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Abstract: The ionization energies of conformationally constrained, newly synthesized g-disilanyl sulfides
and selenides were determined by photoelectron spectroscopy. These ionization energies reflect substantial
(0.53—0.75 eV) orbital destabilizations. The basis for these destabilizations was investigated by theoretical
calculations, which reveal geometry-dependent interaction between sulfur or selenium lone pair orbitals
and o-orbitals, especially Si—Si o-orbitals. These results presage facile redox chemistry for these compounds
and significantly extend the concept of o-stabilization of electron-deficient centers.

Introduction

Silyl,* germyl? and stannyl groups are well-known to
strongly stabilize 5-carbocations (M-C—C*) and weakly
stabilizes-carbon-centered radicals (MC—C*).3 This -effect
is believed to result mainly from hyperconjugative resonance
by the M—C o-bond, which requires favorable orbital overlap
of the M—C o-bond and the empty carbocation p-orbital or half-
occupied carbon radical p-orbital. The requirement for orbital
overlap is well-illustrated by the kinetic acceleration in solvolysis
of geometrically constrained-silyl sulfonates, which is de-
pendent upon the torsional angle between theCSi-bond and
the C-0 o-bond attaching the leaving group. That is, fesilyl
sulfonates, the better the overlap of the-Sio-bond with the
developing p-orbital of the incipient carbocation, the faster the
rate of solvolysis. In a similar way, SiGHnoieties are also
powerful activators and ortho/para-directors in electrophilic
aromatic substitution. It has also been reported fh&i—Si
o-bonds stabilize benzyland cyclopropyl cations of general
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structure S+Si—C™. This S-effect is ascribed to SiSi o-bond
hyperconjugation, dramatically illustrated by the lack of such
stabilization when theg3-Si—Si o-bond is orthogonal to the
leaving group'® Even more remote- andd-effects of silicon

and tin on carbocations have been repoftdte -effect of
silicon and tin has also been evaluated at heteroatom radical
cation centers (MC—E™) in place of carbocations or carbon-
centered radicals. Thus the electrochemical oxidation potentials
of -silyl ethers and amines are significantly lower than those
of the corresponding nonsilylated ethers and aminés.
addition, although the effect g@Fsilyl groups on the oxidation
potential of sulfides and selenides is more modest than with
ethers and amine$d the effect of S-stannyl groups is
substantialM89Stabilization by the8-effect of the radical cations
obtained on oxidation is believed to account for these results.
Mixing of the SOMO and SiC orbitals in the radical cations
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The reason for the greater effectiveness of&80-MO than C-Si o-MO

is a better energy match of orbital energies and consequent greater

interaction. That is, the HOMO ionization energy for sulfur 3p lone pair

orbitals in thioethers is much lower than that of oxygen and nitrogen lone

pair orbitals in ethers and amines. Consequently, while-&i@-MO is a

good energy match for an oxygen or nitrogen lone pair orbital, the lower

energy C-Sno-MO is a better energy match for a sulfur or selenium lone
pair HOMO than a €Si 0-MO.
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derived from silyl-substituted ethers and sulfides has been shownTable 1. Fit Parameters for PES (all energies in eV)

by EPR spectroscopy.

To address the stabilization of sulfur and selenium radical
cations by ay-(Si—Si) bond (Si-Si—C—E**, E= S, Se), a
series of new cyclig-disilanyl sulfides and selenides were
synthesized and studied. These conformationally constrained
compounds were investigated because preliminary theoretical
calculations indicated that interaction of a sulfide or selenide
p-orbital with ay-(Si—Si) 0-MO should be geometry dependent.
This paper reports application of photoelectron spectroscopy
as a tool for revealing these(Si—Si) effects!?

Experimental Results on Conformationally Constrained
Heterocycles

Photoelectron Spectroscopy.Photoelectron spectroscopy
(PES) is the experimental technique used in this study to
evaluatey-(Si—Si)!® stabilization of sulfur and selenium radical
cations!620 Although this technique explicity measures the
energy difference between radical cations and corresponding
neutral states, the measured vertical ionization energies for
valence shell electrons are generally discussed in terms of
Koopmans' theorem. That is, the ionization energy equals the
negative of the orbital eigenvalue (or energy), and the photo-

electron spectra reported here then are interpreted in terms of

molecular orbital energies of the un-ionized neutral compound
and not the corresponding radical cations. Nevertheless, this
approach is useful for determining the stabilization by Si
bonds of chalcogen radical cations for two reasons. First, the
orbital interactions of substituents on a filled chalcogen p-type
orbital are analogous to those in the half-filled p-orbital of the
radical cation. Second, PES ionization energies generally
correlate with electrochemical oxidation potentials of organo-
chalcogen compound§&22
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Relative Area
half-width
Gaussian position high, low Hel He lI/He |
2a
1 7.98 0.57,0.57 1.00
2 8.43 0.52,0.52 0.87
3 9.17 0.84,0.84 1.45
2b
1 7.89 0.31,0.29 1.00
2 8.32 0.57,0.57 0.83
3 8.76 0.56, 0.56 0.76
5a
1 7.62 0.39,0.39 1.00 1.00
2 8.00 0.37,0.37 1.01 0.93
3 8.58 0.61, 0.61 0.81 1.81
4 8.89 0.61,0.61 0.84 2.85
5b
1 7.45 0.33,0.33 1.00 1.00
2 7.80 0.35,0.35 1.19 1.16
3 8.56 0.63, 0.63 0.74 2.09
4 8.82 0.60, 0.60 0.74 1.69
7a
1 7.87 0.47,0.30 1.00
2 8.87 0.71,0.69 0.64
8a
1 7.51 0.34,0.34 1.00
2 7.73 0.32,0.32 0.83
3 8.09 0.39, 0.39 0.89
4 8.37 0.38,0.38 0.82
5 8.83 0.47,0.47 0.89
11a
1 7.80 0.35,0.34 1.00
2 8.17 0.42,0.39 0.90
3 9.49 0.58, 0.58 1.16
4 9.47 0.48, 0.39 1.00

A variety of previously unknown organesulfur and—sele-
nium compounds were synthesiZeédnd studied by gas-phase
PES and theoretical calculations. Due to the cyclic nature of
these compounds, they are geometrically constrained to different
conformations. Two parameters that can be used to define the
geometry about the moieties of interest, illustrated,iare the
dihedral angle about the RESi bond,f, and the dihedral angle
about the SE&SiSi bond,¢.?*

0 ¢
R—S—CH,—SiMe,—SiMe,R'
1

In the following section, the experimental results on the
compounds studied are organized based on these dihedral angles,
which were deemed especially relevant because of the known
geometry dependence of-8C and chalcogen lone pair orbital
interactions and the anticipated geometry dependence-@iSi
and chalcogen lone pair orbital interactions. The ionization
energies reported are based on deconvolutions of the data with
asymmetric Gaussians (see Experimental Section); complete
fitting parameters for all compounds discussed are listed in
Table 1.

0 ca. @, ¢ ca. 120. Compound®2a and2b were chosen for
study because they might be expected to adopt nearly planar
ring geometries where the-€Si g-orbital and sulfur/selenium
p-orbitals do not interact as shown3n(which also is the case

(24) 6 = O° is defined as shown i8; that is, Me and Si are eclipsed. For=
0°, S and SiMeg are eclipsed. The Newman projections shows ind4
are viewed down the CH-S bond with the 3p lone pair orbital on the
back sulfur atom drawn.
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Figure 1. PES (He | or He I, as noted) of (&g, (b) 2b, (c, d)5a, and (e, f)5b.

for 4 wheref = 18(°), but their¢ values would optimize Si vertical ionization (HOMO) energiéfor thietane 2c) (8.556.28
Si o-orbital mixing with the sulfur/selenium p-orbital. Therefore, and 8.6%7 eV), 3,3-dimethyl-1,3-thiasiletan@q) (8.49 e\#),
these compounds would provide a test of the geometry and2a(7.98 eV). There is only a modest destabilization of the
dependence og of the remote Si Si o-orbital interaction with HOMO (0.06 eV) upon introducing a 3-M8i moiety (i.e.,2d)

the sulfur p-orbital. but substantial destabilization (0.57 eV) on introducing a 3;(Me
Si),Si moiety (i.e.,2a) into a thietane ring.
SiMeSiMeR’ R 0 ca. 180, ¢ ca. 90. Compound5a, 3,3,4,4,8,8,9,9-
PaN R H L H octamethyl-1,6-dithia-3,4,8,9-tetrasilecane, adopts a chair, chair,
M\/E chair conformation in the solid state as shown by X-ray
S SiMe,SiMe,R' (:_rystzflllography?,3 and calculationg indicate that this conforma-_
tion is also the most stable in the gas phase. For this
2a, E = S, M = Si(SiMes), 3,0=0° 4,0=180° conformationf = 159.6, 156.1and¢ = 82.1, 78.8. The X-ray
b, E = Se, M = Si(SiMe3), crystal structure fobb is similar to that of5a.
¢,E=S,M=CH,
d,E=S,M=SiMe,
v S
In the solid state, the four-membered rings in both 3,3-bis- M _EM S _M
(trimethylsilyl)-1,3-thiasiletane2g)?® and the selenium analogue 5a, E = §, M = SiMe, 6a, M = SiMe,
3,3-bis(trimethylsilyl)-1,3-selenasiletan&b) are planar as ::E:gf’,’wm:cﬂl\"ez b, M=CH,

determined by X-ray crystallograpRy Furthermore, computa-

tions show that in the gas phase the four-membered ring of  1hase9 values mean that the geometry about theCShond
compound2ais close to planar in its lowest energy conforma- s cjose to that shown id. As depicted in3 and4, the sulfur
tion with 6 = 11_ and¢ - 10(_)’ 128. lone pair and € Si orbital interactions are the same for=

The PES oRais shown in Figure 1a. The two lowest energy gy as forg = 0°. Consequently, orbital interactions 6
ionization bands in this spectrum are difficult to deconvolute v g = ca. 180 and¢ = ca. 90 should be comparable to
because they are very close in energy and the bands overlapy,ose for 2230 However, since there are two interacting
Assignment of the ionization bands @ is facilitated by cpaicogen atoms in this system, there is an additional factor
anaIyS|s_of the PES Cfb' shown in Figure l_b' The geometry important in its analysis. That is, there will be symmetric and
of 2b, 6 = 850 and¢ o 99, 127, is very similar to that o2a . antisymmetric orbitals combining both sulfur 3p lone pair
so that orbital interactions should be analogous. However, owing  pitais n mesocyclic dithioethefs32the antisymmetric lone

to the lower ionization energy of a selenium 4p lone pair i combination is the HOMO and the symmetric combination
compared to that of a sulfur 3p lone pair, the lowest ionization 5\mo-1.

band of2b moves to lower energy and the ionization envelope 110 He | and He Il PE spectra 6& are shown in Figure 1c
is also sharper, resulting in much reduced overlap of the lowest ;.4 14 respectively; the He | and He Il PE spectra of the

energy ionization with the next ionization band. selenium analoguéb were also measured and are shown in

The amount of destabilization caused by the presence of theFigure 1e and 1f, respectively. The PE spectraaénd5b are
Si—Si bond in2a can be judged by comparing the lowest '

(29) Traven, V. F.; Rokitskaya, V. T.; Rodin, O. G.; Shvets, V. F.; Redchenko,
(25) The four-membered ring in 3,3-dimethyl-2,2,4,4-tetraphenyl-1,3-thiasiletane V. V.; Voronkov, M. G.; Kirpichenko, S. V.; Suslova, E. Nokl. Akad.

is also planar: Strohmann, Chem. Ber1995 128 167-172. Nauk SSSR986 288 1160-1163.

(26) Correlation of lowest energy vertical ionization energies determined by (30) Nevertheless, direct comparison betw@arand5a must be viewed with
PES and ionization potentials determined by charge transfer spectroscopy caution because of other differences in orbital interactions. For example,
with tetracyanoethylene (TCNE) in GBI, as the electron acceptor has in 2a, the two Si-Si o-orbitals in the SiSi—Si moiety combine to form
been reporteét? 1627 |n general, a linear correlation between the two n-like orbitals.
measurements for the compounds reported in this paper has been found(31) Setzer, W. N.; Coleman, B. R.; Wilson, G. S.; Glass, RT&rahedron
(manuscript in preparation). 1981, 37, 2743-2747.

(27) Frey, J. E.; Aiello, T.; Beaman, D. N.; Hutson, H.; Lang, S. R.; Puckett, J. (32) Setzer, W. N.; Glass, R. S. Donformational Analysis of Medium-Sized
J.J. Org. Chem1995 60, 2891-2901. Sulfur-Containing HeterocyclesGlass, R. S., Ed.; VCH: Weinheim,

(28) Mollere, P. D.; Houk, K. NJ. Am. Chem. Sod 977, 99, 3226-3233. Germany, 1988; pp 151179.
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also very similar, with the lowest energy region of the spectra
shown in Figure 1c and 1d best modeled with four Gaussians;
however, the two Gaussians at lowest ionization energy are

better separated from the third in the spectrunbbfthan in
that of 5a. Upon comparing the He | and He Il PES 5, the

two lowest ionization bands decrease in relative area compared

to the third on going from He | to He Il. Since the photoion-

ization cross-section for selenium-based orbitals decreases 16-

fold more than that for silicon-based orbitdfthe two lowest

ionizations at 7.45 and 7.80 eV must be from predominantly
selenium-based orbitals, whereas that at 8.56 eV is from a

predominantly silicon-based orbital. Similarly, the two lowest
energy ionizations foba are ascribed to predominantly sulfur-
based orbitals and the third and fourth at higher ionization

energy to predominantly silicon-based orbitals. Comparison of

the sulfur lone pair ionization energies fba (7.62 and 8.00
eV) with those of 1,6-dithiecanc (8.38 and 8.53 e%3)
reveals substantial destabilization & relative to 5c. The
destabilization of the ionization from HOMO-1 &f relative

to 5¢ (0.53 eV) is comparable to the destabilization of the
ionization from the HOMO of2a relative to2c (0.57 eV).

Destabilization of the first and second ionization energies is

also found for6a, 7,7,8,8-tetramethyl-1,5,7,8-dithiadisilolane,

compared witt6b, but this system was not analyzed in detil.
6 = 0°, ¢ = 30°. While the crystal structure of 3,3,4,4-

tetramethyl-1,3,4-thiadisilolan&’$) could not be determined,

the lowest energy structure found computationally is an envelope

conformation in which the sulfur atom is out of the plane of
the ring C-Si—Si—C atoms; that is, there is a-—C flap.

7a,E=S, M = SiMe,
b,E=S,M=CH,

This conformation is found to be 2 kcal/mol more stable than
any other conformation. In this conformation, the- §-C—Si
(0) and S-C—Si—S (¢) dihedral angles are 50 and 30
respectively, which indicates that the-Si g-orbital, the Si-
Si g-orbital, and sulfur lone pair orbital can interact.

The PES of7a (Figure 2a) shows ionizations of lowest energy

at 7.87 and 8.87 eV. These ionizations are assigned to the sulfur

3p lone pair and SitSi o-bond ionizations, respectively, based
on analogy. The HOMO ionization energy for this compound
is 0.57 eV lower than that for thiolan&b (7.87 versus 8.4%
8.64 e\l).

6 = 60—120C, ¢ ca. 180. Calculations on 3,3,7,7-tetrakis-
(trimethylsilyl)-1,5-dithia-3,7-disilocane8g) show that con-
former9 (twist—twist with aC, axis through the ring Si atoms)
is the most favorable in the gas phase, but confortfewhich
is found in the solid state by X-ray crystallograpthis only

@)

9.0 810
lonization Energy (eV)

Figure 2. He | PES of (a)7a, (b) 8a, and (c)1la

/87\
M M

8a, M = Si(SiMe;),
b, M = SiMe,
¢, M =CH,

The PES foBais shown in Figure 2b. The HOMO ionization
energy for8ais 0.39 eV lower than that fo8b, which lacks
the SiSi orbitals but is calculated to have a similar ring
geometry as8a.2® In addition, the HOMO ionization foBa is
0.70 eV lower than that for 1,5-dithiocan®df.16-31 This is the
largest destabilization observed in this study. The ionization
energy for 5,5-bis(trimethylsilyl)-1,3,5-dithiasilinanel 1@),
whose PES is shown in Figure 2c, is also substantially (0.64

0.4 kcal/mol higher in energy. The calculated dihedral angles 0.75 eV) lower than that of 1,3-dithian&X(b) (e.g., 7.80 vs

for 9 and10 are approximately = 119, ¢ = 163, 74 and6
=51, 62, ¢ = 177, 57, respectively.

(33) Yeh, J. J.; Lindau, lIAtomic Data and Nuclear Data Table$985; Vol.
32, No. 1, Jan.

(34) Destabilization of the ionizations from HOMO and HOMO-1 were also
found for6a (7.86, 8.20 eV) compared with 1,5-dithiona@le (8.36, 8.46
eV).1631The PES and fitting parameters @di are given in the Supporting
Information. The ionization at 8.82 eV also seen in its PES is silicon-
based as shown by intensity changes on going from He | to He Il ionization
sources.

12688 J. AM. CHEM. SOC. = VOL. 128, NO. 39, 2006

8.55, 8.442 V).

M
g

11a, M = Si(SiMes),
b, M = CH,

/—3>

Summary of Experimental Results. The photoelectron
spectra that have been measured by us show that there is a
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Figure 4. Three-dimensional plot of the relative energy (kcal/mol) of the
radical cation ofl, R= R’ = Me, as a function o (Me—S—C-Si dihedral
angle,®) and¢ (S—C—Si—Si dihedral angley). Positions of compounds
studied experimentally are shown, with the position for compounds with
multiple 6 or ¢ shown as the one that would maximize interaction.

Figure 3. Three-dimensional plot of the vertical ionization energy (eV)
for 1, R=R' = Me, as a function ob (Me—S—C—Si dihedral angle?)
and ¢ (S—C—Si—Si dihedral angle?). Positions of compounds studied
experimentally are shown, with the position for compounds with multiple
6 or ¢ shown as the one that would maximize interaction.

Table 2. Calculated Vertical lonization? for 1, R = R' = Me, as a
general destabilization of the chalcogen-based ionizations of Function of Geometry
these mesocyclic molecules, and that the amount of destabiliza- 6,°
tion observed, which can be as large as 6.005 eV, is

6,° 180 150 120 90
_depend_ent upon thg _geom_etry of the_ mesocycles. To pro_wde 0 5288 8.007 7932 7 891
insight into the specific orbital interactions that are responsible 30 8.088 8.027 7.936 7.867
for these destabilizations as well as providing a more general 60 8.081 8.002 7.864 7.821
understanding ofs-lone pair orbital interactions, molecular 90 8.030 7.969 7788 7.739

. 4 : ; . . 7.966 7.962 7.760 7.691
orbital calculations were carried out as described in the following 7159 8.016 7.937 7.740 7.683
section. 180 8.283 7.892 7.721 7.678
Theoretical Studies on Model System aVertical ionization energies listed in the table are in eV.

To provide a general understanding of the geometry depen-
dence of the sulfur lone pair, SBi o-orbital interactions, Me
theoretical calculations were performed on model compound H
1, R=R' = Me. This model system allows us to fully explore
i i i S=C—=H

the geometry influence of changing the dihedral angle about h
the MeS-CSi bond,0, and that about the S€SiSi bond,¢,2* OH

and then apply the results with the model system to the Me3Si H
geometrically constrained mesocycles that were studied experi-
mentally. The dihedral angleg and ¢ were varied, and the 12,0 =180°, ¢ = 120°
corresponding vertical ionization energies and relative energies

of the corresponding radical cations were calculated. Three- Me
dimensional plots of these results are shown in Figures 3 and H
4, and selected values of vertical ionization energies are given

in Table 2. The results show a marked dependence of the MeSiMeSi
ionization energy on geometry. The complete basis for these H
results are complex, as will be apparent by the detailed 13,0 =90°

theoretical treatment of the conformationally constrained com-
pounds discussed below. Nevertheless, consideration of a fewdestabilization of the HOMO by the SBi o-orbital. With 6
trends and their basis is warranted. WitHixed at 180, as fixed at 90 (seel3), overlap between the €Si o-bond and

shown in4, and similarly for6 = 0° as shown ir3, the C-Si sulfur p-orbital is maximized. This geometry wigh—= 90° then
o-orbital and the sulfur p-orbital illustrated in the drawings are permits C-Si g-orbital as well as St Si o-orbital mixing with
orthogonal and, therefore, do not interactglfs now varied, the sulfur p-orbital. Varyingy with 6 = 90° results in a

the ionization energy is greatest (most stable HOMO energy) continuous decrease in ionization energy from a maximum at
at 0 and 180and lowest at 120 with a range of about 0.3 eV.  0° to a minimum at 180 with a change of about 0.2 eV.
The reason for a minimum ionization energygat 120° is Comparison of the calculated ionization energy where 90°
that the HOMO is actually comprised of a combination of the with that wheref = 180 for any value ofp shows a decrease
sulfur 3p-orbital and ther-like antisymmetric combination of  of 0.2 eV or greater. Especially notable is the 0.6 eV decrease
the CH o-orbitals of thea-CH, group. Wheng = 120, the in calculated ionization energy f& = 90° compared t& =
Si—Si and C-H o-orbitals are eclipsed as depictedli (view 180° when¢ = 180°. With 6 = 90°, ¢ = 18(°, the geometry
down (MeS)CH-Si(Me)(SiMe;) bond), and there is maximal is optimized for antisymmetric combination of the sulfur 3p-
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HOMO-2 HOMO-3
Figure 5. Molecular orbital plots for (apa, +0.05 and (b)5a, +0.04.

orbital, C-Si, and St-Si g-orbitals as shown ii4 (view with
S—C—Si—Si in plane of the paper). With = 90°, ¢ = 0°, 15,

the sulfur 3p-orbital and €Si o-orbital but not the SiSi
o-orbital interact. The SiSi o-orbital does not interact in this
orientation because the Si atom of the SiMgoup is in the
nodal plane of the antisymmetric sulfur 3p-orbital. Consequently,
the net overlap of the SiSi g-orbital with the sulfur 3p-orbital

is 0.

15,6=90°¢=0°
14,0 =90°, ¢ =180°

Theoretical Results on Conformationally Constrained
Heterocycles

0 ca. O, ¢ ca. 120. On the basis of the model calculations,
the HOMO for 2a and, by implication, for2b, should be
destabilized byr-like CH, and S+Si o-orbitals. Theoretical
calculations were carried out &a and 2b, and orbital plots
for the three MOs of highest energy 4 are shown in Figure
5a. The HOMO for2a features sulfur 3p lone pair character,
but with substantialz-like contribution of the antisymmetric
combination of CG-H o-orbitals of the ring CH groups. Such
mixing of the sulfur lone pair orbital df; symmetry and ring
a-like CH, MOs was previously reportééifor the HOMO of
2c. This destabilization of the HOMO by tha-like CH,

12690 J. AM. CHEM. SOC. = VOL. 128, NO. 39, 2006

o-orbitals in2a and 2b is analogous to that dfc and2d, but
what accounts for the additional ca. 0.5 eV destabilization of
the HOMO of2arelative to that oRc and2d? On the basis of
the model system calculations, this could be due te i
o-orbital interaction. Indeed, computational support for this
interaction was obtained by fragment analysis, which was
performed by breakinga—d into two fragments, one containing
only the S or Se atom, respectively, and one containing the rest
of the atoms in these molecules. Plots of the sulfur- or selenium-
free fragment orbitals that contribute to the HOMO2af-d,

their percent contributions to the HOMO @&—d, and their
contribution to the orbital energy of the HOMO a&—d are
given in the Supporting Information.

The key result is that antisymmetric combinations of the Si
Si o-orbitals of the (MgSi),Si group contribute to the HOMO
of 2a. Although the percent contribution of these orbitals to
the HOMO of2ais modest, they are nonetheless important in
terms of their energy contribution to the HOMO2d. That is,
the substantial destabilization of the HOMO 2 relative to
that of 2c is primarily due to destabilization by these predomi-
nantly Si=Si orbitals. Of course, such destabilization is not
possible for2d, which is devoid of StSi orbitals. Consequently,
the HOMO and ionization energy d?d is only modestly
destabilized relative to the HOMO and ionization energy of
thietane2c.

The HOMO-1 and HOMO-2 ofa are also shown in Figure
5a. These orbitals, which are computed to be close in energy in
accord with experiment, are highly delocalized. HOMO-1 is
composed of StSi, C—Si, and C-S o-orbital andin-plane
sulfur lone pair character. Mixing of the in-plane sulfur lone
pair orbital ofay symmetry with the ring €Si bonds in2d
has been reported previougis® HOMO-2 is composed
principally of thes-like antisymmetric combination of SiSi
o-orbitals of the (MgSi),Si moiety. MO calculations and
fragment analysis on the selenium analogugadf.e., 2b) show
qualitatively similar results except that there is much more
modest mixing in2b compared to2a owing to the larger
difference in energy between-Ssi orbitals and Se 4p lone pair
orbitals. Orbital plots of the HOMO, HOMO-1, and HOMO-2
for 2b are given in the Supporting Information.

0 ca. 180, ¢ ca. 90. Orbital plots for the HOMO, HOMO-

1, HOMO-2, and HOMO-3 foba are shown in Figure 5b. The
HOMO in 5a is the antisymmetric lone pair orbital, which is
very similar to the HOMO irbc. Fragment analysis results are
shown in the Supporting Information. This analysis reveals that
the novelz-like antisymmetric combination of am-C—H and

ring C—Si og-orbital is the major source of the destabilization.
The geometry of5a appears especially well-suited for this
interaction. Here, the HOMO is the antisymmetric 3p sulfur
lone pair orbital which is symmetry forbidden from interacting
with the Si~Si o-orbitals. In contrast, the HOMO-1 is the
symmetric 3p sulfur lone pair orbital, and mixing between this
orbital and the symmetric combination of-S$i 0-MOs is
symmetry allowed, and fragment analysis reveals its importance.
This interaction is reminiscent of the mixing of the sulfur 3p
lone pair orbitals and €C ¢-MO in 1,4-dithiane {6),36738
except that forl6 the symmetric HOMO is destabilized while
for 5ait is the symmetric HOMO-1 that is destabilized. The

(35) Radin, O. G.; Traven, V. F.; Suslova, E. N.; Voronkov, M. &.Mol.
Struct 1992 262, 1-5.
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HOMO-3
Figure 6. Molecular orbital plots (aya, +0.05 and (b)9, +0.04.

HOMO-2

destabilization of the ionization from HOMO-1 &f relative

to that of5¢ (0.53 eV) is comparable to the destabilization of
the ionization from the HOMO o2arelative to that oRc (0.57
ev).

S

[~

S
16

6 = 0°, ¢ = 30°. Orbital plots of the HOMO and HOMO-1
of 7aare shown in Figure 6a. As can be seen in this figure, the
HOMO for 7ais predominately sulfur 3p lone pair, but there is
mixing of the zz-like MOs obtained by combining €H and
C—Sio-MOs as discussed previously in the analysiSafThis
mixing accounts for the destabilization of this HOMO relative
to that in thiolane Tb). The HOMO-1 of7ais predominately
Si—Si o-orbital character with €Si contributions.

Further insight into the destabilization of the HOMO T
was obtained by fragment analysis. A naxdike MO obtained
by antisymmetric combination of €H, C—Si 0-MOs (cf.
similar destabilization of the HOMO dba), and the SiSi
0-MO contributes to the substantial destabilization of the HOMO
of 7a compared to that ofb.

6 = 60—120C, ¢ ca. 180. In both the calculated and X-ray
conformations o8a (9 and10, respectively), thé values result
in substantial G Si o-orbital interaction with the sulfur lone
pair orbital. Furthermore, thg values are the optimum for Si
Si g-orbital interaction with the sulfur lone pair orbital mediated
by the C-Si g-orbital (recall the 0.6 eV decrease in ionization
energy in the model compound comparihg 18C¢°, ¢ = 180°
with 6§ = 90°, ¢ = 180C° noted above).

The calculated ionization energies for HOMO through
HOMO-3 for each of the conforme&and 10 are 7.06, 7.23,
8.04, and 8.11 eV and 7.23, 7.33, 7.99, and 8.11 eV, respec-
tively, while the orbital plots for conformatio are shown in

(36) Sweigart, D. A.; Turner, D. W0. Am. Chem. Sod 972 94, 5599-5603.

(37) Gonbeau, D.; Loudet, M.; Pfister-Guillouzo, Getrahedror.98Q 36, 381—
391.

(38) Vondrak, T.; Bastl, ZJ. Mol. Struct 1987, 160, 117—126.

Figure 6b (the results witB and10 are very similar). The two
highest energy MOs are very close in energy as are the next
two MOs, and the separation of these averaged pairs is 0.93
and 0.77 eV fo® and 10, respectively. These separations are
comparable to the experimental separation of 0.61 eV. The MOs
for 9 shown in Figure 6b demonstrate that the HOMO and
HOMO-1 are derived from all of the ring atoms and that the
exocyclic Si-Si orbitals participate. Thus, the combined geminal
Si—Si orbitals interact with the sulfur lone pair orbitals through
the C-Si orbitals, accounting for the destabilization found in
the calculations on modédl R = R' = Me. The result of these
extended interactions is that the HOMO ionization energy for
8ais 0.39 eV lower than that fo8b, which lacks the StSi
orbitals but is calculated to have a ring geometry similar to that
of 8a23 In addition, the HOMO ionization foBa is 0.70 eV
lower than that for 1,5-dithiocan@c).1631 This is the largest
destabilization observed in this study, as expected from the
predictions of theoretical calculations on model sysfeR =

R’ = Me. Fragment analyses f@&a and 8b are given in the
Supporting Information.

Summary of Theoretical Studies.The theoretical calcula-
tions are able to predict the same ionization energy trends
observed experimentally for the geometrically constrained
mesocycle®a, 5—8a, and1llahaving either exocyclicla, 8a,

118 or endocyclic $—7a) Si—Si bonds. Furthermore, these
molecular orbital calculations provide insight into the complex
geometry-dependent- and p-orbital interactions that are
responsible for the experimentally observed ionization energies.

Conclusions

In summary, the experimental results demonstrate the pres-
ence of Si-Si o-orbital destabilization of the sulfur 3p lone
pair orbital when the SiSi moiety isf to sulfur, and also that
the amount of this destabilization is geometry dependent.
Furthermore, the detailed theoretical studies presented on model
compoundl, R = R = Me, and the conformationally
constrained compounds provide an understanding of the specific
basis for destabilization, which involves mixing not only of-Si
Si but other-orbitals, as well, as determined by energy, overlap,
and symmetry. The chemical consequences of these interactions
are under investigatio#f.

Experimental Section

Photoelectron SpectroscopyPE spectra were recorded using an
instrument that features a 36 cm hemispherical ana§aed custom
designed photon source, sample cells, and detection and control

(39) Owing to facile cleavage of the -SC bond following anodicfh4°
chemical! or photochemicéf oxidation, synthetically useful methodology
has been developed using oxidatiorBedilyl ethers, thioethers, and amines.
The Sn-C bond, in analogy with the SiC bond, is easily cleaved on
oxidation of stannylated ethers, amines, and sulfides electrochemit&lly,
chemically?144 or photochemically, and this oxidative cleavage has also
been exploited in synthesig.

(40) (a) Yoshida, J.; Isoe, SThem. Lett 1987 631-634. (b) Koizumi, T.;
Fuchigami, T.; Nonaka, TChem. Lett.1987 1095-1096. (c) Koizumi,
T.; Fuchigami, T.; Nonaka, TBull. Chem. Soc. Jpri989 62, 219-225.

(41) (a) Narasaka, K.; Okauchi, T.; Arai, Bhem. Lett1992 1229-1232. (b)
Narasaka, K.; Arai, N.; Okauchi, Bull. Chem. Soc. Jpr1993 66, 2995—
3003.

(42) (a) Hasegawa, E.; Brumfeld, M. A.; Mariano, P.JSOrg. Chem 1988
53, 5435-5442. (b) Yoon, U.-C.; Kim, H.-J.; Mariano, P. Beterocycles
1989 29, 1041-1044. (c) Yoon, U.-C.; Kim, Y. C.; Choi, J. J.; Kim, D.
U.; Mariano, P. S.; Cho, I.-S.; Jeon, Y. I.0rg. Chem1992 57, 1422
1428.

(43) (a) Yoshida, J.; Itoh, M.; Isoe, 8. Chem. Soc., Chem. Comma993
547-549. (b) Yoshida, J.; Itoh, M.; Morita, Y.; Isoe, 8. Chem. Soc.,
Chem. Commuril994 549-551.

(44) Narasaka, K.; Kohno, Y.; Shimada, Ghem. Lett1993 125-128.
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electronics'’ The excitation source is a quartz capillary discharge lamp the neutral minimized geometry and the neutral energy at that
with the ability, depending on operating conditions, to produce He | geometry), but orbital energies were estimated from the orbital
(21.218 eV) or He 11 (40.814 eV) photons. The ionization energy scale eigenvalues (by a modification of Koopman's theorem; see below);

was calibrated using th#,; ionization of argon (15.759 eV) and the
2E,j» ionization of methyl iodide (9.538 eV). The arg&®y, ionization

also was used as an internal calibration lock of the absolute ionization
energy to control spectrometer drift throughout data collection. During
He | and He Il data collection, the instrument resolution, measured
using the full-width-at-half-maximum of the argéis; ionization, was
0.020-0.030 eV. All of the spectra were corrected for the presence of
ionizations caused by other emission lines from the discharge surce.

the vertical IPs are therefore expected to be more reliable than the orbital
energies. The method which was used to estimate most of the orbital
energies takes the difference between the HOMO eigenvalue and the
orbital eigenvalue and adds this to the computed molecular vertical IP
(essentially constituting an offset correction to the normal Koopman'’s
theorem values). Orbitals were visualized using MOLEKEL 4.3.witi32.
Fragment analysis of the wave function was accomplished using the
method of Senthilkumar and Bickelhaffpto express the Gaussian

The He | spectra were corrected for the igdihe (1.866 eV higher in
energy and 3% the intensity of the He line), and the He Il spectra
were corrected for the Heglline (7.568 eV higher in energy and 12%  gjjs the overlap matrix, ané is the diagonal eigenvalue matrix. The

the intensity of the He d line). All data also were intensity corrected  matrices were transformed to the basis of the sulfur or selenium atoms
with an experimentally determined instrument analyzer sensitivity anq the silicon-substituted alkyl fragments using the calculated equi-
function that assumes a linear dependence of analyzer transmissionisrjum coordinates for the entire molecule. This method has been used

(intensity) to th_e kinetic energy of the electrqns within the energy range previously for fragment analyses of other chemical systéms.
of these experiments. The samples all sublimed cleanly with no visible

changes in the spectra during data collection.
In the figures of the data, the vertical length of each data mark
represents the experimental variance of that pBirthe valence

output in the Koha-Sham matrix form of the typelksC = SCE where
Hks is the Kohi-Sham Hamiltonian matribC is the eigenvector matrix,
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