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The relative stabilities of synthetically useful 2,3-cis/trans pairs of 2,3-disubstituted aziridines were
investigated theoretically by performing molecular orbital calculations at the MP2/6-31G**/RHF/
6-31G** level of theory. The results showed clearly that a functional group on the nitrogen atom
of the aziridine ring plays a very important role in conjunction with the relative stabilities of these
pairs of isomers. There is a tendency that the 2,3-cis isomer bearing tetrahedral structure on the
aziridine nitrogen is preferable. Bulky substituents such as a phenyl group on aziridine atoms can

also affect the relative stability sterically.

Introduction

The aziridine ring framework can be frequently found
in natural and synthetic compounds of biological impor-
tance.! 2,3-Disubstituted aziridines are versatile syn-
thetic intermediates for the synthesis of many important
compounds such as f-lactams,? azinomycin,® azacycles
such as 2,6-disubstituted tetrahydropyridines,* indolizi-
dine and pyrrolizidine alkaloids,’ allylic amines,® and 2H-
azirines,” amino acids,® and alkene dipeptide isosteres.®
Recent literature afforded a variety of methods for the
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synthesis of 2,3-disubstituted aziridines in racemic and
enantiomerically enriched forms.*°

In the reactions of 2,3-disubstituted aziridines with
various reagents, the importance of 2,3-cis or 2,3-trans
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stereochemistry in controlling stereoselectivity has been
reported.>!! Evans and co-workers reported that exposure
of N-tosyl-2-phenyl-3-methylaziridine 1 to 5 mol % of
Sml, (O-t-Bu) gave a 9:1 mixture of the 2,3-trans- and
2,3-cis-aziridines 1 and 2 (Scheme 1). Independently,
treatment of the pure 2,3-cis-aziridine 2 under identical
conditions failed to promote any isomerization.*? Surpris-
ingly, Rasmussen and Jgrgensen demonstrated that the
N-trimethylsilyl-2,3-cis-aziridine 3 was isomerized to the
2,3-trans-aziridine 4 under a work-up condition (Scheme
l)_13

Although the relative stabilities of 2,3-cis-disubstituted
aziridines and their 2,3-trans isomers would be depend-
ent on the nature of the substituents at the C-2 and C-3-
positions, and the N-protecting group, except for a few
cases,#716 little is known about the relative stabilities of
2,3-cis/trans pairs of 2,3-disubstituted aziridines. We
reported based on theoretical calculations that whereas
N-unsubstituted 2,3-trans-2-vinylaziridine 6 was pre-
dicted to be more stable than its 2,3-cis isomer 5, 2,3-
cis-aziridines 7 and 9 bearing a methyl and methane-
sulfonyl group, respectively, on the nitrogen atom were
predicted to be more stable than the corresponding 2,3-
trans isomers 8 and 10.'¢ In addition, prediction of the
relative stabilities of 9 and 10 has been proven to be quite
close to the experimental results in solution (Scheme
2)_17,18

In continuation of our interest in small-ring chemistry,
we wish to report our results on the relative stabilities
of some 2,3-cis/trans pairs of N-unsubstituted and N-
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substituted aziridines that have been the subject of much
synthetic interest.81°

Results and Discussion

Relative Energetic Stabilities of 10 Selected 2,3-
Cis/Trans Pairs of 2,3-Disubstituted Aziridines. As
described above, despite their potential usefulness for the
synthesis of various biologically important compounds,
2,3-disubstituted aziridines have scarcely been studied
from the viewpoint of relative energetic stabilities to date.

To gain an understanding of the relative stabilities of
2,3-cis- and 2,3-trans-disubstituted aziridines, we under-
took ab initio molecular orbital calculations involving full
optimizations using the GAUSSIAN 94 quantum me-
chanical package (Revision D).20221 All geometries were
fully optimized with the HF/6-31G**,?> and a harmonic
frequency analysis was done for every optimized geom-
etry. All calculated frequencies are positive for the
optimized geometries, which is an indication of a true
minimum on the potential surface. Each transition state
structure was also confirmed by a harmonic frequency
analysis, and only one imaginary frequency appeared in
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FIGURE 1. RHF/6-31G** optimized geometries of model
compounds 11 and 12. Energies are relative to the lowest
energy at the MP2/6-31G**/RHF/6-31G** level. 11-A: The
lowest energy geometry of 2,3-cis-2,3-dimethylaziridine (11).
11-B: The lowest energy geometry of the nitrogen invertomer
of 11-A. 12-A: The lowest energy geometry of 2,3-trans-2,3-
dimethylaziridine (12).

A . \ . '
- o

(Erel. = 0.000 kcal/maol) (Erel. = 6.042 kcalimol) (Erel. = 21.02 kcal/mol)

-~ @ -y

20 =0 8y . %@
. 14-A ’ e 14-TS

(Erel. = 2.034 kcal/mol) (Erel. = 19.76 kcal/mol)

FIGURE 2. RHF/6-31G** optimized geometries of model
compounds 13 and 14. Energies are relative to the lowest
energy at the MP2/6-31G**/RHF/6-31G** level. 13-A: The
lowest energy geometry of 2,3-cis-1,2,3-trimethylaziridine (13).
13-B: The lowest energy geometry of the nitrogen invertomer
of 13-A. 14-A: The lowest energy geometry of 2,3-trans-1,2,3-
trimethylaziridine (14). 13-TS and 14-TS: The transition
structures of 2,3-cis-1,2,3-trimethylaziridine (13) and 2,3-trans-
1,2,3-trimethylaziridine (14).

the result. With use of these optimized geometries,
further single point calculations were done by Mgller—
Plesset perturbation theory at the 6-31G** level of theory.
All computed aziridines in their ground states are also
characterized by a pyramidal configuration of the nitro-
gen atom.?3

(i) Relative Stabilities of 2,3-Cis/Trans Pairs of
2,3-Dimethylaziridines. We initiated our study to
determine the relative stabilities of four 2,3-cis/trans
pairs of 2,3-dimethylaziridines (11, 12), (13, 14), (15, 16),
and (17, 18) as model compounds.As shown in Figure 1,
the calculations suggest that the energy minimum 12-A
of 2,3-trans-2,3-dimethylaziridine (12) is favored by 0.7
kcal/mol over the global energy minimum 11-A of the
cis-isomer 11 at the MP2/6-31G**/RHF/6-31G** level. In

(23) (a) Rauk, A.; Allen, L. C.; Mislow, K. Angew. Chem., Int. Ed.
Engl. 1970, 9, 400. (b) Carter, R. E.; Drakenberg, T.; Bergman, N.-A.
J. Am. Chem. Soc. 1975, 97, 6990. (c) Nielsen, I. M. B. J. Phys. Chem.
A 1998, 102, 3193.

5798 J. Org. Chem., Vol. 67, No. 16, 2002

Mimura et al.
Me, Me Me, Me Me Me
H N H H '|\‘ H H ’?‘ H
]
SOoMe CO,Me COoMe
16 17 18
¥
@ &
. . .. : .
‘ Q. : F =e@ Re
- _ .
® o @ e
15-A (2,3-cis) 15-B (2,3-cis) 16-A (2,3-trans)

(Erel. = 0.000 kealimel) (Erel. = 5.897 kealimal) (Erel. = 4.552 keal'mal)
FIGURE 3. RHF/6-31G** optimized geometries of 2,3-cis and
2,3-trans model compounds 15 and 16. Energies are relative
to the lowest energy at the MP2/6-31G**/RHF/6-31G** level.
15-A and 15-B: The lowest energy geometry of 2,3-cis-N-
mesyl-2,3-dimethylaziridine and its nitrogen invertomer, re-
spectively. 16-A: The lowest energy geometry of 2,3-trans-N-
mesyl-2,3-dimethylaziridine.

947 (2,3-cis)
(Erel. = 2.218 kcal/mol)

18 (2,3-trans)
(Erel. = 0.000 kcal/mol)

FIGURE 4. RHF/6-31G** optimized geometries of 2,3-cis and
2,3-trans model compounds 17 and 18. Energies are relative
to the lowest energy at the MP2/6-31G**/RHF/6-31G** level.
17: The lowest energy geometry of 2,3-cis-N-methoxycarbonyl-
2,3-dimethylaziridine and its nitrogen invertomer, respec-
tively. 18: The lowest energy geometry of 2,3-trans-N-
methoxycarbonyl-2,3-dimethylaziridine.

the lowest energy geometry 11-A, a nonbonding electron
pair on the aziridine nitrogen is in the cis position with
respect to the methyl groups at the C-2 and C-3 positions.
The energy minimum of the nitrogen invertomer 11-B
was predicted to be 1.5 kcal/mol higher in energy than
the global energy minimum 11-A. Thus, 2,3-trans-2,3-di-
methylaziridine (12) is predicted to be more stable than
its 2,3-cis isomer 11.

Among N-substituted aziridines, the interactions be-
tween the N-substituent and the substituents at the C(2)-
and/or C(3)-positions may have marked conformational
consequences. In this context, relative energies of two cis/
trans pairs of N-methyl- and N-mesyl-2,3-dimethylaziri-
dines (13 and 14) and (15 and 16) were investigated
(Figures 2 and 3).

Figure 2 shows optimized geometries and relative
energies of 2,3-cis-1,2,3-trimethylaziridne (13) and its 2,3-
trans isomer 14. These calculations suggest that the
energy minimum 13-A of 2,3-cis-1,2,3-trimethylaziridine
(13) is favored by ca. 2 kcal/mol over the energy minimum
14-A of 2,3-trans isomer 14 at the MP2/6-31G**/RHF/6-
31G** level. It became apparent that N-methylation
would reverse the relative stabilities: 2,3-cis-1,2,3-trim-
ethylaziridine (13) was predicted to be more stable than
its 2,3-trans isomer 14. The nitrogen invertomer 13-B
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FIGURE 5. RHF/6-31G** optimized geometries of 2,3-cis- and 2,3-trans-2-methoxycarbonyl-3-methylaziridines (19 and 20,
respectively). Energies are relative to the lowest energy at the MP2/6-31G**/RHF/6-31G** level. 19-A and 19-B: The lowest
energy geometry of 2,3-cis-2-methoxycarbonyl-3-methylaziridine and its nitrogen invertomer. 20-A and 20-B: The lowest energy
geometry of 2,3-trans-2-methoxycarbonyl-3-methylaziridine and its nitrogen invertomer.
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FIGURE 6. Relative energy profile between 2,3-cis- and 2,3-
trans-2-methoxycarbonyl-3-methylaziridines 19 and 20. Ener-
gies are relative to the lowest energy conformer 20-A at the
RHF/6-31G** level.

bearing three methyl groups on the same side of the
plane of the aziridine ring should be destabilized to a
greater degree from mere steric reasons. Energy barriers
of nitrogen pyramidal inversion? at the transition state
(TS) in aziridines 13 and 14 were also investigated. The
barriers of the nitrogen inversion in 13 and 14 were
predicted to be 21.0 and 19.8 kcal/mol, respectively, as
shown in Figure 2. These values for free energy of
activation (ca. 20 kcal/mol) are in good agreement with
available experimental and calculated data for related
compounds.?®

In 2,3-cis/trans pairs of N-activated aziridines,?* would
2,3-cis-N-mesyl-2,3-substituted aziridines or their 2,3-
trans isomers be expected to be more stable? We exam-
ined the relative stabilities of model compounds 15 and
16 bearing an N-mesyl group (Figure 3). The optimized
geometries 15-A and 15-B (the nitrogen invertomer of
15-A) of 2,3-cis-N-mesyl-2,3-dimethylaziridine (15) and
the optimized structure 16-A of 2,3-trans-N-mesyl-2,3-
dimethylaziridine (16) are shown in Figure 3. Calcula-
tions suggest that the energy minimum 15-A is favored
by 4.6 kcal/mol over the global energy minimum 16-A at
the MP2/6-31G**/RHF/6-31G** level.

(24) For the term activated aziridines, see: Ham, G. E. J. Org.
Chem. 1964, 29, 3052.

COzMe Mg, COMe

H

Me CO;Me Me s 2 LO;Me
N H H 'I\l H H N H
Me SO,Me SO;Me
22 23 24

In a similar manner, we also investigated the relative
stabilities of model compounds 17 and 18 bearing an
N-methoxycarbonyl group (Figure 4). Contrary to the
above results, 2,3-trans-N-methoxycarbonyl-2,3-dimethy-
laziridine (18) was predicted to be favored by 2.2 kcal/
mol over the energy minimum of the 2,3-cis isomer 17
at the MP2/6-31G**/RHF/6-31G** level. Both optimized
geometries are shown in Figure 4.

From the above calculations and assuming compounds
were in the gas phase, it became clear that 2,3-cis-2,3-
dimethylaziridines (13 and 15), in which substituents on
the aziridine nitrogen atom have tetrahedral structures,
namely, a methyl or a methanesulfonyl group, were
predicted to be more stable than their 2,3-trans isomers
(14 and 16). On the contrary, compounds in which
substituents on the aziridine nitrogen atom do not have
such structures, 2,3-trans-2,3-dimethylaziridine (11) and
2,3-trans-N-methoxycarbonyl-2,3-dimethylaziridine (18),
were predicted to be more stable than their 2,3-cis
isomers (12 and 17).

(ii) Relative Stabilities of 2,3-Cis/Trans Pairs of
2-Methoxycarbonyl-3-methylaziridines. Next, rela-
tive stabilities of 2,3-cis/trans pairs of 2-methoxycarbonyl-
3-methylaziridines (19, 20), (21, 22), and (23, 24) that
could be easily prepared from (L)-threonine and (b)-
allothreonine were investigated.'®The geometries of 2,3-
cis-aziridine 19-A and its nitrogen invertomer 19-B as
well as 2,3-trans isomer 20-A and its nitrogen invertomer
20-B were located by full optimizations at the RHF/6-
31G** level. It was found that the energy minimum 20-A
of the 2,3-trans-aziridine 20 was predicted to be 2.3 kcal/
mol lower than the energy minimum 19-A of the 2,3-cis-
aziridine 19.

It should be noted that the intramolecular dipole
interaction between the carbonyl group and the imide
group causes a great energy difference between these
conformers (19-B, 20-B, and 19-A). We examined relative
stabilities of these compounds in the gas phase (¢ = 1.00)
and in acetonitrile solvent (¢ = 36.642%) at the RHF/6-
31G** level using the SCRF method.?*®¢ The energy
profile (Figure 6) obviously shows that in polar solution,
relative energy differences between conformers become
very small. This result indicates that intramolecular
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FIGURE 7. RHF/6-31G** optimized geometries of 2,3-cis- and 2,3-trans-N-methyl-2-methoxycarbonyl-3-methylaziridines 21 and
22. Energies are relative to the lowest energy at the MP2/6-31G**/RHF/6-31G** level. 21-A and 21-B: The lowest energy geometry
of 2,3-cis-N-methyl-2-methoxycarbonyl-3-methylaziridine and its nitrogen invertomer. 22-A and 22-B: The lowest energy geometry
of 2,3-trans-N-methyl-2-methoxycarbonyl-3-methylaziridine and its nitrogen invertomer.
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FIGURE 8. RHF/6-31G** optimized geometries of 2,3-cis- and
2,3-trans-N-mesyl-2-methoxycarbonyl-3-methylaziridines 23
and 24. Energies are relative to the lowest energy at the MP2/
6-31G**/RHF/6-31G** level. 23: The lowest energy geometry
of 2,3-cis-N-mesyl-2-methoxycarbonyl-3-methylaziridine. 24-A
and 24-B: The lowest energy geometry of 2,3-trans-N-mesyl-
2-methoxycarbonyl-3-methylaziridine and its nitrogen inver-
tomer.

dipole interaction makes conformers 19-B and 20-B more
unstable in the gas phase, while in polar solutions like
acetonitrile, their dipolar repulsion is released by the
polar solvent.

In Figure 7, the energy minimum 21-A of 2,3-cis-N-
methyl-2-methoxycarbonyl-3-methylaziridine (21) was
predicted to be only 0.04 kcal/mol lower than the energy
minimum 22-A of 2,3-trans isomer 22. Since the differ-
ence between 21-A and 22-A in relative energies is subtle,
it implies that a contribution to the relative energetic
difference mainly depends on an interaction between
substituents on the aziridine ring. These calculations also
suggest that both nitrogen invertomers 21-B and 22-B
are energetically unfavorable conformers.

We also investigated the relative stabilities of the 2,3-
cis/trans pairs of activated aziridines, 2,3-cis-N-mesyl-
2-methoxycarbonyl-3-methylaziridine (23) and 2,3-trans-
N-mesyl-2-methoxycarbonyl-3-methylaziridine (24) (Figure
8). The energy minimum of the 2,3-cis isomer 23 is
favored by ca. 1.2 kcal/mol over the 2,3-trans isomer 24-
A. This result is in quite good agreement with synthetic
results.’®® It can be seen that the nitrogen invertomer

(25) (a) GAUSSIAN94 value for acetonitrile. (b) Calculations were
done by the SCI-PCM method at theRHF/6-31g** level of theory, see:
Foresman, J. B.; Keith, T. A.; Wiberg, K. B.; Snoonian, J.; Frisch, M.
J. J. Phys. Chem. 1996, 100, 16098. (c) During SCRF calculation with
the SCI-PCM model reaction field by the GAUSSIAN 94 program, the
cavity for each compound was determined self-consistently from an
isodensity surface. A default value of 0.0004 was used for isodensity.
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24-B is energetically unfavorable by more than 1 kcal/
mol. The mesyl group on the aziridine nitrogen is
expected to be at the opposite position to the methoxy-
carbonyl group by calculations.

(iii) Relative Stabilities of 2,3-Cis/Trans Pairs of
2-Methoxycabonyl-3-phenylaziridines. Is the relative
stability of the diastereomers of aziridines controlled only
by a substituent on the aziridine nitrogen atom? To
understand effects of bulky functional groups, we exam-
ined 2,3-cis/trans pairs of 2-methoxycarbonyl-3-pheny-
laziridines (25, 26), (27, 28), and (29, 30) as model
compounds of N-phenyl-2-ethoxycarbonyl-3-phenylazir-
idines,'* involving full geometry optimizations with the
RHF/6-31G** level of theory.In the 2,3-cis/trans pair of
2-methoxycarbonyl-3-phenylaziridines 25 and 26, the 2,3-
trans isomer was predicted to be more stable than the
2,3-cis isomer by 5.2 kcal/mol, which is a similar result
as in previous sections. Contrary to the results above,
the following calculations show that in the 2,3-cis/trans
pair of N-methyl-2-methoxycarbonyl-3-phenylaziridines
27 and 28, the 2,3-trans isomer is favorable by 0.8 kcal/
mol over the 2,3-cis isomer, even though each of this pair
has a substituent on the aziridine nitrogen atom that has
a tetrahedral structure. As can be seen in synthetic
studies of N-phenyl-2-ethoxycarbonyl-3-phenylaziridines,'*
it clearly shows that 2,3-cis isomer is favorable in this
pair, despite the fact that a substituent on the aziridine
nitrogen atom has a plane structure. We also found that
2,3-trans isomer 30 is more stable by 0.7 kcal/mol over
the 2,3-cis isomer 29. For further understanding, in the
same manner as in section ii, SCRF calculations were
done for this pair. According to the synthetic results, we
assumed the solvent was n-hexane, namely, the dielectric
constant was set as € = 1.882.%% Surprisingly, the 2,3-cis
isomer was predicted to be favored by 0.5 kcal/mol by
the calculations. This result supports the synthetic
results which clearly show a predominance of 2,3-cis
isomer, although the predicted energy difference is
relatively small. It can be said that bulky substituents
on aziridine atoms sterically and the solvent electrically
affect the relative stabilities of these pairs.

(26) Giesen, D. J.; Cramer, C. J.; Truhlar, D. G. J. Phys. Chem. 1995,
99, 7137 and references cited therein.
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Conclusion

These results obtained from calculations are in good
agreement with experimental results. Calculations in the
gas phase suggest that 2,3-cis-aziridine is generally
favored over the 2,3-trans isomer, in cases where a
substituent on the aziridine nitrogen atom is a methyl
or a methansulfonyl group, which have a tetrahedral
structure. This preference is consistent with our previous
results,'”'8 and it also became clear that the preference
depends on substituents on aziridine atoms in their steric
sizes. In other words, relative stabilities of 2,3-cis/trans
pairs are strongly affected by the steric hindrance of a
phenyl group on atoms in the aziridine ring. Even the
hydrophobic solvent that has a very small dielectric
constant can affect the relative stability of the pairs.
Figure 6 clearly shows that intramolecular dipole inter-
action can affect the relative stability of conformers,
should there be strong polar functional groups on aziri-
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dine atoms. This study shows that the theoretical calcu-
lation to predict the relative stabilities is quite useful for
the synthesis of the aziridines.
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