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(i.e., the benzidine rearrangement3*4-41), N, O-diaryl-
hydroxylamines, 42 substituted triphenylmethylhydroxyl-
amines,*® hydroxyimines (i.e., oximes, ¢f. Beckmann
rearrangement*?), oxaziridines,** and alkyl and «-
hydroxylalkyl hydroperoxides (¢f. the Baeyer-Villiger
reaction*®). One can also consider syn—anti isomeriza-
tion** and even hydrolysis of oximes.

Let us now briefly consider reactions of HOF and F,
and their protonated species. For HOF we calculated
a 12-kcal/mol difference between O and F protonation
favoring the former. HOF is one of the most thor-
oughly investigated triatomic molecules with regard to
physical properties.#® However, few chemical reac-
tions have been performed most probably due in large
part to the inherent instability of aqueous HOF solu-
tions. In base, HOF decomposition yields O, while
in acid it yields H;0,.#* The latter may be ex-
plained in terms of either F protonation or O-F bond
polarization® and a subsequent SN2 attack on the
oxygen by a water molecule to form H,O0H", i.e.,
protonated H,O,. Analogous O-F bond polarization
has been invoked® in a discussion of the reaction of
OF, with primary amines to form the corresponding

(40) H. J. Shine in ‘““Mechanisms of Molecular Migrations,” Vol. 2,
B. J. Thyagarajan, Ed., Interscience, New York, N. Y., 1969,

(41) (a) J. R, Cox and M. F. Dunn, J. Org. Chem., 37, 4415 (1972);
(b) D. V. Banthorpe, Tetrahedron Lert., 2707 (1972); (c¢) U. Svanholm,
K. Bechgard, O. Hammerick, and V, D, Parker, ibid., 3675 (1972).

(42) T. Sheradsky and G. Salenick, Tetrahedron Lett., 615 (1971).

(43) M., S. Newman and P. M. Hay, J. Amer. Chem. Soc., 75, 2333
(1953).

(44) C. G. McCarty, “Syn-anti Isomerizations and Rearrangements’’
in “The Chemistry of the Carbon-Nitrogen Double Bond,” S. Patali,
Ed., Interscience, New York, N. Y., 1970,

(45) W, D, Emmons, J. Amer, Chem. Soc., 79, 5739 (1957).

(46) N, C, Deno, W. E. Billups, W, E, Kramer, and R. R, Lastomer-
sky, J. Org. Chem., 35,3080 (1970).

(47) W, P. Jencks, Progr. Phys. Org. Chem., 2, 63 (1964),

(48) E. H. Appelman, Accounts Chem. Res., 6,113 (1973),

nitroso compound.4® To the best of the authors’
knowledge, protonated F; has not been proposed in the
literature. We note, however, that protonated Cl,
and Br, have recently been invoked in aromatic halo-
genations® and proton-polarized F; in low-tempera-
ture olefin—fluorine reactions (ref 30 discussing the
results in ref 51).

Conclusion

In general, the theoretically calculated proton af-
finities here are in reasonable agreement with experi-
mental values and give us some confidence in the pre-
dictions of proton affinities for NH,OH, NH,F, HOOH,
HOF,and F;. CH;F is a molecule where a more precise
calculation of the proton affinity would be of interest.
When a plus charge is placed on a molecule (as in
substituted carbonium ions RCH,* or in protonated
species such as RNH;*), R = CHj; and NH, appear
to be inductively stabilizing and R = OH and F de-
stabilizing relativeto R = H.
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Abstract:

A nonempirical quantum mechanical study of the electronic structure of C(CHs); has been carried out.

A double { basis set of contracted Gaussian functions was employed, and self-consistent-field wave functions were

obtained for the triplet ground state.

The planar (D3) configuration is predicted to lie 17 kcal/mo!l below the ortho-

gonal (Cs,) form. The electronic structure is discussed in terms of Mulliken populations and orbital perspective

plots.

here is a long history of interest among theoretical
organic chemists in the trimethylenemethane rad-
ical, traditionally represented by the three structures

H H H
/ «/ -/
H—C H—C H—C
c—c{ c—cZ c=c_
H—C/ . H—C/ " H—C/ .
N AN N
H H H 0y

(1) (a) Work performed under the auspices of the U. S. Atomic En-
ergy Commission; (b) Charles Fish Fellow; (c) Alfred P. Sloan Fellow.

Some preliminary results for the lowest singlet states are reported.

Interest in C(CH;); began in 1948 with the work of
Moffitt, who was cited in a paper by Coulson? as having
shown the central atom in trimethylenemethane to have
the greatest m bond order attainable by a carbon atom.
In a related paper appearing 4 years later, Green-
wood? discussed the critical role of C(CH,); in the
notion of “free valence,” defined by Coulson*?

FV:Nmax_N (2)

(2) C. A. Coulson, J. Chim. Phys. Physicochim. Biol., 45, 243 (1948).
For an interesting review, see C. A, Coulson, “Wave Mechanics: The
First Fifty Years,” W, C. Price, S. S. Chissick, and T, Ravensdale, Ed.,
Wiley, New York, N, Y., 1973, p 255,

(3) H. H. Greenwood, Trans. Faraday Soc., 48, 677 (1952).
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where N is the total bond order of the atom in question
and Np. is the maximum possible bond order, 3 + \/ 3,
the value taken on by the central atom of trimethylene-
methane. Hence the free valence of the central carbon
of C(CH,); is identically zero and serves as a frame of
reference.

The role of trimethylenemethane as one of the sim-
plest hydrocarbon molecules possessing no normal
Kekulé-type structure was first discussed by Longuet-
Higgins* in 1950. The general question he addressed
was “why are there relatively few stable molecules for
which it is impossible to write some classical valence
bond structure?”’ At the time, of course, C(CH;); was
no more than a gleam in the eyes of several theoreti-
cians. Using qualitative molecular orbital theory,
Longuet-Higgins was able to show that such non-
Kekulé molecules should have paramagnetic ground
states, react extremely easily with oxygen, and hence
be very difficult to prepare in the presence of air.

Trimethylenemethane has also played an important
role in the development of the theory of zero field split-
tings in organic triplet states. The first paper in this
area was that of McConnell,® who predicted a negative
spin density at the central carbon atom and suggested
that the spin—spin parameter D might be close to zero.
A longer paper® by McLachlan on the same problem
appeared shortly thereafter and considered, but ulti-
mately discounted, the possibility that D for C(CH,)s
might take on a negative value. More detailed cal-
culations of the zero field splittings have recently been
reported by Gold™ and by Gondo and Maki.™

Among the most sophisticated of the semirigorous
calculations performed on C(CHy,); are those of Chong
and Linnett, who compared the methods of alternate
molecular orbitals® and nonpaired spatial orbitals.?

In light of the above theoretical background, the im-
portance of the first preparation of trimethylene-
methane by Dowd! is obvious. The original syn-
thesis was by irradiation of the pyrazoline system

=N

Experimental work following this initial breakthrough
has been nicely summarized in a recent review article by
Dowd.!! Of particular importance to us is the electron
diffraction study!? of the related compound C(CH,);-
Fe(CO);. The C-C bond distance was found to be
1.437 A and the C-H distance 1.111 A. Also note-
worthy is the photoelectron spectrum of the same com-
pound, obtained by Dewar and Worley. '3

The recent semiempirical study of Dewar and Was-
son!4 differs in scope from earlier theoretical work, in
that the potential energy surfaces of the three lowest

(4) H. C. Longuet-Higgins, J. Chem. Phys., 18, 265 (1950).

(5) H. M. McConnell, J. Chem. Phys., 35, 1520 (1961).

(6) A, D, McLachlan, Mol. Phys., §, 51 (1962).

(7) (a) A. Gold, J. Chem. Phys., 51, 4961 (1969);
A. H. Maki, ibid., 50,3638 (1969).

(8) D.P.ChongandJ. W, Linnett, Mol. Phys., 8, 541 (1964).

(9) D. P.Chong and J, W, Linnett, J. Chem. Soc., 1798 (1965).

(10) P. Dowd, J. Amer. Chem. Soc., 88, 2587 (1966).

(11) P. Dowd, Accounts Chem. Res., 5, 242 (1972).

(12) A. Almenningen, A. Haaland, and K. Wahl, Chem. Commun.,
1027 (1968).

ég) M. J. S. Dewar and S. D. Worley, J. Chem. Phys., 51, 1672
(1969).
(19(%‘11; M. J. S. Dewar and J. S. Wasson, J. Amer. Chem. Soc., 93, 3081

(b) Y. Gondo and
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electronic states were explored. As expected, the
planar triplet state is predicted to be the electronic
ground state. However, the first excited state is an
open-shell singlet, predicted to have one methylene
group orthogonal to the other two.

[
C
7
H \c—c\f : @)
Hb—C\/

Ha
This result appears to be consistent with the conclusions
of Doering and Roth, !5 based on the stereochemistry of
the methylenecyclopropane rearrangement.

A final index of the impact of trimethylenemethane is
the significant number of texts in which it is used as an
example. ¢

In the present paper we present the first a priori study
of the electronic structure of C(CH,);. A primary goal
is to discuss the electronic structure of the planar triplet
state in terms of population analyses and perspective
plots. We also discuss the lowest planar singlet state,
as well as the triplet ground state in its orthogonal con-
figuration.

Theoretical Aspects

For planar D, geometries, the lowest electron con-
figuration of trimethylenemethane is

la’21e’42a;'23a,"2 2e’14a,’2 3e’* la, '24e’4 1a,/'2 le’’t  (4)

Hence we expect the ground state to be 2A,’, the first
excited state to be 'E’, and the second excited state to
be of 1A’ symmetry.

If we retain the Dg, nuclear geometry, but require the
individual orbitals to transform according to the lower
symmetry point group C,,, we now have three electron
configurations.
1a,? 2a12 lbg2 3a,%4a,? 5812 2b22 6a127a,% 3b,? 4b,2 8a,?

5b22 lblz laz 2b1 3B?, lB? (5)

(2 /41a;? 2a:® 10,7 3a,2 4a,2 58, 2by? 63,2 7a,? 3b,? 4b,?
8a;2 5by? 1b2 1a,%) =+ (2)~*/«1a,? 2a,% 1b,? 3a,® 4a,2 5a,% 2b,? 6a,?
72112 3b22 4bz2 8812 5b22 lbl2 Zblz) lAl (6)

The correspondence between Dj, and C,, electronic
states is?’
Ay' —> 1B,
IE —> 1B; + 1A, €))]
A —> 1A
For Dj, geometries, the symmetric combination of con-
figurations 6 will be of 'A;’ irreducible representation,
while the antisymmetric combination will be a 'E’ state.
One might think that the total self-consistent-field
(SCF) energy of the 'E’ state should be the same
whether it is obtained using configuration 4, configura-
tion 5, or the antisymmetric combination of configura-

(15) W. von E. Doering and H. D, Roth, Tetrahedron, 26, 2825
(1970).

(16) A. Streitwieser, *“Molecular Orbital Theory for Organic Chem-
ists,”” Wiley, New York, N. Y., 1961, p43; J.N.Murrell, S.F. A, Kettle,
and J. M. Tedder, “Valence Theory,” Wiley, New York, N. Y., 1970,
p 276; L. Salem, ““Molecular Orbital Theory of Conjugated Systems,”
W. A, Benjamin, New York, N, Y., 1966, p 276; C. Gatz, “Introduction
to Quantum Chemistry,” C. E. Merrill, Columbus, Ohio, 1971, p 292;
S. P. McGlynn, L. G. Vanquickenborne, M. Kinoshita, and D. G.
Carroll, “Introduction to Applied Quantum Chemistry,” Holt, Rine-
hart and Winston, New York, N. Y., 1972, p 79.

(17) G. Herzberg, “‘Electronic Spectra of Polyatomic Molecules,”
Van Nostrand-Reinhold, New York, N. Y., 1966.
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tions 6. However, this is not the case.® In fact, the
imposition of full Ds, symmetry upon the orbitals rep-
resents a significant constraint on the SCF wave function
of this open-shell system. Furthermore, even when the
calculations are carried out for C,, orbitals, the !B, and
IA; components of the 'E’ state are not precisely de-
generate. This latter inconsistency illustrates the
equivalence restrictions problem discussed by Julienne,
Krauss, and Wahl® with reference to the asymptotic
degeneracy of the II and 22+ states of HF+. Finally it
should be noted that semiempirical methods suffer
from similar inconsistencies. For example, the
MINDO calculations of Dewar and Wasson!# predict,
in the limit of Ds, geometry, the !B, state to lie a full 20
kcal/mol below the 'A; state. In fact, of course, these
two states are the degenerate components of the 'E’
state.

Our next problem is to correlate the Dj; electronic
states with those for the nonplanar orthogonal geom-
etry 3. As the nonequivalent methylene group is
twisted out of the plane, only a single twofold rotation
remains, and hence the new point group is C,. The
over-all state symmetries of twisted trimethylene-
methane are determined by the symmetries of the open-
shell orbitals, which resolve as

/132 —> 93
le’’ (8)
2by —> Tb
Therefore the C;, — C, state correlation is
iBy —> 3B 1B, —> 1B 1A; —> 1A 9)

When we proceed from the twisted form to the orthog-
onal geometry 3, the point group changes from C; to
C:,. Unfortunately, we then have the ambiguous cor-
relation

a —> a; Or & b—>borhb, (10)

Hence there are four acceptable (from symmetry con-
siderations only) sets of electron configurations: a2,
b12, albl; 3.12, b22, albg; 3,22, b12, azbl; or, ﬁnally, 3.22, b22,
asb,, where only the outer two electrons have been indi-
cated. Which of these four sets of configurations will
correlate with the le’’? configuration of Dj, trimethy-
lenemethane cannot be determined by symmetry argu-
ments alone. In fact, the correct adiabatic correlation
can only be made by knowing the relative positions of
the various electronic states in the orthogonal config-
uration.

However, simple orbital considerations can guide us
to a reasonable prediction of the correct state correla-
tion. For the planar triplet, the two components of
the le’’ orbital may be depicted as

g

2.0 an

1.0

(D)

10 10

>
>

le,” : le,”’

(18) R. N. Dixon, Mol. Phys., 20, 113 (1971); T. E. H. Walker,
Chem. Phys. Lett., 9,174 (1971); R.Manne, Mol. Phys., 24,935 (1972).

(19) P, S. Julienne, M, Krauss, and A. C. Wahl, Chem. Phys. Lett.,
11, 16 (1971).

In these sketches, the lobes of the pr orbitals are meant
to lie above and below the plane of this page. When
the molecule is twisted into the orthogonal geometry
form, the le,’’ remains intact but is now the la; orbital.
The le,’’ combination is no longer a symmetry orbital
but is likely to be converted (during the adiabatic
twisting motion) to a distorted atomic p function per-
pendicular to the function with coefficient 2.0 in the
le,’’ orbital of eq 11. That is the orbitals of eq 11 are
likely to correlate with the orbitals

1.0

(Cop®)

10 (12

10

O )

5b2 132

Hence the electron configuration for orthogonal tri-
methylenemethane should be

1812 2812 lbzz 3812 4312 5812 szz 6812 7812 3b22 lbl2 4b22
8a;2 2bi? Sbe 1ax (13)

In the present study we have carried out ab initio
SCF calculations on the planar 3A;’, 'E’, and 'A,’
states arising from electron configuration 4. To test
the effects of the spatial symmetry restrictions implicit
in (4), the same electronic states have been studied with
orbitals constrained only to be of C,, symmetry. That
is, SCF wave functions have been obtained for the *B,
and !B, states, which arise from electron configuration
5. For the orthogonal geometry 3, an SCF wave func-
tion was obtained for the 3B, ground state arising from
configuration 13. The computations were carried out
using the SCF methods of Hunt, Hay, and Goddard.?

A contracted Gaussian basis set of double { quality
was used. For carbon, Huzinaga’s (9s 5p) basis?! was
contracted to (4s 2p) following Dunning.?? A com-
parable (4s/2s) contraction was adopted for hydrogen,
with each Gaussian exponent « multiplied by (1.2)% =
1.44,

The geometries chosen were based on a C-C dis-
tance of 1.43 A and a C-H distance of 1.10 A. The
C-C-C and H-C-H angles were taken to be 120°.

Results and Discussion

The SCF energy for the %A,’ ground state was
—154.8252 hartrees. An identical energy was obtained
when the same state was described as *B,. For the 'E’
state the restricted SCF energy was —154.7159 hartrees.
However, in this case, as expected,® the C,, symmetry
calculation gave a significantly lower energy. The !B,
energy was —154.7914 hartrees, or a full 0.0755 har-
tree = 47 kcal/mol lower than the result obtained con-
straining the molecular orbitals to have full Dj, sym-
metry.

The ambiguity of the !E’ energy creates something of
a dilemma for the prediction of the 2A,’ — 'E’ energy
separation. The symmetry and equivalence restric-
tion do not affect the A,’ energy but have a profound

(20) W. J. Hunt, P. J. Hay, and W. A. Goddard, J. Chem. Phys., 57,
738 (1972).

(21) S. Huzinaga, J. Chem. Phys., 42, 1293 (1965).

(22) T. H. Dunning, J. Chem. Phys., 53, 2823 (1970).
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effect on the 'E’ energy. Our contention is that the
calculated 'E’ energy is artifically high, due to the sym-
metry and equivalence restrictions, and that either the
1B, or !A; energy should be used to obtain the separa-
tion. Hence we predict the 3A,” — 1E’ separation to
be 0.0338 hartree or 21 kcal/mol. The MINDO/2 cal-
culations of Dewar and Wasson!4 predict this energy
difference to be ~35 kcal/mol.

The planar !'A;’ state was also studied, with con-
figuration 4 yielding an SCF energy of —154.6200 har-
trees. The same state was also studied with no con-
straints being put on the spatial form of the molecular
orbitals. That is, there were 14 doubly occupied a
orbitals and 2 singly occupied a orbitals in this two-
determinant wave function. Interestingly enough, the
SCF energy was tlie same as that obtained with the full
D;, symmetry. Actually, this result is predicted by
Manne’s analysis,'® since the !A;’ representation is
totally symmetric. Thus we predict the 'A;’ state,
which was not studied by Dewar and Wasson, to lie
0.2052 hartree or 128 kcal/mol above the ground state,
However, the correlation energy of the 'A,;’ state should
be significantly greater?® (perhaps 10 kcal/mol) than
that of the 3A,’ state, and thus a somewhat smaller sep-
aration is expected.

For the orthogonal geometry 3, the ®B; ground state
energy, corresponding to electron configuration 13, was
—154.7982. Thus the twisted molecule is predicted to
lie 17 kcal/mol above the planar geometry. In a val-
ence bond picture, of course, this preference for plan-
arity can be rationalized in terms of a loss of “‘reso-
nance’’ energy at the orthogonal geometry. We should
point out that this 17 kcal/mol might be reduced if the
bond between the central and orthogonal carbons was
permitted to relax.

Due to the ambiguity in correlating the two lowest
orthogonal singlets with the planar 'E’ state, and the
resulting difficulty encountered by Dewar and Wasson
in their semiempirical study, it was decided not to at-
tempt to follow the

paths for the twisting of trimethylenemethane. How-
ever, a single SCF calculation was carried out for the
open-shell singlet, !B, state, at the orthogonal geom-
etry. The energy obtained was —154.7958 hartrees,
only 1.5 kcal/mol above the 3B; ground state energy at
this geometry. This same separation appears to be
~3 kcal/mol in the calculations of Dewar and Was-
son.'* Finally, we predict that at the orthogonal geom-
etry the open-shell singlet lies 2.8 kcal/mol below the
planar 'B; component of the 1E’ state.

The electronic structure of the triplet ground state
may be discussed further in terms of the orbital en-
ergies and Mulliken populations, given in Table I
(planar geometry) and in Table II (orthogonal geom-
etry). Perhaps the first point to be made is that the
o and 7 orbital energies are well separated. For the
planar geometry, Table I shows the highest ¢ orbital
(4e’) to have ¢ = —0.5236 hartree, whereas the lowest
m orbital (1a,’’) has e = —0.4383 hartree. Thus it may

(23) P. O. Lowdin, Advan. Chem. Phys., 2, 207 (1959).
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be reasonable to discuss the excited states of C(CH,);
without reference to the o orbitals.

The correspondence between the orbitals of planar
and orthogonal trimethylenemethane is greatly sim-
plified by comparison of the orbital energies. The
planar la,’ orbital is a 1s orbital on the central carbon
and is essentially identical with the orthogonal la; orbital.
The nearly degenerate le’ and 2a;’ orbitals correlate
with the 1b,, 2a;, and 3a; orbitals. These are 1s or-
bitals on the terminal carbon atoms. Note that for the
orthogonal geometry, the orbital (3a;) corresponding to
the twisted methylene group has a noticeably higher
orbital energy. The 3a;’ and 4a; orbitals have very
close €’s and similar composition, a symmetric com-
bination of carbon 2s orbitals, with a central carbon
contribution of ~43%,. The 2e’ orbital decomposes
into the 5a; and 2b, orbitals upon twisting. These
orbitals are primarily terminal carbon 2s in nature, with
a significant contribution (~18%) from hydrogen lIs.
The 4a,’ orbital becomes 6a; upon twisting and is a
conglomeration of all the atomic orbitals except the
central carbon p functions. The 3e’ orbital is clearly
related to the 7a; orbital; they have nearly identical
orbital energies and have their greatest contribution
from the outer carbon p orbitals, with, in addition,
~27% hydrogen Is character.

For the orthogonal geometry, the orbital energies of
3b, and 1b, differ by only 0.003 hartree and hence it is
not immediately obvious which of these correlates with
the second component of the planar 3e’ orbital. In
this regard, note also that the next planar orbital, the
la,’, has no obvious counterpart among the orthogonal
orbitals. We conclude that, as a pair, the b component
of the 3e’ orbital and the la,’ orbital correlate with the
(3b,, 1by) pair but that some mixing of orbitals occurs
during the twisting motion. The 4e’ orbital decom-
poses into 4b, and 8a; upon twisting and is a combina-
tion of carbon 2p and hydrogen Is functions.

With the exception of the le’’ orbital, the orbital
energies for the excited !E’ and 'A,’ states are within
0.02 hartree of those for the *A,’ ground state. For
the 3A,’, 'E’, and 'A,’ states, the le’’ orbital energies
are respectively —0.3211, —0.2088, and —0.1142 har-
tree. This result is by no means unreasonable, since
the positive ion for all three of the electronic states is the
same 2E’ state. Further, the differences in orbital
energies are quite similar to the total energy differences.

In light of the history behind trimethylenemethane,
the = orbitals are of greatest interest. We have al-
ready noted that the = orbital energies are significantly
higher than those of the 14 ¢ orbitals. In the case of
Dyj, symmetry, the la,’’ and le’’ orbitals are restricted
to be composed only of 7 functions, 2p functions
pointing out of the plane of the molecule. Thus the
la,’’ orbital is ~50%7 central carbon 2pw, with a
~179% contribution from each terminal 2pw. This
orbital is depicted in Figure 1 of ref 24, a perspective
plot of the orbital in a plane 0.7 B above the plane of
the molecule. In going to the orthogonal geometry,
la,’’ becomes a 2b; orbital. The b; irreducible rep-
resentation is not strictly limited to 2p= functions. In
fact there is a finite contribution to the 2b, orbital from

(24) Figures 1-5 are not included here but may be found in our
complete report of this work: D. R. Yarkony and H. F. Schaefer,
Lawrence Berkeley Laboratory Report, LBL-2345, Jan 1974,
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TableI. Orbital Energies and Mulliken Populations for

the Triplet Ground State of Planar Trimethylenemethane*

Or- €, Central C Terminal C Hydro-
bital hartrees s p s p gens
1a, —11.2690 2.00 0.00 0.00 0.00 0.00
le’ —11.2447 0.00 0.00 4.00 0.00 0.00
2a’ —11.2446 0.00 0.00 2.00 0.00 0.00
3a,’ —1.0956 0.84 0.00 0.96 0.13 0.08
2’ —0.9082 0.00 0.09 3.00 0.09 0.72
4a,’ -~0.7189 0.29 0.00 0.35 0.71 0.65
3e’ —0.6327 0.00 0.41 0.05 2.35 1.19
lay’ —0.5437 0.00 0.00 0.00 1.03 0.97
4e’ —0.5236 0.00 0.77 -0.01 1.99 1.25
la,”’ —0.4383 0.00 0.99 0.00 1.01 0.00
le’’ —0.3211 0.00 0.00 0.00 2.00 0.00
Totals 3.12 2.26 3.45 3.13 0.81
Atom totals 5.38 6.58 0.81

e The totals take into account the equivalence of the terminal
carbon atoms and of the hydrogens.

causes the twisted form to lie ~17 kcal/mol above the
planar molecule.

The singly occupied orbitals follow our qualitative
discussion of the previous section. That is, Figures 3
and 4 of ref 24 demonstrate the essential correctness of
our qualitative picture (eq 11). As suggested earlier,
the detailed calculations show the le,’’ orbital to be-
come the la, orbital as the methylene group is twisted.
In fact, a perspective plot of the la, orbital is virtually
indistinguishable from Figure 4 in ref 24, the le,’”’
orbital. We have not plotted the 5b, orbital, since it
has little magnitude in the plane 0.7 B above the mole-
cule. However, inspection of the expansion coeffi-
cients shows the 5b, orbital to be as in (12), a 2p orbital
in the plane of the four carbon atoms. Finally, the
total 7 electron density for the 3A,’ ground state is seen
in Figure 5 of ref 24.

Table II. Orbital Energies and Mulliken Populations for Triplet Trimethylenemethane in Its Orthogonal Configuration 3
Hydro- Hydro- Orthogonal
€, Central C Terminal C Orthogonal C gena gen b hydrogen
Orbital hartrees s p s p s p s s s

la; —11.2697 2.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1b, —11.2467 0.00 0.00 2.00 0.00 0.00 0.00 0.00 0.00 0.00
2a, —11.2467 0.00 0.00 2.00 0.00 0.00 0.00 0.00 0.00 0.00
3a; —11.2335 0.00 0.00 0.00 0.00 2.00 0.00 0.00 0.00 0.00
4a, —1.0944 0.86 0.00 0.66 0.08 0.30 0.04 0.01 0.03 0.02
Sa, -0.9081 0.00 0.08 0.49 0.07 0.97 -0.01 0.08 0.05 0.27
2b, —0.9049 0.00 0.13 1.45 0.03 0.00 0.02 0.19 0.19 0.00
6a, —0.7158 0.28 0.00 0.24 0.47 0.13 0.45 0.21 0.21 0.21
Ta, —0.6334 0.00 0.20 0.01 0.95 0.01 0.25 0.07 0.39 0.11
3b. —0.6002 0.00 0.36 0.01 1.08 0.00 0.04 0.52 0.00 0.00
1b; —0.5972 0.00 0.15 0.00 0.05 0.00 1.05 0.00 0.00 0.76
4b, —0.5297 0.00 0.25 0.00 1.00 0.00 0.00 0.10 0.64 0.00
8a, —0.5204 0.00 0.37 0.00 0.56 0.00 0.45 0.42 0.09 0.11
2y —0.3867 0.00 0.87 0.00 0.97 0.00 0.05 0.00 0.00 0.13
Sbe —0.3750 0.00 0.01 0.00 0.00 0.00 0.98 0.01 0.00 0.00
la; —0.2895 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00

Totals 3.14 2.41 3.42 3.14 3.40 3.08 0.808 0.806 0.805

Atom totals 5.55 6.56 6.48 0.808 0.806 0.805

s and p functions on each of the four carbons and from
all but the orthogonal hydrogen s functions. The
latter atomic functions are of a, irreducible representa-
tion. Nevertheless, the 2b, orbital remains primarily
w-like in character, being ~43% central carbon 2pm,
with ~249 2pm contribution coming from each of the
two methylene groups remaining in the plane of the
D3, molecule. These characteristics are seen qualita-
tively in Figure 2 of ref 24, a perspective plot analogous
to Figure 1 of ref 24. Comparison of Figures 1 and 2
in ref 24 shows that in going to the orthogonal geom-
etry the contribution of the twisted methylene carbon
essentially disappears, with contributions from the
other three 2pm orbitals becoming appropriately larger.
Thus it is easy to imagine the la,’’ orbital growing?®
into the 2b,; orbital in a smooth and continuous manner.
In addition, the absence of a significant contribution of
the orthogonal methylene carbon to the 2b; orbital may
be associated with the loss of resonance energy, which

(25) R. B. Woodward and R. Hoffmann, “The Conservation of
Orbital Symmetry,” Verlag Chemie, Weinheim/Bergstr., Germany, 1970,

To conclude, we note the total atomic populations in
Tables I and II. In both the planar and twisted con-
figurations, the central carbon has a large positive
charge, if discussions of atomic charges are mean-
ingful. In fact, the charge of +0.62 on the planar
central carbon is one of the largest we have encoun-
tered on any carbon atom study by ab initio methods
with comparable basis sets. In hydrocarbons, the
carbon atoms usually have populations greater than
6.0, while for CF, and C,F, the carbon charges ob-
tained?®?" are 0.36 and 0.53. The only positive charges
larger than 40.62 with which we are familiar are those
obtained by Snyder and Basch for CHF; (+0.67) and
CF, (0.96). Thus, it is quite conceivable that as well as
having the lowest possible free valence? the central
carbon in trimethylenemethane may have the largest
positive “atomic charge” attainable in a hydrocarbon
molecule.

(26) S. Rothenberg and H. F. Schaefer, J. Amer. Chem. Soc., 95,
2095 (1973).

@27) L. C. Snyder and H. Basch, “Molecular Wave Functions and
Properties,” Wiley, New York, N. Y., 1972,
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