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and gauche forms, respectively. Their mean value,
1.72 D, agrees fairly well with the observed 1.39 D
in benzene solution.® Therefore, the electron density
calculated by the CNDO method may be reliable
and can be used as the basis of our research. This
conclusion, in turn, suggests the possibility of apply-

ing the LCBO-MO theory as a semiempirical one to
the compounds other than alkanes.
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The equilibrium geometries of benzophenone and benzaldehyde in ground and (n,7*) excited states are cal-

culated using the extended Hiickel and CNDO/2 methods.
phenyl rings twisted out of plane to a C; geometry by 38°.
tential well for a similar geometry in which the angles of twist are 32°.

remains locally planar in the excited state.
are reported.

Introduction

Among photochemists benzophenone (1) is a most
popular molecule. Careful and elegant studies have
clarified the mechanism of the classic photochemical re-
duction of benzophenone to benzpinacol in the presence
of hydrogen donors.! Benzophenone participates in a

number of photochemical 2 4 2 cycloadditions yielding
oxetanes,? but perhaps the greatest utility of benzo-
phenone is found in its application as an agent for effi-
cient triplet state energy transfer.® Equilibrium geom-
etry changes in the excited states of molecules play a
most significant role in determining their photochemical
behavior. In this contribution we examine possible
geometry changes in the (n,7*) excited state of benzo-
phenone.

The ground-state equilibrium geometry of benzo-
phenone is determined by a balance of steric and con-
jugative effects. Conjugation of the carbonyl group
with the phenyl rings would favor a planar conforma-
tion. Steric repulsion between the H, and H," hy-
drogen atoms prevents the attainment of coplanarity.
Each of the phenyl rings must then be rotated by some
angle, o and 8 (see structure 1), out of the plane formed
by the carbonyl group and the adjacent phenyl carbon

The ground state of benzophenone has both
The excited state has a considerably steeper po-
It appears that the carbonyl group

Potential surfaces for the interconversion of enantiomeric minima

atoms. The mode of rotation which most efficiently re-
lieves the steric problems of the planar geometry is a
conrotatory one, 7.e., « and 8 as defined in structure 1
both positive and probably of similar magnitude.
This was clearly pointed out by Adams,* Rodebush,?
and Jones® though the steric prohibition to coplanarity
was no doubt apparent to many researchers as soon as
the structure of optically active biphenyls was clarified.”
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Intensity effects on the electronic spectrum of benzo-
phenone were cleverly utilized as a means of obtaining
an estimate of the angle of twist of the phenyl groups.8:?
Crystal structures of substituted benzophenones®—12
exhibited approximately equal angles of twist of each
ring in the range of 20-35°. The most precise of
these!!® has slightly differing angles: o o~ 25°, 8 ~ 35°.
Recently crystal structures of benzophenone itself have
become available.!41® A dihedral angle of 56° be-
tween the two phenyl rings is reported.’® Assuming C,
molecular symmetry, this corresponds to o = 8 = 33°,

Discussion

We have carried out approximate molecular orbital
calculations of two types—CNDOQ/2!¢ and extended
Hiickel'” (EH)—on benzophenone.’® The first degree
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Figure 1. Extended Hiickel potential energy curves for the

conrotatory twisting of phenyl rings in ground and excited
configurations of benzophenone. The energy scale is
relative to an arbitrary energy zero, and one different for
ground and excited configurations. (Note broken

energy scale.)
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of freedom we studied was the conrotatory (C, molec-
ular symmetry, a = ) twisting of the phenyl rings
away from the molecular plane. Figure 1 shows the
calculated EH results for the ground state and the ex-
cited configuration resulting from (n,r*) excitation.
The ground state has a shallow minimum at « = 8 =
38°; the excited configuration has a much deeper min-
imum at a significantly smaller angle of twist, « = 8 =
32°. The agreement with the ground-state ecrystal-
lographie® value of @« = 8 = 33° is good, and the cal-
culations thus produce the balance of steric and eon-
jugative effects which produces the equilibrium geom-
etry.’® The CNDO/2 method gave an energy min-
imum at « = 8 = 90°. Similar results were obtained
for benzaldehyde. Since the discrepancy with experi-
ment is sizable, we did not pursue calculations with this
method any further.

Since unsymmetrical geometries (« 3 8) have been
suggested at various times,? we thought it important to
allow the molecule the freedom of varying « and 8 inde-
pendently. Figure 2 illustrates our caleulated potential
energy surface for the ground state. The figure shows
the range —90° < a < +90°, 0° < 8 < 180°. Other
conformations are identical by symmetry with those
shown in Figure 2;in fact the only symmetry nonequiv-
alent regions or generators of the figure are two tri-
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angles: a conrotatory region, 0° < a < 90°, 0° <
B < a and a disrotatory region —90° < « < 0°, 0° <
B < la]. The only minima in this surface are the
previously located conrotatory one at « = 8 = 38°, and
its mirror image, at &« = —38°, 8 = 142°. There are
no minima in the disrotatory regions, and geometries
such as those with o = 0°,8 = 90° or ¢ = 8 = 90° are
saddle points.

The stable conformation of benzophenone is chiral.
There arises immediately the problem of mechanisms
for the conversion of one enantiomer into the other and
the activation energies for such processes. As in the
analogous diphenyl methyl system,!® we consider three
possible geared motions for the conversion of one enan~
tiomer into the other. These are shown schematically
below. In mechanism 2 the transition state is planar

e
- H
A b

(e = B = 0°); in 3 both phenyl rings are perpendicular
to the plane of the carbonyl carbon atom (a = 90°,
8 = 90°); in 4 one phenyl ring is coplanar and the other
is perpendicular (a = 0° g = 90°). Figure 2, pre-
viously presented, contains the requisite information to
compare the three reaction paths. Mechanism 2, in-
volving the sterically hindered planar intermediate, has
an extremely high activation energy of 3.682 eV.
Mechanism 4 is slightly favored over mechanism 3; the
calculated activation energy is 0.146 eV for 3 and 0.051
eV for 4. The calculated activation energy for 4 is
very small, and the conversion from one enantiomeric
form of benzophenone into the other should proceed
most easily.

The experimental information available to date on
benzophenone clearly demands a small barrier. It is
clear that bulky substituents on the benzene rings will
increase the barriers to interconversion.?

We now turn to a discussion of the excited state.
Figure 3 illustrates the extended Hiickel surface for the
(n,7*) excited configuration of benzophenone. The
angles are defined analogously to Figure 2, but the en-
ergy contours are spaced at greater energy intervals.
The only minima in this surface are once again the con-
rotatory ones for @ = 8 = 32° and a = —32° 8 =
148°. Loci such as @ = 0°, 8 = 90° remain saddle
points. New saddle points oceur in the disrotatory re-
gions, eg., at « = —57° 8 = 57° and o = 57°, 8 =
123°.

The preference of the exeited (n, =*) configuration for
a more nearly planar geometry is significant. The re-
sults were anticipated from the examination of the in-
teraction diagram in Figure 4. On the left side of the
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Figure 2. Contour diagram of the extended Hiickel potential
energy surface for the ground state of benzophenone. The
signs of « and B are defined relative to the sense of rotation
shown in structure 1. « and 8 are equal to zero for the
planar conformation. The energy contours are in electron
volts relative to the marked minima.
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Figure 3. Contour diagram of the extended Hiickel potential
energy surface for the (n,=*) excited configuration of
benzophenone. See caption to Figure 2 for definition of
angles. (Note that the contours in Figure 3 are at greater
energy intervals than in Figure 2.)
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diagram are the benzene = orbitals, taken twice. On
the right side are carbonyl = and =* orbitals. As a
consequence of the greater electronegativity of the
oxygen atom the center of energy of the carbonyl or-
bitals is lower than that of the benzene orbitals. The
molecular orbitals may be classified as symmetric, S, or
antisymmetrie, A, with respect to the molecular C,
axis. The molecular orbitals are then allowed to in-
teract; minimum interaction would correspond to a =
B = 90°, maximum =-electron interaction would occur
at @ = 8 = 0°. The principal interaction is that of the
carbonyl =* with an unoccupied benzene orbital of the
same symmetry. In the resulting stabilized MO, which
is principally carbonyl 7*, the benzene =* MO is mixed
in a bonding way. Population of this MO in the (n,7*)

excited state results in both an increase in C-C; and
C-Cy’ bond order and a greater tendency to planarity.
The relative depths of ground- and excited-state
minima are explained in the same manner. The inter-
action of benzene and earbonyl orbitals has been pre-
viously analyzed with the aid of an interaction dia~
gram.??%

The preceding argument may also be used to account
for the stabilization of the disrotatory region as mani-
fested by the removal of the ground-state saddle point
at o = —00° 8 = 90°to @ = —57°, 8 = 57°. How-
ever, in the excited state, the disrotatory region may
benefit from another electronic interaction, arising
from the proximity of the two benzene rings. - The
polar valence bond structures 5 and 6 no doubt contrib-

ute to the best description of benzophenone. Penta-
0 0
B e o <>
1 5
o~

dienyl cations, such as may be seen in part of structure
6, are expected theoretically?* and known experimen-
tally® to undergo electrocyclic ring closure to cyclo-
pentenyl cations in a conrotatory manner in the ground
state and in a disrotatory manner in the excited state.
The stabilizing interaction here is from the overlap of
the C, and Cy’ 2p orbitals.

The singlet and triplet (n,n*) states of formalde-
hyde® are pyramidal. We therefore studied the fea-
sibility of the similar distortion in benzophenone ex-
cited states. CNDO/2 results for the formaldehyde ex-
cited-state geometry have been presented by Kroto and
Santry.?” The calculated barrier to inversion is small.
EH calculations predict an out-of-plane angle of 20°
and an inversion barrier of 0.0034 eV. The singlet state
has in fact been analyzed to have the oxygen out of the

The Journal of Physical Chemistry

RoarLp HorrmManN AND JERRALD R. SWENSON

— A

c=0

Figure 4, The interaction of the = levels of two phenyl groups
with & carbonyl group, as in benzophenone. The levels are
classified according to their behavior under Cs. Only the most
significant interaction is shown.

plane of the remaining atoms by 20° and to possess an
inversion barrier of ~650 ecm~! or 0,080 e¢V.%* Thus
both computational methods give much too small inver-
sion barriers, though they confirm nonplanarity.

For the equilibrium eonformation of the excited con-
figuration of benzophenone (@ = 8 = 32°) we studied a
motion of the carbonyl oxygen out of its local molecular
plane. The resulting potential energy curve (EH) is
compared with that of formaldehyde in Figure 5. The
planar conformation remains stable. However, in view
of the fact that the EH method severely underestimates
the barrier to inversion in formaldehyde, the only re-
liable conclusion that may be drawn is that the out-of-
plane angle in benzophenone (if nonzero at all) is less
than it is in formaldehyde.

We also studied an out-of-plane motion of the oxygen
at the disrotatory saddle point at « = —57°, 8 = 57°.
It was found that in the excited state the earbonyl
oxygen definitely preferred to move out-of-plane,
coming to an equilibrium position bent by 25° down,
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Figure 5. Comparison of calculated out-of-plane bending
energy curves of formaldehyde and benzophenone. Both
molecules are referred to the same energy zero for a planar
geometry. The bending angle is defined in the plane
perpendicular to the XCX plane and containing the bisector
the XCX of angle. The bending angle is then the angle in

the above defined plane by which the oxygen is out of planarity.

i.e., below the original plane defined by structure 1.
This placed the oxygen closest to the 6 and 6’ positions.
The favored geometry was 0.25 eV below the ‘“‘planar”
excited-state conformation. This is still 0.22 eV above
the conrotatory excited-state minima at « = 8 = 32°,
Readjustment of & and 8 in the “nonplanar”’ disrota-
tory conformation gain only approximately 0.01 eV, so
that we remain confident that the only true minima in
the excited state are the “planar’”’ conrotatory ones.
The preferred direction of out-of-plane bending at the
disrotatory saddle point is nevertheless interesting.
One possible explanation of the observed trend may be

A
S

Ph
Figure 6. Projection of the left-hand phenyl ring and carbonyl
oxygen on the plane perpendicular to the C,~Cy axis. The
view is from Cq toward C,. The front bar is the projection
of the right-hand phenyl ring. Three oxygen positions are
shown. In the middle we have the disrotatory saddle point
geometry, a = —57° B8 = 57°, oxygen ‘“‘planar.”” At the
left the oxygen has been moved “down” 25° (see text and
caption to Figure 5), at right “up” 25°.
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Figure 7. Energy as a function of angle of twist for ground
and excited configuration of benzaldehyde. The energy scale
is relative to an arbitrary energy zero, different for the two
configurations. (Note broken energy scale.)

obtained from examining Figure 6. This shows a pro-
jection of C;, and the carbonyl group on the plane per-
pendicular to Ci—Cy, for the “planar” disrotatory saddle
point, and the two possible motions of an oxygen 25°
out of plane. It is clear that better conjugation or
overlap of the carbonyl carbon orbital (presumably a
hybrid with increasing s character) and the phenyl or-
bitals is achieved upon oxygen bending in the manner
indicated at left.

Our calculations also yielded the ground and excited
configuration charge distributions for benzophenone.
We consider the CNDO charge distributions more re-
liable and show below the carbon and oxygen charges
computed by this method for a conrotatory geometry
with ¢ = 8 = 35°

+.01
ground-state charge distribution

Volume 74, Number 2 January 22, 1970



420

+.02
excited-state charge distribution

The charge redistribution in the excited state is not very
great. This is the consequence of an “n” orbital which
is not localized at oxygen, but significantly delocalized
thoughout the molecule. The absence of charge re-
distribution of a magnitude consistent with the classical
picture of a fully localized oxygen lone pair is supported
by recent measurements of the dipole moments of ben-
zophenone excited states.?

Benzaldehyde has been assumed to have a planar
conformation since there is no steric interaction pre-

Energy Parameters in Polypeptides. II.

Orbital Calculations for Model Peptides!*
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venting such a conformation. Extended Hickel cal-
culations confirm this assumption. The potential en-
ergy curves for the rotation of the aldehyde group away
from the plane of the phenyl ring for the ground state
and the excited state of benzaldehyde arising from the
carbonyl (n,7*) transition are shown in Figure7. The
calculated barrier to rotation is 0.22 eV for the ground
state and 0.79 eV for the excited state. The theoretical
analysis is just like that presented for benzophenone,
with a predicted higher barrier to internal rotation in
the (n,7*) excited state compared to the ground state.
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Semiempirical Molecular
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Department of Chemistry, Cornell University, Ithaca, New York 14850 (Received June 30, 1969)

The EHT and CNDO/2 methods have been used to compute charge distributions, dipole moments, energies
for internal rotation, electronic orbital configurations, and electronic spectra of formamide, N-methylformamide,
N,N-dimethylformamide, acetamide, N-methylacetamide, N,N-dimethylacetamide, and acetyl-L-proline
amide. The CNDO/2 method gives more reliable charge distributions and dipole moments than the EHT
procedure. However, the EHT procedure is better for treating internal rotation and provides a physical
picture for the preference of the trans form of the amide group in peptides. Calculations are also carried out
for the changesin the charge distributions, dipole moments, energies for internal rotation, electronic orbital
configurations, and electronic spectra of these model compounds as the amide group departs from planarity.

Some of the data for acetyl-t-prolineamide are represented in the form of a Y-« energy contour diagram.

Introduction

At the present time, conformational energy calcula-
tions are being carried out for polypeptides, using
empirical methods.5 In conjunction with these studies,
an examination is being conducted®” of the under-
lying theoretical basis of the empirieal approaches.

In the first paper® of this series (designated here as
paper I), a semiempirical method was employed to
obtain some of the parameters required for the con-
formational energy calculations. The method of
Del Re?—!! was used to obtain the ¢ charges, and dipole
moment data (as well as computed values of Pullman
and Pullman'?) were used to obtain the = charges.
The resulting total charges on all the atoms of the
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amino acid residues which commonly ocecur in proteins
were then obtained. A similar calculation of the
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