Solvents were purified by standard procedures before use.!® Re-
agent grade hydrocarbons were recrystallized before use.
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Abstract: Nonempirical LCAO-MO-SCF calculations employing a double { basis set have been carried out to examine the
reaction profile of the rearrangement of methylcarbene to ethylene. The investigation also involved a charge distribution
analysis on the basis of which a mechanism for the electron redistribution process has been proposed. This mechanism has
been further supported by a detailed study of the change in molecular orbital density contours along the reaction coordinate.
An energy level correlation diagram for the singlet carbene to ethylene process. based on the calculated MO distribution pat-
tern, shows no correlations between bonding levels in the reactant and antibonding levels in the product. Thus the reaction is
predicted to be thermally allowed in the Woodward-Hoffmann sense.

The thermal rearrangement of carbenes to olefins is well
known! to organic chemists. Since carbenes could conceiv-
ably exist as singlets or triplets, this reaction could, in prin-
ciple, involve either the conversion of a singlet carbene to an
olefin in its ground state, or the conversion of a triplet car-
bene initiaily to an excited triplet olefin which rapidly de-
cays to its ground state. Orbital symmetry considerations?
to predict which of the above conversions should be favored
cannot be utilized because of the lack of a common symme-
try element in reactant and product. An alternative qualita-

tive quantum mechanical approach, which is based on the
correlation of nodal characteristics of the molecular orbitals
involved in a reaction and does not require any symmetry
considerations, is the so called “MO Following technique'.?
It was reported?® that application of this technique to the
carbene rearrangement predicts the ground state process to
be “allowed” and thus preferred. However. this approach is
truly applicable only to molecules whose electronic ground
state is unquestionably singlet. It is clear that, in the present
case, the choice of the favored conversion depends entirely
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Table 1. Variation of the Total Energy with the Position of the Migrating Hydrogen4 along the Reaction Coordinate of the Preferred

Stereochemical Mode of the Rearrangement

Distance (m), A4

Percent
reaction 1.0 1.1 1.2 E,, hartree? mg, AC
0 —-77.8964109
25 ~77.8576763 ~-77.8675777 —77.8647195 —-77.868060 1.13
50 —77.8521676 -77.8603521 —77.8630550 —-77.86305514 1.19
75 —-77.9288571 -77.936000 -77.9311135 -77.9360527 1.11
100 -78.0115556

aDefined as the vertical distance (m) of the migrating hydrogen from the carbon—carbon single bond. #Minimized energy using equation in
text. ¢ Distance at minimum energy. ¢ Only the three points around the minimum of the curve are given in this table. In the case of the
geometry corresponding to 50% reaction, other points up to m = 1.5 A were also considered for minimization.

on the nature of the most stable electronic state of the car-
bene.

We had previously carried out an ab initio study* for a
model reaction, the conversion of methyicarbene (I) to eth-
ylene (I1) in which we first focused our attention to the con-

CH,—CH — CH,=CH, (1
I II

formational properties of the reactant. Examination of the
two major cross-sections® of the potential-energy hypersur-
face of methylcarbene (I) predicted that the most stable
electronic state is the singlet (So),° but that the first triplet
(T)) lies extremely close.” On the other hand, when the
stereochemistry of the rearrangement was investigated,? it
was found that one of the modes corresponding to a singlet |
to ground state 11 conversion was highly favored. This mode
involved the migration of a hydrogen gauche to the methine
proton as shown in eq 2. The above mode involves more

H‘ A
v /lcs_cz\ - C:;—Cz\ -
H5' //
H, H, H; H,
I
H‘\C_ A @
=
H, \Hl
I

atomic motion than any of the other stereochemical possi-
bilities considered.® Consequently, it appeared that the
stereochemistry must be controlled solely by the change of
electron density during the migration. The objective of this
investigation was to find a mechanism for the electronic re-
distribution which would justify the preference for the fa-
vored stereochemical mode.

Computational Details

All computations have been carried out on an IBM
370/165 computer.

The reaction profile was investigated by means of nonem-
pirical LCAO-MO-SCF calculations using the IBMOL-IV
system® and employing a double { basis set optimized by
Dunning.'®

The net atomic charges were obtained from Mulliken
population analysis.!!

The position of the migrating hydrogen along the reac-
tion coordinate was optimized by varying its distance (m)
from the carbon-carbon single bond. The minimum was
found by fitting the points into quadratic eq 3

E = E, + Yk(m — my)? (3)

where E and Eg denote the energies, k is a constant, and m

and mg represent the distances corresponding to E and Ej,
respectively. The results are shown in Table 1.

The shapes of the molecular orbitals were obtained from
two-dimensional cross-sections using the computer program
SNOOPY.!2

Results and Discussion

The Reaction Profile. In our previous paper,* we reported
the relative order of preference of various stereochemical
modes for the rearrangement based on the comparison of
the energetics of the barriers at half-reaction. However, it
should be noted that the above ordering, and in particular
the preference for reaction 2, may be influenced by the po-
sition of the transition state on the reaction coordinate.
Consequently it was felt necessary to investigate the reac-
tion profile of the favored stereochemical mode. Our results
are summarized in Table I and illustrated in Figure 1. Each
point on the curve was obtained by optimizing the position
of the migrating hydrogen (cf. Table I) and allowing all the
other atoms of the molecule to move synchronously along
the reaction coordinate. This treatment was found to give a
good description of the loosening of the carbon-hydrogen
bond during the migration.

It is apparent from the shape of the curve in Figure |
that the transition state is somewhat earlier than haif-reac-
tion.!3 This is reasonable and in fact would be expected, ac-
cording to Hammond’s postulate,!4 for an exothermic reac-
tion requiring relatively small activation energy. Because of
the fact that the difference in both energy and geometry be-
tween the actual transition state and that at 50% reaction
has been found to be relatively small, comparison of the en-
ergetics at either of these positions on the reaction coordi-
nate is expected to give the same ordering of modes. Thus
our original assignment involving the gauche-hydrogen mi-
gration in the preferred mode has been further substantiat-
ed.

The mechanism of the electron redistribution for the
rearrangement was investigated by means of two different
techniques: (1) charge distribution studies; and (2) correla-
tion of the molecular orbitals. These will be outlined in de-
tail in the following parts of this article.

Charge Distribution Analysis. Observation of the charge
redistribution during the rearrangement allows insight into
the nature of the migrating hydrogen. Three possibilities
may be considered: (1) a migrating hydride ion; (2) a mi-
grating proton; (3) some combination of the former two.

The first of these possibilities is known!? to occur com-
monly in the case of carbonium ion rearrangements, and the
second type is expected to be involved!® in the case of carb-
anions. Since carbenes are neutral, neither of these mecha-
nisms could apply unless some charge separation develops
during the migration. Consequently, the variation of the net
charges of the atoms along the reaction coordinate was ex-
amined. Our results for the two carbon atoms (i.e., the
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Figure 1. Energy profile for the singlet methylcarbene-ethylene inter-
conversion along the favored stereochemical path.

methyl carbon and the carbenic center), on which the larg-
est change in charge density occurs, are illustrated in Fig-
ure 2. It is immediately apparent from the shape of the
curves that the transfer of charge from the methyl carbon to
the carbenic carbon does not occur gradually along the
reaction coordinate. Instead, the bulk of the charge is trans-
ferred in the early part of the reaction and, after the mid-
point (i.e., 50% conversion), only minor changes occur. This
early charge transfer implies that the migrating hydrogen
pulls its electron pair along toward the center of the C-C
bond as illustrated below. Thus it seems reasonable to
suggest that, in the early stage of the rearrangement, the
migrating hydrogen resembles a pseudo-hydride ion.

\,c,_c:\ — >c—,_—c€ — o= @
H

At midpoint, however, because of the additional electron
density in the vicinity, a negative charge has developed on
the carbenic carbon. In addition, this carbon possesses a
lone pair which may be classified as o type!’ and thus
would readily accept a proton. Based on the above, it is un-
likely that, in the latter part of the reaction (after the tran-
sition state), the migrating hydrogen would continue its mo-
tion toward the lone pair as a pseudo-hydride ion.

On the other hand, if the migrating hydrogen was a
pseudo-proton, its motion toward the now negatively
charged carbenic carbon would be expected to be highly ac-
celerated.

Consequently, the simplest description of the mechanism
of the electronic rearrangement is to envisage an electron
pair “following™ a migrating hydrogen toward the center of
the carbon-carbon bond spreading its density rapidly about
that bond until it is fully delocalized and thus becomes the
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Figure 2. Variation of the net atomic charges of C, and C3 along the
reaction coordinate of the favored stereochemical mode in the CH;—
CH — CH,;=CH,; rearrangement.

new ethylenic = bond. After the transition state, the hydro-
gen continues its motion as a pseudo-proton toward the lone
pair which, because of its spatial environment,'® does not
contribute to the 7 bond but is utilized for the formation of
the new C-H bond.

Molecular Orbital Analysis. Since in the MO theory the
spatial behavior of an electron pair is described by a molec-
ular orbital, an electronic rearrangement can be monitored
visually by analyzing the molecular orbitals along the reac-
tion coordinate. For instance, if an electron pair is *‘migrat-
ing”, as it was suggested in the previous section, its migra-
tion path (i.e., the electron redistribution process) could be
determined from the change in the shape of the correspond-
ing molecular orbital with the extent of reaction. Further-
more, the fate of the lone pair on the carbene may also be
determined with the aid of this technique.

Based on the above, we have obtained a number of elec-
tron density contours corresponding to the occupied and vir-
tual molecular orbitals of methylcarbene, the species at
half-reaction, and ethylene. Our objective was to correlate
these MO’s by “following’ them from reactant to transition
state to product assuming that the number of nodal planes
of a given molecular orbital remains unchanged during the
rearrangement. This type of correlation appeared to be dou-
bly challenging because, apart from its utility in substan-
tiating the proposed mechanism, it may also be regarded as
a rigorous justification of the qualitative MO Following
technique? the basis of which is continuity of nodal charac-
teristics along the reaction coordinate.

The carbon core-electrons were omitted from the present
analysis. The shapes of the molecular orbitals were obtained
from two dimensional cross-sections using two perpendicu-
lar planes (plane A and B) as shown in Figure 3. For corre-
lational purposes, however, only one of the cross-sections
were used, the selection being dependent upon the better
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Figure 3. Molecular geomelry and principal planes (A and B) of meth-
ylcarbene.

visibility of the nodal properties. Thus in the case of the oc-
cupied orbitals, the ones corresponding to the ¢ bonds lying
in plane A (i.e.,, H4C3CyH; bonds) were correlated by
means of their plane A cross-sections. The two other orbit-
als involving the ¢ bonds HsC; and HeC; as well as the
C3C, 7 bonds were correlated with the aid of their plane B
cross-sections. A similar technique was used for the correla-
tion of the virtual orbitals.!®

The density contours of the six valence electron pairs!®
are illustrated in Figure 4. The heavy lines connecting the
MO's indicate the correspondence and the direction (shown
by the arrows) along which correlation was being per-
formed. As is apparent, in each set, the nodal characteris-
tics are preserved.

Let us now “follow™ the MO’s along the reaction coordi-
nate. MO3 is fully bonding, has no nodes and, following it
from left to right (i.e., reactant to transition state to prod-
uct), there is a close correspondence with respect to the MO
contours. MO4 has one vertical node which is preserved
throughout the rearrangement. A similar argument applies
to MOS having a horizontal node. Notice the close corre-
spondence between the shape of the reactant MO’s and that
of the transition state suggesting that these electrons are not
involved in the rearrangement. This is not the case, how-
ever, for MO6 which corresponds to the bonding electron
pair of the migrating hydrogen. Following this orbital along
the reaction coordinate (indicated by the heavy arrows),
with conservation of its horizontal nodal plane, reveals that
in fact it correlates with the 7« bond of ethylene. Notice
that, in the transition state, the electron pair is fully delo-
calized about the two carbon atoms and the migrating hy-
drogen. The occurrence of the apparent cross-correlation is
what was expected and will be explained in detail in the
next section. Continuing our correlation and following
MO?7 across, it is clear that this MO, just as the first three
considered, is not involved in the rearrangement. It has two
vertical nodal planes, and its shape shows essentially no
change during the process. Finally let us examine MO8, the
highest occupied molecular orbital corresponding to the
lone pair on the carbenic center. The sp? type hybridization
at that center is clearly noticeable from the contour. Fol-
lowing MOS8 along the reaction coordinate, it is apparent
that it correlates with MO7, the highest occupied o-type or-
bital of ethylene (¢ C-H), thus showing that the lone pair
of carbene is indeed responsible for the formation of the
new C-H bond.

An important point should be mentioned here, namely
that the shape of MOS8 of the transition state is almost iden-

tical with that of the reactant, except that the sp2 lobe on
the carbenic center has contracted somewhat. This means
that, as the reaction progresses, the lone pair becomes more
localized. The more localized the electron pair, the more it
becomes susceptible for the formation of a ¢ bond and the
less available for the formation of a 7 bond. This observa-
tion constitutes further evidence against the involvement of
the lone pair in the formation of the = bond.

The cross-correlation involving MO6 of the methylcar-
bene may be justified as follows. It has been observed that
the energy of a given MO increases with increasing number
of nodes. On the other hand, it is also known that w-type or-
bitals are generally of higher energy than o-type orbitals re-
gardiess of their nodal characteristics. Thus in the case of
ethylene, MO8 (the x orbital having only one nodali plane)
is of higher energy than either MO6 or MO?7, although the
latters possess two nodal planes. Should this exception not
have occurred, the = orbital would have actually been
MO6, and no cross-correlation would have been observed.
A similar argument applies to MO7 of the transition state
which also has & character and thus is of higher energy than
MOS6. In this case, however, MOT7 is only second highest in
energy because of the presence of a nonbonding orbital cor-
responding to the lone pair.

For all these reasons, therefore it is clear that the correla-
tion scheme is in good agreement with the proposed mecha-
nism.

The foregoing discussion is summarized by the correla-
tion diagram shown in Figure 5. The diagram illustrates the
relative energetics of all the valence orbitals and the six
lowest lying orbitals of the virtual manifold. It is of great
importance to realize that there is no cross-correlation be-
tween the occupied and the virtual levels. If there were such
cross-correlations, then this particular stereochemical mode
for the rearrangement would have been “forbidden” ac-
cording to the Woodward-Hoffmann? definition. Therefore
reaction 2 should also be regarded as the stereochemical
mode “aliowed’” by the conservation of nodal properties,? or
in other words, by principle of maximum overlap which un-
derlines orbital symmetry? arguments.

Recently Nickon and coworkers?0 carried out a series of
thermal and photochemical Bamford-Stevens reactions in
order to investigate the stereochemistry of vicinal hydrogen
shift in carbenes. Using rigidly locked norbornyl ketones
such as brexan-5-one (I11) shown below in which the car-
bonyl carbon represents the potential carbene site, the rate
ratio Kexo/Kendo for the thermal migration was found to be
138.

(exo)
H
= 0 b Bamford-Stevens
reaction
H
0 (endo)
I I
5)
v

In contrast, the photolytic rearrangement was observed
to be much less stereoselective.??

If we make the reasonable assumption that the thermal
process involves a singlet carbene,?’ then because of the
structure of the brexyl system,2* the migration of the exo
hydrogen simulates the motion toward the empty p orbital
of the carbenic center, whereas migration of the endo hy-
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Figure 4. Valence electron molecular orbital density contours in cross-sections A and B for methylcarbene, 1he half-reaciion species und elhylene.
(For 1he definitions of the principal planes A and B see Figure 3.) The capital letiers A and B a1 the upper lefi hand corner of the individual plots
represent lhe cross-section plane as shown in Figure 3. The density contour labels A, B, C, D. E, and F represeni 0.002, 0.004, 0.008, 0.02. 0.04, und

0.08 electron/bohr3, respectively.
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are ploiled 10 scale.

drogen resembles motion toward the lone pair. Thus the
exo-preference confirms our prediction (i.e., reaction 2) for
thermal rearrangement.

In the case of the photochemical reaction, however, be-
cause of the excess energy available, there is a strong proba-
bility that the generated carbene will not be in its most sta-
ble state. Consequently, our predictions regarding the stere-
ochemistry of the rearrangement do not apply here.

Conclusions

The reaction profile of the favored stereochemical mode
indicates that the actual transition state occurs somewhat
earlier than half-reaction. However, this is not expected to
upset our previously proposed* relative order of preference
of the various stereochemical modes for the rearrangement.
Therefore our previous assignments, and in particular our
prediction regarding the most favorable mode (i.e., reaction
2), may now be considered as being further substantiated.
As shown by the correlation diagram (Figure 5), this mode
is allowed by the conservation of orbital symmetry ap-
proach? as well. Furthermore, the recent experimental ob-
servations of Nickon and coworkers20 are also in agreement
with our prediction. In contrast, least motion calculations?!
have shown that this particular mode is extremely unfavor-
able. Therefore it was proposed that the preference is be-
cause of stereoelectronic factors and, in connection with
this, a mechanism for the electron redistribution process
was suggested. The mechanism was initially based on
charge distribution analysis, and it involves the migration of
a o-electron pair to populate a new « bond and the utiliza-
tion of the nonbonding electron pair for the formation of a

new ¢ bond. Because of the fact that the above mechanism
is further supported by the correlation of molecular orbitals,
it is reasonable to conclude that it is indeed an accurate de-
scription of the movement of the electrons during the rear-
rangement.

The present approach has the added advantage that it is
generally applicable to other systems, particularly those
where other approaches cannot be used because of the lack
of appropriate symmetry elements.

Finally on the basis of our present study, we may con-
clude that the model employed by Zimmerman3 in his quai-
itative treatment of the present rearrangement accurately
reflects the quantum chemical behavior of the system.
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