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Abstract: Electron transmission spectroscopy is utilized to determine the vertical electron affinities associated with electron
capture into the 7* orbitals of a series of nonconjugated dienes and diones. Those compounds in which the = groups are separated
by three ¢ bonds show particularly large through-bond interactions resulting in inverted (i.e., 7_* below m,*) ordering of the

w* orbitals.

The interactions between the = orbitals of the dienes 1-3 and
between the lone-pair (n) orbitals of the corresponding diketones
4-6 have been studied! by utilizing photoelectron spectroscopy
(PES) and theoretical calculations. PES yields the ionization
potentials, which, according to Koopmans’ theorem (KT),? may
be associated with the negatives of the energies of the filled orbitals.
These studies show that the splittings between the 7, and 7_
orbitals of 1-3 and between the n, and n_ lone-pair orbitals of
4-6 (where the “+” denotes the bonding combination and “-” the
antibonding combination of the localized orbitals) increase along
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the sequence 1-3 and 4-6, respectively. Due to overlapping of
bands in the PE spectra, the = TP’s of 4-6 have not been estab-
lished. The 7, orbital is more stable than the #_ orbital in 1, and
the reverse order is found for 2 and 3. For the diones, the n,
orbital was found to be more stable than the n_ orbital for all three
compounds. The splittings between the filled = and n orbitals of
1-6 are primarily through-bond? in nature and derive from a strong
interaction between these orbitals and those of the ¢ frame. In
2 and 3 the =, orbital interacts strongly with the symmetric Walsh
orbital of the three-membered ring unit(s) and hence is desta-
bilized. On the other hand, the interaction between =. orbital
and the o frame remains essentially constant along the series 1,
2, and 3. For the diketones 5 and 6 there is a strong interaction
between n_ and the antisymmetric Walsh-type orbital of the
three-membered ring unit(s), causing the splitting between n_ and
n, to increase from 4 to 6.

In the present study electron transmission spectroscopy (ETS)*
is utilized to study the interactions in the unfilled #* orbitals of
1-6. ETS, in which one determines the energies at which mol-
ecules capture electrons to yield temporary anions, has proven well
suited for characterizing through-bond and through-space in-
teractions in unfilled orbitals.5” In the format of ETS utilized
here the derivative with respect to energy of the transmitted current
is reported as a function of electron energy; hence the most
probable attachment energies (AE) or vertical electron affinities
(EA’s) correspond to inflection points. The resolution of the
spectrometer is better than 0.05 eV. Calibration of the energy
scale is accomplished by admitting N, gas into the collision
chamber and by reference to the II, anion of N,.

The ET spectra of compounds 1-3 are shown in Figure 1.
Compounds 1 and 2 display single features near 1.38 and 1.55
eV, respectively, while 3 displays two features at 1.18 and 2.15

eV. For comparison we note that electron capture into the 7*
orbital of ethylene occurs near 1.78 eV, and at somewhat higher
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Table I. Experimental Electron Attachment Energies and Splittings
between the w* Orbitals of 1-6

compd exptl/AE’s (eV) exptl splitting? caled splitting®
1 1.38 0.19
2 1.55 -0.65
3 1.18, 2.15 -0.93 -1.70
4 0.45, 1.10° 0.65 0.20
5 0.54, 0.91 -0.37 -0.68
6 <0, 1.37 <-1.37 -1.80

@ A positive splitting indicates that the w_* orbital is less stable than
the 74* orbital, and a negative splitting indicates the opposite ordering.
®1n 4 there is also a peak at 0.75 eV. We have assumed that this peak
is due to vibrational excitation and that the 1.1-eV peak is due to the
second anion state.

energy in the alkyl-substituted ethylenes.®* We believe that the
appearance of only a single feature in the ET spectra of 1 and
2 indicates that the anion states derived from the =,* and 7_*
orbitals of these compounds occur at nearly the same energy.

For compound 3, in which the anion states are well separated,
the features in the ET spectra have widths of about 0.5 eV. The
absence of vibrational structure indicates that electron detachment
occurs in a time short compared to that associated with nuclear
motion.> In the limit of very short lifetimes, the widths are
governed by the autodetachment rate. For somewhat longer
lifetimes, the features in the spectra correspond to the “smeared
out” Franck—-Condon envelopes. The single peak seen in the ET
spectrum of 1 is about 0.4 eV broader than the individual peaks
of 3, consistent with the overlap of two states split by a few tenths
of an eV. The feature in the ET spectrum of 2 is slightly broader
than that in 1. This could be the result of a larger splitting between
the two anion states or to shorter lifetimes of the anion states of
2. In general, changes in molecular structure which lower the
symmetry cause a decrease in the lifetimes of temporary anions.’

The ET spectra of 4-6 are given in Figure 2. Compound 4
displays two well-defined features at 0.45 and 1.10 eV. In addition
there is a weak feature at 0.75 eV, appearing as a shoulder on
the 0.45-eV feature. The ET spectrum of compound 5 has a
pronounced feature centered at 0.54 eV. The shape of this feature
suggests that it arises from two anion states, one intense and near
0.5 eV and the other weak and near 0.9 eV. Compound 6 has
a single feature at 1.37 eV, which is expected to correspond to

(1) Jahne, G.; Gleiter, R. Angew. Chem., Int. Ed. Engl. 1983, 22, 438,
Gleiter, R.; Jdhne, G. Tetrahedron Lett. 1983, 24, 5063.

(2) Koopmans, T. Physica 1934, I, 104.

(3) Hoffmann, R.; Imamura, A.; Hehre, W. J. Am. Chem. Soc. 1968, 90,
1499, Hoffmann, R. Acc. Chem. Res. 1971, 4, 1. Heilbronner, E.; Schmelzer,
A. Helv. Chim. Acta 1975, 58, 936. Gleiter, R. Angew. Chem., Int. Ed. Engl.
1974, 13, 696. Paddon-Row, M. N. Acc. Chem. Res. 1982, 15, 245, Martin,
H. D.; Mayer, B. Angew. Chem., Int. Ed. Engl. 1983, 22, 283.

(4) Sanche, L.; Schulz, G. J. Phys. Rev. 1968, 45, 1672.

(5) Jordan, K. D.; Burrow, P. D. Acc. Chem. Res. 1978, 11, 341,

(6) Balaji, V.; Jordan, K. D.; Burrow, P. D.; Paddow-Row, M. N.; Patney,
H. V. J. Am. Chem. Soc. 1982, 104, 6849.

(7) Burrow, P. D.; Jordan, K. D. J. Am. Chem. Soc. 1982, 104, 5247 and
references therein.

0002-7863/85/1507-7321301.50/0 © 1985 American Chemical Society



7322 J. Am. Chem. Soc., Vol. 107, No. 25, 1985
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Figure 1. Derivative of the transmitted current as a function of electron
energy in 1, 2, and 3. The vertical electron attachment energies are
indicated by arrows.

Derivative of Transmitted Current (arb. units)
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Figure 2, Derivative of the transmitted current as a function of electron
energy of 4, 5, and 6. The vertical electron attachment energies are
indicated by arrows.

the excited-state anion, with the ground-state anion being either
stable or close to 0 eV. This follows from comparison of the trends
in 1-3 with those in 4-6 and from the fact that the 7* orbital of
formaldehyde is nearly 1 eV more stable than that of ethylene.’

Balaji et al.

*
Ty EXPERIMENT
2 — // ~
—_ -’T* //
> —\\ / .
3 i \\m’/f’m\\ E 1
- \\_ ///
* j—
oor L N 1
2 .
\\ //\\
L - A/ T B
\\ .
\
m_
= Voo
)
5| — THEORY i
* -
e —
—
L . S
\ —_
— ___ 7
\ —_
% 1+ \ * 7 \/—'/ .
\ v, —
~ —_— \
\ \
> \ \
o B AN A T
5 = \
e - \
w QO \\ .
\
\_-
L T
C,H | 2 3 H,CO 4 5 6
24 o ~ = 2 ~ = =~

Figure 3. Correlation diagram comparing the relative energies of the
anion states of compounds 1-6. The upper portion of the correlation
diagram utilizes the vertical attachment energies measured here. The
bottom portion is derived from the orbital energies derived from STO-3G
calculations as described in the text.

To aid in the interpretation of the spectra we performed
STO-3G calculations® on the neutral molecules, equating the
negatives of the energies of the unfilled orbitals with the EA’s.
Although the absolute EA’s obtained in this manner are not
meaningful, our experience has been that the relative values for
related molecules correlate fairly well with the relative experi-
mental values. For 4-6 MNDO optimized geometries were em-
ployed, while for 1-3, the geometries were generated by modifying
those of the corresponding ketones. The theoretical EA’s of 1-3
are corrected by the amount required to bring the STO-3G EA
of ethylene into agreement with the experimental EA, and the
theoretical EA’s for 4—6 are corrected by the amount needed to
bring the STO-3G EA for formaldehyde into agreement with the
experimental value. The experimental and calculated EA’s of 1-6
are summarized in Table I and in the correlation diagram pres-
ented in Figure 3.

The calculations indicate that the =, * orbital is more stable
than the =_* orbital for compounds 1 and 4 but that the =* orbitals
have the opposite ordering in the other four compounds. They
also show that the trends in the #* orbitals are mirrored in the
filled w-orbital space; that is, in 1 and 4 the =, orbital is more
stable than the 7_ orbital, whereas the opposite is true for 2, 3,
5, and 6. The splitting between the #_* and «,* orbitals is
predicted to be only about 0.2 eV for 1 and 4 and to be much
greater in the other compounds. The small splitting predicted
between the 7_* and =,* orbitals of the bicyclic systems 1 and
4 indicates that in these compounds the through-space interaction
between the two = fragments is small and also that the =_* and
. * orbitals interact to nearly the same extent with the ¢ frame.

Introduction of one or two additional ¢ bonds as in the tricyclic
(2, 5) or tetracyclic (3, 6) systems causes a reduction of the average
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Figure 4. Schematic interaction diagram between the two linear com-
binations of the «* orbitals in 2, 3 and 5, 6 with the corresponding Walsh
orbitals of the three-membered ring fragment(s).

distance between the 7 systems from 520 pm (estimated for 1 and
4) to 460 pm (5)® and 430 pm (6)° as well as a strong discrim-
ination in the interaction between the two linear combinations
of the =* orbitals with the o frame. The interactions responsible
for the through-bond (TB) mixing are depicted in Figure 4. The
destabilization of the =, * orbital is due to the interaction with
the occupied symmetric Walsh orbital (e,’) of the three-membered
ring fragment(s). The 7_* orbital is stabilized by interaction with
a low-lying unfilled Walsh orbital (a,’) of the three-membered
ring fragment(s). These interactions are sufficiently large to cause
an inversion of the order of the 7* orbitals (i.e., =_* below m.,.*).
On the left-hand side of this figure we show the two linear com-
binations =, * and «_* resulting from a purely spatial interaction
between the two fragments, while on the right we have indicated
the occupied Walsh orbital e;” and the unoccupied linear com-
bination a,” of the three-membered ring(s). The resulting in-
teraction between these orbitals is indicated in the center of Figure
4.

The splitting calculated between the m,* and «_* orbitals of
2 is the mean of those calculated for 1 and 3, and the splitting
calculated between the w,* and x_* orbitals of 5 is the mean of
those calculated in 4 and 6. This is precisely what would be
expected if the interactions in 1 and 4 are of the 4-¢ TB variety,
those in 3 and 6 are predominantly 3-¢ TB, and those in 2 and
5 are due to both 3-¢ and 4-¢ TB interactions.

Although the STO-3G/KT approximation is quite successful
for accounting for the trends in the relative energies of the cation
states of 1-6 (i.e., the 7 IP’s of 1-3 and the lone-pair IP’s of 4-6),
it is less successful for the anion states. In particular, the splittings
calculated for 2, 3, and 5 are significantly larger than those
observed experimentally. Presumably, this is also the case for 6,
for which the first anion state is not observed because it is bound.
The “corrected” STO-3G calculations predict that the ground-state
anion of 6 is bound by 0.45 eV.

A possible explanation for the inadequacy of the STO-3G/KT
procedure for the EA’s of 2, 3, 5, and 6 is that through-space
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interactions are also important in the anions of these species. In
these compounds through-space interactions would operate counter
to the through-bond interactions and would tend to decrease the
splittings between the anion states. Previous studies have shown
that through-space (TS) interactions are more important in anion
states than in cation states’ and that the STO-3G minimal basis
set is inadequate for describing the long-range through-space
interactions in temporary anions. Another possible limitation of
the STO-3G basis set for these compounds is that an accurate
description of the orbitals of the cyclopropane rings requires more
flexible (e.g., 6-31G*) basis sets.

In constructing the correlation diagram given in Figure 3 we
have assumed that the weak 0.9 shoulder on the main peak in the
ET spectrum of 5 and the feature near 1.1 eV in the ET spectrum
of 4 correspond to the second anion states of these compounds.
The latter assignment in particular is open to question since the
ET spectrum of 4 has two other peaks at 0.45 and 0.75 eV. Our
analysis assumed that the 0.75-eV peak is due to vibrational
excitation in the ground-state anion. The overlap between the
first two features in the ET spectrum of 4 precludes determining
the splitting to better than 0.05 eV. Hence the upper feature could
correspond to excitation of the CO stretch. Another possible
interpretation of the structure in the ET spectrum of 4 is that the
two anion states are nearly degerate and that the feature near 1.1
eV is vibronic in nature. We note that an “extra” feature, at-
tributed to vibronic structure arising from a pseudo-Jahn-Teller
coupling of the two nearly degerate electronic states, appears in
the ET spectra of the alkyl-substituted benzenes.''

Conclusions

Using ETS and ab initio calculations we have studied the
interactions between the 7* orbitals of the nonconjugated dienes
and diones 1-6. The interactions of the localized #* orbitals with
the ¢ and o* framework orbitals are responsible for the stabili-
zation of the LUMO’s of those compounds relative to those of
ethylene and formaldehyde and for the sizable splittings between
the 7, * and =_* orbitals of 3, 5, and 6. In the compounds with
3-bond links between the unsaturated moieties, the ordering of
both the = and #* orbitals is inverted from that expected based
on TS interactions. In compounds 3 and 6, with two 3-bond
linkages, the #_* orbitals are strongly stabilized and the w,*
orbitals somewhat destabilized relative to the corresponding or-
bitals of ethylene and formaldehyde. Through-bond coupling
dominates the interactions between the x* orbitals in all six
compounds studied. Through-space interactions appear to be
negligible in 1 and 3 but appear to play a small role in the other
four compounds.
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