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Abstract: In a first step, MO natural correlation concepts are used in order to understand the potential energy curve profile of
the ground and first excited states of the oxaziridine system when different reaction paths are simulated. 1n a second step, the
conclusions of this analysis are corroborated by calculating these potential energy curves by an ab initio SCF CI method. On
the one hand, the oxaziridine-nitrone transformations are examined in relation with the cis-trans nitrone isomerization which
involves the same intermediate. On the other hand, the formamide-oxaziridine isomerization is studied in relation with the ni-
trene plus formaldehyde formation. The theoretical results afford a rationale for the spin multiplicity selectivity as well as for
an understanding of the origins of various stereospecific transformations experimentally observed. Some predictions relative

to the influence of substitutions or solvation are reported.

Since the pioneering works of Emmons? and Calvin et
al., it is now clearly established® that oxaziridines may in-
tervene as intermediates in the photochemical reactions of
nitrones.6 Indeed, isolable oxaziridines can be photochemically
formed from nitrones and then thermally isomerized either
back to nitrones or to other products such as amides. Various
authors*®” have proved that oxaziridines can also be converted
photochemically to amides. It was observed that the last
transformation possesses regiospecificity®72® and stereo-
specificity® characters, as well as the photochemical trans-
formation which links nitrone and oxaziridine.?

0002-7863/79/1501-2560$01.00/0

In 1965, Tanaka et al.!0 determined that this nitrone pho-
tocyclization involves a singlet state while the photochemically
induced cis-trans nitrone isomerization involves a triplet state.
Lastly, Bjorgo et al.!! proved that oxaziridine can also isom-
erize photochemically back to nitrone and that this process is,
in some cases, stereospecific.

Notwithstanding the quality and the number of these ex-
perimental results and the theoretical works®®!2 they called
forth, no complete understanding of all these monomolecular
reactions has been proposed. For example, what are the factors
which govern the NO/CO rupture dichotomy, what is the

© 1979 American Chemical Society
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Figure 1. Scheme presenting the different reaction paths for the oxaziridine
system presently studied.

origin of the differences found between the triplet and singlet
reactivities of nitrones, and what are the factors which explain
the stereospecificity in the different processes?

In order to get some new insight on these problems and
following our systematic study of the photochemistry of the
three-membered rings, we have investigated by theoretical
quantum chemistry methods the different reaction paths de-
picted in Figure 1.

Path (a) corresponds to the oxaziridine (I) ring opening by
CO bond rupture, It leads to the structure II, which can, by
rotation of the methylene group around the CN bond (path
(b)), transform into nitrone (III). Path (c) corresponds to the
NO bond rupture ring opening. It leads to intermediate IV,
which may evolve to amide by migration of the syn (path (d))
or anti (path (e)) hydrogen from the carbon to the nitrogen
atom. The syn and anti designations refer to the oxaziridine
(1) N-linked hydrogen. By CN bond rupture, intermediate IV
cleaves into formaldehyde and nitrene fragments (path (f)).
These two species can also be obtained by a simultaneous
two-bond scission, directly from oxaziridine (I).

For each of these different paths, the MO and state corre-
lation diagrams have been studied using the natural MO cor-
relation concept.!32 Let us briefly recall it. To extend the now
classical Woodward-Hoffmann'3® and Longuet-Higgins-
Abrahamson!3¢ approach to draw qualitative potential energy
curves for a chemical reaction path, the natural MO correla-
tion is based on the following procedure. Each MO of the initial
system is correlated with the more “alike” MO of the final one.
Two MOs are “alike” if—by decreasing importance order—
they satisfy the three following conditions. First, in the case
when symmetry elements are preserved, they belong to the
same irreducible representation of the symmetry group. Sec-
ond, their phase properties are continuously conserved all along
the reaction path. Third, they remain mainly localized on the
same fragment. The state diagram is built using the corre-
sponding MO correlation lines. It is only after the last step that
the avoided crossings are taken into account leading to the
prediction of the potential energy curve (PEC) shapes.

The corresponding potential energy curve calculations of
the ground state and low-lying excited states have been per-
formed using an ab initio SCF CI method described else-
where.'* It uses the series of GAUSS 70 programs!S in the
minimal STO-3G basis option.!® The CI segment of our cal-
culations involves the singly and doubly excited configurations
obtained by promoting one or two electrons from the six highest
occupied to the four lowest unoccupied MOs.

It is quite clear that this procedure suffers some limits. It is,
however, more than adequate for our purpose, which is to draw
qualitative or semiquantitative conclusions on the PEC shapes
based on natural correlation diagram techniques.
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Figure 2. Natural MO correlation diagram in the CO bond rupture of
oxaziridine (1) leading to intermediate I1. The dashed lines represent the
avoided crossings at SCF level.

Oxaziridine (I) and Nitrone (III)

As a starting point in this study, we have adopted for oxa-
ziridine (I) the geometrical parameters reported by Pople et
al.'7 Various other calculations!8 on this structure have been
performed. The main results are the out-of-plane position of
the N-linked hydrogen and the importance of the corre-
sponding inversion barrier (32 kcal/mol). No comparisons can
be done with experimental facts since, to our knowledge,
nonsubstituted oxaziridine has not been yet isolated.

Let us first describe the different MOs which will be of
importance in the discussion. They are represented in Figure
2. By order of increasing energy, we find the four highest oc-
cupied MOs: W 4, so called by analogy with the antisymmetric
Walsh orbital of cyclopropane; no™ + ny, in-phase combina-
tion of the out-of-CNO-plane oxygen and nitrogen lone pairs;
Wsg, the symmetric Walsh orbital; ng™ — ny, out-of-phase
combination of the preceding lone pairs. Next come the two
lowest unoccupied MOs, Wa* and Wg*, the antibonding
Walsh orbitals. Let us now report the nature and energetic
position of the first excited states. First one finds the triplet no™
— nn — Wju* which lies at 7.42 eV (166 nm). It is followed
by the corresponding singlet at 8.43 eV (146 nm). The next
states, no™ — ny — Wg* (9.25 eV) and Wg — Wa* (10.18
eV), are triplets. The only experimental comparisons we can
make concern substituted oxaziridines whose maximum ab-
sorption wavelength is around 250 nm (5 eV).3# It is clear,
however, that the calculated values are too high. To improve
these results, it would be necessary to use a more extended basis
set with polarization functions and a more complete CI than
in our procedure. In the present study, we discard these im-
provements owing to the great cost they would require for the
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Figure 3. Calculated potential energy curves in path (a) (left part) and
path (b) (right part). In path (b), the full lines refer to the syn motion and
the dashed lines to the anti motion. R is a reaction coordinate. It refers to
the CNO angle in the left side and to the dihedral angle between the CH;
and CNO planes in the right side. In this figure and in Figures 8, 12, and
14, the calculated points are indicated in abscissas.

determination of the PECs, and because we are mainly inter-
ested in qualitative rather than in quantitative explanations
and predictions. Other works have shown that the present
procedure is, however, of chemical significance,!-13:14

For the nitrone molecule, a complete optimization of the
ground-state geometry has been achieved.!® The main MOs
concerned in the present study are, by increasing energy order,
m, the allylic-type bonding MO, mainly located on the ni-
trogen atom, np and n¢’, the two oxygen lone pairs, and 7; and
73, the two last 7 allylic type MOs (Figure 5).

The ground state is a singlet state (0.907,2 — 0.347,73)
possessing at once radical and ionic character.?® The next state
is the w, — w3 triplet which lies at 1.67 eV (739 nm); it is fol-
lowed by the ng — 73 triplet-singlet pair (2.86 eV = 433 nm
and 2.96 ¢V = 419 nm, respectively).

Experimentally, substituted nitrones have a maximum ab-
sorption wavelength in the range 310-420 nm.2!

Oxaziridine (I)-Nitrone (III) Transformation. Paths (a)
and (b)

To transform oxaziridine (I) into nitrone (III), we can dis-
tinguish two typical reaction paths. The first one consists in
a direct transformation with simultaneous NO bond rup-
ture-ring opening and methylene-group rotation, The second
one is a two-step process. First, the ring is open through NO
bond rupture to a CNO angle close to 110°. Then the meth-
ylene group rotates from a perpendicular toa CNO in-plane
position. The calculations show that the first process requires
much more energy than the second one.222 We will limit our-
selves to study the latter reaction path model.

Let us first consider the structure II. Fixing the CNO angle
to an arbitrary value of 110°,226 we have optimized its geom-
etry. The calculations lead to a structure?? where the N-linked
hydrogen is not in the CNO plane, in agreement with semi-
empirical calculations?* previously reported.

Path (a). The reaction coordinate is the CNO angle (58.5°
— 110°). All the other parameters are linearly modified. The
natural MO correlation diagram (Figure 2, dashed lines) is
drawn according to the phase relation and location conserva-
tion rules.!32 At the SCF level, all the crossings are avoided and
the full line correlations result. The origin of the 0%/~ energy
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Figure 4. (A) Newman projection of structure II along CN bond illus-
trating the different syn and anti motion in path (b). (B) Schematic rep-

resentation of the ny MO of the structure I1 depicting the rotation of the
lobe located on the oxygen atom in path (b).

order is similar to that encountered by Hoffmann?? in the EE
open form of cyclopropane for the #%/7~ couple.

Before concluding on the PEC shapes, let us define the
lowest states of structure I1. The first one is the c™—¢* triplet.
It lies 2.40 eV above the oxaziridine ground state. The next one
is a singlet state (0.73(67)2 — 0.54(6~—07)2 +
0.30(c=—>0*)), which is a diradical with nonnegligible zwit-
terionic character. It lies 0.17 eV above the triplet. Let us call
them 'D states. At last comes another singlet-triplet pair,
L3D*, corresponding to the no” — ¢~ excitation,

Since there is a HOMO-LUMO crossing at the MO natural
correlation level (see Figure 2), two main features may be
expected to result'32 for the PECs at the end of path (a). First,
a faint maximum is predicted on the PEC which links oxazir--
idine ground state to the structure II !D state. Second, faint
minima on the 13(ng™ + ny — Wa*) — 1D* 3D PECs are also
predicted. The calculated curves (Figure 3, left side) are in
correct agreement with these predictions.

Path (b). To convert structure II into nitrone (III), two re-
action paths are possible. Let us define them in relation with
the CNO plane. To form III from II, the N-linked hydrogen
must move into this plane while the methylene group rotates
around the CN bond. Two rotation modes are possible: either
the methylene rotation is in the same direction (syn process)
or in the inverse direction (anti process) as that of the N-linked
hydrogen motion (see Figure 4A).

The calculations show that the syn process corresponds to
a MO disrotatory motion and conversely that the anti process
corresponds to a MO conrotatory motion. The reason is related
to the phase properties of the structure II ny orbital. It is the
only occupied orbital which possesses a nonnegligible contri-
bution on the three heavy atoms. During the syn or anti process,
the oxygen localized lobe moves in the way indicated in Figure
4B in order to preserve its phase relationship with the nitrogen
lobe. It follows that the syn process is, this way, a disrotatory
motion and conversely that the anti process is a conrotatory
motion.

The natural MO correlation diagrams result from these
considerations (see Figure 5). A HOMO-LUMO crossing
occurs in the anti process, while none appears in the syn pro-
cess. This crossing is avoided at SCF level, but it has important
consequences regarding the PEC shapes.

Indeed, a faint maximum on the structure II !D state-ni-
trone (I11) GS PEC must be expected in the anti process while
none must appear in the syn process. Conversely a faint mini-
mum must occur on the 3D-3m,73 PEC in the anti process and
none in the syn. Now, let us draw the state correlation diagram
concerning the 13D* and !3ng’w; pairs (Figure 6).

In the syn process they are directly correlated. In the anti
process the '3D* pair correlates with the doubly excited
13(ng'my—>m32) pair and conversely the !-3(no’ — 73) pair with
the doubly excited ! (ng’c——>0+2) pair (dashed lines). The
crossings are avoided and maxima must occur on the PECs.

The calculated curves are in full agreement with these pre-
dictions (Figure 3, right side).

From the calculated PECs relative to path (a) and path (b)
(syn and anti), the oxaziridine-nitrone transformation and the
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Figure 5. Natural MO correlation diagram in path (b) for the syn and anti
motions.

cis-trans isomerization can be analyzed at the same time. In-
deed, the last transformation consists, for example, in path (b)
syn followed by path (b) (anti) and involves the same structure
(IT) intermediate,

Let us first consider the oxaziridine reactivity.

Thermally, the oxaziridine (I)-nitrone (I1I) transformation
requires the overcoming of a 2.5-eV (58 kcal/mol) energy
barrier. This appears as an upper limit of the real barrier. The
difference existing between the syn and anti processes is feeble
(5 keal/mol), but it favors, however, the syn process.

Photochemically, the S; state is quite reactive. It leads to
the formation of an intermediate whose structure is very near
to the structure II. It corresponds to the minimum on the S,
PEC, which is in a situation of near touching with the Sq PEC.
From this minimum, different decay processes are possible.
The first one leads back to oxaziridine GS. It involves a jump
from Sy to Sg PEC for an opening angle value less than 100°.
The second and third ones lead to the nitrone GS through the
syn or anti process, respectively, if the ring opening goes more
forward. The position of the minimum on the S; state and the
energy gap between the Sy and Sg PECs favor the first two
processes: ring reclosure to oxaziridine and syn formation of
nitrone.

The T state behaves the same as S;, while the T state leads
to a different evolution. The latter is also reactive and the
system can easily reach the corresponding PEC’s minimum
region where three crossings with the Sg PECs occur (points
A, B, and C). The most effective intersystem crossings appear
to take place in A and C, in the region of the minima previously
described for path (a) and path (b) Ty PECs. The first one (A)
leads to ring reclosure to oxaziridine, the second one (C) to the
formation of nitrone through an anti process.

Let us now consider the nitrone reactivity.

Thermally the nitrone can transform into oxaziridine after
overcoming a barrier of ca. 1.5 eV. The syn process is favored.
However, in this case the resulting oxaziridine molecule would
possess such an excess of internal energy (ca. 2.5 eV) that, very
likely, further reactions would occur, for example, a NO bond
rupture leading to formamide (vide infra). Another possibility
is cis-trans isomerization, which requires only a little more
energy than the preceding oxaziridine formation process. The
importance of the calculated barrier (1.55 eV) appears in
correct agreement with experimental results.?*

Photochemically, S is a reactive state leading to structure
IT through a syn process. It leads to the previously described
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Figure 6. State correlation diagrams resulting from natural MO correlation
(Figure 5) in path (b) for the singlet-triplet pair D*. The full lines rep-
resent the PECs after solving of the avoided crossings.

minimum on the S; PEC. The preferential decays give either
oxaziridine or the initial nitrone (syn process) (vide supra). T,
has the same reactivity as S;. T} is less reactive and it appears
that its easiest reactive path is nitrone isomerization. For ex-
ample, the process begins by a syn nitrone-structure II
transformation and ends, via an intersystem crossing at point
C, on the PEC of the anti motion. Owing to the quite degen-
erate position of the 3w,m3 and 3D states, it seems that the
system may hardly reach the point A to lead to oxaziridine by
intersystem crossing.

All these results are in correct agreement with the experi-
mental findings. One interesting point is the S;-T; dichotomy
in the oxaziridine-nitrone transformation. S; leads preferen-
tially to a syn process while T leads to an anti process. How-
ever, owing to the great reactivity of the S; state, it seems that
for observing the T, reactivity it would be necessary to populate
this state directly by sensitization.

Path (c). Path (c) corresponds to the ring opening via NO
bond rupture and leads to the open structure IV. Fixing the
NCO angle to a value of 110°, all the other geometrical pa-
rameters of this structure have been optimized.2® Let us note
that the N-linked hydrogen is very clearly located out of the
NCO plane, thus conserving its stereochemical relationship
with respect to the carbon substituents, The in-plane position
of this hydrogen would lead to the existence of three electrons
in the same space region. This situation is very unfavorable.

Let us define the different MOs of the structure I'V which
will be of main concern in the following discussion. By order
of increasing energy, we have ny, mainly located on the ni-
trogen atom and which looks like the lone pair; then the out-
of-plane oxygen lone pair no comes and last we find the o /o~
couple, in- and out-of-phase combination of the in-plane lobe
located on the ends of the NO broken bond. The first electronic
states of structure IV are the singlet and triplet diradicals
13D,,. They lie 1.41 and 1.47 eV above the oxaziridine GS,
respectively. They correspond to the location of one electron
at each end of the NO broken bond. Next, we get the D, pair
(1.53 and 1.55 eV), quite degenerate with the preceding couple.
It corresponds to the promotion of one electron from the ng
orbital to the ¢% /o~ couple.

Along path (c), the reaction coordinate will be referred to
the NCO angle. All the other parameters are linearly modified
from the initial structure to the final one.

In the MO natural correlation diagram, no HOMO-LUMO
crossing occurs (Figure 7). It follows that the state correlations
will be direct and no extremum can be predicted on the PECs.
This is confirmed by the calculated curves (Figure 8, left
side).

Paths (d) and (e). Many works have been devoted to the ox-
aziridine (I)-formamide (V) transformation and various



Figure 7. Natural MO correlation diagram in the NO bond rupture (path
(¢)). The circles represent avoided crossings at SCF level.
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Figure 8. Calculated potential energy curves in path (c) (left part) and
paths (d) and (e) (right part). On the right part, the full lines refer to path
(d) and the dashed lines to path (e). Only the two lowest state PECs are
represented. The reaction coordinate 8 refers to the NCO angle.

tentative rationalizations have been proposed.>”-8 A possible
model to simulate this process is a two-step mechanism: first
path (c) occurs; it is followed by the hydrogen migration in the
open structure. Since there is retention of the configuration of
the N-linked hydrogen during the ring opening leading to
structure IV, two hydrogen migration distinct paths are pos-
sible. They are represented schematically in Figure 9. In the
syn process (path (d)) the migrating hydrogen is cis to the
N-linked hydrogen and conversely in the anti process (path (e))
it is trans.

We have adopted for formamide the structure described by
Pople et al.?’ in its optimal energy conformation. The first
calculated excited states are the n7* triplet-singlet states. They
lieat 5.07 and 5.45 eV above the formamide GS. These values
are in good agreement with preceding calculations?® and ex-
perimental results.??

For path (d) and path (e), the reaction coordinate is the
projection position of the migrating hydrogen on the NC di-
rection. All the other parameters have been optimized all along
the process.

In this case, it is difficult to draw a complete MO natural
correlation diagram. However we can see that two MOs of
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Figure 9. Newman projections of structure IV along the CN bond illus-
trating the hydrogen motions in paths (d) and (e). The full lines refer to
the bond positions in structure IV and the dashed lines to their positions
in formamide.
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Figure 10. Schematic representation of the occupied MOs 8 and 11 of
structure 1V mainly concerned in paths (d) and (¢). We note that in each
case (syn or anti motion), for one MO there is no conservation of the phase
properties.

¢
«
Ay

Figure 11. Natural MO correlation diagram in path (f). The circles rep-
resent avoided crossings at SCF level.

structure IV are of main concern (see Figure 10). Both are
occupied. In one of the syn or anti processes, they would cor-
relate with a formamide occupied MO if the phase continuity
is preserved between the C, N, and H lobes when the hydrogen
migrates. Now, for the two processes, if one MO satisfies this
rule, the other violates it. The consequence is that no clear-cut
difference must appear between the Sg PECs of the two pro-
cesses.

The calculated PEC corresponding to the syn and anti mo-
tions are represented in Figure 8 (right apart).30 They reveal
that in the triplet as well in the singlet state the syn process is
favored, but that the difference is not significant—i.e., it is less
than 0.10 eV. Thus it seems that in substituted compounds the
observed migrating aptitude differences are related to bond
strength as well as conformational problems rather than to
orbit;a}s control. The experimental results confirm these find-
ings.”

Paths (f) and (g). From structure IV, another reaction path
may be considered. It is the CN bond rupture which leads to
formaldehyde and nitrene (path (f)). The CN distance
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Figure 12. Calculated potential energy curves in path (c) and path (f). The
reaction path is related to the formation of nitrene + formaldehyde in a
two-step procedure. § refers to the NCO angle and r to the CN dis-
tance.
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Figure 13. (A) Natural MO correlation diagram in path (g). The circles
represent avoided crossings at SCF level. (B) State correlation diagram
resulting from the upper natural MO correlations in path (g). The circles
represent avoided crossings.

(1.27-2.27 A) constitutes the reaction coordinate and all the
other parameters are linearly varied. The MO natural corre-
lation diagram is shown in Figure 11. There are various
crossings, among which isa HOMO-LUMO crossing. They
lead to important energy barriers on the first excited state
PECs as is confirmed by the calculated ones (Figure 12). Let
us note that the calculated 3Z~-!A separation in nitrene (ca.
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Figure 14, Calculated potential energy curves in path (g). The reaction
coordinate is related to the distance between the nitrogen atom and its
projection onto the CO bond.

1.5 eV) is in correct agreement with experimental find-
ings.3!

Thermally, the whole process would need the overcoming
of a barrier around 3.8 eV. Photochemically, the process ap-
pears to be much easier since the energy requirements are
accessible if we consider the internal energy excess resulting
from the first step, i.e., path (¢).

Another reaction path which leads to the same two products
(formaldehyde and nitrene) consists in a synchronous two-bond
scission (path (g)). Let us note that the process which does not
involve a reorientation of the NH bond is less energetically
favorable than the one which requires a progressive reorien-
tation of this bond in the CNO plane.

The MO natural correlation diagram (Figure 13A) shows
that no HOMO-LUMO crossing occurs, but that there are
crossings between LUMOs on the one hand and between
HOMOs on the other hand. The state correlation diagram of
Figure 13B results, It shows that there is direct correlation for
the Sg PEC, but that the first excited states are not monoton-
ically correlated. The calculated PECs confirm this analysis
(Figure 14).

Thermally, the fragmentation requires a 3.6-¢V activation
energy, just a little less than in the two-step process. Photo-
chemically, the reaction remains feasible as well in the triplet
as in the singlet first excited state, although the existence of
some barrier on the corresponding PECs renders it more dif-
ficult than the other processes already studied.

In the reverse process—i.e., the addition of nitrene to
formaldehyde—the singlet state favors the simultaneous re-
action path (20.05 eV) in comparison with the two-step pro-
cess (0.3 eV). It is the reverse in the triplet-state reaction. In-
deed, in the two-step process, the overcoming of the 0.5-eV
energy barrier leads to the formation of the intermediate IV
which can easily intersystem cross to the Sq PEC of oxaziridine.
In the simultaneous procedure, the intersystem crossing would
occur in an unstable region after overcoming of a 0.8-eV bar-
rier (point D).



2566

Conclusion

Oxaziridines are such reactive compounds that they were
postulated for a long time before being isolated.? It was shown
that they are closely related to nitrone and formamide isom-
erization. In particular, recent works report that bicyclic ox-
aziridines provide a route to synthesize lactams by a stereo-
chemically controlled reaction.® It was interesting to try to get
theoretical information on this whole pattern. The main results
of the present study are the following ones.

The S; state of the nitrone leads preferentially to oxaziridine
formation through a syn process. It follows that cis nitrone
yields cis oxaziridine. The oxaziridine formation would be
favored in reducing the So/S; energy gap in the structure II
region. This may be done by stabilizing more S; than Sg in
structure II. Nonpolar solvents appear adequate since Sg has
zwitterionic character while S; is more diradical. Another
possibility is to link electron-withdrawing substituents on the
carbon atom—i.e., those which cannot stabilize the main
zwitterionic resonant structure of Sg, but which stabilize
Si{—or on the nitrogen atom—i.e., which lower o and stabi-
lize S| more than S,

The T nitrone state yields preferentially cis-trans isomer-
ization.

The S; state of the oxaziridine leads preferentially to nitrone
via a syn process or to formamide via hydrogen migration. The
migrating carbon substituent, in the last case, is not determined
by orbital factors, but rather by general migrating aptitude,
strain energy, and geometrical requirements of the transition
state. The nonpolar character of the different transition states
of the syn and anti processes invites one to think that the solvent
nature is of little effect on the last reaction.

The T, state of oxaziridine can also lead to formamide but
this is more difficult than in the Sy state. The same conditions
regarding the syn-anti selectivity remain nevertheless. Another
reactive path from the same oxaziridine T, state is the for-
mation of nitrone but, this time, via an anti motion, contrarily
to the S reaction path. An ultimate possibility is the formation
of nitrene and formaldehyde in a simultaneous two-bond
scission or a two-step procedure. The S; state appears much
less adequate for these two latter processes than in the pre-
ceding ones.
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