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Ab initio (MP2/6-311+G** and MP4(SDTQ)/6-311+G**//MP2/6-311+G**) and density functional
(B3LYP/6-311+G**) calculations on the ring closure reactions of conjugated nitrile ylides 1a-e, 3,
and 6 to the corresponding oxazoles 2a, 5, 7, and 8; thiazoles 2b and 4; imidazole 2c; and pyrroles
2d and 2e, respectively, are reported. Vinyl nitrile ylides 1d and 1e cyclize with a substantially
higher barrier than nitrile ylides containing a heteroatom. Geometric features as well as electronic
structures as obtained by NBO analysis are indicative of a pericyclic, monorotatory 1,5-
electrocyclization of 1d and 1e. For nitrile ylides where X ) heteroatom, a pseudopericyclic
heteroelectrocyclization pathway, characterized by in-plane attack of the heteroatom’s lone pair at
the nitrile ylide group, is found. For 3 and 6, where two different cyclization products are possible,
the calculated barriers and reaction energies are in line with the experimentally observed direction
of reaction. Vinyl nitrile ylides 1d and 1e are characterized by an allene, acyl substituted derivatives
1a, 1b, 3, and 6 by a propargyl type structure. The nitrogen derivative 1c represents an intermediate
case.

Introduction

Nitrile ylides, readily available by a number of meth-
ods,1,2 represent versatile intermediates for the synthesis
of heterocyclic molecules, especially via 1,3-dipolar cy-
cloaddition reactions.3,4 Conjugated (e.g. vinyl) nitrile
ylides of type 1, apart from intermolecular reaction
pathways, easily form heterocyclic molecules by 1,5-2,4,5

and, less frequently, 1,7-electrocyclizations.6 In com-
pounds where X is a heteroatom (e.g. X ) O, NR, S) this
intramolecular reaction is especially feasible and largely

predominates over cycloadditions. Such heteroelectrocy-
clizations, as these types of reactions have been dubbed,7,8

may be regarded as a subset of the so-called pseudoperi-
cyclic reactions.9,10 The key feature of these reactions is
a planar (or nearly planar) nonrotatory transition state
involving in-plane attack of the lone-pair of the hetero-
atom X.5,7,8,11-16 Therefore, in contrast to classical elec-
trocyclic reactions, neither a distinction between conro-
tatory and disrotatory pathways is possible, nor are there
any restrictions imposed by orbital symmetry. In recent
years a number of putative pseudopericyclic reactions
have been described,12-14 including so-called lone pair-
LUMO mediated pericyclic reactions,15 and their increas-
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Batori, S.; Döpp, D.; Messmer, A. Tetrahedron 1994, 50, 4699. (i) Wipf,
P.; Prewo, R.; Bieri, J. H.; Germain, G.; Heimgartner, H. Helv. Chim.
Acta 1988, 71, 1177. (j) Bozhkova, N.; Heimgartner, H. Helv. Chim.
Acta 1989, 72, 825. (k) Gruber, P.; Müller, L.; Steglich, W. Chem. Ber.
1973, 106, 2863. (l) Huisgen, R.; König, H.; Binsch, G.; Sturm, H. J.
Angew. Chem. 1961, 73, 368. (m) Huisgen, R.; Binsch, G.; Ghosez, L.
Chem. Ber. 1964, 97, 2628. (n) Huisgen, R.; Sturm, H. J.; Binsch, G.
Chem. Ber. 1964, 97, 2864. (o) Kende, A. S.; Hebeisen, P.; Sanfilippo,
P. J.; Toder, B. H. J. Am. Chem. Soc. 1982, 104, 4244. (p) Janulis, E.
P., Jr.; Wilson, S. R.; Arduengo, A. J. Tetrahedron Lett. 1984, 25, 405.
(q) Padwa, A.; Gasdaska, J. R.; Tomas, M.; Turro, N. J.; Cha, Y.; Gould,
I. R. J. Am. Chem. Soc. 1986, 108, 6739. (r) Wentrup, C.; Berstermann,
H. M.; Burger, K.; Fischer, S.; Kuzaj, M.; Luerssen, H. Angew. Chem.,
Int. Ed. Engl. 1986, 25, 85.

(2) (a) Fukushima, K.; Ibata, T. Heterocycles 1995, 40, 149. (b)
Fukushima, K.; Ibata, T. Bull. Chem. Soc. Jpn. 1995, 68, 3469. (c)
Fukushima, K.; Lu, Y.-Q.; Ibata, T. Bull. Chem. Soc. Jpn. 1996, 69,
3289. (d) Beall, L. S.; Padwa, A. In Advances in Nitrogen Heterocycles;
Moody, C. J., Ed.; JAI Press: Greenwich, CT, 1998; Vol. 3, pp 117-
158.

(3) (a) Bojkova, N.; Heimgartner, H. Heterocycles 1998, 47, 781. (b)
Hansen, H.-J.; Heimgartner, H. In 1,3-Dipolar Cycloaddition Chem-
istry; Padwa, A., Ed.; Wiley: New York, 1984; Vol. 1, p 177. (c) Padwa,
A. In Comprehensive Organic Synthesis; Trost, B. M., Fleming, I., Eds.;
Pergamon Press: Oxford, 1991; Vol. 4, p 1081. (d) Claus, P. K. In
Houben-Weyl, Methoden der Organischen Chemie; Klamann, D., Hage-
mann, H., Eds.; G. Thieme Verlag: Stuttgart, 1990; Vol. E14b, p 3.

(4) (a) Turchi, I. J.; Dewar, M. J. S. Chem. Rev. 1975, 75, 389. (b)
Taylor, E. C.; Turchi, I. J. Chem. Rev. 1979, 79, 181. (c) Benincori, T.;
Brenna, E.; Sannicolo, F. J. Chem. Soc., Perkin Trans. 1 1993, 675.

(5) Huisgen, R. Angew. Chem., Int. Ed. Engl. 1980, 19, 947.
(6) (a) Zecchi, G. Synthesis 1991, 181. (b) Cullen, K. E.; Sharp, J. T.

J. Chem. Soc., Perkin Trans. 1 1995, 2565. (c) Strachan, J.-P.; Sharp,
J. T.; Parsons, S. J. Chem. Soc., Perkin Trans. 1 1998, 807.

(7) Snyder, J. P. J. Org. Chem. 1980, 45, 1341.
(8) (a) Bakulev, V. A.; Gloriozov, I. P. Khim. Geterotsikl. Soedin.

1989, 504. (b) Bakulev, V. A.; Morzherin, Y. Yu.; Lebedev, A. T.;
Dankova, E. F.; Kolobov, M. Yu.; Shafran, Y. M. Bull. Soc. Chim. Belg.
1993, 102, 493. (c) Bakulev, V. A. Russ. Chem. Rev. 1995, 64, 99. (d)
Bakulev, V. A.; Biritschowa, N.; Pitschko, V. A. Khim. Geterotsikl.
Soedin. 1997, 113. (e) Bakulev, V. A.; Kappe, C. O.; Padwa, A. In
Organic Synthesis: Theory and Applications; Hudlicky, T., Ed.; JAI
Press: Greenwich, CT, 1996; Vol. 3, pp 149-229.

(9) Ross, J. A.; Seiders, R. P.; Lemal, D. M. J. Am. Chem. Soc. 1976,
98, 4325.

(10) For a critique concerning the term “pseudopericyclic”, see:
Snyder, J. P.; Halgren, T. A. J. Am. Chem. Soc. 1980, 102, 2861.

(11) (a) Burke, L. A.; Elguero, J.; Leroy, G.; Sana, M. J. Am. Chem.
Soc. 1976, 98, 1685. (b) Burke, L. A.; Leroy, G.; Nguyen, M. T.; Sana,
M. J. Am. Chem. Soc. 1978, 100, 3668.

47J. Org. Chem. 2000, 65, 47-53

10.1021/jo990997s CCC: $19.00 © 2000 American Chemical Society
Published on Web 12/12/1999



ing importance was pointed out. In continuation of our
previous work,16 we now wish to report the results of ab
initio and density functional calculations on 1,5-electro-
cyclizations of nitrile ylides 1a-e as well as the Cornforth
rearrangements17,18 4 f 5 and 7 f 8 via nitrile ylides 3
and 6, respectively. These model systems were chosen
on the basis of modeling the commonly found types of
nitrile ylide cyclizations. Since nitrile ylides 1a,b, 3, and
6 lack any geometric feature which would allow distinc-
tion between a nonrotatory pseudopericyclic from a
classical monorotatory electrocyclization, an analysis of
the electronic structure of the nitrile ylide as well as the
respective cyclization transition states will be used for a
further distinction between these two possible mecha-
nisms.

Computational Methods

All calculations were done by the Gaussian 98 program
suite.19 The 6-31G* and 6-311+G** basis sets were used
throughout. Geometries were completely optimized at the
ab initio Hartree-Fock and second-order Møller-Plesset20

level of theory. In addition, Becke’s three-parameter21

hybrid HF/density functional method with the Lee-
Yang-Parr correlation function22 was also used. All
stationary points were characterized as minima or tran-
sition states by frequency calculations. Single point
computations were done at the MP4(SDTQ)/6-311+G**//
MP2/6-311+G** level of theory. Electronic structures
were analyzed with the aid of the natural bond orbital
(NBO)23 method (program G94NBO,24 MP2/6-311+G**
geometry, SCF density).

Results and Discussion

In the following we present first energetic aspects
(reaction and activation energies) for the cyclizations
1a-e f 2a-e, 3 f 4, 3 f 5, 6 f 7, and 6 f 8 (Scheme
1). Several of these nitrile ylides may exist in different
conformations, leading to different structures of the
respective cyclization products. The influence of such
conformational isomerism on activation and reaction
energies will be illustrated by nitrile ylides 6a-c. Second,
molecular structures of nitrile ylides 1a-e, 3, and 6 as
well as those of the respective transition states will be
described. Finally, with the aid of the NBO method23 the
electronic structures will be analyzed with special em-
phasis on the pericyclic vs pseudopericyclic nature of the
respective electrocyclization reactions.

Energetic Aspects. Relative energies (reaction and
activation energies) with respect to the open isomers 1a-
e, 3, and 6 obtained at various levels of theory (HF/6-
311+G**, B3LYP/6-311+G**, MP2/6-311+G**, and MP4-

(12) (a) Birney, D. M.; Wagenseller, P. E. J. Am. Chem. Soc. 1994,
116, 6262. (b) Wagenseller, P. E.; Birney, D. M.; Roy, D. J. Org. Chem.
1995, 60, 2853. (c) Birney, D. M. J. Org. Chem. 1996, 61, 243. (d)
Birney, D. M.; Ham, S.; Unruh, G. R. J. Am. Chem. Soc. 1997, 119,
4509. (e) Birney, D. M.; Xu, X.; Ham, S.; Huang, X. J. Org. Chem. 1997,
62, 7114. (f) Birney, D. M.; Xu, X. L.; Ham, S. Angew. Chem., Int. Ed.
Engl. 1999, 38, 189. (g) Quideau, S.; Looney, M. A.; Pouysegu, L.; Ham,
S.; Birney, D. M. Tetrahedron Lett. 1999, 40, 615.

(13) (a) Eisenberg, S. W. E.; Kurth, M. J.; Fink, W. H. J. Org. Chem.
1995, 60, 3736. (b) Morao, I.; Lecea, B.; Cossio, F. P. J. Org. Chem.
1997, 62, 7033 (c) Luo, L.; Bartberger, M. D.; Dolbier, W. R., Jr. J.
Am. Chem. Soc. 1997, 119, 12366. (d) Morales-Rios, M. S.; Suarez-
Castillo, O. R.; Garcia-Martinez, C.; Joseph-Nathan, P. Synthesis 1998,
1755.

(14) Liu, R. C. Y.; Lusztyk, J.; McAllister, M. A.; Tidwell, T. T.;
Wagner, B. D. J. Am. Chem. Soc. 1998, 120, 6247.

(15) Koch, R.; Wong, M. W.; Wentrup, C. J. Org. Chem. 1996, 61,
6809.

(16) Fabian, W. M. F.; Bakulev, V. A.; Kappe, C. O. J. Org. Chem.
1998, 63, 5801.

(17) Cornforth, J. W. In The Chemistry of Penicillin; Princeton
University Press: Princeton, 1949.

(18) (a) Dewar, M. J. S.; Turchi, I. J. J. Am. Chem. Soc. 1974, 96,
6148. (b) Dewar, M. J. S.; Turchi, I. J. J. Org. Chem. 1975, 40, 1521.
(c) Dewar, M. J. S.; Turchi, I. J. J. Chem. Soc., Perkin Trans. 2 1977,
724. (d) Corrao, S. L.; Macielag, M. J.; Turchi, I. J. J. Org. Chem. 1990,
55, 4484.

(19) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, Jr. J.
A.; Stratmann, 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.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; 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.; Chen, W.;
Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. A. Gaussian 98, Revision A.3. Gaussian, Inc., Pitts-
burgh, PA, 1998.

(20) (a) Møller, C.; Plesset, M. S. Phys. Rev. 1934, 46, 618. (b) Frisch,
M. J.; Head-Gordon, M.; Pople, J. A. Chem. Phys. Lett. 1990, 166, 281.

(21) Becke, A. D. J. Chem. Phys. 1993, 98, 5648.
(22) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785.

(23) Reed, A. D.; Curtiss, L. A.; Weinhold, F. Chem. Rev. 1988, 88,
899.

(24) Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; Weinhold, F.
NBO Version 3.1; Madison, WI, 1988.

Scheme 1

48 J. Org. Chem., Vol. 65, No. 1, 2000 Fabian et al.



(SDTQ)/6-311+G**//MP2/6-311+G**) are collected in
Table 1. Total energies and zero point energy (ZPE)
corrections are summarized in Table S1 of the Supporting
Information. Conjugated nitrile ylides are highly reactive
intermediates which easily cyclize to the corresponding
azoles;5 two acyl substituents have been found to provide
sufficient stabilization for a thermal equilibrium, e.g. 9
H 10 f 11, between 4-acyloxazoles with a small amount

of a diacyl nitrile ylide to be established.5,17,25 In line with
these experimental findings, all the cyclizations treated
here are calculated to be substantially exothermic. There
seems to be little difference between the ab initio
procedures (HF vs MP2 vs MP4(SDTQ)) with the Har-
tree-Fock method, except for sulfur-containing struc-
tures giving the most negative reaction energies. In
contrast, at the B3LYP/6-311+G** level of theory up to
10 kcal mol-1 less exothermic reactions are calculated.
In the case of nitrile ylide 3, formation of the thiazole 4,
rather than that of oxazole 5, is predicted to be the more
favorable mode of cyclization (see Table 1). Experimen-
tally, the Cornforth rearrangement of 4-(aminothiocar-
bonyl)-5-ethoxyoxazoles 12 was used to synthesize 5-ami-

nothiazoles 13.18d Thus, the calculated reaction energies
are fully in line with these experimental findings. Simi-
larly, in the Cornforth rearrangement 7 H 8, which may
serve as a model reaction for the transformation of 4-acyl-
5-alkoxy oxazoles, e.g. 9 f 11, the derivative 8 is
predicted to be the favored cyclization product, as found
also experimentally.18a This finding is independent of the
conformation of 6. There is little energy difference
between the three conformations 6a-c. The activation
energy for the cyclization 6b f 7b is ca. one-half that
for 6a f 7a. Formation of 7b is calculated to be
approximately 10 kcal mol-1 more exothermic than
formation of 7a. In contrast, there is little difference in
both activation and reaction energies for formation of 8a
or 8c, respectively. The rather pronounced conforma-
tional effect shown by the cyclization 6b f 7b might be
attributed to the presence of the intramolecular hydrogen
bond. Furthermore, in contrast to monoacyl nitrile ylides,
intermediate 6 is calculated to be sufficiently stabilized
with respect to the 5-hydroxyoxazole 7 (energy difference
between 6a and 7a <20 kcal mol-1 (<30 kcal mol-1 for
the pair 6b and 7b) as opposed to >40 kcal mol-1 for 1a
vs 2a; see Table 1) to allow for the presence of a small
amount of 6 in a thermal equilibrium 7 H 6.

Apart from the planarity or near-planarity of pseudo-
pericyclic transition structures, such reactions also may
have quite low activation energies.12,13a,14,15 Thus, we
anticipated that the cyclizations of vinyl nitrile ylides 1d
and 1e, for which at least a monorotatory pathway is
required, should have significantly higher activation
energies. As can be seen from the data presented in Table
1, the calculated barriers for these two reaction are at
least twice those for the cyclizations of (thio)acyl or imino
nitrile ylides 1a-c, 3, and 6. Experimentally, for X )
CHR (R ) electron withdrawing group), intermolecular
reactions, e.g. 1,3-dipolar cycloadditions, can compete
with or even suppress cyclization; in contrast, for X ) O
or NR, the intramolecular reaction prevails.3b With
respect to the level of theory used, HF/6-311+G** cal-
culations invariably yield the highest activation energies
(about twice those obtained by B3LYP or MP2 computa-
tions). Except for the vinyl nitrile ylide cyclizations,
where the B3LYP/6-311+G** results more closely match
the HF/6-311+G** ones, results obtained at the B3LYP/
6-311+G**, MP2/6-311+G**, and MP4(SDTQ)/6-
311+G**// MP2/6-311+G** levels of theory, respectively,
are rather similar. 1,5-Electrocyclization of thioformyl
nitrile ylides 1b and 3 to thiazoles 2b and 4 is predicted
to occur essentially without barrier (the marginally
negative activation energies obtained for the cyclization
of 1b by MP2 and MP4 calculations (see Table 1) result
from the inclusion of unscaled ZPE corrections; see also
Figure S1 of the Supporting Information). Experimen-
tally, for the enthalpy of activation ∆Hq for the disap-
pearance of 2-(4-trifluoromethylphenyl)-5-methoxy-4-(N-
phenyl-N-methyl)oxazolecarboxamide (9, Ar ) 4-CF3C6H4,
R ) N(Me)Phe), a value of ∆Hq ) 28.2 kcal mol-1 has
been found.18a The calculated barrier [23 kcal mol-1

(B3LYP/6-311+G**) to 32 kcal mol-1 (HF/6-311+G**)]
(25) Saalfrank, R. W.; Lurz, C.-J.; Hassa, J.; Danion, D.; Toupet, L.

Chem. Ber. 1991, 124, 595.

Table 1. Relative Energies (kcal mol-1) for Cyclizations
1 f 2, 3 f 4, 3 f 5, 6 f 7, and 6 f 8 Obtained at Various

Levels of Theorya

compound Ib IIc IIId IVe

TS(1a f 2a) 6.6 4.4 4.5 3.2
2a -47.2 -36.9 -45.2 -43.6
TS(1b f 2b)f 0.5 0.0 -0.1 -0.1
2b -54.9 -47.3 -58.9 -56.6
TS(1c f 2c) 10.9 3.4 3.0 2.7
2c -64.5 -58.3 -64.6 -60.6
TS(1d f 2d) 17.8 13.1 8.8 9.6
2d -49.5 -37.9 -48.7 -46.5
TS(1e f 2e) 18.9 14.2 9.2 9.4
2e -43.5 -28.0 -40.0 -39.5
TS(3 f 4) 2.7 0.2 0.7 0.3
4 -44.6 -40.9 -50.3 -49.2
TS(3 f 5) 10.2 3.7 5.9 3.4
5 -31.8 -28.3 -33.9 -34.0
TS(6a f 7a) 14.1 9.8 13.0 10.2
7a -17.7 -13.5 -16.7 -16.8
TS(6a f 8a) 8.0 2.8 4.6 2.7
8a -37.6 -32.7 -38.2 -37.7
6b 3.8 -0.1 1.3 0.6
TS(6b f 7b) 7.6 4.6 7.6 5.3
7b -28.7 -22.1 -25.8 -25.1
6c 1.1 -0.1 0.6 0.3
TS(6c f 8c) 7.0 2.7 4.3 2.5
8c -39.2 -33.0 -38.8 -38.1
a Energies are given relative to the nitrile ylides 1a-e, 3, and

6a, respectively; TS(6b f 7b), 7b, TS(6c f 8c), and 8c are given
relative to 6b and 6c, respectively. Total energies and ZPE values
are collected in Table S1 of the Supporting Information. b HF/6-
311+G**//HF/6-311+G** + ZPE(HF/6-311+G**). c B3LYP/6-
311+G**//B3LYP/6-311+G** + ZPE(B3LYP/6-311+G**). d MP2/
6-311+G**//MP2/6-311+G**+ZPE(MP2/6-311+G**). e MP4(SDTQ)/
6-311+G**//MP2/6-311+G** + ZPE(MP2/6-311+G**). f The appar-
ently negative activation energies result from inclusion of unscaled
ZPE corrections; however, a genuine transition state was found.
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for ring opening of 7 [∆Eq ) E(TS(6 f 7) - E(7) in Table
1] is completely compatible with this experimental result.
The 3H-pyrroles 2d,e formed by 1,5-electrocyclizations
of vinyl nitrile ylides 1d,e may be further stabilized by
aromatization, e.g. 14 f 15.1c Incidentally, we have found

for 2e, at the MP2/6-311+G** level of theory, the transi-
tion state for a [1,5] H-shift to give 3-cyano-2H-pyrrole
(barrier, 20.9 kcal mol-1, i.e., less than half the barrier
for ring opening; reaction energy with respect to 2e, -8.4
kcal mol-1). Thus, the ease of this subsequent rearrange-
ment to aromatic products makes the reaction, i.e., ring
closure of 1d, proceed.

Molecular Structures of Nitrile Ylides and Cy-
clization Transition States. According to Houk26 nitrile
ylides belong to the class of 1,3-dipoles with the least
diradical character. Depending on the substituents R2

and R3, they are either of the propargyl type A or the

allenyl type B. The parent nitrile ylide (R1 ) R2 ) R3 )
H) can be best characterized as a 2-azonia-allenyl anion
(B).26 Electron-withdrawing substituents at the ylide

carbon (C3; see Figure 1 for atom numbering) lead to a
stabilization of the propargyl type structure A.26 How-
ever, MINDO/3 calculations on 3-aminocarbonyl-3-meth-
oxycarbonyl nitrile ylide18c gave a significantly bent
geometry with some pyramidalization at C3 and, thus,
a structure more closely resembling the allenyl type B.
Relevant structural features, obtained at the MP2/6-
311+G** level of theory, are summarized in Table 2. The
corresponding HF/6-311+G** and B3LYP/6-311+G**
values are collected in Table S2 of the Supporting
Information. Representative structures of nitrile ylides
(1d and 3) as well as the corresponding cyclization
transition states [TS(1d f 2d) and TS(3 f 5)] are
depicted in Figure 1. Like the parent nitrile ylide, all
substituted derivatives 1a-e, 3, and 6 are also compa-
rably bent (∼ 170°) at N2 (angle R in Table 2; see Figure
1 for atom numbering). The values for R obtained at
different levels of theory are rather similar (<5° differ-
ence; see Table 2 and Table S2 of the Supporting
Information). The monosubstituted derivatives 1a-e,
especially 1d,e (i.e. those with X * heteroatom), are also
significantly bent at C1 (angle â in Table 2); nitrile ylide
1c (X ) NH) appears to be intermediate between 1a,b
and 1d,e. The diacyl nitrile ylide 3 is almost linear at
C1 (see Table 2). In contrast, for 6, a bent structure is
obtained at both the MP2/6-311+G** and B3LYP/6-
311+G** level of theory (Table 2 and Table S2 of the
Supporting Information). However, HF/6-311+G** cal-
culations lead to a linear geometry like 3. Generally, in

(26) Houk, K. N.; Yamaguchi, K. In 1,3-Dipolar Cycloaddition
Chemistry; Padwa, A., Ed.; Wiley: New York, 1984; Vol. 2, p 407.

Figure 1. MP2/6-311+G** calculated structures of nitrile ylides 1d and 3 and cyclization transition states TS(1d f 2d) and
TS(3 f 5) (Distances are in Å, angles in degrees).
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contrast to the angle R, some dependence of the amount
of bending at C1 (angle â) on both the method and basis
set used is found. Compared to the unsubstituted nitrile
ylide, for acyl andseven more sosdiacyl derivatives,
distances R(C1-N2) and R(N2-C3) are significantly
shorter and longer, respectively. For comparison pur-
poses, the calculated (MP2/6-311+G**) C-N distances
R(C1-N2) in vinyl isonitrile and 2-azabutadiene are R
) 1.188 and 1.283 Å, respectively. For ketenimine,
R(N1-C2) ) 1.234 Å. Thus, despite the bend at C1, acyl-
substituted nitrile ylides appear to correspond more
closely to the propargyl type A, whereas (cyano)vinyl
nitrile ylide 1d and 1e resemble the allenyl type B. The
results of the NBO analysis (see below) corroborate this
assertion.

In line with the exothermic nature of all the cycliza-
tions considered here, the distances R(C1-X5) between
the atoms involved in the forming bond are still quite
long, indicating a rather early transition state. Cor-
respondingly, changes in R(C1-N2) and R(N2-C3),
especially for the (di)acyl derivatives, are also quite small
in going from the nitrile ylides to the respective cycliza-

tion transition states. Although the cyclization transition
states involving nitrile ylides 1a,1b, 3, and 6 are char-
acterized by a nearly planar arrangement of the heavy
atom skeleton, they lack any geometrical probe which
could be reliably used as an indicator for a pericyclic or
pseudopericyclic mode of electrocyclization; a distinction
between these two mechanistic pathways, thus, has to
rely on an analysis of the electronic rather than the
geometric structure of the corresponding transition states
(see below). In contrast, 1c-e offer the possibility to use
the torsion angles τ(C3-C4-X5-H9) (τ(C3-C4-X5-C9)
for 1e) and, for 1d,e, in addition τ(C3-C4-X5-H10) as
a measure for the nonrotatory or monorotatory character
of these cyclizations. In the transition state for the
cyclization of 1c there is little change in τ(C3-C4-N5-
H9) compared to its value in 1c (173.6° vs 178.5°; see
Table 2). In stark contrast, TS(1d f 2d) and TS(1e f
2e) show substantial torsion of the vinyl group as well
as pyramidalization at C5 (see Table 2). Clearly, thus,
the cyclizations of 1d and 1e follow the classic pericyclic,
i.e., monorotatory, mode, whereas the geometrical fea-

Table 2. Selected Structural Features (MP2/6-311+G** Geometries) of Nitrile Ylides and Cyclization Transition States
(Distances in Å, Angles in Deg; for Atom Numbering see Figure 1)

compound Ra âb ∆qc R(C1-N2) R(N2-C3) R(C1-X5)d τe

nitrile ylide 172.0 122.4 0.008 1.210 1.299
1a 170.9 140.9 0.014 1.184 1.326 3.435 -137.1
TS(1a f 2a) 138.8 149.7 0.056 1.189 1.348 2.436 156.2
1b 167.0 141.0 0.017 1.187 1.327 3.533 -141.8
TS(1b f 2b) 159.8 142.1 0.027 1.188 1.328 3.298 145.4
1c 169.8 135.7 0.016 1.190 1.321 3.397 -134.4

(178.5)f

TS(1c f 2c) 142.6 138.4 0.052 1.197 1.333 2.542 -146.7
(173.6)f

1d 169.3 127.1 0.018 1.203 1.313 3.567 -124.3
(178.3)f

(-1.5)g

TS(1d f 2d) 133.2 127.3 0.055 1.225 1.344 2.512 144.1
(-164.3)f

(33.3)g

1e 169.7 132.8 0.014 1.196 1.321 3.555 -129.2
(178.5)f

(-1.5)g

TS(1e f 2e) 133.8 130.3 0.048 1.219 1.352 2.525 147.9
(-161.5)f

(37.0)g

3 177.8 171.5 0.052 1.167 1.350 3.690 -171.6
(3.489) (170.6)h

TS(3 f 4) 158.0 172.0 0.051 1.170 1.354 3.197 -178.5
(3.812) (178.1)h

TS(3 f 5) 135.3 164.4 0.036 1.181 1.376 4.307 -179.0
(2.353) (-179.8)h

6a 173.8 156.9 0.017 1.173 1.339 3.410 -153.7
(3.521) (151.8)h

TS(6a f 7a) 128.5 162.1 0.001 1.187 1.376 4.077 -179.9
(2.165) (179.9)h

TS(6a f 8a) 137.2 165.6 0.026 1.179 1.364 2.400 -178.4
(4.022) (177.3)

6b 173.3 154.0 0.002 1.175 1.338 4.652 54.2
(3.388) (150.5)h

TS(6b f 7b) 131.6 164.3 0.021 1.184 1.366 4.653 173.4
(2.277) (178.6)h

6c 172.5 154.1 0.011 1.175 1.337 3.401 150.8
(4.668) (52.7)h

TS(6c f 8c) 137.4 165.5 0.020 1.180 1.363 2.409 -178.4
(4.709) (-161.5)h

a ∠(C3-N2-C1). b ∠(N2-C1-H6). c Height of C3 above plane formed by N2-C4-R7. d R(C1-O8) in parentheses; In 6, TS(6 f 7),
and TS(6 f 8), X5 and O8 represent the aldehyde and carbonyl oxygen of the carboxyl group, respectively. e Torsional angle ∠(C4-X5-
C1-H6). f Torsional angle ∠(C3-C4-X5-H9); for 1e and TS(1e f 2e) ∠(C3-C4-X5-C9). g Torsional angle ∠(C3-C4-X5-H10).
h Torsional angle ∠(C7-O8-C1-H6).
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tures of TS(1c f 2c) are indicative of a nonrotatory
pseudopericyclic 1,5-heteroelectrocyclization.

Electronic Structures of Nitrile Ylides and Cy-
clization Transition States. To further strengthen the
arguments based on molecular geometries, an analysis
of the respective electronic features of nitrile ylides and
the cyclization transition states with the aid of the NBO
procedure23,24 was performed (for details see Table S3 of
the Supporting Information). The electronic structure of
the unsubstituted nitrile ylide is characterized by two
orthogonal π-bonds between C1-N2 and N2-C3, respec-
tively, and a lone pair at C1 with an occupation number
of 1.69e; approximately 0.36e of the lone pair at C1 is
delocalized into the antibonding π* (N2-C3) orbital.
Thus, the results of the NBO analysis of the parent nitrile
ylide are completely compatible with the allenyl type
structure B. Most of the negative charge [see Table S4
of the Supporting Information for natural charges (NPA)]
resides on N2 and, to a lesser extent, on C3. Vinyl nitrile
ylide 1d shows a rather similar electronic structure as
the parent molecule itself. A significant amount of
negative charge is accommodated by the vinyl carbon
atoms (C4 and C5; Table S4). Introduction of the cyano
group at C5 completely alters the electronic structure:
the nitrile ylide functionality resembles a propargyl type
(two orthogonal π-bonds between C1 and N2); C3 and the
vinyl carbons are part of a three-center bond). The “non-
bonding” three-center orbital has, however, a rather low
occupation number (1.26e) with a substantial delocaliza-
tion into the antibonding πz*(C1-N2) orbital (0.66e). The
acyl substituted nitrile ylides 1a,b, 3, and 6 are charac-
terized by a propargyl type (A) electronic structure with
a “lone pair” (occupation number ≈ 1.3e) at C3 with
significant delocalization into the C1-N2 and C4-X5 πz*-
orbitals. Interestingly, 1c (X ) NH), like 1d, also corre-
sponds to a 2-azonia-allenyl anion (B) with a “lone pair”
(occupation number 1.33e) at C1. On the basis of sub-
stituent and solvent effects on the kinetics of the Corn-
forth rearrangement of 4-acyl-5-alkoxy oxazoles 9 f 11,
it was concluded that either the intermediate 10 must
be relatively nonpolar or the transition state leading to
it must occur early in the reaction.18a,c Given the endo-
thermic nature of the ring-opening process, this latter
possibility was dismissed as unlikely.18c The calculated
(see above) structures of the cyclization transition states
corroborate this argument. Insofar as dipole moments µ
are indicative for the polar nature of a molecule, the
calculated (MP2/6-311+G**) values for µ (6, 3.19 D; 7,
6.65 D; 8, 3.66 D) also point to a rather low polarity of
nitrile ylide 6. The effect of variation of substituents in
the 2-aryl group in oxazoles of type 9 on the kinetics of
the ring opening was interpreted in terms of development
of a small positive charge at the substituted carbon.18a

The NPA charges (see Table S4 of the Supporting
Information) at the corresponding carbon C1 of 6 are
0.324 and 0.464. Thus, these model systems also show
the experimentally found small increase of positive
charge at C1.

In the cyclization transition states of acyl substituted
nitrile ylides 1a,b, 3, and 6 the electronic features of the
open isomers are largely preserved. Specifically, in going
from the nitrile ylide to the respective transition state,
no discernible bonding between C1 and X5 is yet devel-
oped. The transition state TS(1c f 2c) shows a striking
peculiarity: whereas 1c more closely resembles the
2-azonia-allenyl anion type B, TS(1c f 2c)slike those

of acyl derivativesscorresponds to a propargyl type
structure A with a “lone pair” (occupation number 1.27e)
at C3. By comparison of the NBO’s of these transition
states [i.e. TS(1a f 2a), TS(1b f 2b), TS(1c f 2c), TS-
(3 f 4), TS(3 f 5), TS(6 f 7), and TS(6 f 8)] with those
of the ring-closed products, it becomes clear that the new
C1-X5 (or C1-O8) bond is formed by interaction of the
lone pair at the heteroatom X5 (or O8) and the in-plane
π-orbital of the nitrile ylide group. In contrast, the
cyclization of vinyl nitrile ylide 1d is accompanied by a
rather substantial reorganization of the electronic struc-
ture: the π(N2-C3) bond is broken, instead an additional
π(C1-N2) bond, leading to a propargyl type structure for
the nitrile ylide group, as well as a three-center bond
involving the pz- AO’s at C3 and C4 and a px-pz hybrid
at C5, is formed. The “non-bonding” combination of this
three-center bond is significantly delocalized into the π*-
(C1-N2) orbital (0.83e; bond order C1-C5 ) 0.354),
providing the sp3(C5)-sp2(C1) single bond as well as the
sp2-type lone pair at N2 of the product 2d. Thus, to give
2d via TS(1d f 2d), at least rotation of the vinyl group
is essential. Similarly, in TS(1e f 2e), with the three-
center bond already present in 1e, its nonbonding
combinationsagain via rotation of the vinyl groups
provides a C1-C5 bonding interaction (bond order )
0.355). In addition, for TS(1d f 2d) and TS(1e f 2e),
there is substantial πx,z-mixing in the C1-N2 moiety. In
contrast, in TS(1a f 2a), TS(1b f 2b), TS(1c f 2c), TS-
(3 f 4), TS(3 f 5), TS(6 f 7), and TS(6 f 8), this mixing
is quite small. Thus, the NBO analysis of the electronic
structures of these cyclization reactions corroborates the
pseudopericyclic, nonrotatory 1,5-heteroelectrocyclization
pathway in the case of nitrile ylides for which X is a
heteroatom. In contrast, the reaction of vinyl nitrile ylides
1d and 1e follows the classical pericyclic monorotatory,
or possibly even bisrotatory, mechanism. Finally, accord-
ing to the magnetic criterion of aromaticity,27 the transi-
tion states of thermally allowed pericyclic reactions have
aromatic transition states which can have not just π but
also σ or hybrid character, e.g. the so-called in-plane
aromaticity postulated for certain 1,3-dipolar cyclo-
additions.13b In line with these findings, all the transition
states treated here have calculated magnetic anisotropies
(see Table S5 of the Supporting Information) comparable
to those for 1,3-dipolar cycloadditions,13b independently
of the aromatic character (or lack thereof, e.g. 2a vs 2d)
of the respective cyclization product.

Conclusion

The main conclusions emerging from the present
computational study can be summarized as follows: (i)
The calculated activation energies for cyclization of
conjugated nitrile ylides where X ) heteroatom are
substantially lower than those where X ) CHR. Experi-
mentally, when X ) CHR, intermolecular reactions, e.g.
1,3-dipolar cycloadditions with dipolarophiles compete or
even suppress cyclization, whereas for X ) heteroatom
the intramolecular reaction is favored. 3b (ii) In the
Cornforth rearrangements 4 H 5 and 7 H 8 via nitrile
ylides 3 and 6, respectively, thiazole 4 and oxazole-4-
carboxylic acid 8 are calculated to be the favored cycliza-
tion products, as is also found experimentally. (iii) Vinyl
nitrile ylides 1d and 1e are best characterized as 2-azo-

(27) Jiao, H.; Schleyer, P. v. R. J. Phys. Org. Chem. 1998, 11, 655.
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nia-allenyl anions (structure B), whereas acyl derivatives
correspond to the propargyl type A. (iv) In agreement
with conclusions derived from substituent and solvent
effects on the kinetics of the Cornforth rearrangement
of 4-acyl-5-alkoxyoxazoles,18a the nitrile ylide intermedi-
ates are considerably less polar than a zwitterionic
formula would suggest. (v) 1,5-Electrocyclization of vinyl
nitrile ylides 1d and 1e proceed via a pericyclic, mono-
rotatory (or possibly even bisrotatory) mechanism. The
respective transition states involve rotation of the vinyl
group with a concomitant pyramidalization of the ter-
minal carbon atom. (vi) The analogous reactions of acyl
nitrile ylides are characterized by an almost planar
transition state. Analysis of the electronic structures
reveal in-plane attack of the heteroatom’s lone pair onto
the πx,y(C1-N2) orbital as the key feature. For TS(1c f

2c) the molecular structure (planar NH) further cor-
roborates the description of these latter 1,5-electrocy-
clizations as pseudopericyclic heteroelectrocyclizations.
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