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izing iminodiazonium ions 2a and 2b. Any equilibration
of these two ions, as in the hydrolysis of vinyl azides, must
involve reversible addition of water (or sulfuric acid) to
yield a tetrahedral intermediate. If the rate of this
equilibration is slow, compared to the rate of rearrange-
ment, then the ratio of products formed will depend on
steric effects, whereas if the rate of equilibration is fast,
the product will depend on the migratory aptitude and
charge-stabilizing ability of the groups R, and R,. Direct

rearrangement of the tetrahedral intermediate 1 may occur
if dehydration is unfavorable due to steric or other reasons.
This study not only has resolved an important question
concerning the mechanism of the Schmidt reaction but also
has heightened our knowledge of the effect of the direction
of polarization of multiple bonds attached to imino ni-
trogen on the inversion barrier to isomerism of imines.
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The barriers to nitrogen inversion in N-fluoroformimine and formaldoxime have been computed to be 77.4
and 59.5 kcal/mol, respectively, by employing a 6-31G basis set with full geometry optimization. A theoretical
analysis of the origin of these barriers suggests that an “allyl type” MO containing the nitrogen lone pair is largely
responsible for the increase in total energy in the transition state for planar nitrogen inversion.

In principle, inversion at planar nitrogen in imines may
occur by rotation about the C=N double bond or by an
in-plane lateral shift mechanism.! There is now a con-
sensus of opinion that favors the latter process in most
compounds. However, in specific cases heteroatom sub-
stitutents at the imino carbon may sufficiently perturb the
C==N = system to lower the barrier to rotation, and a
combined inversion-rotation mechanism may ensue.? In
contrast, when the substitutent at imino nitrogen is a
heteroatom bearing a lone pair of electrons (O, N, halogen),
the inversion barrier usually increases. For example, the
barrier to inversion in oximes is typically above 23 kcal/
mol and isolation of epimers becomes feasible.?

A number of theoretical studies on the mechanism of
syn—anti isomerism of oximes®?5 agree that an inversion
mechanism is lower in activation energy than a rotational
process. Computed inversion barriers of 23.0 (Hickel),?
37.5 (CNDO),* 35.8 (FSGO),? and 50.6 (ab initio)* kcal/mol
have been reported for formaldoxime (1). The origin of
the increase in energy of the linear transition 1a has been
attributed to the o-electron-withdrawing effect of the
electronegative substitutent and to the electron repulsion
between the nitrogen lone-pair and the nonbonding elec-
trons on heteroatom substitutents.!* The transfer of

(1) For excellent reviews on this topic see: (a) Lehn, J. M. Fortschr.
Chem. Forsch. 1970, 15, 311. (b) Kalinowski, H.-O.; Kessler, H. Top.
Stereochem. 1978, 7, 295.
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% 5’54) Liotard, D.; Dargelos, A.; Chaillet, M. Theor, Chim. Acta 1973, 31,

(6) Kerek, F.; Ostrogovich, G.; Simon, Z. J. Chem. Soc. B 1971, 13, 541.

electrons from a relatively diffuse 2s orbital to a more
directed higher energy p orbital upon rehybridization (sp?
— p) at nitrogen also contributes to the barrier.!®

Our interest in nitrogen inversion stems from a theo-
retical study of syn—anti isomerism in peroxyformimidic
acid (2). We demonstrated a pure inversion mechanism
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with no detectable torsional component to the Z-E isom-
erization pathway despite the heteroatom substitutent at
carbon.® However, both the inversion and rotational
barriers were diminished by the electronic influence of the
lone pair on oxygen.

In our related studies on the inversion barriers in N-
cyano- and N-diazoformimine (3 and 4),” we found that
a comparison between the frontier molecular orbitals in
3 and 4 to those in the simplest model substrate, methy-
lenimine (5), provided us with considerable insight into
the origin of the inversion barrier. With N-cyanoform-
imine (3), we observed good agreement between our com-
puted barrier (14.5 kcal/mol) and the experimental barrier
on the corresponding dimethyl analogue (18.9 kcal/mol)®
when an extended 6-31G basis set was used. We now

(6) Lang, T. J.; Wolber, G. J.; Bach, R. D. J. Am. Chem. Soc. 1981, 103,
3275.

(7) Bach, R. D,; Wolber, G. J., preceding paper in this issue.
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Figure 1. Frontier molecular orbital coefficients and energy levels
(minimized, 6-31G (au)) with the net change in orbital energies
(kcal/mol) for the ground state and transition state for inversion
of formimine (5).

describe a comparable study that examines the = molecular
orbital interactions of the imine functional group with
electronegative oxygen and fluorine substitutents con-
taining lone pairs adjacent to nitrogen.

Results and Discussion

The molecular orbital calculations were performed with
the GAUSSIAN 70 series of programs.? The nitrogen in-
version barrier in formaldoxime (1) was computed with a
6-31G basis set with full optimization on a geometry ini-
tially optimized!? at the STO-3G level. The geometry of
N-fluoroformimine (6) and its transition state for inversion
6a were also both fully minimized with the extended 6-31G
basis set. The computed structure and inversion barrier
in methylenimine (5) have been reported previously.”!!

As noted in our prior paper,” the nitrogen lone pair in
5 is mixed in a bonding and antibonding manner with the
adjacent filled methylene fragment orbital. The resulting
orbital splitting gives rise to two filled molecular orbitals
containing the nitrogen lone pair as illustrated in Figure
1 for methylenimine (5). The =-type CH, fragment orbital,
which is orthogonal to the = system of the carbon—nitrogen
double bond, is constructed from an atomic 2p orbital on
carbon and the two 1s orbitals of the hydrogen.!? The
HOMO in 5 () is largely comprised of the nitrogen lone
pair {n) mixed in an out-of-phase fashion with a =¢y, or-
bital (mcy, — n).®* The lower lying bonding (rcy, + n)
combination (¥;) contains a larger percentage of the =cy,
fragment than the nitrogen lone pair. Both of these or-
bitals rise in energy during nitrogen inversion to afford v
and y; in the transition state 5a. The C=N r orbital ()
shows only a slight elevation in energy (2.48 kcal/mol)
1pon inversion while the C—N and N—H ¢ bonds (5 in
the ground state) decrease in energy by 53.3 kcal/mol
(Figure 1) as a result of the shorter C=N bond length and
the attendant increase in bonding in this linear array. The
net change in these calculated frontier orbital energies (26.2
kecal/mol) compares remarkably well with the computed
{6-31G) inversion barrier of 25.2 kcal/mol.” However, this

(9) Hehre, W. J.; Lathan, W. A.; Ditchfield, R.; Newton, M. D.; Pople,
J. A. QCPE Program No. 236, University of Indiana, Bloomington, IN,
1978.

(10) Adeney, P. D.; Bouma, W. J.; Radom, L.; Rodwell, W. R. J. Am.
Chem. Soc. 1980, 102, 4069.

(11) Lehn, J. M.; Munsch, B.; Millie, P. H. Theor. Chim. Acta 1970,
16, 351.

(12) For a discussion see: Jorgensen, W. L.; Salem, L. “The Organic
Chemist’s Book of Orbitals”; Academic Press: New York, 1973; p 6.

(13) The C-N bond is placed along the x axis and the eigenvectors
given for nitrogen are for the 2s and the p, and p, orbitals. The  orbitals
of the C==N double bond are on the y axis.
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Figure 2. Calculated (6-31G) frontier orbital energies (au), ei-
genvectors, and the net change in orbital energies (kcal/mol) for
the = molecular orbitals in formaldoxime (1) and its transition
state for inversion, la.

may well be fortuitous since the same type of analysis does
not provide a reliable barrier when substitutents on ni-
trogen other than hydrogen are involved. The same con-
clusion had been reached by Lehn,'® who felt that the
energetic origin of the inversion barrier was delocalized
over the entire molecule.

The computed barrier to inversion in formaldoxime (1)
was 59.1 kcal/mol (6-31G) with the geometry minimized
by STO-3G! while the transition state la was 59.5
kcal/mol above the ground state with the optimized (6-
31G) geometry given below (eq 1).

H
“e=n_ H Ea:=59.5 Ha\c=N—o/H ()
Hb/ Y  keal/mol Hb/
1 la
1 la

rom,, A 1.070 1.086
romy, A 1.073 1.084
ron, & 1.258 1.239
rNOo, A 1.415 1.331
roH, & 0.950 0.957
<Hy~C-N, deg 117.45 122.56
<Hp-C-N, deg 122.44 122.12
<C-N-O, deg  111.55 180.0
<N-0-H, deg 106.78 109.41
Eiot, aU -168.762 53 -168.667 73

The oxygen atom in 1 has two lone pairs that engage in
intramolecular interactions with the orbitals of the imino
moiety. The higher energy =-type!? lone pair has the
proper local symmetry to combine with the C==N = bond,
and the two fragments afford a delocalized = system that
is isoelectronic with the allyl anion (Figure 2). Inferactions
of the requisite oxygen lone pair (n) with both the = and
7* orbitals of the C=N bond afford the three molecular
orbitals depicted in Figure 2. Upon nitrogen inversion the
lower lying = orbital (yg), which has the symmetry prop-
erties of ¥, in an allyl system, decreases in energy by 18.29
keal/mol. This orbital has the largest contribution from
oxygen since the lone pair is lower in energy than the C=N
fragment. Conversely, the LUMO in 1 (¢,3) is derived
principally from the higher lying #*C==N fragment orbital
with only a small coefficient due to the oxygen lone pair.
The orbital that is intermediate in energy of these three,
Y19, is the HOMO in the molecule and contains one node.
This occupied MO also decreases in energy (~7.05 kcal/
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Figure 3. Calculated (6-31G) frontier orbital energies (au), ei-
genvectors, and the net change in orbital energies (kcal/mol) for

the molecular orbitals containing the nitrogen lone pair in form-
aldoxime (1) and its transition state for inversion, la.
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mol) in the inversion process (Figure 2). The lack of
symmetry and orbital degeneracy in this MO is reflected
in the relatively large coefficient on the central nitrogen
atom compared to that in the classical allyl anion, where
the central coefficient is zero. Significantly, the occupied
molecular orbitals derived from the C=N r system make
make no positive contribution to the observed barrier to
inversion in oximes since both decrease in energy.

The second oxygen o-type lone pair!? that possesses
more s character is orthogonal to the above 7 system and
lies in the same plane as the nitrogen lone pair. As a
consequence, this lone pair combines with the two filled
(wcu, £ n) molecular orbitals previously discussed for
methylenimine (Figure 1) to afford three additional
“allylic” orbitals as depicted in Figure 3. The lowest
energy bonding MO (¥-) and the higher lying antibonding
combination (¥y;) both contain coefficients from the central
nitrogen atom. The intermediate “allylic” MO (¥, in the
ground state) has virtually no contribution from nitrogen.

The most striking change in orbital energy (63.8 kcal/
mol) upon inversion is in the NHOMO (y;;) which contains
the lone pair on the imino nitrogen interacting in an an-
tibonding manner with both the 7cy, fragment and the
o-type lone pair on oxygen (Figure 3). This orbital, which
is ¢y in the transition state, has the nitrogen lone pair
highly localized in an atomic p orbital on nitrogen in la.
The corresponding bonding combination of this orbital (¥;)
also increases in energy by 25.5 kcal/mol. This behavior
is reminescent of the orbital increases in methylenimine
upon inversion. Similarly, we observe a substantial de-
crease in the energy of the s-bonding MO (y;3) by an
amount comparable to that calculated for 5 (Figure 1). By
analogy to 5, we attribute the high barrier in oxime 1 to
the sharp energy increase in the two (wcy, * n) molecular
orbitals containing the nitrogen lone pair.

Inclusion of N-fluoroformimine (6) in this study provides
an extreme test on the effect of electronegativity on the
inversion barrier. As anticipated, the computed (6-31G)
barrier for inversion (6 — 6a) was further increased to 77.4
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Figure 4. Calculated (6-31G) frontier orbital energies (au), ei-
genvectors, and the net change in orbital energies (kcal/mol) for
the = molecular orbitals in N-fluoroformimine (6) and its transition
state for inversion, 6a.

kcal/mol (eq 2). We observed the expected attendant
decrease in C=N and N—F bond distances and length-
ening of the C—H bond distances.

Ha H

a
Y=n EaiTH “c=N—F (2)
/ \_ keal/mol /
Hb F Hb
6 6a
6 6a
FCHg» A 1.069 1.084
TCHy, A 1.071 1.084
ren, & 1.258 1.239
'NF, & 1.435 1.334
<Hg-C-N, deg 116.40 121.85
<Hy-C-N, deg 123.12 121.85
<C-N-F, deg 108.7% 180.0
Eiy, au —192.748 44 -192.624 50

The three =-type molecular orbitals derived from the
C=N double bond and a lone pair on fluorine exhibited
the same trend as the oxime. The lower energy MO (y;)
is largely fluorine, and the antibonding MO (y43) contains
mostly the #* C=N orbital. In this instance, the bonding
MO decreases in energy on inversion while the second
occupied MO (y,,) slightly increases (Figure 4).

The symmetry of the additional three “allyl type” mo-
lecular orbitals, which are derived from the mcy, orbital,
a nitrogen lone pair and the eclipsed fluorine lone-pair,12
is particularly evident in transition state 6a (Figure 5).
Thus, ¥ contains no nodes, Y4, has no contribution from
the central nitrogen, and y,,, containing two nodes, mostly
consists of an atomic p orbital on nitrogen. The very large
increase in energy (81.9 kcal/mol) of the NHOMO orbital
(Y11 — ¥19) is particularly revealing and obviously makes
the major contribution to the barrier to nitrogen inversion.

As we pointed out earlier, the lack of predictability in
the relative change in frontier orbital energies makes an
exact analysis of the origin of the barrier quite difficult.
For example, the m¢y, + n bonding combination (y;) shows
a decrease in energy upon inversion in 6. There does,
however, appear to be one consistent trend in the inversion
process. In our analyses of the origin of the inversion
barrier, we have attempted to single out the “culprit”
frontier orbital that appears to be largely responsible for
the increase in total energy of the molecule in the tran-
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Figure 5. Calculated (6-31G) frontier orbital energies (au), ei-
genvectors, and the net change in orbital energies (kcal/mol) for
the molecular orbitals containing the nitrogen lone pair in N-
ﬂl}orof;)rmimine (6) and its transition state for inversion, 6a. (See
ref 13.

sition state for nitrogen inversion. In all three model
compounds the lone pair on nitrogen resides principally
in an sp? orbital as seen by the eigenvectors for the HOMO
(Ys) in 5 and the NHOMO (¢y;) in 1 and 6. When the
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nitrogen lone pair is directed along the x axis the mag-

Table I. Computed (6-31G) Inversion Barriers for
CH,=N—X and the Increase in Orbital Energies
upon Nitrogen Inversion

inversion
barrier, AF for AE for
compd X keal/mol mgy, -n  meyg +n

3 CN 14.4 35.55 12.96
5 H 25.2 42.90 36.60
4 *N=N: 28.2 79.57 20.24
1 OH 59.5 63.81 25.55
6 F 77.4 81.85 -21.79

nitude of the coefficients reflects the relative contribution
of the substitutent on nitrogen to these particular mo-
lecular orbitals.

A similar observation was made for the corresponding
7y, — 1 orbitals in the N-cyano and N-diazoformimines
3and 4. In all five model substrates that we have studied
using the extended 6-31G basis set, this particular mo-
lecular orbital consistently exhibits the largest increase in
energy on going to the transition state. The lower energy
(mcy, + n) bonding combination of this MO, that also
contains the nitrogen lone-pair, shows an increase in orbital
energy (Table I) with the exception of the fluoro derivative.
The anomalously high increase in orbital energy noted for
the diazo derivative 4 is presumably due to its unusually
strong o inductive effect and to the fact that the diazo
portion of the molecule is nonlinear in the ground state,
decreasing its effectiveness to extend the conjugation by
resonance delocalization.

In summary, we have corroborated earlier suggestions!
that electron-withdrawing substituents at nitrogen mark-
edly increase the inversion barrier, and we have identified
the molecular orbital that contributes most significantly
to the activation energy as an “allyl type” MO containing
the nitrogen lone pair.
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The reductive coupling of ketones, induced by low-valent titanium, was studied by using benzophenone and
cyclohexanone as model compounds. The reaction conditions were optimized. It is essential that TiCl; is reduced
completely before addition of the ketone. The reaction mechanism is deduced from ESR measurements. Both
the inorganic and organic part of the radical reaction are discussed. Various techniques were invoked to obtain
a model for the actual coupling site. The coupling reaction occurs on the surface of an active titanium specimen.

In the early seventies three groups of investigators®*
established that low-valent Ti, prepared by the action of

strong reducing agents on TiCly or TiCl, in THF, can
abstract oxygen from ketones, leading to the formation of
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