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Irradiation of the amino-4H-1,2,3-triazoles 7 (λ � 280 nm) af-
fords molecular nitrogen and 3-amino-2H-azirines 8 in high
yields. As shown on the basis of spectroscopic evidence, the
photoproduct of 7a exists exclusively as 3-amino-2H-azirine
8a rather than in an equilibrium with the hypothetical imino-
aziridine 10. Ab initio quantum chemical calculations up to
the Gaussian-3 level were performed for pairs of 3-substi-
tuted 2H-azirines (1a, 3a, 5)/aziridines (2, 4, 6) and 1-substi-
tuted cyclopropenes (11, 13, 15)/cyclopropanes with exo-
cyclic double bonds (12, 14, 16). The G3 energies of acyclic
pairs of tautomers 17−22 and other compounds were calcu-
lated for comparison. Ring strain was assessed with the help

Introduction

Most 1-alkylcyclopropenes may undergo base-catalysed
isomerization to afford alkylidenecyclopropanes,[1,2] a reac-
tion that is exothermic by 43.1 kJ/mol for the parent com-
pounds 11 � 12.[3] On the other hand, as demonstrated
by many examples[4�6] including the parent 3-methyl-2H-
azirine (1a),[7] the antibiotic azirinomycin (1b)[8] and related
naturally occurring antibiotics,[9] 3-alkyl-2H-azirines do not
rearrange into their isomers with the double bond in the
exo position. This is evident from the formation and persist-
ence of 3-alkyl-2H-azirines under the basic conditions of
the Neber reaction.[5,6] The cause of the different behaviour
of 1-alkylcyclopropenes and 3-alkyl-2H-azirines has not so
far been addressed.
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of two groups of homodesmotic reactions involving either hy-
drogen transfer (Equations 1−4) or exchange of carbon for
nitrogen (Equations 5−7). In the cyclopropane series, relative
ring strain and the stabilities of the functional groups both
favour the same tautomer. The strain in aziridines − and in
2H-azirines in particular − is lower than in the corresponding
cyclopropanes. This is the reason why the relative stabilities
of the functional groups present in the N-heterocycles out-
weigh differences in strain that may be caused by the endo-
or exocyclic location of the double bonds.
( Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

Three-membered heterocyclic compounds that may, in
principle, exist as 3-amino-2H-azirines with a primary am-
ino group and/or as iminoaziridines appear to prefer the
tautomeric structure with the double bond in the endo posi-
tion. They were obtained for the first time by Hyatt in the
Neber rearrangement of O-sulfonyl amidoximes. He consid-
ered the available spectroscopic data as being compatible
with the structure of either tautomer or with an equilibrium
mixture of both, and drew the amino-2H-azirine formulae
3b and 3c merely as a convention.[10] Subsequently, Eremeev
et al. synthesized some analogous compounds by Hyatt’s
method,[11] including the optically active diastereomers
3d,[12] and concluded on the basis of spectroscopic evid-
ence[13] and an X-ray diffraction analysis of (R,R)-3d[13] that
they exist exclusively as the amino-2H-azirine tautomers.
Similarly, adducts with chloral and with hexafluoro- and
hexachloroacetone were reported to possess 3-amino-2H-
azirine structures.[14,15] In view of the limited number of
examples and, moreover, the restriction to strongly elec-
tron-withdrawing groups as ring substituents, compounds
with other substitution patterns � and in particular, an ex-
planation of the calculated relative stabilities of the parent
compounds 3a and 4 � appeared desirable.[16]
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For these reasons, we report here on the synthesis and

structure of 3-amino-2H-azirine 8a, which may, in principle,
equilibrate with its tautomer 10, and we disclose the results
of a Gaussian-3 computational study[17] of 3-methyl- (1a),
3-amino- (3a) and 3-hydroxy-2H-azirine (5) and their tauto-
mers methylene- (2a) and iminoaziridine (4), and aziridi-
none (6) (Scheme 1). The analogous cyclopropene (11, 13,
15) and cyclopropane (12, 14, 16) derivatives are included
for comparison. The results demonstrate that 1a and 3a are
more stable than 2 and 4, respectively, but 5 was calculated
to be less stable than 6.

Scheme 1

Results and Discussion

Experimental Results

The Neber rearrangement of amidoxime O-sulfonates to
afford 3-amino-2H-azirines, pioneered by Hyatt,[10] requires
electron-withdrawing groups at the α-carbon atom and is
thus confined to a particular class of 3-amino-2H-azirines,
such as 3b�3d. On the other hand, Ghosez’s route to am-
ino-2H-azirines by treatment of α-chloroenamines with so-
dium azide is restricted to N,N-substituted compounds,[18]

such as 9 � 8b.[14] Two examples of a third, photochemical
synthesis have been reported by Bernard and Ghosez in a
preliminary communication. Photolysis of 4,4-substituted
5-dimethylamino-4H-1,2,3-triazoles gave rise to the forma-
tion of molecular nitrogen and 3-dimethylamino-2H-azir-
ines in excellent yields.[19] We employed this method for the
synthesis of an amino-2H-azirine (8a) capable, in principle,

Scheme 2

Eur. J. Org. Chem. 2002, 1750�1755 1751

of tautomerization to the iminoaziridine (10). Its N-methyl
group served as a convenient diagnostic tool. The known
N,N-dimethyl compound 8b[14] was prepared in the same
way and employed as reference for the structure of 8a in
solution (Scheme 2).

The methylamino-4H-1,2,3-triazole 7a is by far the most
stable of three possible tautomers.[20] When a degassed solu-
tion of 7a in deuteroacetonitrile was irradiated at λ �
280 nm, a single product arose (as determined by 1H
NMR). After complete conversion, colourless crystals, m.p.
178�179 °C, were obtained on cooling of the clear, yellow
solution. An X-ray diffraction analysis demonstrated that
the photoproduct exist in the solid state as the 3-amino-
2H-azirine tautomer 8a, adopting the (Z) configuration as
shown.[21] In fact, the very short bond between the 2H-azir-
ine ring and the amino nitrogen atom (131.3 pm) is indicat-
ive of a high degree of double bond character. This is
corroborated by the observation of two broadened 13C sig-
nals for the methyl groups of 8b, as a result of restricted
rotation. The lengths of the ring bonds in (Z)-8a (N�C2 �
156.9, N�C3 � 127.8, C2�C3 � 143.7 pm) closely re-
semble those in N,N-substituted 3-amino-2H-azirines[14]

and (R,R)-3d.[12] Of particular relevance to the solution
structure of the photoproduct is the observation in the pro-
ton spectrum, recorded for a deuterodimethyl sulfoxide so-
lution, of a 4.5 Hz coupling between the N-proton and the
methyl group. The size of this coupling constant is not com-
patible with the iminoaziridine structure 10 and hence is
indicative of a strong predominance of tautomer 8a under
these conditions. Further support for the virtually complete
imbalance of the hypothetical tautomeric equilibrium 10 �
8a was provided by the close similarity of chemical shifts in
the proton and carbon-13 spectra of 8a and 8b, and the
observation of the same value for the C�N frequencies
(1785 cm�1) in the IR spectra. In summary, there is no
room for any doubt as to the structure 8a, both in solution
and in the solid state, for the photoproduct of 7a.

Computational Methods

Ab initio calculations were carried out for all com-
pounds, including some transition structures for internal ro-
tation, at various levels of theory (RHF/6-31�G**, MP2/
6-31�G** optimization and MP4 single points), the highest
being Gaussian-3, the most recent, efficient, and precise of
the Gaussian high-accuracy energy models.[17] We per-
formed a vibrational analysis at each stationary point in
order to characterize it as a minimum (NIMAG � 0) or a
transition structure (NIMAG � 1). Tables of total energies
(E0 [a.u.]), zero point energies (ZPE), heats of reaction of
Equations (1)�(7), relative energies (Erel [kJ/mol]) and the
GAUSSIAN archive entries for the G3 calculations are
available as Supporting Information. All calculations were
carried out with the Gaussian 98 suite of programs.[22]

Ab initio Quantum Chemical Results

In Schemes 3�7 we confine the discussion to relative
energies calculated at the highest level of theory (Gaussian-
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3). Their rounded values in kJ/mol are listed below each
formula. Likewise, the energies of homodesmotic reactions
are given in kJ/mol along with the Equations (1)�(7).

Scheme 3

In view of the strong preference for exocyclic over endo-
cyclic unsaturation in cyclopropane derivatives [compare
methylcyclopropene (11) and methylenecyclopropane
(12)[3]], the surprising notion that emerges from all experi-
mental studies is that the contrary is true for some, but not
all, 3-substituted 2H-azirine derivatives. Compounds 1a
and 3, for example, are more stable than their tautomers 2
and 4 with exocyclic double bonds. On the other hand, the
order of stabilities of 3-hydroxy-2H-azirine (5) and aziridi-
none (6) is the same as that of 11 and 12.

According to common textbook knowledge, ketimines
are more stable than their tautomeric enamines, as once
again demonstrated by the calculated 17 kJ/mol difference
between enamine 17 and ketimine 18 (Scheme 4). Neverthe-
less, it is surprising that the energetic preference for the keti-
mine functionality present in 1a should override a differ-

Scheme 4
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ence in ring strain if it were as high as that between methyl-
cyclopropene (11) and methylenecyclopropane (12).[3] Be-
low, we assume that the interplay of ring strain and the
stabilities of the functional groups present tips the balance
in favour of a particular tautomer, and we interpret the cal-
culated relative energies in terms of either ‘‘cooperation’’ or
‘‘competition’’ between the former and the latter concept.
Functional group stabilities are quantified with the help of
the acyclic reference compounds 17�22.

For comparison, we begin with an analysis of this inter-
play in the cyclopropane derivatives 13�16. Because we are
considering only strain arising from endocyclic and exo-
cyclic double bonds, we adopt P. von R. Schleyer’s concept
of olefinic strain, which is defined as the difference between
the strain energies of a cycloalkene and a cycloalkane.[23]

We extend this concept to 2H-azirines although these pos-
sess a carbon-nitrogen rather than a carbon-carbon
double bond.

Since A. von Baeyer’s fundamental work,[24] strain in
cyclopropanes has been the topic of a host of experimental
and theoretical studies.[2,25] An impressive number of calcu-
lations have focused on cyclopropanone (16).[26] Iminocy-
clopropane (14) has been investigated by photoelectron
spectroscopy and by MNDO[27] and ab initio calcula-
tions.[28] The carbocyclic analogues 13�16 of the hetero-
cycles 3�6 provide examples of cooperation between strain
and the relative stabilities of functional groups. The calcu-
lated energy difference between the parent hydrocarbons 11
and 12, which is a measure of their difference in olefinic
strain, is in excellent agreement with the experimentally de-
termined value.[3] The relative stabilities of the tautomer
pairs 13/14, syn-15/16, and anti-15/16 may be interpreted
on the basis of this difference and of the energy differences
between the corresponding pairs of acyclic tautomers 17/18,
syn-19/20, and anti-19/20, respectively. In fact, the relative
stabilities of 13/14 (55 kJ/mol) and anti-15/16 (96 kJ/mol)
are only 6�8 kJ/mol smaller than the sums of the energy
difference between 11 and 12 (47 kJ/mol) plus that between
the tautomers 17/18 (17 kJ/mol) and anti-19/20 (55 kJ/mol),
respectively. The deviation from additivity is even less than
0.5 kJ/mol in case of the tautomer pair syn-15/16.

Extension of the explanation provided above for the aziri-
dine derivatives 1�6 requires an assessment of the strain
in aziridines and 2H-azirines. The parent cyclopropane and
aziridine have been reported to possess virtually the same
strain energies (115 and 113 kJ/mol, respectively), calcu-
lated on the basis of experimentally determined and estim-
ated enthalpies of formation.[29] The high strain in 2H-azir-
ines, as evidenced by high C�N stretching frequencies and
13C-H coupling constant values,[29] has been estimated only
occasionally. On the basis of the reported almost equal
strain in cyclopropane and aziridine, Heimgartner assumed
close similarity for the strain energies of cyclopropene and
2H-azirine.[14] More recently, Sordo et al. computed the
MP2/6-31G* and B3LYP/6-31G* strain energies of 2H-azi-
rine (186.6 and 195.4 kJ/mol) with the help of a homo-
desmotic reaction involving six acyclic molecules. Without
disclosing any details, they mentioned that the correspond-
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ing values for cyclopropene were higher by as much as
about 42 kJ/mol at the same levels of theory.[30]

We calculate the olefinic strain of carbocyclic and hetero-
cyclic three-membered rings by means of homodesmotic re-
actions.[31] Similar reactions (‘‘homoisodesmic reactions’’)
have been employed by Wiberg for the thermochemical
characterization of aromaticity and antiaromaticity.[32] In
the first four Equations (Scheme 5), hydrogen is transferred
from strain-free acyclic compounds to methylenecyclopro-
pane [12, Equation (1)], methyleneaziridine [2, Equation
(2)], cyclopropene [Equation (3)] and 2H-azirine [Equation
(4)]. The olefinic strain of 2 is lower than that of 12 by only
14 kJ/mol. Stabilization of 2 by conjugation is probably
small, since the nitrogen atom adopts a pyramidal con-
formation, while the planar structure 2#, in which conjuga-
tion is at its maximum, is calculated to be higher in energy
by 44.6 kJ/mol.[33] Incidentally, this value is in excellent
agreement with the experimentally determined and
MINDO barriers to nitrogen inversion in N-alkylmethyl-
eneaziridines.[34] In contrast to that in the exo methylene
compounds 2 and 12 the value for the olefinic strain of 2H-
azirine is smaller than that of cyclopropene by 49 kJ/mol.
Thus, the preference for the endocyclic carbon-nitrogen
double bond in 1a relative to the exocyclic carbon-carbon
double bond in 2 is a consequence not only of the relative
stability of the functional groups (compare 17 and 18), but
also of the relatively small value of the ‘‘olefinic’’ strain in
2H-azirine.

Scheme 5. Homodesmotic reactions transferring hydrogen from
acyclic molecules to methyleneaziridine (2), methylenecyclopropane
(12), cyclopropene and 2H-azirine

In the second group of homodesmotic reactions
(Scheme 6), a carbon atom in each of cyclopropane [Equa-
tion (5)], methylenecyclopropane [12, Equation (6)] and 1-
methylcyclopropene [11, Equation (7)] is exchanged for a
nitrogen atom. These equations offer the most direct com-
parison between the carbocyclic and the heterocyclic sys-
tems. Nitrogen can reduce angle strain by the adoption of
s character for the lone pair[29] and can thus accommodate
itself in a three-membered ring more easily than carbon.
The energies of Equation (5)�(7) represent the thermo-
chemical consequences of this capability and provide the
basis for a second but equivalent explanation of the bias
toward endocyclic unsaturation. The fact that Equation (5)
is exothermic by 16 kJ/mol is at variance with the reported
virtually equal strain of the parent compounds cyclopro-
pane and aziridine.[29] A single planar (sp2) carbon atom
renders the formal exchange more exothermic by only
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15 kJ/mol [Equation (6)]. This small effect from the exo-
cyclic double bonds in 2 and 12 is due to comparable
olefinic strain in both molecules and a minor contribution
from conjugation in methyleneaziridine (2). Ring strain and
conjugation in 2 are opposing each other, resulting in a
balance with the structural consequence of a pyramidal
conformation of the nitrogen atom. The most important
factor for the higher stability of 1a, compared to 2, becomes
obvious from the high exothermicity of Equation (7), which
measures the difference in strain between 1a and 11. Thus,
this is more than 50% larger than the value (42 kJ/mol) re-
ported by Sordo et al. for the parent compounds.[30] The
much higher strain in 11, relative to 12, is drastically re-
duced in 1a by the capability of nitrogen to employ its p
orbitals for bonding and its s orbital for the lone pair.[29]

Scheme 6. Homodesmotic reactions exchanging a carbon and ni-
trogen atom between acyclic molecules and cyclopropane, methyl-
enecyclopropane (12) and methylcyclopropene (11)

Scheme 7

The geometry,[16,35] energy[16] and protonation[36] of am-
ino-2H-azirine 3a have been calculated. The iminoaziridines
4 have been investigated by computational methods in the
context of thermal isomerization and [2�1] cyclorever-
sion,[16,28,37] and of protonation.[36,37] Several quantum
chemical calculations of aziridinone (6) have been reported
in various contexts.[38,39] The 3-hydroxy-2H-azirine tauto-
mers 5 have not yet been studied.

The very short amino group bond in 3-amino-2H-azir-
ines, as calculated[16] and also as found by X-ray diffraction
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analyses,[12,14,21] and the high barrier toward bond rotation
through 3a#, as calculated for 3a and observed by means of
the 13C NMR spectra of N,N-dimethylamino-2H-azirines
such as 8b, confirm extensive delocalization of the 4π sys-
tem of 3a.[14] An X-ray diffraction analysis of a substituted
iminoaziridine[40] and the computed geometries for (E)- and
(Z)-4[16] agree that the ring nitrogen atom adopts a pyram-
idal conformation. While all three tautomers 3a and (E)/
(Z)-4 possess amidine moieties, the planar amino group of
3a is a much better donor than the pyramidal ring nitrogen
atom of (E)- and (Z)-4. The energetic consequence of this
difference overcomes any strain differences and tips the bal-
ance in favour of tautomer 3a.

The opposite is true for the hypothetical tautomeric equi-
libria between the 3-hydroxy-2H-azirines syn/anti-5 and the
aziridinone 6. Like iminoaziridines, aziridinones possess a
pyramidal ring nitrogen atom, as shown by X-ray studies[41]

and by calculation of 6.[39] Unlike 3-amino-2H-azirines and
iminoaziridines, which are both characterised by an amid-
ine system, however, the functionalities of syn/anti-5 and 6,
as represented by syn/anti-(E)-21 and acetamide (22),[42] dif-
fer in energy by 47 (syn) and 73 kJ/mol (anti). The energy
gain from even the imperfect amide resonance in 6 out-
weighs any differences in ring strain. In fact, the enthalpy
differences between the heterocycles syn/anti-5 and 6 are
smaller than those between the acyclic reference com-
pounds syn/anti-(E)-21 and 22 by only 12 (syn) and 33 kJ/
mol (anti).

Conclusion

Methylamino-2H-azirine 8a, which is substituted with
phenyl moieties rather than the electron-withdrawing
groups present as substituents in all existing 3-amino-2H-
azirines with a primary amino group, does not tautomerize
to (N-methylimino)aziridine 10, thus indicating that the
higher stability of the 3-amino-2H-azirine tautomers does
not depend on a particular substitution pattern. The ubi-
quitous preference for exo versus endo unsaturation in the
cyclopropane series is interpreted in terms of a quasi-addit-
ive combination of relative ring strain and stability of the
functionalities present. The puzzling bias towards endo-
cyclic unsaturation in 3-alkyl- and 3-amino-2H-azirines, in
contrast with aziridinones, is primarily due to the small size
of the olefinic strain relative to that in cyclopropanes, and
the balance between that strain and the relative stabilities of
the functional groups characteristic for the tautomer pairs.

Experimental Section

General Remarks: Ref.[20]

3-(Methylamino)-2,2-diphenyl-2H-azirine (8a): A solution of 7a[20]

(25.0 mg, 0.10 mmol) in dry (CaH2) CD3CN (0.5 mL) was degassed
by several freeze-thaw cycles (10�5 Torr) and sealed under vacuum
in an NMR sample tube. The solution was irradiated at 20 °C and
at λ � 280 nm with a focussed 500-W high-pressure mercury lamp
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[Osram HBO 500 W/2, quartz optics, 10-cm water filter, 5-mm WG
280 Schott & Gen. (Mainz) cut-off filter] while the degree of con-
version was monitored by 1H NMR spectroscopy (200 MHz). The
yield was � 95% after complete conversion of 7a. Cooling of the
irradiated solution at �30 °C yielded colourless crystals, m.p.
178�179 °C. IR (CD3CN): ν̃ � 1785 cm�1. 1H NMR
([D6]DMSO): δ � 2.90 (d, J � 4.5 Hz, 3 H), 7.2�7.4 (m, 10 H),
7.8 (br., 1 H). 13C NMR (CD3CN): δ � 29.6 (CH3), 49.0 (quat. C,
C2), 127.7 (p-CH), 128.9, 129.2 (o-, m-CH), 143.8 (ipso-C), 158.0
(quat. C, C�N). EI-MS (70 eV): m/z (%) � 222 (84) [M�], 207 (60)
[M� � CH3], 193 (26), 180 (18), 165 (100), 152 (13), 139 (9), 131
(17), 119 (21), 104 (45). HR-MS: calcd. for C15H14N2 222.1157;
found 222.1166.

3-Dimethylamino-2,2-diphenyl-2H-azirine (8b): A degassed solution
of 7b[20] (26.4 mg, 0.10 mmol) in dry CD3CN (0.5 mL) was irradi-
ated for 6.3 h according to the preceding procedure. The yield was
� 95% (1H NMR). Distillation of the solvent i. vac. afforded yel-
low crystals. IR (CD3CN): ν̃ � 1785 cm�1. 1H NMR (CD3CN):
δ � 3.03 (s, 6 H), 7.2�7.3 (m, 10 H). 13C NMR (CD3CN): δ �

36.5 (br., CH3), 39.7 (br., CH3), 51.0 (quat. C, C2), 127.9 (p-CH),
128.8, 129.3 (o-, m-CH), 143.7 (ipso-C), 159.2 (quat. C, C�N). EI-
MS (70 eV): m/z (%) � 236 (36) [M�], 221 (40) [M� � CH3], 193
(34), 165 (100), 152 (7), 139 (8), 133 (19), 118 (86). HR-MS: calcd.
for C16H16N2 236.1313; found 236.1312.
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