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Abstract: Configuration interaction is used to examine the wave function for the « electrons in 'E’ trimethylenemethane
from several different perspectives. It is shown that in the planar singlet, repulsion between the nonbonding electrons results
in a modification of the MQ’s appropriate for 3A,’ trimethylenemethane and that one component of the 'E’ wave function
consequently resembles closely that for an allyl radical plus an electron effectively localized in a p orbital. Some problems in-
herent in the SCF treatment of the 'E’ state of D3 trimethylenemethane are discussed.

Trimethylenemethane! has been of interest to theoreti-
cians for more than a quarter of a century. A number of so-
phisticated theoretical treatments of triplet trimethylene-
methane appeared before Dowd reported the synthesis and
characterization of the molecule in this state.? Singlet tri-
methylenemethane, as the presumed intermediate in the re-
arrangements of methylenecyclopropanes, has an even long-
er experimental history than the triplet,! but only recently
has the singlet been the subject of detailed theoretical
study. In 1971 Dewar and Wasson? reported semiempirical
MINDO/2 calculations which showed that, unlike the trip-
let which adopts a planar geometry, singlet trimethylene-
methane prefers a conformation with one methylene group
lying in a plane orthogonal to that containing the other two.
This finding provided theoretical justification for previous
proposals of this geometric preference for the singlet, which
had been based on the experimentally observed preservation
of optical activity in the rearrangement products of chiral
methylenecyclopropanes,* the results of detailed stereo-
chemical studies,> and the effect of substituents on migrat-
ing group selectivity and rate of rearrangement.’26 Subse-
quent ab initio calculations”® have also found the orthogo-
nal geometry to be lower in energy than the planar one for
the singlet, and an explanation of this phenomenon in terms
of the effect of electron repulsion in this open-shell 7 system
has been given.’

Although both of the ab initio calculations’-® agree with
the MINDO/2 results in predicting that for the singlet, the
orthogonal geometry is favored, the Yarkony and Schaefer’
calculation found only a small (2.8 kcal/mol) energy differ-
ence between it and the planar one. In contrast, like
MINDO/2,? the other ab initio calculation® predicted a
substantially larger (>1 eV) energy difference between the
two geometries. The Yarkony-Schaefer result is in much
better accord with the experimental observation that race-
mization competes with rearrangement in chiral methylene-
cyclopropanes.*32 That racemization is probably occurring
via the planar singlet, rather than through the intermediacy
of the triplet, is strongly indicated both by theoretical con-
siderations and experimental data. If the triplet were

formed, it would not be expected to reclose to methylenecy-
clopropane,!® and oxygen, an excellent scavenger of triplet
trimethylenemethane,!! has no effect on the distribution of
products or the stereochemical characteristics of the rear-
rangement of optically active trans-2,3-dicyanomethylene-
cyclopropane.!?

In a preliminary communication!? it was argued that the
Yarkony-Schaefer result” is correct and that, in order to
avoid the high energy ionic terms, involving the nonbonding
electrons, that appear in the familiar fully delocalized D34
wave function for singlet trimethylenemethane, the opti-
mum wave function for the planar singlet resembles closely
that of an allyl radical plus an electron essentially localized
in a p orbital. The overestimation of the energy preference
for the orthogonal geometry by the other two calculations®$
on singlet trimethylenemethane was attributed to their fail-
ure to arrive at the correct wave function for the planar ge-
ometry. This failure was seen to result from the use in these
calculations of approximate methods for dealing with open-
shell systems, which led to the same set of MO’s for singlet
as for triplet trimethylenemethane.

In this paper configuration interaction is used to examine
the wave function for the planar singlet from several differ-
ent perspectives, in order to amplify and expand upon the
points raised in the preliminary communication.!?

/,8 1/vV2 /8 1/V6
01_04\8 . 2/1/68—04\8 .
v,

v,

A Two-Electron Model

The familiar nonbonding MO’s of planar (D3y) trimethy-
lenemethane are shown above. As has been pointed out pre-
viously,>!3 unlike the case in [4n]annulenes,!4-16 these non-
bonding MO’s, or any linear combination of them, have
amplitude on at least one common atom. Consequently, in
the singlet state in which one electron is placed in each MO,
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the wave function contains ionic terms, corresponding fo the
simultaneous occupancy of an AO common to both MO’s
by these two electrons. This is easily seen by expanding the
singlet wave function,

¥ = [[Y22ysf) +|¥ay2f)]/v2 (1)

in terms of AQ’s and verifying that it contains terms corre-
sponding to the simultaneous occupancy of ¢, and ¢;3 by the
two electrons. These ionic terms, which are of high energy
because of the large value for the electrostatic repulsion in-
tegral for two electrons in the same atomic orbital, are of
course absent from the wave function for the triplet (as may
be verified by expansion of eq 1 after changing the sign be-
tween the Slater determinants to obtain the m; = 0 compo-
nent of this state).

Two other Slater determinants can be constructed by
placing both electrons in the same MO. Neither |>2¢2%)
nor |¥3*Y37) by itself is a symmetry-correct wave function,
since neither belongs to an irreducible representation of
Dsp. The in-phase combination belongs to Ay’ and lies
above the out-of-phase combination,

V= [[Y22yf) = |¥sys®)] /v 2 (2)

which, together with the wave function in eq 1, transforms
in D3, as E’. Since the wave functions in eq 1 and 2 togeth-
er form the basis for a degenerate representation, they must
have the same energy. In fact, although they appear to be
very different, ¥/ is just a linear combination of the two
wave functions with the form of ¥ that can be created by
choosing ¢2 and ¢3 as the unique atom in the MO’s. A more
physical interpretation of ¥’ is made possible by noting that
the wave function can also be written as

V= [|(Y2 + ¥3)2(¥2 — ¥3)P) + | (V2 — ¥3)%(¥2
+¥3)%)1/2V2 = ¥ ya8) + Yy ®)]1/vV2 (3)

which is the wave function for two electrons occupying two
different MO’s, ¢’ and ¢4/, which are respectively the sum
and difference of y» and 3. It can be verified by expansion
that the ionic terms in eq 2 or 3 occur with the same proba-
bility as those in eq 1.7

The ionic terms in eq 1 can be made to disappear if y3 is
altered by confining it to ¢, where ¥, has a node, so that
the two MO’s have no atoms in common. This can be ac-
complished by adding to 3 the in-phase combination of the
three p # AO’s of the trimethylenemethane periphery, x =
(1 + 2 + ¢3)/\/§ with a coefficient of 1/\/5. However,
in D3, symmetry ¥3 and x belong to different representa-
tions, since the former is e’ and the latter a,”. Consequent-
ly, an SCF calculation, in which the Fock matrix used to
find y3 is set up using only a basis set consisting of functions
of ¢” symmetry, will not mix  into 3. Should x be mixed
into ¥3? Intuitively, we expect the answer to be yes, because
we have seen that this mixing eliminates the ionic terms in
eq 1. That this mixing does occur, even in D3, symmetry,
can be verified by a CI calculation.

Like ¥, the configuration, (|¥2*x®) + |x*¢2%))/V'2, is
'E’ in D3y, since €” X ay” = E’. Also, it is, like ¥, antisym-
metric with respect to the plane that bisects the C2-C4-C;
bond angle. Consequently, it can mix with ¥ via an inte-
gral which, ignoring differential overlap, is found to be
—V2(¥11 — y13)/3, where vy, is the repulsion integral be-
tween two electrons in the same p orbital and <13 is that be-
tween two electrons in p 7 orbitals on different perimeter
atoms. If the small amount of overlap between such AO’s is
ignored so that x has exactly the same energy as 3, it is
found that the configuration where 3 is replaced by x lies
higher in energy than ¥ by (v;; — v13)/3. Mixing between
the two configurations is computed to yield a new wave

function,

(¥22ys®) + |28y + (¥22%%) +|x¥28))/V2]/V3
= [[¥2%(¥3 + (1/2Y/2)x)F)
+|(3 + (1/2Y2)x)*¢:8)1/vV3 (4)

with energy equal to 13, corresponding to the removal by
CI of all the ionic terms in ¥ by mixing x into y3 with coef-
ficient 1/v/2.

Although the assumption of D3, symmetry for the: MO’s
prevents an SCF calculation from arriving at the lowest en-
ergy wave function for the two nonbonding electrons, if
lower symmetry is assumed in setting up the Fock matrix,
an SCF calculation that properly includes the repulsion be-
tween the nonbonding electrons (by not making simplifying
assumptions that lead to the same set of MO’s for both the
'E’ and 3A»’ states)3818 will generate the wave function in
eq 4. For instance, in Cy, symmetry both ¢3 and x belong to
the same representation and so will be mixed to give the
wave function of eq 4. Consequently, in order to arrive at
the lowest energy SCF wave function for 'E’ trimethy-
lenemethane in a D3, geometry, Yarkony and Schaefer’
had to carry out their SCF calculation with only C, sym-
metry required of the MO’s. This is a general problem in
SCF calculations on degenerate states of open-shell systems
that has been analyzed by Manne.!® It arises because, as we
have seen above, the direct product of two (or more) differ-
ent representations with a degenerate one may span the
same degenerate representation. In the case at hand an E/
wave function can be obtained in D34 from either e’ X e”
or a,” X e’’; consequently, one of the nonbonding MQO’s can
be a mixture of ¢” and a,”” symmetries.

While an SCF calculation that assumes lower than Dsp
symmetry for the MO’s can lead to the wave function in eq
4, there are two problems with this type of SCF approach.
The first is that the total wave function thus obtained may
have a contaminant that does not belong to the desired rep-
resentation in the higher symmetry group to which the mol-
ecule actually belongs (vide infra). The second is illustrated
by the attempt to obtain an orbital picture for the effect of
Clon ¥’ in eq 3. CI mixes ([¥3*x®) +|x*¢¥3%))/+v/2 into ¥/
with a coefficient of 1/4/2. However, if the resulting !E’
wave function is written in terms of just two occupied
MO’s, a spurious term —| x*x?) /2+/3 is introduced.

(¥22¢2P) — [¥ssf) — (¥aox?) +|x3f))/v2]/V3
= [[(2 + s — (1/2Y9)x)%(2 — ¥3 + (1/21/2)%)F)
+| (W2 =3 + (1/2Y9)x)% (Y2 + Y3
= (1/2Y209]/2V3 + [x*x®) /2vV3 (5)

That this term does not belong in the wave function is ap-
parent from the fact that it has A’ symmetry, and it must
be eliminated to obtain a wave function with no ionic terms.
Since the second component of 'E’ cannot be written simply
in terms of just two occupied MO’s, it is obvious that no
SCF-MO calculation can arrive at the correct wave func-
tion for this component. A consequence of this fact is that
SCF-MO calculations on the two components of 'E’ will
lead to two different energies, despite the fact that the cor-
rect wave functions are, of course, degenerate. This lack of
equivalence was noted in the SCF calculations on trimethy-
lenemethane carried out by Yarkony and Schaefer.’

SCF Wave Functions for 'E’ Trimethylenemethane

Using a CI approach we have now obtained the lowest
energy wave functions for nonbonding electrons in the two
components of !E’ trimethylenemethane and shown that
one of them is identical with that which would be generated
by an SCF calculation for these electrons, provided that
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only C,, symmetry were imposed on the MO’s. However,
the energy that must be minimized is that of the wave func-
tion for all four = electrons and not just that of the wave
function for the two electrons in the NBMO’s, In the next
section we use CI to obtain the best singlet wave function
for the = electrons in trimethylenemethane. First, however,
we examine the wave function for the four = electrons in the
IE’ state of trimethylenemethane that is obtained by plac-
ing the two bonding electrons in MO’s orthogonal to the op-
timum MO’s for the nonbonding electrons. The importance
of minimizing the Coulomb repulsion between the nonbond-
ing electrons in determining the optimum wave function for
singlet trimethylenemethane has been emphasized;!3 so this
procedure might be expected to provide a good approxima-
tion to the wave function obtained from an SCF calculation.

The = orbitals that span the peripheral carbons and are
orthogonal to ¥, and (¥3 + (1/2Y/2)x)V2/3 are ((1/
21/2)y3 = x)V/2/3, where the upper sign corresponds to the
orbital to be used with the nonbonding MO’s given by eq 4
and the lower to the one for use with thoseineq 5. The p =
AO, ¢4, on the central carbon in trimethylenemethane
belongs to a»”, so it mixes with x. The resulting bonding or-
bitals are ((1/2Y2)y3 F x)/V3 * (1/2'/2)¢4, both of
which have the same energy, « + V28, in Hiickel theory.
In fact, the = bonding MO, appropriate for use with the
wave function of eq 3, where one of the nonbonding elec-
trons occupies Y2 while the other is localized in ¢, is none
other than the familiar bonding MO of allyl.

(201 — ¢2 — ¢3) — (1 + d2 + ¢3) — (1/21/2) ¢y
= — [a(d2 + ¢3) + (1/2'/2)¢4]  (6)

Thus, minimizing the repulsion between the nonbonding
electrons in singlet trimethylenemethane, by confining them
to different sets of atoms,? leads to the wave function for an
allyl radical plus a localized electron, even in the planar
molecule.!3 This is essentially the wave function that was
obtained from the ab initio SCF calculation of Yarkony and
Schaefer.!3

With an allyl plus p wave function the molecule will, of
course, be unstable to a distortion from Dj;y symmetry that
lengthens the bond to Cy, since the = bond order between
C; and the central carbon is zero. In contrast, with the
bonding MO appropriate for the NBMO’s in eq 5,

%201 — ¢2 — ¢3) + (1 + d2 + ¢3) + (1/21/2) ¢4
= %o+ %(o2 + 03) + (17294 (7)

the bond to C; will shorten with respect to the other two,
because of the larger = bond order between C, and the cen-
tral carbon. There is a vibration of e’ symmetry which ef-
fects changes in the length of this bond with respect to that
of the other two and thus can lift the degeneracy of the two
components of the 'E’ state, as predicted by the Jahn-Tell-
er theorem.20 It is perhaps worth noting that neither com-
ponent of 'E’, when constructed from the MO’s appropriate
for triplet trimethylenemethane, confers on the molecule a
propensity to undergo a first-order Jahn-Teller distortion.!
Consequently, such 'E’ wave functions violate the Jahn-
Teller theorem, and this fact provides a clue that such 'E’
wave functions for planar trimethylenemethane are not the
correct ones.

One last point that should be raised regarding the allyl
plus p wave function for the planar singlet is whether it, or
the SCF wave function to which it is a close approximation,
is actually a pure 'E’ state in D3,. It will be recalled that to
arrive at an optimum singlet wave function by an SCF cal-
culation, only C,, symmetry can be demanded of the MO’s.
Since both E” and A, in D3, correspond to B in Cs, sym-
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metry, it is possible that the total wave function, con-
structed from SCF MO’s belonging to the B representation
in Cy,, will have a 1Ay as well as the desired !E’ compo-
nent. In order to investigate whether this is indeed the case,
we begin by noting that in the singlet, if one of the non-
bonding MO’s of symmetry e,’” contains an a”” component
as in eq 4, then to ensure orthogonality, the bonding orbital,
which in the triplet is pure 4"/, must mix in some e,”. [The
bar over the a;” component of the bonding MO merely in-
dicates that it is different from the a,” component of the
nonbonding MO; compare, for instance, the MO’s given by
eq 4 and 6.] The symmetry of the total wave function may
then be deduced from the representations spanned by the
direct product

1(5-2// + ex//)a(i2// + ex//)gey//a(ex// + az//)ﬁ)
+ I (2-12// + ex//)a(iz// + ex//)ﬁ(ex// + az//)aey//ﬁ)
= Iﬁz//aﬁz//ﬂey//aex//ﬁ) + Iﬁz//aﬁz//ﬁex//aey//ﬁ)
+ e *ay"Be, "2,/ "B) + |ay" % Pe, e, F)
+ I 22//"‘52//56),//“32//’3) + Iéz//aiz//ﬁazﬂaeyﬁﬁ)
+ I ex//aﬁz//ﬁey//aaz//ﬁ) + Iﬁz//aex//ﬁaz//aey//ﬂ) + ... (8)

The terms not shown have the same symmetry as those on
lines three and four. Together the first two terms in the ex-
pansion transform as E,’, while the next four transform in-
dividually as E,’. The last two terms in (8), however, consti-
tute part of a ‘A’ state (note that the electrons in e,” and
e,” have the same spin, as in the 3A,’ state), which is much
higher in energy than !E’. Therefore, to the extent that a,”
and 4,” are different orbitals, so that the terms on the last
line do not vanish, the SCF wave function for the 'E’ state
of D3, trimethylenemethane contains a 'Ay’ component
which raises its energy. This contaminant can be annihilat-
ed using a projection operator?? to yield a wave function
that is pure 'E’. However, projection requires determining
how the SCF-MO’s transform into each other for each of
the operations of D3, and applying this information to the
tedious transformation of the determinantal wave function
for the singlet. Moreover, although projection results in a
multiconfigurational wave function of 'E’ symmetry, this
wave function is by no means the 'E’ multiconfigurational
wave function of lowest energy.?* The latter can be ob-
tained for the = electrons of trimethylenemethane with far
less effort than is required to generate the former, and it is
to obtaining such a wave function by a CI calculation that
we turn in the following section.

CI Calculations on 'E’ Trimethylenemethane

Although, as noted above, SCF calculations on the two
components of the !E” state will not in general give the same
energy, this equivalence problem does not arise in CI; so we
are free to choose either component for our calculation. Be-
cause of the difficulty in interpreting physically the wave
function for the nonbonding electrons in eq 2 and the less
familiar nature of the MO’s in eq 3, we elect to work with
the 'E’ component in which the starting wave function for
the nonbonding electrons is given by eq 1. The remaining
two electrons are placed in the familiar Hiickel bonding
MO for trimethylenemethane, Y1 = (¢4 + x)/V2, which
has energy a + v/38. The starting wave function for our CI
calculation is then

V) = (Y19 P ys®) + [P f)) /v2 (9)

Since this configuration has one electron in y», and all the
other MO’s are symmetric with respect to the plane that bi-
sects the C,-C4-C; angle, this configuration will only mix
with others of E’ symmetry that also have one and only one
electron in . There are two low-lying configurations that
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can mix with ¥, One of these results from substituting 4
= (x — ¢4)/V2 for Y3 in eq 9, the other from removing one
of the electrons in ¥ and placing it in 3, so that the latter
MO is doubly occupied. Excited triplet configurations with
the same MO occupancy can be constructed, but they do
not mix with the 3A,’ ground state, since, like the singlets,
they have E’ symmetry. We can immediately conclude that
the triplet wave function corresponding to (9) is a much
better one than the singlet, ¥, since there are no low-lying
excited configurations that mix in to improve the triplet,
while there are two,

Uy = (Y12 Aaydf) + [ViviPaya)) V2 (10)
U3 = (Y3 9ifamds?) + [¥iyafYasy?)) /vV2

that mix into ¥y. A corollary is that singlet and triplet pla-
nar trimethylenemethane must use different sets of MO’s.
For instance, mixing ¥, into ¥, has the effect of altering
the wave function for the electron in 3 by mixing into it 4.
Consequently, since this mixing does take place, ¥3 cannot
be the best possible orbital with which to construct a 'E’
wave function; therefore ¥, cannot be the correct SCF
wave function for this state. This is the physical equivalént
of the more mathematical statement that ¥, is not a true
SCF wave function, since it can be improved by mixing with
configurations that differ from it by one-electron excita-
tions,?% so that it does not satisfy Brillouins’ theorem for
open-shell systems,!?

Since ¥, differs from both ¥, and ¥; in the orbital as-
signment of just one electron, the Hamiltonian matrix ele-
ments between ¥, and the latter two configurations consist
of several integrals over MO’s. Some of these are zero by
symmetry; the rest can be easily evaluated, using the ap-
proximations previously employed in a model calculation on
the trimethylenemethane = system.” The result is

(|| H#|¥3) = — (V| 7| T3)
=—(711—713)/3=—2eV (11)

Since both ¥, and ¥3 lie =—v38 + (v11 — v13)/6 above ¥y,
they mix equally into it. From eq 11 it is clear that it is the
combination (¥, — W¥3)/+/2 that is mixed into ¥y. This
combination lies —v/38 above ¥y, since { ¥y #|¥3) = (y1
— v13)/6. The physical reason for the drop in energy is that
both ¥, and ¥; separate charge, since ¥, has more than
one = electron in ¢4 and V3 has an identical amount of ex-
cess 7 electron density in ¢;. Rewriting the wave function
(¥y — \113)/\/5 as in eq 3, it is easy to show that this combi-
nation has the same net = electron distribution (one elec-
tron in each p 7 AO) as ¥;.

The energy lowering obtained by mixing (¥, — ¥3)/v2
into ¥, depends on the value of 8 that one assumes. With 8
= —1.5 eV, the energy lowering is 1.8 eV and the resulting
unnormalized wave function is ¥ + 0.45 (¥, — ¥3). As in-
dicated above, mixing ¥, into ¥, with a plus sign is equiva-
lent to altering ¢3 by adding a little of 4. The effect is to
increase the coefficient of the resulting MO at ¢,, decrease
the coefficients at ¢ and ¢3, and give the MO some elec-
tron density at ¢4. The coefficient at ¢4 is such that the re-
sulting MO is 7 antibonding between carbons 1 and 4 and
bonding between C; and C4 and between C3 and C4. Simi-
larly, mixing 3 into ¥, with a minus sign is equivalent to
altering ¢y, for the electron of spin opposite to that in 3, by
subtracting a little of ¢3. The changes in the magnitudes of
the coefficients on subtracting ¥;3 from y, are equal and op-
posite to those that take place on adding ¥4 into 3, while
the changes in the = bond orders are identical. In fact, in
the normalized wave function obtained using 3 = —1.5 eV,
the = bond order between carbons 1 and 4 drops to less than

20% of that between C; or C3 and Cy4. Clearly, the wave
function that results from CI?® resembles that for allyl plus
an unconjugated p orbital more closely than it does the
wave function given by ¥, and comprised of the MO’s ap-
propriate for the triplet.

Physically, the mixing of ¥, into ¥; moves the electron
in Y3 away from the one in ¥, in a manner very similar to
that discussed above when just the nonbonding electrons
were considered. The mixing of ¥ into ¥; with a minus
sign moves the electron in ¥ with spin opposite to that in 3
away from the latter electron. Since their appearing in the
same AO is not forbidden by the Pauli principle, confining
these two electrons to different regions of space reduces the
size of the ionic terms in the wave function. It should be
noted that although the modified 1 has larger coefficients
at those atoms spanned by y», this fact causes no increase in
electron repulsion. The reason is that in the singlet the elec-
trons in these two MO’s have the same spin, so they cannot
simultaneously appear in the same AO. The physical expla-
nation of why the triplets corresponding to ¥, and ¥3 do
not mix into the triplet corresponding to ¥ should now be
apparent, in the triplet both nonbonding electrons have the
same spin, so neither of the changes brought about by mix-
ing ¥, and V3 into ¥, causes any energy lowering.?’

If the singlet trimethylenemethane wave function, ob-
tained by mixing ¥, and ¥; into ¥y, resembles that of allyl
plus p, the energies of these wave functions should be com-
parable. Before CI, the difference in energy between ¥
and the wave function for an allyl radical plus an unconju-
gated p orbital is®

AE =2(V3 = V2)B + %(v11 — v13) (12)

Since by mixing ¥; into ¥ we have allowed for correlation
between the electron in {3 and the one of opposite spin in
V1, we must include the same type of correlation in the wave
function for the allyl radical in order to make the compari-
son a fair one. The appropriate configuration in the allyl
radical lies —2v28 + (y11 + 4v14 — 5v13)/8 above the
lowest one, and the Hamiltonian matrix element between
them is V'6(y1; — v13)/8.% Taking vy = 11.1 eV, y14 =
7.5eV,and y13 = 5.1 eV, avalueof 3 = —1.5eV gives AE
in eq 12 as 1.3 eV. CI stabilizes trimethylenemethane by
—1.8 eV and allyl by —0.5 eV; thus, for this choice of 8 the
two wave functions have the same energy. A smaller magni-
tude for 8 diminishes the importance of the lower one-elec-
tron energy of trimethylenemethane, but it also increases
the stabilization by CI of trimethylenemethane relative to
allyl plus p, since it decreases the energy gap between ¥
and (¥, — \II3)/\/5. Consequently, the relative energies of
the two wave functions are not very dependent on the value
of B chosen. For 3 = —1.0 eV, allyl plus p lies lower by 0.1
eV; for § = —2.0 eV, trimethylenemethane is lower in ener-
gy by 0.2 eV. A larger magnitude for 8 favors trimethy-
lenemethane, since in the limit 8 — —=_ one-electron ener-
gies outweigh electron repulsion effects, and the first term
in eq 12 dominates all the others. In fact, when complete CI
is carried out for both systems, the trimethylenemethane
wave function lies lower than that for allyl plus p for all
values of 8. Mathematically, this results from the fact that
two other more highly excited configurations mix into ¥,
and V3, though not into ;. Consequently, the energy gap
between (¥, — \113)/\/5 and V¥, is effectively lowered, so
that full CI results in a somewhat greater stabilization of
singlet trimethylenemethane than that which we have cal-
culated by mixing in only the lowest two excited configura-
tions. Physically, the fact that the = system of trimethylen-
emethane has lower energy than that of an allyl radical plus
an unconjugated p orbital is a consequence of the fact that
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even in the limit where 8 — 0, so that electron repulsion ef-
fects dominate, trimethylenemethane can always adopt the
allyl plus p wave function by mixing into ¥ sufficient
amounts of the appropriate excited configurations.

This fact is made obvious by a CI calculation on singlet
trimethylenemethane that starts with a configuration which
is comprised of the filled MO’s for allyl plus p.

Uy = (Y BYaepf) + |1 Ppayaf)) /v2 (13)

Ineq 13 Y1/ = %h(d2 + V2¢4 + ¢3), ¥ is the same as be-
fore, and p = ¢,. There are again two configurations involv-
ing one-electron excitations that can mix with ¥’

Uy = (| p2y1/By2op8) + | pPpyaf)) /2
Uy = (/Y Bays®) + [y B eyaf)) [v2 (14)

Mixing of these configurations with ¥’ creates bonding be-
tween ¢; and ¢; in fact, the matrix element of the Hamil-
tonian between ¥’ and ¥, reduces to the one-electron in-
teraction between p and yy’, which is equal to 8/+/2. Simi-
larly, the matrix element between ¥;” and ¥y is equal to
the interaction of Y3’ = (¢2 — V2¢4 + ¢3)/2 with p, which
is —8/+/2. The two excited configurations do not mix with
each other, but they do have the same energy, which is
—v28 4+ 7(y11 — v13)/8 above that of ¥,’". The reason why
the excitéd configurations have so much higher electron re-
pulsion energy than ¥y’ is twofold. First, unlike ¥,’ they
represent very polar electron distributions. ¥y’ places two
electrons in ¢, while ¥3’ removes all the electron density
from this AO, leaving a full positive charge at Cy. Second,
both configurations are open-shell singlets in which, unlike
the case in ¥{’, the two singly occupied MO’s have atoms in
common. Thus, the wave functions ¥’ and ¥3’ both con-
tain high energy ionic terms corresponding to the simulta-
neous occupancy of the same AO by the electrons in these
MO’s. Such ionic terms are, of course, absent from the
wave functions for the triplets corresponding to ¥, and
¥y’ Consequently, the triplets are (yi1 — ¥13)/2 lower in
energy than the singlets, and so they mix more strongly into
the triplet configuration corresponding to ¥/, which is ac-
cidentally degenerate with ¥y’ itself when differential over-
lap is neglected. Therefore, we are again led to the inescap-
able conclusion that the wave functions for singlet and trip-
let trimethylenemethane will differ and that the = bonding
between ¢ and ¢4 will be much stronger in the latter than
in the former.

Nevertheless, in singlet trimethylenemethane ¥,” and
V3’ do mix into ¥y’, unless 814 — 0. Since ¥," and ¥3’ each
differ from ¥y’ by a one-electron excitation, it is clear that,
like ¥y, ¥, cannot be the true SCF wave function for pla-
nar trimethylenemethane. That ¥y’ is a closer approxima-
tion than ¥ to the SCF wave function can be inferred from
the relative weights of these configurations in the CI wave
function and the size of the energy lowering that results
from CI, starting with each. Recalling that a value for 8 of
—1.5 eV leads to a calculated energy lowering of 1.8 eV on
mixing 0.45(¥; — ¥3) into ¥, with the same value of 3 the
energy of ¥y’ is lowered by only 0.3 eV on mixing in
0.14(¥y — ¥y'). Since at this level of CI for the two differ-
ent approaches to the wave function for singlet trimethy-
lenemethane ¥’ represents 96% of the wave function, while
¥, represents only 71%, it is clear that the description of
the géanar singlet as allyl plus p is by far the more accurate
one.

In fact, partial CI overestimates the mixing of ¥y’ — ¥y’
into ¥y”. The reason is that the configuration, ¥/, which is
responsible for correlating the motions of the electrons in
Y1, with that of the electron in Y, lies —2v28 + (vi1 +
4~14 — 5413)/8 above ¥/, and the matrix element for the
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interaction of W4’ with ¥y’ is V/6(y11 — v13)/8.28 Thus, for
reasonable values of 3, ¥4 lies below ¥, and ¥ and inter-
acts more strongly with ¥’ than they do. Moreover, ¥4 in-
teracts with ¥y’ and V3’ in such a way that when ¥y is
mixed into ¥y’ in a stabilizing fashion, the addition of ¥y’
— V3’ to the wave function does not result in as large an en-
ergy lowering as when W, is absent.3® With § = —1.5 eV,
the addition of ¥y — ¥y’ to the wave function containing
W4 results in an energy lowering of less than half of the 0.3
eV calculated when ¥4 is not included. Concomitantly,
there is a reduction in the mixing coefficient for these two
configurations in the resulting unnormalized wave function
from 0.14 to 0.10.3!

At the equilibrium geometry of this component of 'E’
planar trimethylenemethane, the mixing of ¥y’/— ¥4 into
the wave function causes an even smaller energy lowering
and occurs with a correspondingly lower coefficient. Since
the = bond order between ¢; and ¢4 is much smaller than
that between the # AQ’s of the allylic moiety, the molecule
will distort from D3, symmetry by lengthening the bond to
the unique peripheral carbon atom. Using the wave function
derived for 8 = —1.5 eV, the = bond order between carbons
1 and 4 is computed from the mixing between ¥;” and ¥’
— ¥y to be 0.14, compared to the value of 0.70 for the =
bonds in the allylic moiety. Actually the = bond order be-
tween C; and C4 is even smaller than this value, since the
mixing between ¥y’ — V3’ and ¥4’ contributes negatively to
it. Using a standard relationship between = bond order and
bond length,3? the bond to the unique peripheral carbon
atom is calculated to be >0.1 A longer than those in the al-
lylic moiety. Thus, if a value of 8 = —1.5 eV is used for
these two = bonds, a 8 of smaller magnitude should be used
for the unique one. A reduction in the magnitude of B4 to
1.2 eV decreases the contribution of ¥,” and V3’ to the CI
energy lowering to less than 0.1 eV, and the mixing coeffi-
cient for these two configurations of course also drops cor-
respondingly.

Conclusions

It is obvious from the results of this semiempirical CI
study?3 that the description of the wave function for planar
singlet trimethylenemethane as being that of an allyl radi-
cal plus a p orbital is a quite accurate one. From these =
electron calculations it seems quite probable that the pre-
ferred geometry for singlet trimethylenemethane is the or-
thogonal one, since the energy lowering on hyperconjuga-
tion of the p orbital with the & bonds is quite likely to ex-
ceed the small stabilization gained by its conjugation with
the 7 system of the allylic moiety. It is clear, however, that
the energy difference between orthogonal and planar tri-
methylenemethane must be small in the singlet, a conse-
quence of the fact that electron repulsion in this open-shell
system causes the optimum singlet wave function to be es-
sentially that for an allyl radical plus an electron localized
in a p orbital,3* independent of the geometry of trimethy-
lenemethane.3®
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