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—0.130 au (—0.330 D) in the plane, together with a small
component (0.031 D) perpendicular to the plane as expected
for the model we used. The direction is as if the structure is
CH3*C¢Hs™, in agreement with the conclusion of earlier
writers. The magnitude agrees with the experimental value of
0.36 D.%> On the other hand, our population analysis makes
the CH; group total population negative by 0.102¢ (see Figure
5), even though the = part is +0.018¢ (Figure 4). While it
seems possible that this effect is an artifact of the imperfection
of the population analysis procedure, an examination of Figure
5 indicates that it may not be inconsistent with the charge
distribution in the molecule. It seems possible that the polarities
in the charge distribution in the ring can account for the overall
direction of the dipole moment in spite of a negative CHj
group.
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Abstract: Nonempirical LCAO-SCF-MO calculations, applying a spin-restricted partitioned Hartree-Fock (PHF) method
to open shells, have been carried out to investigate the effect of both basis set size and alkyl substitution on the mechanistic
preference of the rearrangement of triplet carbonyl compounds to triplet oxacarbenes, as modeled by formaldehyde. Results
suggest that the preference for the concerted pathway is independent of the size of the basis set. Substitution of an alkyl group
for the migrating hydrogen changes the mechanistic preference from a concerted pathway to a diradical process. The relevance
of these results to the rearrangement of cyclic ketones is discussed.

Introduction

The name “oxacarbene” denotes a molecule that has an
oxygen attached to a carbenic center. The formation of an
oxacarbene as a reactive intermediate was first postulated by
Yates and Kilmurry3 in connection with the photochemical
conversion of cyclocamphanone (1) to ring-expanded acetals
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2a and 2b, respectively. Since this first report a considerable
amount of research effort has been devoted to the study of this
reaction. It was found that the formation of ring-expanded
products is dependent on various structural features, There is
a dichotomy* in both the nature of the reactive excited states
involved in this process and its mechanism.

Based on experimental evidence, it appears that some cyclic
ketones react via their n7* singlet states,*> whereas others
react via their nx* triplet states.®
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Two mechanistic alternatives have been proposed to account
for the photochemical transformation of cyclic ketones to ox-
acarbenes, One involves an a-cleavage of the carbonyl com-
pound (3) to give a diradical species (4) which recombines at
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oxygen to form the oxacarbene (5) (dissociation-recombina-
tion or diradical mechanism), and the other involves the for-
mation of 4 directly from the excited ketone (concerted
mechanism).

We have recently carried out a systematic ab initio study
of the carbonyl-oxacarbene interconversion. In the first part
of the study we investigated two distinct photochemical
pathways (i.e., singlet and triplet) using formaldehyde as a
model ketone. We reported’ that, according to our results, a
concerted rearrangement in the triplet state is expected to be
favored.

The present report is concerned with the investigation of the
effect of both the size of the basis set and alky! substitution on
the mechanistic preference of the rearrangement:

Computational Details
All the computations were of the nonempirical LCAO-
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Figure 1. Unified internal coordinate system {d,a} used for the triplet
carbonyl — oxacarbene rearrangement. The shaded area corresponds to
the migratory plane. (The initial values &; and q; as well as the final dis-
tance dy are indicated on the figure. The regions investigated consist of
reactant region 35° < o < 45°, central region 90° < a < 116°, and
product region 135 < o < 145°.)
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Figure 2. Topology of the photochemical rearrangement of triplet carbonyl
compounds to triplet oxacarbenes.

SCF-MO type and were carried out on a CDC 7600 com-
puter.

The triplet state energies were obtained by employing
spin-restricted wave functions to open shells and by using a
procedure in which the basis space is partitioned into orthog-
onal subspaces, and the energy is minimized by variation be-
tween these subspaces in successive steps. The mathematical
basis for this particular method has been given by Dahl et al.?
and the corresponding program package was written by
Robb.?

The basis set used was of uniform quality, optimized by
Mezey,!? and consisted of five Gaussian s functions for hy-
drogen and a combination of (10s, Sp) Gaussian-type functions
for carbon and oxygen. The contraction was carried out in such
a fashion that the final set was of triple { quality with respect
to the valence shell electrons and of double { quality with re-
spect to the core electrons. The Gaussian exponents and the
contraction coefficients are listed in Table I.

Results and Discussion

Description of Approach. The stereochemical approach
taken for the present mechanistic study was designed to en-
compass both mechanistic alternatives (i.e., the diradical and
concerted pathways). This was achieved by defining a mi-
gratory plane from three points: the spatial positions of the
migrating atom (which may be part of a group) in both the
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Table [. Uniform Quality Basis Set Exponents and Sester- (2.5) ¢
Coefficients? Used for the Mechanistic Study of the Carbonyl-
Ozxacarbene Rearrangement by the PHF Method

Gaussian Contraction
Atom function Exponent coefficient
Hydrogen $1 33.632628 0.031 2375
82 5.078 436 0.209 427 1
3 1.157 378 1 0.977 3252
S4 0.325 758 53 1.0
$s 0.102 791 38 1.0
Carbon 81 8865.832 42 0.000 989 3
$2 1313.4599 0.007 782 1
S3 295.644 42 0.040 506 2
S4 82.818 509 0.159 134 1
$s 26.626 378 0.461 684
$6 9.341 0511 0.871 678 7
S7 3.444 587 8 1.0
sg 1.007 3622 1.0
S9 0.390 650 41 1.0
$10 0.133 640 98 1.0
P 18.321 706 0.049 8812
P2 4.0507237 0.2900152
P 1.180 654 4 0.9557212
P4 0.377 675 58 1.0
ps 0.119 460 23 1.0
Oxygen $1 16 027.215 0.000 482 1
$2 2379.8774 0.003 788 9
83 535.620 37 0.019 7315
S4 150.376 33 0.077 4937
$s 48.508 681 0.226 4503
S6 17.101 827 0.429 984
87 6.3308522 1.0
sg 1.835862 5 1.0
S9 0.711 807 49 1.0
$10 0.243 350 62 1.0
P 34.429 388 0.014 9135
P2 7.751 137 1 0.0933224
P 22803123 0.286 3256
P4 0.715424 22 1.0
ps 0.213 830 67 1.0

@ Reference 10. # P. G. Mezey, private communication.

reactant and the product, and the center of mass of the reac-
tant.!! This is illustrated in Figure 1. The angle between the
migratory plane and the horizontal plane was calculated to be
74.3°, and corresponds to the plane in which the concerted
migration of a hydrogen was found (cf. previous report”) to
take place with the lowest activation energy. The two mecha-
nistic pathways could now be unified by envisaging a compe-
tition between the concerted migration and the dissociation-
recombination taking place in the same plane. The motion of
the migrating moiety in that plane may be characterized by
two parameters, d and «, the distance between the migrating
moiety and the center of mass and the in-plane displacement
angle, respectively. This unified internal coordinate space
spanned by 4 and « allows one to study the two possible
mechanisms as two distinct paths on the energy surface

E=E(da)

Based on this stereochemical approach, one can illustrate
the topology of the expected triplet energy surface for the
carbonyl-oxacarbene conversion as shown in Figure 2. The
surface has three regions of minimum energy; two of these,
associated with the reactant and the product, are relatively
deep and close to each other. The third minimum, situated far
away from the other two, is the highest and shallowest, and
corresponds to the radical pair (or diradical) intermediate.
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Table II. Variation of the Total Energy as a Function of Distance 4 and Angle ¢ at Various Regions of the Migration Surface for the

Formaldehyde Model System

Reactant region

Central region Product region

Distance
d, Bohr a = 35° a = 40° a = 45° a=90° a = 135° a = 140° a = 145°
1.5 -112.51992 -112.901 18 -113.157 88 ~113.62940  —113.28537 —-113.03665 =—112.54093
2.0 -113.421 55 ~-113.539 02 ~-113.61756  —113.661 81 ~113.67209 -113.61226 =—-113.513 35
2.5 -113.729 38 -113.75273 -113.764 32 -113.652 22 -113.75394 -113.75524 -113.747 00
3.0 -113.772 86 -113.772 31 -113.766 53 -113.629 53 ~113.718 14 —-113.72975 -113.677 02
3.5 -113.736 35 -113.731,21 -113.72277  ~-113.624 13 -113.66039 —-113.66975 —-113.738 03
4.0 -113.682 82 -113.678 21 -113.671 19 -113.63526 —~113.64983 —-113.64821 —113.64609
4.5 -113.640 22 -113.638 29 -113.64132 —-113.64144  —113.65865 =—113.65770 =—113.656 48
5.0 -113.648 43 -113.640 42 -113.652 55 -113.64464  —113.66350 —113.66562 =—113.662 45
5.5 ~113.657 56 -113.658 58 -113.569 66  —113.646 18 ~113.66584 —113.66302 —113.665 37
6.0 -113.662 45 -113.66293 -113.663 45 -113.646 95 ~113.66696 —113.66687 —113.666 76
28.0 -113.710 07 (bent) =—113.670 42 (linear)
4 For the definition of distance ¢ and displacement angle «, see Figure 1.
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Figure 3. A comparison of the diradical and the concerted reaction energy
profiles for the rearrangement of triplet formaldehyde to triplet hydrox-
ycarbene. (Energy values were computed at the 4-31G level within the
UHF formalism.”)

Each two of these regions are joined by a saddle point (TS) and
each two of the saddle points are separated by a common
maximum region. For a concerted rearrangement a direct route
via TS is taken. In the case of the diradical mechanism, the
reactant dissociates through TSp; to the highest minimum,
and then the recombination step takes place via TSp,. The
preferred mechanism, therefore, depends on the relative
heights of these three saddle points. Based on the above, our
study involved the examination of various reaction paths be-
tween all possible pairs of minima in order to locate the relevant
saddle points. Comparison of the relative heights of these
saddle points for rearrangements of the two different com-
pounds (i.e., 6a — 7a; 6b — 7b) gives information about the
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effect of alkyl substitution on the mechanistic preference.
Further, comparison of the favored mechanisic pathway for
the formaldehyde (R = H) with that from our previous work’
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Figure 4. Cross sections at the reactant and product regions of the E =
E(d.a) energy surface associated with the molecular rearrangements of
triplet formaldehyde and triplet acetaldehyde to the corresponding triplet
oxacarbenes.

permits the examination of the influence of the basis set size
on the predicted mechanistic preference.

Investigation of Reaction Pathways., The two distinct
pathways, corresponding to the concerted and the diradical
mechanisms, are illustrated schematically in Figure 2 and
shown explicitly for the case of the formaldehyde molecule’
in Figure 3. These energy profiles were computed from a ses-
qui- (1.5) ¢ basis set within the unrestricted Hartree-Fock
(UHF) formalism, using different coordinate systems for the
investigation of the diradical pathway and the concerted route.
In contrast, the present treatment involved the use of a sester-
(2.5) ¢ basis set in conjunction with a spin-restricted Har-
tree-Fock method to open shells. Furthermore, the use of a
unified internal coordinate system (« and d) guarantees that
the computed energy profiles are comparable in all aspects.

The actual study consisted of the investigation of the ap-
proach of the migrating moiety (R) from infinity toward the
molecular fragment, restricting the approach to the migratory
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Figure 5. Central region cross sections (a = 90°) of the E = E(d.«) energy
surface associated with the molecular rearrangements of triplet formal-
dehyde and triplet acetaldehyde to the corresponding triplet oxacar-
benes.

plane (cf. shaded area in Figure 1), in three regions of the
migration surface that are most probably involved in the re-
arrangement, These three regions are shown in Figure 2 and
correspond to (1) the reactant region, (2) the product region,
and (3) the central region. In the case of the formaldehyde
molecule (R = H), three different pathways were examined
in both the reactant and the product regions, corresponding
to approaches from various directions (i.e., various values of
«). In the central region only one path was considered, that
which passes through the previously computed” transition state
(TS.) for the concerted mechanism.

The results are summarized in Tables II and III and illus-
trated in Figures 4 and 5. From the upper part of Figure 4 it
is apparent that in the neighborhood of the reactant and
product conformations the direction of approach is relatively
unimportant, since there is little change in the shape of the
cross sections within a 10° variation of the in-plane displace-
ment angle . Consequently, for the case of acetaldehyde only
one cross section was investigated for each region which was
judiciously chosen from the above results. These are shown at
the lower part of Figure 4.

Figure 5 shows the cross sections obtained for the approach
of the migrating moiety toward the central region of the mo-
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Table III. Variation of the Total Energy as a Function of the
Distance d¢ and Displacement Angle «“ at Various Regions of
the Migration Surface Computed for the Acetaldehyde Model
System

Total energy, hartrees

Distance Reactant Product Central
d, region region region
Bohr a = 40° a = 140° a=90°

2.5 -152.1460 -152.2059

3.0 ~152.6566 -152.6769  —-152.6578
35 -152.7977 -152.7660  —152.6682
4.0 -152.7932 -152.7432  —-152.6483
4.5 -152.7504 -152.6959  —152.6651
5.0 -152.7026 ~152.6825 —152.6728
5.5 -152.6822 -152.6943 -152.6814
6.0 —142.6942 ~152.7003  —152.6843
8.0 ~152.7496 (bent)

@ For the definition of the distance d and displacement angle a see
Figure 1.

Table IV. Computed Barrier Heights in kcal/mol for HCHO and
CH,CHO Triplet Rearrangement Using Sesqui- (1.5) { and
Sester- (2.5) ¢ Basis Sets

HCHO CH;CHO
Mechanism Barrier? E,® E\° Ea¢
Diradical 3—4 833 84.1 72.5
Diradical 4—3 41.6 45.0 42.3
Diradical 4—5 39.3 38.8 42.1
Diradical 5—4 67.0 67.2 524
Concerted 3—5 63.3 69.3 81.3
Concerted 5—+3 49.3 53.5 61.4

4 Numbers shown correspond to the following type of species: 3,
triplet aldehyde; 4 pseudodiradical; 8, oxacarbene (cf. eq 2 and Figure
7).  Barriers obtained using a 1.5 { basis set. ¢ Barriers obtained using
a 2.5 { basis set.

lecular fragment (i.e., @ = 90°). As is apparent, the shapes of
these curves, unlike those shown in Figure 4, differ substan-
tially. The upper curve, associated with formaldehyde (R =
H), indicates that the approach from infinity to the minimum
(i.e., the transition state for the concerted path) is an exo-
thermic process. This is to be contrasted with the curve ob-
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Figure 6, A comparison of the diradical and the concerted reaction energy profiles for the rearrangement of triplet formaldehyde (R = H) and triplet
acetaldehyde (R = CH3) to the corresponding triplet oxacarbenes. [Energy values (cf. Tables II and III) were computed at the sester-{ (2.5 {) level

within the PHF formalism.]
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Figure 7. A graphical illustration of the basis set dependence of the com-
puted barrier heights for the triplet formaldehyde — hydroxycarbene
rearrangement. The approximate discrepancy between the two basis sets
for the average barrier height is shown to be 2.5 kcal/mol. [A schematic
energy profile (cf. Figures 3 and 6) is shown at the upper left-hand corner
including the structural labels 3, 4, and § defined in eq 2. The transitions
i — j symbolize the barrier heights that interconnect the pairs of minimum
iandj.]

tained for acetaldehyde (R = CH3), in which the approach
appears to be endothermic. Although the barriers associated
with these curves are relatively low, their absolute energy value
is much higher than those corresponding to the approach in
either the reactant region or in the product region (cf. Figure
4). Therefore, the approach in this region is not expected to
take place.

Combination of the results discussed above permitted the
construction of reaction profiles for the two mechanistic al-
ternatives, as shown in Figure 6. This figure reveals that for
the formaldehyde molecule the barrier associated with the
concerted pathway (TS,) is signficantly lower than the barriers
corresponding to the dissociation-recombination mechanism,
TSp| and TSp,, respectively. The situation is reversed, how-
ever, in the case of the acetaldehyde molecule. It is noteworthy
that, despite this reversal, the barriers associated with the two
mechanistic alternatives are very similar in magnitude to the
corresponding values obtained for the formaldehyde model.
The computed barriers clearly need not be the same'2 as the
experimental activation energies estimated for cyclic ke-
tones.

These results suggest that for alkyl migration the dissocia-
tion-recombination (or diradical) pathway is favored over the
concerted migration. Thus substitution of a methyl group for
the migrating hydrogen reverses the mechanistic prefer-
ence.

In order to investigate the effect of the size of the basis set
on the mechanistic preference, the results obtained previously’
have been reevaluated using the present method. Calculations
have been carried out for all the critical points and selected
intermediate points on the migration surface, using a basis set
of 4-31G quality.” The barriers to the various processes were
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then recalculated and compared to those obtained using the
large (2.5) { basis set. The results are summarized in Table IV
and illustrated in Figure 7. According to the figure the points
deviate very little from the “ideal” line with the slope of 1.0.
In fact, the deviation AE,, calculated for an average barrier
of 60 kcal/mol, is only 2.5 kcal/mol. This suggests that the
present results are essentially independent of the size of the
basis set.!3

Conclusions

The present work was concerned with the investigation of
the mechanism of the rearrangement of triplet carbonyl
compounds to oxacarbenes, as modeled by formaldehyde. In
particular, the effect of both basis set size and alky! substitution
on the mechanistic preference has been examined.

It was found that the magnitudes of the computed barriers
are¢ virtually independent of the size of the basis set used.
Consequently, the size of the basis set does not affect the
preference for the concerted pathway reported earlier,”

However, substitution of a methy! group for the migrating
hydrogen resulted in the reversal of the mechanistic preference.
This could indicate that cyclic ketones will rearrange via the
diradical mechanism. Nonetheless, there appears to be a very
delicate balance between the relevant saddle points, which is
influenced by structural factors.'* The validity of these pre-
dictions will be tested experimentally.
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