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The aza-Payne reaction mechanism has been studied by
theoretical DFT calculations. Three reaction pathways have
been considered: two of them result in the formation of a
three-membered ring, with either inversion (SNI, experi-
mentally observed) or retention (SNR) at the substituted car-
bon. The third reaction path results in the formation of a four-
membered ring. The mechanisms were first studied in the
gas phase with the bare anion (An−). The role of the counter-
ion (Li+) was then analysed by study of the reaction with the
neutral species (An− Li+) in the gas phase. Results for the
(An− Na+) system are also presented. Finally, the role of the
solvent (THF and H2O) was taken into account with the aid

Introduction

The Payne reaction[1] is an epoxide migration that gener-
ally occurs under basic conditions (Scheme 1). Its mechan-
ism is intramolecular SN2, proceeding through an inversion
of configuration at the C2 carbon.

Scheme 1

This anionic reaction has also been studied in combined
experimental (gas phase) and theoretical studies.[2�4] A sim-
ilar reaction may occur under basic conditions with epoxy-
amine reactants (aza-Payne reaction, Scheme 2).[5�7]
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of a cavity model. We found that the SNI mechanism was
most favoured in anionic gas phase and for the neutral spe-
cies in solution. Surprisingly, the SNR mechanism was found
to be the most favourable one in the gas phase for neutral
species in both cases (Li+ and Na+). These findings are inter-
preted by consideration of the interactions that may develop
between the anion and the counter-ion in transition states
and are discussed in the light of experimental data on these
systems.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2002)

Scheme 2

In this case, epoxide opening is achieved through nucleo-
philic attack at the C2 carbon. As in the Payne reaction, the
aza-Payne reaction proceeds with inversion of configuration
at the C2 carbon, which indicates an SN2 mechanism. Un-
der basic conditions, the reaction yield strongly depends on
the natures of the solvent and of the counter-ion. In the
case of primary amines, the use of nBuLi for anion forma-
tion in THF gives reasonable yields only when a Lewis acid
(AlMe3) is added.[5] Higher yields are obtained when the
‘‘super-base’’ nBuLi/tBuOK is used in a mixed n-hexane/
THF solvent.[6] In this latter case, no Lewis acid is needed
for obtaining yields close to 80%. [An exception is, however,
found when the C2 carbon is substituted with a methyl
group; steric effects may be then responsible for the low
(40%) yield.] The reaction becomes easier when a tosyl
group is substituted at the nitrogen atom. A 81�93% con-
version ratio is obtained under ‘‘Payne conditions’’ (aque-
ous sodium hydroxide solution).[7] A detailed study of the
aza-Payne rearrangement of such n-tosyl-substituted epoxy-
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amines under various conditions[6] suggested the following
conclusions:

(i) Bases such as nBuLi or LDA in THF do not give
efficient rearrangement. In contrast, NaH, KH, or tBuOK
give satisfactory results.

(ii) THF or mixed THF/HMPA is a solvent of choice.
(iii) Rearrangement yields strongly depend on temper-

ature.
Aza-Payne rearrangement under basic[8] or neutral[9] con-

ditions has been reviewed recently.
To the best of our knowledge, only one theoretical

study[6] on the aza-Payne reaction has been published.
However, since this study deals with aziridines substituted
with SO2Me groups, these results are not directly compar-
able to ours.

The aim of this paper is to study the anionic aza-Payne
rearrangement by theoretical means in order to investigate
the reaction mechanism and the role of the reaction condi-
tions. The gas-phase anionic reaction is studied first. The
influence of the counter-ion (restricted to the Li� and Na�

cations) is then taken into account. Finally, the potential
energy surface associated with the neutral anion/counter-
ion system is recalculated with the aid of a continuum
model that simulates the role of the solvent.

Method of Calculation

The Gaussian set of programs was used throughout.[10]

Since anionic species are involved in the various reactions
under study, the 6-31�G* basis set containing diffuse func-
tions was chosen.[11] All the extrema were optimized and
characterized at the DFT/B3LYP level.[12] Frequencies cal-
culations indicated the natures of the extrema: a minimum
and a transition state (TS) are characterized by zero and
only one imaginary frequency, respectively. Solvation effects
were taken into account by use of the Onsager cavity model,
which creates an electric field inside a cavity which contains
the solute.[13] This model gives a reasonable description of
the solvent effect as long as no important role is played by
solvent molecules in the first solvation sphere. All the ex-
trema (minima and transition states) were reoptimized and
characterized within this formalism. Optimized geometries
and absolute energies are available upon request.

Results

Three pathways were envisaged. In the first, which corre-
sponds to the classical SN2 pathway, the anionic nitrogen
atom attacks the substituted carbon C2 on the epoxide, with
inversion of configuration at this carbon. The second reac-
tion pathway still involves attack by the amino group at the
substituted epoxide carbon C2, but with retention of the
carbon configuration (i.e., the nitrogen atom is located on
the same side as the oxygen atom in the transition state).
Finally, attack at the epoxide unsubstituted carbon C1, giv-
ing a four-membered ring azetidine, is also considered.
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A Gas-Phase Anionic Pathways

1) Reactants

The anionic substituted oxirane was fully optimized.
Seven minima were found on the potential energy surface
(PES) and are depicted in Figure 1. They may easily be clas-
sified by noting that, basically, two degrees of freedom may
be considered: rotations about the CC bond (θ) and about
the CN bond (ϕ) (Scheme 3).

Figure 1. Structure and relative energies (in kcal/mol) of the con-
formers of the anionic reactant

Scheme 3

For each minimum, the optimal values of two parameters
(θ and ϕ) roughly correspond to a staggered conformation
about the CC and CN bond. Among the seven conformers,
those with N and O atoms in antiperiplanar orientations
(structures A1 and A2) were found to be the most stable:
this stability comes from the interaction of the nitrogen lone
pair with the antibonding σ*CO orbital. A similar interac-
tion has been found to be behind the anomeric effect.[14]

On the whole, the energy differences between the various
conformers are small (less than 5 kcal/mol).

2) Products
Two series of products were calculated and the results are

given in Figure 2. The first series (P31s�P33a) corresponds
to a substituted aziridine, which is the experimentally ob-
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served product. Two invertomers [syn (s) or anti (a)] were
found, depending on the relative positions of the exocyclic
carbon atom and hydrogen atom bound to the nitrogen
(HN). For each invertomer, rotation about the CC bond
produces three different conformers. As in the reactants, the
optimal values of this rotation angle roughly correspond
to staggered conformations of the product (relative to the
CC bond).

Figure 2. Structure and relative energies (in kcal/mol) of the iso-
mers of the anionic products

The lowest-energy structure of the substituted aziridine
(P33s, ∆E � �25.7 kcal/mol) is found for a cis arrangement
of the N and O atoms. This high stability may arise from
the formation of a hydrogen bond between O and HN

atoms. On the whole, the syn invertomers were found to
be more stable (∆E � �19.7/�25.7 kcal/mol) than the anti
invertomers (∆E � �14.2/�16.7 kcal/mol). The second cal-
culated product was the azetidine resulting from the forma-
tion of a N�C bond at the unsubstituted carbon atom. As
in the preceding case, syn and anti invertomers were ob-
tained. Only two minima [one syn (P4s) and one anti (P4a)]
were located on the PES. The syn isomer was found to be
slightly more stable (∆E � �25.7 kcal/mol) than the anti
isomer (∆E � �24.9 kcal/mol).
3) Transition States

As described in the Introduction, three different path-
ways were envisaged: two SN2 mechanisms � with either
carbon configuration inversion (SNI) or retention (SNR) �
resulting in the formation of a three-membered cycle, and
formation of a four-membered cycle (SN4). In this latter
case, only the inversion pathway may be envisaged, for obvi-
ous geometrical reasons. The results are summarized in Fig-
ure 3 and Table 1.

In the SNI pathway, two transition states were character-
ized (TSIs and TSIa). These give rise to syn or anti products
depending on the relative positions of the O and HN atoms,
as discussed above. Both transition states were found to be

Eur. J. Org. Chem. 2002, 4143�4150 4145

Figure 3. Structures and relative energies (in kcal/mol) of the an-
ionic transition states

Table 1. Relative energies (in kcal/mol) and main geometrical para-
meters (in Å and degrees) of the anionic transition states

s a

∆E 3.9 4.7
NC 2.213 2.204 TSI
CO 1.821 1.829
NCO 157.6 157.2

∆E 23.1 30.3
NC 2.298 2.330 TSR
CO 2.080 2.047
NCO 91.1 90.9

∆E 23.5 21.2
NC 2.556 1.525 TS4
CO 1.975 1.962
NCO 106.3 107.7

low in energy, which reflects the strong nucleophilicity of
the bare anionic (NH�) group. The syn transition state
(TSIs) is slightly lower in energy (∆E � �3.9 kcal/mol)
than the anti transition state (TSIa, ∆E � �4.7 kcal/mol),
in accordance with Hammond’s postulate. In both cases,
the N�C�O angle is large [N�C�O � 157.6° (TSIs) and
157.2° (TSIa)], showing, as expected, a quasi-bipyramidal
coordination of the carbon atom in the transition state.

Two transition states [syn (TS4s) and anti (TS4a)] were
characterized for the formation of a four-membered ring
(Table 1 and Figure 3). Their energies (∆E � �23.5 and
21.2 kcal/mol, respectively) were substantially higher than
the values obtained for the SNI inversion pathway. Similar
results have been obtained in theoretical study of the
Payne reaction.[3]
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Finally, the pathway with retention of configuration

(SNR) also resulted in the characterization of two transition
states (TSRs and TSRa), both high in energy (∆E � �23.1
and � 30.3 kcal/mol respectively).

In conclusion of this anionic gas-phase pathway study,
the following points should be emphasized:

(i) The SNI pathway is clearly kinetically favoured over
the two other mechanisms.

(ii) In the SNI pathway, production of the syn isomer is
preferred on both thermodynamic and kinetic grounds.

(iii) The computed activation energy (3.9 kcal/mol) is
small, in accordance with the high nucleophilicity of a bare
anionic (NH�) group.

B Neutral Species Pathways

In order to obtain a more accurate description of the
reaction pathways, the different extrema (reactants, prod-
ucts and transition states) were reoptimized, taking the
counter-ion [M�] into account in each case. Two cases for
which experimental data are available (M� � Li� and Na�)
were considered. First we discuss the PES associated with
the Li� cation.

1) Reactants
Seven minima were found for the reactant in com-

plexation with a lithium cation; the results are shown in
Figure 4. As in the anionic species, these structures may be
classified with respect to the dihedral angles NCCO and
HNCC. The three A conformers in which N is antiper-
iplanar to O are close in energy (∆E � 13.7�14.7 kcal/mol)
and are no longer the most stable ones on the PES.

Figure 4. Structures and relative energies (in kcal/mol) of the con-
formers of the neutral reactant
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Figure 5. Structures and relative energies (in kcal/mol) of the iso-
mers of the neutral products

We found the B3 structure to be the lowest in energy. Its
large stability is attributable to the simultaneous coordina-
tion of the Li� cation both to oxygen and to nitrogen
(Li�O � 1.924 Å; Li�N � 1.794 Å). In fact (see below),
the possibility of chelation of both electronegative atoms by
the Li� cation is the prominent feature in this series of neut-
ral compounds. In C3, this chelation may occur and this
conformer is slightly above (2.6 kcal/mol) the minimum B3.
The B1 isomer, in which such chelation is not possible, was
found to be 14.2 kcal/mol higher in energy than the preced-
ing absolute minimum, a value close to those found for the
three A isomers.

2) Products
In both products (three- or four-membered rings), the an-

ionic site is localized on the oxygen atom. Consequently,
complexation by the Li� cation should occur preferentially
on this atom rather than on the neutral nitrogen atom.
However, since Li� is bound to nitrogen in the reactants,
the complexation site change demands a Li� transfer from
N� to O. This migration is possible, without being energet-
ically prohibitive, only through chelated structures in which
both atoms interact with the Li� cation. Such chelated
structures were found to be the most stable in the reactant
case. Consequently, for the products, we only optimized
chelated and Li��N bonded structures.

For the three-membered ring products, only three minima
were located (one syn and two anti, Figure 5). The most
stable one (P32a, ∆E � �20.4 kcal/mol with respect to the
most stable reactant) was found in the anti conformation of
the aziridine. Again, this large stability is attributable to the
chelation of nitrogen and oxygen by lithium (Li�O � 1.719
Å; Li�N � 1.990 Å) as discussed above.
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Two four-membered ring products were located on the

PES (Figure 5). In the most stable one (P4a), chelation be-
tween the N and O atoms was observed (∆E � �17.0 kcal/
mol). The second isomer was energetically disfavoured since
it has only one Li···N bond (P4s, ∆E � �19.3 kcal/mol).

3) Transition States
As in the anionic study, six transition states were located.

Their geometries and main structural characteristics are
shown in Figure 6 and Table 2.

Figure 6. Structures and relative energies (in kcal/mol) of the trans-
ition states of the neutral species

Table 2. Relative energies (in kcal/mol) and main geometrical para-
meters (in Å and degrees) of the neutral transition states

s a

∆E 43.4 36.2
NC 1.833 1.996 TSILi
CO 2.109 1.981

∆E 24.6 17.7
NC 2.310 2.267 TSRLi
CO 2.067 2.065

∆E 51.7 54.6
NC 2.316 2.185 TS4Li
CO 2.136 2.129

a) SNI pathways: two transition states (TSILia and
TSILis) were characterized, giving rise to anti (∆E � �36.2
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kcal/mol) and syn (∆E � �43.4 kcal/mol) products, respect-
ively. These high activation energies are the result of the
deactivation (relative to the anionic case) of the nitrogen
lone pair by Li� complexation. In addition, since N and O
atoms are in a roughly linear arrangement, no Li� chelation
of these two atoms is geometrically possible in either SNI
transition state. As a consequence, these structures are high
in energy.

b) Four-membered ring formation: two transition states
were also characterized for this reaction pathway. They give
syn (TS4Lis) and anti (TS4Lia) products and are high in
energy (∆E � �51.7 and �54.6 kcal/mol respectively).
Again, these high energies (relative to the anionic case) re-
flect nitrogen lone pair deactivation by Li� cation.

c) SNR pathways: two transition states were characterized
on the PES, corresponding to the formation of anti (TSRa)
and syn (TSRs) three-membered rings, respectively. Chela-
tion of N and O atoms by lithium cation occurs in both of
them, and, consequently, both were found to be much lower
in energy (∆E � �17.7 and �24.6 kcal/mol, respectively)
than the preceding transition states. As a result, this path-
way is the most favourable one.

In conclusion of this neutral pathway study, the following
points should be noted:

(i) When Li� cation is present, chelated structures are
strongly favoured over non-chelated ones. This feature is
verified in the structures of the reactants, products and
transition states.

(ii) Dramatic changes occur in the relative energies of the
TSs. When Li� cation is present, the SNR mechanism, in
which retention of configuration at carbon occurs, becomes
the most favoured pathway, a surprising result originating
from the possibility of Li� chelation in the transition state.

4) Na� Cation Results
The energetic results obtained when a sodium cation was

used instead of a lithium cation are given in Table 3�5,
together with those obtained previously (Li� case) for pur-
poses of comparison. The two sets of results are very sim-
ilar: for the reactant, the most stable conformers were found
when Na� chelation occurs between N and O (minimum
B3, Table 3). The non-chelated minima are located 9�11
kcal/mol above the absolute minimum.

Table 3. Relative energies (in kcal/mol) of the neutral reactant (Na�

as counter-ion). The results for Li� are also given for purposes
of comparison

M Li Na
1 2 3 1 2 3

∆E 13.7 14.3 14.7 9.8 10.5 10.9 A
∆E 14.2 0.0 10.6 0.0 B
∆E 13.8 2.6 10.2 0.8 C

Table 4 gives the results for the products in the Li� and
Na� cases. Again, the two sets of results are very similar.

The energetic ordering of the transition states was the
same as found in the Li� case (Table 5): again, the SNR
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Table 4. Relative energies (in kcal/mol) of the neutral products
(Na� as counter-ion). The results for Li� are also given for pur-
poses of comparison

M Li Na

P31s � P31s �
∆E �9.7 �13.3

P31a P32a P31a P32a
∆E 21.1 �20.4 12.5 �19.5

P4a P4s P4a P4s
∆E �17.0 19.3 �19.0 9.2

Table 5. Relative energies (in kcal/mol) and main geometrical para-
meters (in Å and degrees) of the neutral transition states (Na�

as counter-ion). The results for Li� are also given for purposes
of comparison

M Li Na
s a s a

∆E 43.4 36.2 34.5 28.2
NC 1.833 1.996 1.903 2.031 TSI
CO 2.109 1.981 2.079 1.972

∆E 24.6 17.7 25.6 19.0
NC 2.310 2.267 2.347 2.270 TSR
CO 2.067 2.065 2.039 2.107

∆E 51.7 54.6 44.7 47.4
NC 2.316 2.185 2.363 2.220 TS4
CO 2.136 2.129 2.112 2.091

pathway was the most favourable one because of chelation
by the cation in the transition state. Both SNI and SN4
transition states are energetically disfavoured (∆E � �28.2
and �44.7 kcal/mol respectively).

C Solvent Effects

All the extrema found in the neutral cases (M� � Li� or
Na�) were reoptimized with solvent effects taken into ac-
count (THF and water). On the whole, these extrema were
found to be closely analogous to those described in the pre-
ceding section: geometrical changes were minor and the
main differences were energetic in nature.

1) Reactants
Optimized relative energies for reactants complexed by

Li� and Na� in THF and water are given in Table 6. Gas-
phase results are also reported for purposes of comparison.

For the reactants, it can be seen that the main trends
observed in the gas phase remain valid in solution: the two
chelated structures (B3 and C3) were found to be the most
stable in comparison to the non-chelated structures
(Table 6). In the Li� case, the B3 structure is the absolute
minimum both in THF and in water as solvents. However,
the energy differences between the chelated and non-che-
lated structures decrease from the gas phase (14.7 kcal/mol)
to THF (11.9 kcal/mol) and to water (11.1 kcal/mol). This
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Table 6. Relative energies (in kcal/mol) of the neutral reactants in
the gas phase, in THF and in water

Li� Na�

Gas THF Water Gas THF Water

A1 13.7 9.3 8.2 9.8 2.1 0.0
A2 14.3 7.3 5.3 10.5 4.0 2.4
A3 14.7 11.9 11.1 10.9 � �
B1 14.2 7.1 5.1 10.5 5.6 4.5
B3 0.0 0.0 0.0 0.0 0.0 0.1
C2 13.8 9.4 8.1 10.2 4.1 2.5
C3 2.6 1.7 1.3 0.8 0.9 0.8

result may easily be explained, since solvent effects are ex-
pected to stabilize polar structures: the larger the dipole
moment, the greater the stabilization. Consequently, che-
lated structures in which the Li� cation is close to the oxy-
gen atom should be little stabilized by the solvent since their
dipole moments are small. In contrast, non-chelated struc-
tures in which the Li� cation is remote from the oxygen
atom should be more stabilized. Since chelated structures
were found to be the most stable in the gas phase, the relat-
ive energies of the chelated and the non-chelated structures
are smaller in solvent than in the gas phase. In addition,
when the relative permittivity of the solvent increases from
THF (ε � 7.6) to water (ε � 80.1) solvent effects become
larger, which reduces the energy differences between the
various conformations of the reactants.

Similar trends were found in the Na� cation case
(Table 6). The energy differences decrease with increasing
solvent stabilization, from 10.9 kcal/mol (gas phase) to 5.6
kcal/mol (THF) and 4.5 kcal/mol (water). Note that the
solvent effect in water is large enough to give a non-chelated
structure (A1) as the absolute minimum.

2) Products
The energetic results are summarized in Table 7. For the

sake of simplicity, only the most stable conformers are
given. Almost no influence of the solvent can be found in
the relative energies of the products (Table 7), contrarily to
what is observed with the reactants. This is a result of the
fact that the cation (Li� or Na�) chelates the two electro-
negative atoms in all the most stable products’ geometries.
As a consequence, no dramatic change, as was the case
among the reactants, is observed.

3) Transition States
Energetic results for the gas-phase and solvated trans-

ition states are given in Table 8.
The energetic evolution of the transition states when solv-

ent effects are taken into account is very similar to that
discussed in the case of the reactants. Chelated structure
energies are almost unchanged, whereas non-chelated struc-
tures are strongly stabilized. SNR pathways with lithium
cation, for instance, are practically insensitive to the pres-
ence of the solvent (∆E � 24.6�25.6 kcal/mol for syn TS
and 17.7�18.3 kcal/mol for anti TS). Results are different
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Table 7. Relative energies (in kcal/mol) of the neutral products in
the gas phase, in THF and in water

P3s P3a P4a

Gas �9.7 �20.4 �17.0
Li THF �11.3 �23.6 �18.9

Water �11.7 �24.4 �19.3
Gas �13.3 �19.5 �19.0

Na THF �15.0 �24.0 �20.8
Water �15.3 �25.0 �21.0

Table 8. Relative energies (in kcal/mol) of the neutral transition
states in the gas phase, in THF and in water

TSIs TSIa TSRs TSRa TS4s TS4a

Li Gas 43.4 36.2 24.6 17.7 51.7 54.6
THF 21.0 18.2 25.4 18.2 37.9 41.7
Water 15.8 14.4 25.6 18.3 33.0 38.3

Na Gas 34.5 28.2 25.6 19.0 44.7 47.4
THF 17.6 12.9 27.0 20.8 26.6 24.4
Water 13.8 7.7 27.4 21.4 20.2 18.0

for the TSs resulting in formation of the four-membered
ring. Since the TSs are non-chelated in this case, their relat-
ive energies are lowered by the solvent effect: from 51.7 to
33.0 kcal/mol (Li�) and from 44.7 to 20.2 kcal/mol (Na�)
for syn TS. The same trends hold for the SNI inversion path-
way. Moreover, since M� cation and oxygen atom are re-
mote from each other in the transition state geometry, the
degrees of stabilization of these TSs are fairly large: from
36.2 to 14.4 kcal/mol (Li� case) and from 28.2 to 7.7 kcal/
mol (Na� case) for the anti TS, with similar trends being
found for the syn TS.

As a result, the preferred mechanism drastically changes
between the neutral gas-phase reactants and the solvated
species. Whatever the nature of the cation, the SNR pathway
is the most favoured mechanism in the gas phase (and af-
fords the anti isomer) whereas the SNI mechanism becomes
most favourable when solvent effects are taken into ac-
count.

4) Comparison with Experimental Data
The lowest-energy pathways, depending on the natures

of the counter-ion and the solvent, are brought together
in Table 9.

Table 9. Most favourable pathways, depending on the natures of
the counter-ion and the solvent. The activation energies (in kcal/
mol) are given in parentheses

Gas THF Water

Anionic SNI (3.9) � �
Li� SNR (17.7) SNI � SNR (18.2) SNI (14.4)
Na� SNR (19.0) SNI (12.9) SNI (7.7)
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The inversion pathway (SNI) is preferred in almost all the
cases, except for that of the neutral species in the gas phase.

The aza-Payne reaction has been shown to be easy in
water as solvent with Na� as cation, a case in which our
theoretical activation energy was found to be equal to 7.7
kcal/mol, the lowest value found from our theoretical calcu-
lations. When the cation is Li�, the reaction in THF re-
quires a 18.2 kcal/mol activation energy, a value substan-
tially higher than that found in the preceding case. This
findings agree with the experimental data: this reaction does
occur but, unlike in the (Na�/water) case, the presence of a
catalyst (AlMe3) is needed. Finally, it can be predicted from
our results that this reaction should be possible in the pres-
ence of Na� in THF (∆E � 12.9 kcal/mol), although it
would be less easy than in water (∆E � 7.7 kcal/mol).

Conclusion

Our theoretical study of the aza-Payne reaction shows
this reaction to be sensitive both to the nature of solvent
and to the presence of the counter-ion, these two effects
acting in opposite senses. In the gas phase we found that
the SN2 mechanism was preferred. Neutral species should
preferentially react through a SNR mechanism, whatever
the nature of the cation (M� � Li� or Na�). Finally, solv-
ent effects stabilize TSs with large dipole moments and, as
a consequence, favour the SN2 mechanism, as observed ex-
perimentally. Finally, we want to emphasize that our theor-
etical values should be only an estimate of the actual values
because the correlation energy is only partly taken into ac-
count at our level of calculation (DFT/B3LYP). In addition,
neither substituent effects, nor the first solvation shell of
the cation have been taken into account in the model we
have chosen. However, the evolution of the activation ener-
gies we have found from anionic gas phase to neutral spe-
cies and to solvated species should be realistic.
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