkene diradical (R=CHs)
2(ctc) and its other conformers, some of which are slightly lower
in energy, are given in Figure%:22

To form a furoxan, the two &O groups must rotate to the
ccc conformation. This process requires only 7.1 kcal/mol. In
the rotation transition staf€S3, the dihedral angle, N2C1—

C4—NS5, is 8L. Conformer2(ccc) is nonplanar due to the ©3

06 repulsion. This O3 06 repulsion also raises the energy of
2(ccc) with respect t@(ctc) by 6.3 kcal/mol in terms oAEg.

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 for2(ctc) and 0.3 kcal/mol for2(ccc),
respectively??

Once?2(ccc) is formed, it can be transformed to furoxan by
forming either the O3N5 or O6-N2 bonds. The located
transition structurd S4is also a diradical species for this step.
This planar transition state corresponds to the bending of the
06—N5—C4 bond and the formation of the ©3I5 bond. The
transformation of2(ccc) to furoxan is very facile with an
activation energy of 4.9 kcal/mol in the gas phéke.

The dimerization is very exothermic (31.2 kcal/mol) and has
a rate-determining transition staf€s 1, which is only 11.1 kcal/
mol higher than the reactants. Aliphatic nitrile oxides can easily
dimerize to furoxans via this diradical intermediate mechanism.

(19) For discussions of iminoxy radicals, see: (a) Thomas, J. Rm. Chem.
Soc.1964 86, 1446. (b) Bethoux, M.; Lemaire, H.; Rassat, Bull. Soc.
Chim. Fr. 1964 1985. (c) Symons, M. C. Rl. Chem. Socl965 2276.

(d) Norman, R. O. CJ. Chem. Soc. B966 86. (e) Bordwell F. G.; Zhang,
S.J. Am. Chem. So&995 117, 4858. For DFT studies, see: (f) Jaszewski,
A. R.; Jezierska, J.; Jezierski, £&hem. Phys. Let200Q 319 611. (g)
Kudoh, S.; Uechi, T.; Takayanagi, M.; Nakata, M.; Frei, EGhem. Phys.
Lett. 200Q 328 283. (h) Uechi, T.; Kudoh, S.; Takayanagi, M.; Nakata,
M. J. Phys. Chem. 2002 106, 3365.

The computed structures @fare given in Figure S4 of the Supporting
Information. The other conformers of singlet dinitrosoalkene reported by
Rauhut and co-worketscan only be located using restricted DFT instead
of unrestricted DFT method. Rauhut found the most stable confomer of
dinitrosoethene is in ttt conformation at the B3LYP/6-31HG** level.

By using UB3LYP/6-31#+G**, we found that the ctc conformer (singlet
diradical) of dinitrosoethene is more stable in energy than the ttt conformer
(closed-shell) by 9.9 kcal/mol (without ZPE and spin-projection corrections).

(20)
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(21) Other conformers of dinitrosoethene (except its ctc and ccc conformers)
have been studied by Politzer and co-workers using the MP2/6-31G*
method® We think MP2 is not appropriate to study the present system.
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 Hartrdeock wave functions of these two
conformers are not stabfé.

(22) Carsky, P.; Hubak, ETheo. Chim. Actd 991 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—Mallory®¢ suggested nonplanar transition state for
furoxan opening, which is the reverse stef2(fcc) to furoxarb, can also
be located at the closed-shell RB3LYP/6-31G* level. However, this
transition state is less stable th@84 by 18.4 kcal/mol and therefore can
be excluded for consideration.



Dimerizations of Nitrile Oxides to Furoxans

(-0.49)

O,/——N\\ _~CHs

(-0.49)

o N CHs

N ~C
(0.58) G (080 1o
(058) (-0.12)
(013 G, ~< _ Cy_ (049)
PN HyC™ SN
H5;C W\
(0.49) 0 050
2(ctc) 2(ctt)
Ep 0.0 kcal/mol =) 1.0 kcal/mol
Eelec 0.0 kcal/mol Eelec  -0.5 keal/mol
C1-C4 1.479A C1-C4 1.467A
<s%  0.99 <52 104

ARTICLES
C\)‘ 081 (0.46)
\ N (059
N, O He g
4D 7CT (009 o1 |1’
©.11) Ca
(009 G ~ \\ ---0
4
HaC P \} ’\10.47) Hs;C N 059
\ (-0.46)
\
O (s
2(ttt) 2(ccc)
Eo -0.4 kcal/mol Ep 6.3 kcal/mol
Eelec  -1.7 kcal/mol Egec 4.0 kcal/mol
C1-C4 1.458A C1-C4 1.476A
<s%>  1.04 <s%> 103

Figure 2. Computed relative energies in termsfandEee (ZPE and spin projection corrections have been includeg) iout not inEeye), [($?Cand C1-C4
distances o with different conformations. The values in parentheses are computed spin densities. St2(ctiujemnd2(tct) cannot be located.

kcal/mol
AEq
[AG29s]

2

Figure 3. Dimerization process of acetonitrile oxide to 1,2,4-oxadiazole-4-oXidemputed 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—

EO GZQE GCHZCIZ GCHZC\CHZC\ GCCM GCHSOH GHZO

CH:CNO 00 00 00 0.0 00 00 00
TS1 111 220 257 229 214 263 239
2(tccy —11.9 02 1.9 1.3 03 56 31
TS3 -48 81 101 9.6 70 130 106
2 (ccc) -56 68 76 7.0 57 110 89
TSAe -07 112 150 158 11.8 158 145
5 -312 -17.6 —154 -156 -180 —14.7 —16.1

TS6 244 367 377 371 358 400 381
7 —47.1 -343 —-351 -358 —32.9 —32.7 —36.9

aThe standard states are 1 atm in the gas phadelaw in solution,
respectively? All the solvation free energies were computed by the PCM
model implemented irGaussian 98except forTS4 and 5, which were
calculated by the PCM model Baussian 03asTS4 cannot be located by
Gaussian 98¢ The relative solvation free energies 54 and 5 with
respected to acetonitrile oxide were computed by the PCM model in
Gaussian 039 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#hol.

Solvent effects have been considered using the PCM model.

Table 1 shows that in all solvents except ¢;@he dimerization

dimerization in very nonpolar solvents such as {tls 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 bond rotation. The
computed activation energy for the tautomerization in the gas
phase is 30.5 kcal/mol. In solution, the activation energies
(AEp™(sol)) are 32.1, 33.1, 31.5, 32.2, and 32.3 kcal/mol in
dichloromethane, dichloroethane, tetrachloromethane, methanol,
and water, respectiveRy. 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® The present study also suggests that further study is
needed to confirm the conformation of dinitrosoalkene obtained
by Himmel, Rauhut, and co-workefs.

We have also investigated the reaction path for forming 1,2,4-
oxadiazole-4-oxide from acetonitrile oxide. As shown in Figure

reaction is slower than in the gas phase. The reason for this is3, this process is concerted and has an activation energy of 24.4

that the reactants are more polar than the transition $@aie
the dipole moment of acetonitrile oxide is 4.2 D, wherg&i
has a dipole moment of only 1.7 D. Table 1 shows that

(25) The activation energies in different solvents are estimated by the formula:
AEgf(sol)=AEq*(gas)+ AAG*(sol) HereAAG*(sal) is the Gibbs energy
of solvation computed by the PCM method.

J. AM. CHEM. SOC. = VOL. 125, NO. 50, 2003 15423
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TS8

kcal/mol
AE
[AG2gg]

0.0
[0.0]

Figure 4. Potential energy surface for the dimerization of para-chlorobenzonitrile oxide to fui@eomputed by the (U)B3LYP/6-31G* method in the

gas phase.

03-N2-C1=134.3°
06-N5-C4=177.2°
N2-C1-C4-N5=-135.7°

TS8 9(ctc) TS10

03-N2-C1=133.3°
06-N5-C4=134.4°
N2-C1-C4-N5=-136.3°

03-N2-C1=134.0°
06-N5-C4=134.9°
N2-C1-C4-N5=-90.2°

9(ctt) TS11 12

Figure 5. Computed geometries of transition states and intermediates for the dimerization of para-chlorobenzonitrile oxide td &rorgiuted by the
(U)B3LYP/6-31G* method in the gas phase.

kcal/mol, more normal for a concerted pericyclic reaction. This lower stability of furoxan than 1,2,4-oxadiazole-4-oxide is
is 13.3 kcal/mol higher than the activation energy for formation probably due to its weak G3N5 bond, as manifested by its
of furoxan that involves the relatively stable diradical intermedi- long bond length (1.450 A) and small bond order (0.8) (see
ate. Comparison of Figures 1 and 3 shows the dimerization to Figures 1 and S3 (bond orders) in the Supporting Information).
furoxan is kinetically but not thermodynamically favored, 3.2. Dimerization of Para-Chlorobenzonitrile Oxide. To
because the formation of 1,2,4-oxadiazole-4-oxide is more investigate whether aromatic nitrile oxides dimerize to furoxans
exothermic by 15.9 kcal/mol than the formation of furoxan. The in the same way as aliphatic nitrile oxides, and to determine

15424 J. AM. CHEM. SOC. = VOL. 125, NO. 50, 2003
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why aromatic nitrile oxides are usually less reactive than the mol) obtained experimentalf/suggesting the present B3LYP
aliphatic nitrile oxides in this process, we have computed the method is alike to reproduce this reaction adequately.
potejnf[ial energy ;urface for the dimerizatiop of parg-chloroben- 4. Conclusions

zonitrile oxide. Figure 4 shows the energetics of this process in . o . . L )

the gas phase. The computed transition states and intermediates The dimerizations of a!lpha’FIC apd gromatlc n|tr|!§§SX|de to
are given in Figure 5. The formation of furoxan is again stepwise '0'M furoxans are stepwise via diradical intermediateshe
involving a diradical intermediate. The rate-determining step '2te-détermining step corresponds to the bond formation between
is the first transition stat&S8, which is higher in energy than two carbenoid carbons of nitrile oxides. The intermediates

the reactants by 14.2 kcal/mol in the gas phase. The activationformed are dinitrosoalkenes, which are diradicals. These diradi-
energy for this reaction is 3.1 kcallmol greater than the cal intermediates are formed first in the trans conformation. The

dimerization of acetonitrile oxide. The higher barrier for the formation of f_uroxan is a kineti(_:ally favore_d process compared
dimerization of aromatic nitrile oxides is attributed to the t© the formation of 1,2,4-oxadiazole-4-oxides. The reluctance

reduction of the conjugation between phenyl group and the CNO of aromatic nitrile oxides to dimerize with respect to aliphatic
group of the nitrile oxide inTS8. The first step of the nitrile oxides is attributed to conjugative stabilization of the

dimerization results in the formation of diradical intermediate former. The dimerization processes in solution are sloyver than
9in the ctc conformation. It is expected tt@getc) can be easily 1 the gas phase, and polar solvents retard the reaction rates.

transformed to another conform@fccc) via rotation because Acknowledgment. We are grateful to the National Science
9(ccc) is only 2.9 kcal/mol higher in energy thed(ctc). Foundation for financial support of this research. We thank
However, to form furoxan9(ctc) first undergoes O6N5—C4 Professor Frank B. Mallory (Bryn Mawr College) for helpful
bending via transition structufES10to generaté(ctt), which discussions.

has its O6-N5 bond trans to the C4C1 bond. The final step
to close the ring is througfiS11 and requires only 1.1 kcal/
mol. TS11 has the two &N—O fragments approximately
perpendicular to each other. The transition structlill
resembles a rotation transition state to transfé¢aott) to 9(cct)

Supporting Information Available: The computed structures
and energies for the reactant, intermediates and transitions states
are available. This material is available free of charge via the
Internet at http://pubs.acs.org.

conformer. Actually, the process 8fctt) to furoxanl2 occurs JAO37325A
flr.st. via rOtat'On_ VIQ TS11 to form 9(CCt), ‘_Nh'Ch Is not a (26) The computed entropy contribution for a bimolecular reaction in solvent
minimum and will directly collapse to the final product. The is sometimes overestimated by the procedure used here. For example,

. i . . . it was found that the entropy contribution in aqueous solution for bi-
dimerization process is exothermic by 20.9 kcal/mol in the gas molecular reaction is found to be overestimated by-80%27 The

phase. computed activation energy of dimerization of para-chlorobenzonitrile
h | f h . h b . . in the gas phase is 3.1 kcal/mol higher than that required for dimeriza-
The solvent effects on the reaction rates have been investi- tion of acetonitrile oxide (14.2 vs 11.1 kcal/mol). Therefore, the activa-

gated by computing the relative energies of rate-determining tion free energies for CH]CNO is also approximately 3.1 kcal/mol lower
than that of para-chlorobenzonitrile, which has activation free energies

TS8 with respect to two para-chlorobenzonitrile oxides in 21.5-22.6 kcal/mol in various solventson the range of 18.4 and 19.5
various solvents. As with acetonitrile oxide, the dimerization keal/mol. TR o
. . . . . . K (27) For discussions of entropy overestimation in bimolecular reactions in
of the aromatic nitrile oxide is also slower in solution than in aqueous solution, see: (a) Strajbl, M.; Sham, Y. Y.; Villa, J. V.; Chu, Y.
i i i i _ Y.; Warshel, AJ. Phys. Chem. B00Q 104, 4578. (b) Hermans, J.; Wang,
the gas phase. The computed activation energies QCGH:HZ L. J. Am. Chem. S0d.997 119 2707. (c) Amzel, L. M.Proteins1997,
CICH.CI, CCly, CH;OH, and BO are 19.0, 18.3, 17.0, 17.6, 28, 144.

; ] (28) The diradical carbene mechanism of nitrile oxides has also been found in
and 17.7 keal/mol, respectwe%?.‘l’hese barriers range from 17.0 the intramolecular 1,3-dipolar ene reactions between nitrile oxides and

to 19.0 kcal/mol, very close to the values (16.0 to 18.1 kcal/ alkenes, see: Yu, Z.-X.; Houk, K. N. Am. Chem. So2003 125, 13825.
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