6544 J. Am. Chem. Soc. 1983, 105, 6544-6546

Conclusion

The most important conclusion to be drawn from this work is
that with the observation of a low-lying antibonding ¢* orbital
it is possible to understand the silyl, germyl, and stannyl substituent
effects upon = systems without appealing to a model which involves
electron delocalization onto the metal d orbitals. This is consistent
with a number of theoretical studies which find that the inclusion
of d orbitals in the description of = systems with substituents
containing group 4A atoms does not improve the agreement be-
tween the computations and PES and other experimental ob-
servations.!6222 The trends in the energies of unfilled 7* orbitals
of substituted benzenes as inferred from the measurement of
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electron attachment energies can be explained on the basis of
hyperconjugative interactions between the =* orbitals and a
low-lying o* orbital. This conclusion is at odds with ESR studies
of the p-disubstituted benzenes; however, the calculations per-
formed to explain the ESR results explicitly exclude hypercon-
jugative interactions by treating the substituent simply as a
heteroatom.*
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Abstract: To elucidate the effects of - vs. §-silyl substituents on the w-electronic properties of unsaturated hydrocarbons,
the gas-phase electron affinities of tetramethylsilane (TMS) (1), 3,3-dimethyl-1-butene (4), vinyltrimethylsilane (5), propyne
(7), 3,3-dimethyl-1-butyne (8), (trimethylsilyl)acetylene (9), 1-butene (10), 4,4-dimethyl-1-pentene (11), allyltrimethylsilane
(12), and silane (13) were determined by electron transmission spectroscopy. The trends in the energies obtained for the silylated
compounds are proposed to arise from hyperconjugative interactions between low-lying, silicon-substitutent-based unoccupied

molecular orbitals and occupied w-type orbitals.

The dual donor—acceptor effect of silyl substitutents on various
properties of = systems has long been an intriguing topic. Ion-
ization energies, as determined by photoelectron and mass spec-
troscopies,' ESR spectra,* characteristic vibrational frequencies,’
NMR signals, and theoretical molecular orbital energies’ have
been determined over the years for various series of unsaturated
alkyl- and silyl-substitued compounds and the data interpreted
in terms of the difference in electronegativity of carbon vs. silicon
and w-electron back donation from carbon to low-lying unoccupied
orbitals on silicon. In particular, the trends in the energies of the
occupied orbitals of these systems, as obtained from ionization
potential data using Koopmans’ theorem,? have been instrumental
in elucidating the silization effects. However, a thorough de-
scription of the electronic properties also requires information on
the energies of the low-lying, unoccupied orbitals. This can be
obtained from electron transmission spectrascopy (ETS).*! The
conjugate experiment to photoelectron spectroscopy (PES), ETS
measures the energy of a negative ion state resulting from tem-
porary capture of an electron into an unoccupied orbital while
PES measures the energy required to remove an electron from
an occupied orbital. Although the technique of ETS has been
used to study atoms and di- and triatomics!®!! as well as properties
of m* orbitals in unsaturated hydrocarbons,>!? it has only recently
been applied to systems containing transition metals!? and selected
silicon compounds.!* We report here the application of this
technique to an investigation of the effect of a- vs. 8-silyl sub-
stitution on the energies of the unoccupied orbitals of unsaturated
hydrocarbons.

Experimental Section
Electron transmission spectroscopy is a technique for measuring the
energy of a temporary negative ion formed by electron capture into an

* Polaroid Corporation, Waltham, MA 02254.

unoccupied orbital of a molecule. The experiment involves the mea-
surement of the transparency of a gas to an electron beam as a function
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Figure 1. (a) Derivative electron transmission spectra of methyl- and
tert-butyl-subsituted unsaturated compunds. Attachment energies are
indicated by a tick. Each spectrum was calibrated against that of ni-
trogen (see ref 12a). (b) Derivative electron transmission spectra of
trimethylsilyl-substituted unsaturated compounds. A tick indicates the
attachment energies. Each spectrum was calibrated against that of
nitrogen (see ref 12a).

of energy. The transparency depends in an inverse fashion upon the
electron-scattering cross section. Temporary negative ion formation
occurs with large cross section only over a narrow energy range. Since
the negative ion promptly decays by giving up the trapped electron, the
formation and decay process appears as a sharp fluctuation in the elec-
tron-scattering cross section, The process, as well as the corresponding
feature in the transmission vs, electron energy spectrum, is referred to
as a “resonance”.

The electron spectrometer!® consists of an electron source followed by
an electron monochromator, a gas cell, and an electron collector. In
practice the first derivative of the transmitted current as a function of
energy is recorded since the derivative is sensitive to the abrupt change
in transmitted current associated with a resonance.'® The energy asso-
ciated with a resonance is known as an “attachment energy” (AE) and,
with respect to the derivative spectrum, is defined as the point vertically
midway between the minimum and maximum which charcterize the
resonance. For the present purposes an attachment energy may be
identified with the negative of the corresponding electron affinity (EA).!?
All samples were obtained from commercial sources and used without
further purification.

Results

Figures 1a and b contain the derivative electron transmission
spectra of tetramethylsilane (1), 3,3-dimethyl-1-butene (4), vi-
nyltrimethylsilane (5), propyne (7), 3,3-dimethyl-1-butyne (8),
(trimethylsilyl)acetylene (9), 1-butene (10), 4,4-dimethyl-1-
pentene (11), and allyltrimethylsilane (12). A correlation diagram
giving the attachment energies and ionization potentials of the
aforementioned compounds, as well as ethylene (2), propene (3),
and acetylene (6), is presented in Figure 2. As seen from Figures
la and b, the spectrum of each unsaturated compound displays
a resonance in the range between approximately 1 and 3 eV arising
from the temporary capture of an electron into an antibonding
orbital whose character is predominantly that of =,* of the un-
saturated moiety. It is noteworthy that for the silylated com-
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pounds, 5, 9, and 12, there is also a second broad resonance to
higher energy.

Discussion

The silylated hydrocarbons, vinyltrimethylsilane (5), (tri-
methylsilyl)acetylene (9), and allyltrimethylsilane (12) are in broad
use in synthetic reactions and polymer systems. They were chosen
for study due to their ease of availability and because previous
PES results indicate that these compounds comprise a repre-
sentative series to demonstrate the effects of a- vs. 8-silyl sub-
stitution on simple unsaturated hydrocarbons. To contrast per-
turbations to the unsaturated moiety arising from carbon vs. silicon
substitution, the carbon analogues 4, 8, and 11, respectively, were
also investigated.

In order to discuss the trends observed in the energies of the
unoccupied orbitals of 1-12, it is important to understand the
arguments used to describe the PES data on these molecules. The
general effect of replacing carbon by silicon in such unsaturated
systems has been extensively investigated and may be discussed
for the occupied orbitals by referring to Figure 2. In each case,
the highest occupied molecular orbital (HOMO) is assigned as
a bonding = orbital (m;).

For a-substituted ethylenes or acetylenes the introduction of
a methyl or silyl group produces a destabilization of =, due to
(1) the positive inductive effect of the substituent and (2) the
antibonding hyperconjugative interaction between the unsaturated
system and the trimethyl silyl or alkyl group. (It has become
commonplace to refer to orbitals as physical entities and thus this
paper uses such language as “the orbital becomes more stable”
to mean “the orbital eigenvalue decreases”, although it is imprecise
in a rigorous treatment. It is hoped that the reader is familiar
with this terminology.) Since the valence state ionization potentials
(VSIP’s) of carbon are higher than those of silicon (C 2s, 19.54
eV; C2p, 11.20eV; Si 35, 14.76 eV, Si 3p, 7.90 eV),V" the inductive
donor effect of ~Si(Me), would be expected to exceed that of
—C(Me);. In addition, these lower VSIP’s of silicon result in a
more effective mixing between the og;ve), than the oeoye,, Orbitals
with the hydrocarbon = orbitals. However, it has been proposed
that these destabilizing interactions are mitigated for the silylated
molecules by Si <— C, back donation from the occupied = hy-
drocarbon orbital () to a low-lying, primarily silicon-based,
unoccupied orbital resulting in net stabilization of =, in a-silylated
compared to a-methylated compounds.!?

This hypothesis had been substantiated by various calculations
which could reportedly better reproduce the PES experimental
data when d functions on the silicon were included,”!® thus in-
dicating that silicon d orbitals aligned along the Si—C bond were
responsible for the stabilization of the hydrocarbon = orbitals.1?
However, recent calculations on compounds containing alkyl and
silyl substituents a to = systems indicate that d orbitals on silicon
are not required for interpreting various experimental results. The
data are adequately explained by hyperconjugation between SiC
o, * orbitals and the « system.’*

The net destabilization of =, observed upon §-silyl substitution
(Figure 2) has been attributed to overriding inductive and hy-
perconjugative interactions between the occupied substituent
orbitals and the = system which cannot be countered by the
stabilizing influence of Si <— C, back donation due to the insulating
methylene group.

Negative Ion States—Alkyl Substituents. Upon methyl sub-
stitution of ethylene or acetylene, the energy of the 7,* orbital
is destabilized with respect to the parent compound (Figure 2).
This has been noted in previous ETS studies on substituted
ethylenes!® and butadienes'? and is attributed to the antibonding
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Figure 2. Correlation diagram giving attachment energies and ionization potentials of 1-12 (a, ref 22; b, ref 23; ¢, ref 3; d, ref 1b; ¢, ref 19). The
uncertainty in the attachment energies reported to two decimal places is 0.05 eV. The uncertainty in the attachment energies reported to one place

is 0.1 eV.
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Figure 3. Derivative electron transmission spectrum of silane (13).

interaction between the highest occupied substituent orbital and
the =* orbital of the unsaturated system. Upon replacing the
methyl group with a ferr-butyl group, a stabilization of 0.2 eV
for m,* in both 4 and 8 is noted. This has been observed previously
upon tert-butyl substitution'#2% and may be attributed to (1) the
bonding interaction between the unoccupied rerr-butyl orbitals
and m,* of the alkene or alkyne and (2) the possibility of stabi-
lizing, through-space interactions between the tert-butyl group
and the 7 system. Since the energy of a o,y * orbital (6.1 eV)*®
is lower than that of a gy *, mixing between the 6,4,,* and =,*
is expected to be important.

Replacement of an a-hydrogen with a methyl group in 3 to form
10 results in stabilization of m,* with respect to propene (3). This
may be attributed to stabilizing, through-space methyl interactions
as noted for cis-1,3-pentadiene!?® or isoprene.?’ Further substi-
tution of methyl groups for 8-hydrogens to form 11 results in
increased stabilization of 7,* as was also observed for the ace-
tylenes on going from 7 to 8.

Negative Ion States—Silyl Substitution. «-Silyl Substitution.
Upon a-silyl substitution, w,* of § of 9 are stabilized not only with
respect to their carbon analogue 4 and 8, but also in relation to
the parent compounds, ethylene (2) and acetylene (6), respectively.
The stabilization of the acetylene derivative, 9, with respect to
acetylene (6) is greater than for the substituted ethylene, 5. In
discussing the results of the PES data for silylated acetylenes, this
additional stabilization was attributed to the availability of two
w systems in 6 for interaction with an unoccupied substituent
orbital, while for ethylene (2) there is only one.'® The same is
presumed to be true here.
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B-Silyl Substitution. In allyl trimethyl silane (12), B-silyl
substitution also causes a lowering of m,*, in direct contrast to
the PES data (Figure 2). For the occupied orbitals, a net de-
stabilization of =, was noted and attributed to the inability of the
unoccupied d orbital on silicon to interact with the « center due
to the intervening methylene group. The silicon and = centers
were considered to be too far apart to mix. However, the sta-
bilization of m,* of 12 with respect to 11 indicates that there is
indeed a low-lying unoccupied orbital associated with the silyl
group which, regardless of the distance between the = center and
the silicon, can interact resulting in a lowering in energy of m,*
in 12. The greater stabilization of #,* in 5 compared to 12 may
simply reflect the larger number of Si—C ¢* orbitals in § compared
to 12.

Our results imply that net stabilization of =,* in both a- and
B-silyated species is due to hyperconjugation between the unoc-
cupied orbitals associated with the Si—C bond, designated = *,
and the 7 center and not to silicon d-orbital participation.’®* The
presence of this low-lying ¢,* orbital is manifested in a resonance
near 4 eV in each of the silyl-substituted compounds (8, 9, and
12) as well as in tetramethylsilane (1). Indeed, if this resonance
were due to the insertion of an electron into an unoccupied silicon
d orbital, then substitution of hydrogens for methyl groups would
be expected to have a small effect on the energy. Consider,
however, the ETS spectrum of SiH, (13) (Figure 3). The energy
of the resonance of 2.04 eV! This substantial stabilization indicates
that the orbital giving rise to the resonance in SiH, and Si(Me),
is not a silicon d orbital but a substitutent-dependent silicon ¢, *
orbital. Work is currently underway to further elucidate the nature
of this low-lying orbital as well as the anomolous shape of the
associated resonance.?!
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