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Electron Transmission Study of the Splitting of the =*
Molecular Orbitals of Angle-Strained Cyclic Acetylenes:
Implications for the Electrophilicity of Alkynes
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Abstract: Electron transmission spectroscopy was employed to determine the vertical electron affinities of 2-butyne, di-
tert-butylacetylene, cyclooctyne, and 3,3,6,6-tetramethyl-1-thiacycloheptyne. The in-plane =* orbital of the cyclic compounds
was found to be much lower in energy than the =* orbital of the linear compounds. The implication of this finding for the

electrophilicity of alkynes is discussed.

Knowledge of the variations with geometry of the energies of
the filled and unfilled orbitals of molecules is valuable for un-
derstanding a wide range of molecular properties.! In particular,
such information is important for extending the applicability of
frontier molecular orbital models of chemical reactivity.>® For
example, Houk and co-workers? have emphasized that alkynes
may be more electrophilic than alkenes due to the greater ease
of molecular distortion and the concomitant lowering of the energy
of the lowest unoccupied molecular orbital (LUMO) in alkynes.
In this picture the electrophilicity of benzyne, an important in-
termediate in several reactions, is due? to its “prebent” alkyne
moiety and associated low-energy LUMO. The motivation for
the present study is to provide direct experimental data on the
variation of the =* orbital energies of alkynes with the bending
from linearity.

Experimental Section

In the present investigation the technique of electron transmission
spectroscopy (ETS)%# is utilized to determine the vertical electron af-
finities (EA’s) (which, in the context of Koopmans’ theorem, may be
associated with the energies of the unfilled orbitals) of 2-butyne (1),
di-tert-butylacetylene (2), cyclooctyne (3),° and 3,3,6,6-tetramethyl-1-
thiacycloheptyne (4).10
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In the latter two compounds the angle &, which measures the deviation
of the C—C=C group from linearity, is 21.5 and 34.2°, respectively.!1?
In the format of ETS employed here we report the derivative of the
current of a monoenergetic electron beam transmitted through the vapor
of the compound of interest as a function of the impact energy. We
associate the vertical electron affinities with the most probable electron
attachment energies, which in the derivative spectra’ correspond to the
midpoints between the dips and the peaks. The fwhm resolution is better

than 0.05 eV, and (except in the case of overlapping peaks) the absolute
EA’s should be accurate to £0.05 eV 1314
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Table I Vertical Electron Affinities (eV)

2-butyne -3.43  3,3,6,6-tetramethyl-1- —1.16,
thiacycloheptyne -2.82
di-rert-butylacetylene —3.10  3,3,6,6-tetramethyl-1- —2.8 eV
thiacycloheptane
cyclooctyne -2.18,
-3.28

Results and Discussion

In Figure 1 we report the ET spectra of compounds 2-4. The
vertical EA’s are indicated by the vertical lines in the figure.
Di-tert-butylacetylene has a single low-energy anion state at 3.10
eV, which we assign to the degenerate 7* anion. The ET spectrum
of 2-butyne is similar to that of di-zert-butylacetylene except that
the anion is less stable, appearing at 3.43 eV, in good agreement
with the 3.6-eV value obtained from the trapped electron method.!®
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Figure 1. Derivative of transmitted current as a function of electron
energy in di-terr-butylacetylene, 3,3,6,6-tetramethyl-1-thiacycloheptyne,
and cyclooctyne,

Both of the cycloalkynes display two features in the spectra, one
near 3 eV and one at lower energy. Since there is the possibility
of electron captrue by the thioether portion of molecule (4), we
have also obtained the ET spectrum of 8, the saturated analogue
to 4. Both 4 and 5 have peaks at 2.8 eV. However, since that
in 5 is much weaker and broader than in 4, we favor the inter-
pretation that the 2.8-eV feature in 4 is due predominantly to the
acetylene portion of the molecule. A summary of our experimental
results is given in Table 1.

In Figure 2, we present a correlation diagram for the = and
m* orbitals as a function of C—C=C angle for compounds 1-4.
The 7 and =* orbital energies are taken respectively as the neg-
atives of the vertical IP’s from PES*1¢ and the vertical EA’s
determined here. To interpret these results, it is useful to consider
the variations in the energies of the MQO’s of acetylene upon
bending. Little change is expected for the out-of-plane (= * and
w ) orbitals, while the in-plane (7 * and =) orbitals might be
expected to undergo signiﬁcant energy changes upon cis bending
due to 36,—m and 3¢,*—m* mixing. Examination of the MO wave
functions reveals that the 3¢, orbital will undergo little variation
and the 3¢,* orbital will drop rapldly in energy upon bending.!
As a result, ‘there is a strong mixing between the 7 * and the higher
lying 3¢,* orbitals, stabilizing the former, and little mixing between
the 30, and 7 orbitals.

On the basis of these considerations we assign the lower energy
anion state in the two cyclic compounds to the m* orbital, which
occurs at 2.18 eV in 3 and 1.16 eV in 4, showing the expected
strong dependence of the LUMO energy on the degree of bending.
The first anion state of 4 is 2.2 eV below that of butyne, in good
agreement with theoretical predictions: STO-3G and 4-31G
calculatons® predict respectively a 2.7- and 2.4-eV decrease in
the LUMO energy of 2-butyne upon bending of the C—C=C
angles to those in compound 4.

The second anion states of cyclooctyne (at 3.28 eV) and 4 (at
2.82 eV) lie close in energy to the anion states of butyne and
di-tert-butylacetylene, supporting their assignment to the electron
capture into w , *. For comparison with the cycloalkynes, 2-butyne
and di-tert-butylacetylene are more appropriate choices of linear
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Figure 2. Correlation diagram of the vertical EA’s and IP’s of the linear
and cyclic acetylenes.

alkynes than acetylene,® whose anion is much more stable, ap-
pearing at 2.6 eV. The greater stability of the tert-butyl species
compared to the methyl-substituted compounds is attributed to
the lower lying alkyl w*-like orbitals in the former case.

If we fit e Mo VS. @ to a straight line for butyne and the two
cyclic compounds and extrapolate to o = 56°, the value in benzyne,
we are led to the prediction that the LUMO of benzyne should
be 4.0 eV more stable than that of butyne, in good agreement with
the 4.8-eV theoretical prediction of Rondan et. al.?® In this
consideration we have neglected changes in the EA’s caused by
variations in the degree of alkyl substitution. Allowing for the
effects of methyl groups, we conclude that the benzyne anion is
likely to be stable by 0.1-0.6 eV and that it should be observable
mass spectroscopically or via photodetachment spectroscopy.

Summary

In this paper we have established that the first vertical EA of
acetylenes depends strongly on the C—C=C angle, providing
support for the suggestion®? that the electrophilicity of bent
alkynes, such as those studied here, and benzyne derives from the
presence of a low lying unfilled molecular orbital.!” The im-
plications are broader than this, however, as they also support the
ideas that linear alkynes are more electrophilic than related alkenes
because they can easily adopt a bent structure in reaction transition
states.? In addition, since linear acetylenes adopt bent structures
in their anion states!® leading to much larger values for the
adiabatic than for the vertical EA’s,' charge transfer in the
quenching of electronically excited species by acetylenes® may
be more important than previously anticipated. Finally, we believe
that bending following electron capture in acetylene enables the
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coupling of the 2II anion surfaces to the dissociative 22 surface
correlating with C,H™ + H, which is known to be an important
decay channel of the acetylene anion.?!?
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Abstract: Single orbital momentum densities of CO, NO, and O, have been measured by (e,2e) spectroscopy and have been
calculated from restricted Hartree—Fock (RHF) and split valence wave functions. The analysis of these momentum densities
as position space quantities is explored by taking the Fourier transform of the momentum densities to obtain the wave function

autocorrelation functions B(r).

Introduction

Although the orbital description of a many-electron wave
function is only an approximation, it has been found to be ex-
tremely useful for interpreting a wide variety of chemical data.!
General methods have been developed to explain molecular shapes?
and chemical reactivities® using qualitative information on orbital
energies and orbital electron distributions. Information on orbital
energies is readily available from photoelectron spectroscopy* but
knowledge of orbital electron distribution or shape is more difficult
to obtain. Studies of the angular distributions of photoelectrons
can in principle yield further information on orbital character,$
but the theoretical interpretation of orbital asymmetry parameters
has so far been only moderately successful even for simple
molecules.” Total electron densities can be evaluated by using
X-ray and electron diffraction.’ Although theoretical calculations
have shown the need for using near-Hartree—Fock basis sets to
obtain valence electron densities in good agreement with exper-
iment,!° it appears that correlation effects will not generally be
so large as the uncertainties in the experimental data for the case
of X-ray diffraction.!! In electron diffraction, higher accuracy
is obtainable but the data cannot easily be interpreted for other
than diatomic molecules. In addition, diffraction techniques give
information on all the electrons, not separating them by orbital.

The experimental method used in the present work—(e,2e)
spectroscopy!>—yields information about individual electron or-
bitals. The technique consists of high-energy electron impact
ionization with complete determination of the collision kinematics.
The cross section for the process can be directly related to the
single-electron momentum density. To understand the data in
terms of conventional orbital models, one must either recast the
models in the momentum representation or transform the data
into the configuration space representation. We will explore both
of these routes in this paper.
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The (e,2e) process is an electron knockout reaction. By
measuring the momenta of the incident, scattered, and ejected
electrons, one can determine the instantaneous momentum of the
ejected electron from conservation considerations. By repeating
the process many times, one can determine the distribution of
momentum values. The momentum distribution function is called
the momentum density just as the position probability function
is the electron density.

From the point of view of quantum mechanics, the incident,
scattered, and ejected electrons are waves which under the ap-
propriate experimental conditions can be written as plane waves.
If the bound-state total wave function can be represented by a
single configuration product of one-electron wave functions

¥ = 4TIy, (1)

then in the binary encounter approximation the (e,2e) cross section
is

Oe2e) = K](eiq.;l\l’k(?))lz (2)

where K is a constant and the term in brackets is the Fourier
transform of the wave function for the orbital from which the
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