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Abstract

Annelated silicon ring systems have received extensive investigation as interesting targets that provide access to physical and
chemical properties that are difficult to achieve with the corresponding carbon systems. The aim of this article is to describe the
results of our investigation on the chemical and physical properties of the ladder oligosilanes and the ladder oligogermanes, such
as bicyclo[2.2.0]hexasilane, tricyclo[4.2.0.0%>%]octasilane, tetracyclo[4.4.0.0%°.07-1%decasilane, pentacyclo[6.4.0.0%7.0%6.0%12]-
dodecasilane, bicyclo[2.2.0]hexagermane, and tricyclo[4.2.0.0>>Joctagermane systems. Such compounds can be prepared by the
reductive coupling of the appropriate polychlorosilanes or polychlorogermanes with lithium or magnesium. The X-ray structural
analyses of these compounds provide intriguing information about the stereochemistry of the multifused ring systems; each
cyclotetrasilane ring or cyclotetragermane ring is not planar but folded, leading to a helical structure of the ladder frameworks
of the anti type. The ladder oligosilanes and oligogermanes show absorption in the UV-vis region and have considerably low
oxidation potentials. The following examples of the reactions of the ladder compounds are described: the ring-opening
chlorination, mono- and polyoxidation, and reduction with alkali metals leading to stable radical ions. In addition, chiral
symmetry breaking in the anti-tricyclo[4.2.0.0%>°]octasilane is described. For the reactions of ladder oligosilanes, the comparison
with octasilacubanes is also discussed. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction tuted octasilacubane (ThexSi); (Thex = 1,1,2-trime-

The rapid growth of the chemistry of polycyclic
compounds of Group 14 elements, Si, Ge, and Sn in the
past 15 years has stimulated interest amongst both
experimental and theoretical chemists. The versatility of
these elements as a structural element in the construc-
tion of cyclic molecules has encouraged several research
groups to attempt to construct annelated ring systems
of Si, Ge, and Sn. During the course of our investiga-
tion on the chemistry of small-membered cyclooligosi-
lanes [1], we prepared the first bicyclo[2.2.0]hexasilane,
[RSiSiR][R,SiSiR,], (R =i-Pr) (1) [2] and the first oc-
tasilacubane [(z-BuMe,Si)Si]s [3] and the alkyl-substi-
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thylpropyl) [4]. We have thus studied the chemical and
physical properties of oligosilanes and oligogermanes
with ladder and cage structures. In this article, we
describe the results of our investigation on the chem-
istry of the ladder oligosilanes and ladder oligoger-
manes.

The reviews about cyclooligosilanes were written by
West in 1982 and 1989 [5], Masamune et al. in 1991 [6],
and Hengge and Janoschek in 1995 [7]. The synthesis,
structures, and optical properties of ladder oligosilanes
and octasilacubanes were reviewed previously by
Kyushin et al. in 1994 [8]. In addition, reviews of the
chemistry of cage and cluster compounds of Si, Ge, and
Sn were written by Sekiguchi and Sakurai in 1992 and
1995 [9]. In addition, the recent advances in the theoret-
ical and experimental aspects of the polyhedranes of Si,
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Ge, and Sn (e.g. octasilacubanes, hexasilaprismanes,
and tetrasilatetrahedrane) were surveyed by Sekiguchi
and Nagase in 1998 [10].

2. Ladder oligosilanes

It was not until 1972 that the chemistry of polycyclic
ring systems of Si, Ge, and Sn began to start; West and
Indriksons reported that the action of Na/K alloy upon
a mixture of dimethyldichlorosilane and methyl-
trichlorosilane in the presence of naphthalene led to the
formation of bicyclic and cage oligosilanes [11]. The
chemistry of the bicyclic ring systems has then devel-
oped systematically, and bicyclo[1.1.0]tetrasilane, bicy-
clo[1.1.1]pentasilane, bicyclo[2.2.0]hexasilane,
bicyclo[2.2.2]octasilane, bicyclo[2.2.1]heptasilane, bicy-
clo[4.2.0]octasilane,  bicyclo[3.3.0]octasilane,  bicy-
clo[4.4.0]decasilane, bicyclo[2.2.0]hexastannane, and
bicyclo[1.1.1]pentastannane systems are now known [5S—
14].

In carbon systems, ladderanes which have multifused
cyclobutane rings, some examples of chromophore-ap-
pended, fully saturated rigid ladder oligomers and poly-
mers have been reported recently [15]. These rigid, fully
saturated backbones are expected to be useful scaffolds
onto which antenna chromophores might be affixed
and would provide interesting modes for understanding
long distance interchromophore interactions along the
o(C—C) bond framework [15d].

Since the synthesis of the bicyclo[2.2.0]hexasilane [2],
we have directed our attention to the ladder oligosi-
lanes and oligogermanes, since it has been expected that
such molecules possess intriguing chemical and physical
properties arising from extension of Si-Si o-electron
delocalization as well as ring strain.

2.1. Syntheses
We found that the multifused cyclotetrasilane rings

can be constructed by cross-coupling of Cl,(i-Pr)SiSi-
(i-Pr)Cl, and CI(i-Pr),SiSi(i-Pr),Cl with lithium in te-

trahydrofuran (THF) [2,8,16]. By coupling, a mixture
of the bicyclo[2.2.0]hexasilane [(i-Pr)SiSi(i-Pr)][(i-Pr),-
SiSi(i-Pr),], (1), anti- and syn-tricyclo[4.2.0.0>°]-
octasilanes [(i-Pr)SiSi(i-Pr)],[(i-Pr),SiSi(i-Pr),], (anti-2
and syn-2), antianti- and antisyn-tetracyclo-
[4.4.0.0%°.07-!%decasilanes [(i-Pr)SiSi(i-Pr)];[(i-Pr),SiSi-
(i-Pr),), (anti,anti-3 and anti,syn-3) and anti,anti,anti-
pentacyclo[6.4.0.0%7.0%6.0%!?]dodecasilane  [(i-Pr)SiSi-
(i-Pr)]4[(i-Pr),SiSi(i-Pr),], (anti,anti,anti-4), and higher
oligomers was produced (Scheme 1). Each ladder
oligosilane can be separated by use of chromatographic
methods (a preparative reversed-phase HPLC) as color-
less (1 and anti-2) and vyellow (syn-2, antianti-3,
anti,syn-3, and anti,anti,anti-4) crystals.

In the cross-coupling, the product distribution can be
controlled by the ratio of the two chlorodisilanes. For
example, by using a large excess of 1,2-dichloro-1,1,2,2-
tetraisopropyldisilane, bicyclohexasilane 1 is obtained
preferentially. On the other hand, the reaction with a
large excess of 1,1,2,2-tetrachloro-1,2-diisopropyldisi-
lane resulted in the preferential formation of higher
oligomers such as antianti-3, antisyn-3 and
anti,anti,anti-4.

We have also found that the all-trans-tetrachlorocy-
clotetrasilane [Cl(¢-Bu)Si], is a convenient precursor for
the construction of the tricyclo[4.2.0.0>Joctasilane
framework [17]. The compound [Cl(z-Bu)Si], can be
prepared via the chlorodephenylation of stereoisomeric
mixtures of the cyclotetrasilane [Ph(z-Bu)Si], [1g]. Thus,
the reductive coupling of [Cl(¢z-Bu)Si], with CI-
(i-Pr),SiSi(i-Pr),Cl with lithium produces anti-tricy-
clo[4.2.0.0%>]octasilane  [(z-Bu)SiSi(¢-Bu)],[(i-Pr),SiSi-
(i-Pr),], (5) in 40% yield [17] (Scheme 2). In this
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L il Y 29151, Si SiR
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Scheme 2.
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Fig. 1. Crystal structures of anti-2 and anti,anti-3. Thermal ellipsoids
are drawn at the 30% probability level.

Fig. 2. Packing drawing of anti,anti,anti-4 in a centric unit cell.

coupling reaction, the syn isomer was not formed under
the conditions employed.

It is noted that the perisopropyltricyclooctasilanes,
anti-2 and syn-2, can also be synthesized by the homo-
coupling of the 1,1,44-tetrachlorotetrasilane Cl,-
(i-Pr)Si[(i-Pr),Si],Si(i-Pr)Cl, with lithium in 49 and 36%
yields, respectively [18] (Scheme 3).

2.2. Molecular structures

The structures of the ladder oligosilanes were con-
firmed by X-ray crystallography. In bicyclohexasilane
1, cyclotetrasilane rings are connected in a cis-fused
configuration. Each cyclotetrasilane ring is not planar
but folded with fold angles of 21.4—-21.8° [2b], whereas
MO calculation of the SigH,, compound led to a planar
structure with C,, symmetry [19]. The central Si-Si
bond distance (2.396(2) A) in 1 is comparable with
peripheral Si-Si bond distances (2.385(2)-2.426(2) A).

It is noteworthy that the structures of ladder oligosi-
lanes are highly affected by their stereochemistry. In the
tricyclo[4.2.0.0>"Joctasilane, the Si-Si bond distances of
anti-2 range from 2.346(3) to 2.405(4) A with an aver-
age of 2.388 A. The fold angles of three cyclotetrasilane
rings are 22.6-25.2°. The dihedral angles between
neighboring cyclotetrasilane rings are 111.4-112.8°. On
the other hand, syn-2 has a more distorted structure.
The Si—Si bond distances (2.369(4)-2.436(4) A, average
2.402 A) are longer than those of anti-2. The cyclo-
tetrasilane rings have more planar structures with fold
angles of 10.0-21.0°. The dihedral angles between
neighboring cyclotetrasilane rings are 118.8—129.5°.
Apparently, relatively crowded syn-2 prefers the longer
Si-Si bond distances and the more planar cyclotetrasi-
lane rings to minimize the steric repulsion among the
isopropyl groups. Similar structural features are ob-
served in anti,anti-3 and anti,syn-3. The structural
parameters of anti,anti-3 are quite similar to those of
anti-2. In anti,syn-3, the syn moiety consisting of three
cyclotetrasilane rings has a similar structure to syn-2
and the residual cyclotetrasilane ring has features of
anti-2. The ORTEP drawings of anti-2 and anti,anti-3
are shown in Fig. 1 [8,16].

As seen from Fig. 1, the anti ladder oligosilanes (1,
anti-2, anti,anti-3 and anti,anti,anti-4) have a helical
structure. These molecules can be seen as silicon double
helices, in which two linear oligosilane chains screw in
one way and are bridged by Si-Si bonds. Moreover, it
is noted that the Si—Si bonds in each chain are repeated
with alternating long and short distances. The twist
angles between the terminal Si-Si rungs are 44.0° (anti-
2), 63.0° (anti,anti-3), and 80.3° (anti,anti,anti-4) [20].
In the case of anti,anti,anti-4, the X-ray analysis of the
single crystal thus obtained showed that left- and right-
hand skewed molecules are paired in a unit cell, since
the crystal of this ladder oligosilane has a centrosym-
metric space group, as shown in Fig. 2 [20]. Therefore,
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the crystals are racemates of chiral helical molecules.
The helical structures are notable because the X-ray
crystal structures of the carbon systems [4]- and [5]
ladderanes have been reported to have planar cyclobu-
tane rings, which are catenated in a corrugated manner
without twist [15¢,d,21]. It is obvious that the helical
structures of ladder oligosilanes arise from the system-
atic catenation of folded cyclotetrasilane rings.

2.3. Electronic properties

The ladder oligosilanes have unique electronic prop-
erties. They show relatively strong absorption in the
UV -vis region [8,16]. In a series of the anti isomers, the
absorption maxima of the longest wavelength shift to
the longer wavelength region as the number of cyclo-
tetrasilane rings progressively increases; 1: 310 nm,
anti-2: 345 nm, anti,anti-3: 380 nm, anti,anti,anti-4: 414
nm. A similar bathochromic shift was reported in per-
methyloligosilanes and the shift is explained by the
extension of c-conjugation of the Si—Si bonds [22]. The
absorptions of syn ladder oligosilanes extend to the
longer wavelength region in comparison to those of the
corresponding anti isomers. For example, the absorp-
tion maximum of the longest wavelength exists at 398
nm in syn-2. The observed trend is explained in terms
of the destabilized highest occupied molecular orbital
(HOMO) of the syn isomers because of the more
strained oligosilane skeletons than those of the anti
isomers.

The ladder oligosilanes exhibit a highly electron-do-
nating property. The oxidation potentials measured by
cyclic voltammetry range from 0.51 to 0.87 V versus
SCE in CH,Cl, [8,16]. The oxidation potentials show
several interesting features. The oxidation potentials of
anti ladder oligosilanes slightly decrease as the number
of cyclotetrasilane rings increases. Since oxidation po-
tentials are mainly related to the energy levels of the
HOMO, the decrease of oxidation potentials is ex-
plained in terms of the destabilization of the HOMO by
the extension of o-conjugation. Another feature is that
syn ladder oligosilanes show far lower oxidation poten-
tials than those of the corresponding anti isomers (e.g.
0.51 V in syn-2 vs. 0.85 V in anti-2). The low oxidation
potentials of the syn isomers are attributable to the
destabilization of the HOMO by the highly strained syn
structure and the results are in good accord with the
tendency observed in the UV-vis spectra. It is noted
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that the octasilacubanes [(z-BuMe,Si)Si]s and (ThexSi)g
have significantly low oxidation potentials of ca. 0.4 V
versus SCE [3,4].

2.4. Reactions

2.4.1. Ring-opening chlorination

Owing to their low oxidation potentials, the ladder
oligosilanes are highly reactive toward electrophiles.
When bicyclo[2.2.0]hexasilane 1 was allowed to react
with PdCL(PhCN), in benzene at room temperature
(r.t.), 1,4-dichlorodecaisopropylcyclohexasilanes (6) was
formed as a mixture of cis and trans isomers; yields of
cis-6 and trans-6 were 15 and 36%, respectively [23]
(Scheme 4).

These 1,4-dichlorocyclohexasilanes exhibit remark-
able structural features and reactivity that have not
been observed with other 1,4-dichlorohexasilane sys-
tems [23]. The X-ray structural analysis indicates that
the cyclohexasilane rings of both isomers exist in dis-
torted chair conformations. The Si—Si bond distances of
cis-6 (2.403(3)-2.422(2) A) and rrans-6 (2.416(1)—
2.418(1) A) are longer than those of cyclohexasilanes so
far reported, due to the steric repulsion among the
isopropyl groups [23]. In trans-6, both chlorine atoms
occupy equatorial positions and the geminal isopropyl
groups occupy axial positions. The conformation ob-
served in trans-6 is explained by the fact that the
1,3-diaxial interaction among the isopropyl groups may
not be very important because of the long length of the
Si-Si bonds. Moreover, if the isopropyl groups occu-
pied equatorial positions, the steric repulsion among
the isopropyl groups and four vicinal isopropyl groups
would be significantly large because of the gauche con-
formation. The result is also confirmed by the MM?2
calculation that the conformation of the equatorial-Cl
and axial-i-Pr is more stable than that of the axial-Cl
and equatorial-i-Pr in trans-6 [23]. The UV spectra of
cis-6 and trans-6 are noteworthy. The absorptions cor-
responding to the lowest-energy transitions appear at
ca. 285 nm (& 1600) in cis-6 and at ca. 280 nm (¢ 1300)
in trans-6. The absorption bands shift to the longer
wavelength region and have larger extinction coeffi-
cients in the order of dodecamethylcyclohexasilane <
trans-6 < cis-6. The order is in agreement with their
strain energies and explained by the fact that the
strained Sig skeleton has the high energy of the HOMO.

Interestingly, in cis-6 and trans-6, a transannular
reaction occurred to quantitatively reproduce bicyclo-
hexasilane 1 by the reductive coupling with sodium
under reflux in toluene (Scheme 5) [23]. The intermolec-
ular coupling products were not formed under these
conditions, indicating the rapid intramolecular cou-
pling. The result is in contrast with that of dichlorode-
camethylcyclohexasilanes, in which only intermolecular
coupling occurs [24]. The reaction is also unique be-
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cause the stereochemistry of dichlorocyclohexasilane 6
does not influence the course of the reaction, although
details of the mechanism for the stereochemistry cannot
be explained at that moment. Probably, the role of
isopropyl groups is important for the transannular re-
action. The intramolecular steric repulsion among the
isopropyl groups on the cyclohexasilane ring facilitates
the formation of the bicyclo[2.2.0]hexasilane ring and
the intermolecular steric repulsion among the isopropyl
groups suppresses the coupling reaction of two
molecules of 6.

The reaction of the tricyclo[4.2.0.0>°]octasilane anti-2
with a small excess of PACL(PhCN), in benzene under
reflux led to the formation of trans-2,6-dichlorodode-
caisopropylbicyclo[3.3.0]octasilane (trans-7) and trans-
2,5-dichlorododecaisopropylbicyclo[4.2.0]octasilane
(trans-8) in 36 and 25% yields, respectively (Scheme 6)
[25]. The formation of trans-7 shows that both bridge-
head Si-Si bonds of anti-2 were cleaved and rearranged

/g\ " O\SiR O\ n
RaSi— ) /smz MGPBA 927/' \/sm2 RS /S'F‘\sm2
Si — i + i
R,S R SiR, PhH HZSi/gl\SiRZ RS B~ iR,
1 Re iPr 9 (32%) 10 (18%)
Scheme 8.

to the bicyclo[3.3.0]octasilane system, while in trans-8,
one of the bridgehead Si-Si bonds of anti-2 was simply
cleaved to form the bicyclo[4.2.0]octasilane system. X-
ray crystallography shows that the bicyclo[3.3.0]-
octasilane framework of trams-7 has the trans-fused
structure of cyclopentasilane rings [25]. The trans-fused
structure is notable because, in bicyclo[3.3.0]octane, the
cis-fused structure has been shown to be more stable
than the trans-fused structure [26]. In fact, the MM?2
calculations show that the cis-fused isomer of trans-7 is
more stable than frans-7 itself. Therefore, the ring-
opening reaction is considered to be kinetically con-
trolled.

The ring-opening reaction of anti-2 with PCls gives
cis- and  trans-2,5-dichlorododecaisopropylbicyclo-
[4.2.0]octasilane (cis-8 and trans-8) in 47 and 11%
yields, respectively (Scheme 7) [25]. In this reaction, the
bridgehead Si-Si bonds of anti-2 are also highly reac-
tive toward PCls. However, rearrangement products
such as trans-7 were not formed, and cis-8 was pro-
duced in preference to trans-8 in contrast with the
reaction using the palladium complex. These results
seem to reflect different mechanisms in the ring-opening
reactions of anti-2 with PACL,(PhCN), and PCls.

2.4.2. Oxidation of Si—Si bonds

Oxidation of Si—Si bonds with peroxy acids has been
known to be one of the fundamental reactions of oligo-
and polysilanes [27]. We found that the oxidation of
bicyclo[2.2.0]hexasilane 1 with a deficient amount (0.7
equivalent) of m-chloroperbenzoic acid (MCPBA) gave
decaisopropyl-7-oxabicyclo[2.2.1]heptasilane (9) (32%)
and decaisopropyl-2-oxabicyclo[3.2.0]heptasilane (10)
(18%) as mono-oxidation products (Scheme 8) [28]. In
the UV spectrum of 9, the absorption maximum of the
longest wavelength (313 nm) exists almost in the same
position as that of 1 (310 nm), and the extinction
coefficient (¢ 5100) is fairly large. The observed trend is
quite remarkable in light of prior reports that insertion
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+
/_-Si .—SiR : ) . d ) .
RoSi— 1 ~Si 2 R,Si Si—SiR, R,Si Si—SiR
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Scheme 7.
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of an oxygen atom into catenated silicon atoms inter-
rupts ¢ conjugation and results in the hypsochromic
shift in the absorption spectrum. On the other hand,
the UV spectrum of the 2-oxa compound 10 does not
show such unique absorption and resembles that of 1,
indicating that the absorption spectra strongly depend
on the position of the oxygen atom in the Si;O frame-
work. Therefore, the unique absorption bands of 9
seem to be due to the stereoelectronic effect of the
oxygen atom at the 7-position. The ab initio calculation
(STO-3G) indicated that the lobes of the HOMO and
the next HOMO of 9 are delocalized in both lone pairs
of the oxygen atom and the peripheral Si—Si bonds and
that the n orbital interacts with Si-Si ¢ bonds and the
novel 6—n conjugation may be the origin of the new
absorption bands of 9. Compound 9 also shows far
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Scheme 9.

Fig. 3. Crystal structures of trioxide 11 (top) and pentaoxide 13
(bottom). Thermal ellipsoids are drawn at the 30% probability level.

stronger fluorescence than that of the bicy-
clo[2.2.0]hexasilane; the strong fluorescence corre-
sponds to the relatively large extinction coefficient in
the UV spectrum [28].

Polyoxidation of the ladder oligosilanes exhibits
unique regioselectivity; the domino oxidation of the
Si-Si bonds takes place to produce novel ladder poly-
oxa compounds. When anti-dodecaisopropyltricy-
clo[4.2.0.0>]octasilane (anti-2) was oxidized with three
equivalents of MCPBA, the trioxide 11 was obtained in
81% yield [29]. Similarly, the oxidation of antianti-
tetradecaisopropyltetracyclo[4.4.0.0%°.0”-!%ldecasilane
(anti,anti-3), and anti,anti,anti-hexadecaisopropylpenta-
cyclo[6.4.0.0%7.0%6.0%'?]dodecasilane  (anti,antianti-4)
with four and five equivalents of MCPBA yielded te-
traoxide 12 and pentaoxide 13, respectively, in moder-
ate yields (Scheme 9) [29]. Therefore, the ladder
oligosilanes were found to be oxidized in a quite unique
manner; one of two Si—Si chains is oxidized selectively,
and novel ladder compounds consisting of oligosiloxane
and oligosilane chains were formed. As far as we know,
the compounds such as 11, 12, and 13 have not been
reported in carbon analogs.

The X-ray crystallography disclosed that these poly-
oxides molecules have a curved shape containing an
oligosiloxane chain as an outer arch and an oligosilane
chain as an inner arch. They retain the anti structure of
the starting ladder oligosilanes, and each five-membered
ring is catenated in a corrugated manner. Furthermore,
the corrugated arch is twisted as shown in Fig. 3. The
twisted structures arise from the systematic catenation
of the five-membered rings, which have an intermediate
structure between the envelope and twist forms. The
Si-Si bonds of the inner oligosilane chain are signifi-
cantly long (trioxide 11: 2.398(2)—2.409(2) A, tetraoxide
12: 2.404(3)-2.420(3) A, pentaoxide 13: 2.389(2)-
2.434(3) A), while the other Si—Si bond lengths are
rather normal (11: 2.388(2)-2.390(2) A, 12: 2.375(3)—
2.395(3) A, 13: 2.390(3)-2.410(2) A) [29]. The enlarged
steric repulsion among the isopropyl groups of the
inner oligosilane chain, which is caused by the introduc-
tion of oxygen atoms to the opposite chain, seems to be
the origin of the elongation of the Si—Si bonds.

There are several significant features of this polyoxi-
dation. Only small or negligible amounts of intermedi-
ate oxidation products are detected during the
reactions. For example, in the case of the tricyclooctasi-
lane anti-2, the intermediate mono- and dioxidation
products were not detected even during the initial stage
of the reaction, but 11 was formed instead. This means
that the mono- and dioxidation products are highly
activated toward oxidation, and are immediately oxi-
dized to 11 after they are formed. The positional selec-
tivity observed during the oxidation may be explained
in terms of a significant enhancement of the reactivity
of the Si—Si bonds adjacent to the oxygen due to an
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electronic effect, as well as hydrogen bonding of
MCPBA to the siloxane oxygen, which brings the
peracid into close proximity with the adjacent Si—Si
bonds [27g,h]. When all the Si, rings were oxidized to
the Si,O rings, further oxidation did not proceed under
the conditions employed and the polyoxidation prod-
ucts containing an oxygen atom in each ring were
obtained. Apparently, release of the strain energy on
the Si, rings seems to be another driving force of this
particular polyoxidation.

The oxidation products 11, 12, and 13 are interesting
from the viewpoint of their electronic properties. They
exhibit intense absorptions in the UV region, and, as
the number of the Si,O rings increases, the absorption
maxima of the longest wavelengths show a
bathochromic shift, and the molecular extinction coeffi-
cient becomes far greater (11: 273 nm (¢ 7600), 12: 292
nm (¢ 25000), 13: 297 nm (¢ 51900)). The intense
absorption in the order 10* is remarkable because these
molecules contain no chromophores, which give such
an intense absorption. Since the intense absorption is
not observed in the ladder oligosilanes, it is apparently
due to the electronic effect of the oxygen atoms on the
Si-Si ¢ conjugation systems [29].

2.4.3. Thermolysis and photolysis
When heated at 493 K, syn-tricyclooctasilane syn-2
isomerizes to anti-tricyclooctasilane anti-2 (Scheme 10);
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isomerization of anti-2 to syn-2 does not occur at 493
K. Thermodynamic parameters were determined for the
one-way isomerization of syn-2 to anti-2: E, = 42.3 kcal
mol ~ !, AH* =41.4 kcal mol ~!, AS* =7.6 x 10~ kcal
mol —' K~! [30]. The activation energy is considerably
greater than that for the analogous thermal isomeriza-
tion of syn-tricyclo[4.2.0.0>°Joctane to anti-tricy-
clo[4.2.0.0>°Joctane  [31], indicating the bond
dissociation energy of the bridgehead Si-Si bond of
syn-2 is greater than that of the bridgehead C—C bond
of syn-tricyclo[4.2.0.0*Joctane.

The photolysis of tricyclooctasilanes anti-2 and 5
results in the generation of peralkylcyclotetrasilenes,
which provides the opportunity for assessing reactivity
of the unsaturated Si, framework. On irradiation of
hexane solutions of anti-2 in the presence of 2,3-
dimethyl-1,3-butadiene and anthracene with a high-
pressure mercury lamp through a filter, cyclotetrasilane
derivatives 15a and 6 were formed, respectively
(Scheme 11) [32]. In these reactions, trap products of
dialkylsilylene and tetraalkyldisilene intermediates were
not detected. These results indicate that two peripheral
Si-Si bonds in the central cyclotetrasilane ring are
cleaved selectively to afford two molecules of the cy-
clotetrasilene intermediate.

The site selectivity in the Diels—Alder reactions of
cyclotetrasilenes with anthracene is especially noted.
The cycloaddition of 14a takes place at the 9,10-posi-
tions of anthracene according to the frontier orbital
theory. However, in the case of 14b, the cycloaddition
at the 9,10-positions is unfavorable because of the steric
hindrance between tert-butyl groups and a benzene
ring. Avoiding such steric hindrance, the cycloaddition
of 14b took place at the 1,4-positions to give 17. To our
knowledge, this is the first example of the Diels—Alder
reaction of anthracene at the 1,4-positions [32].

stl—SD:
RZS|—S
1 5a
RySi—.,

R SK /SIR
16
RZSI—S:):
RZS|—S
RzS'\SlR'

17

o

Scheme 11.
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2.4.4. Reduction with alkali metals; formation of stable
radical anions

The ladder oligosilanes can be readily reduced by K
to generate the radical anions (Scheme 12) [33].

When anti,anti,anti-4 was treated with K mirror at
ca. —70°C in degassed THF in a sealed tube, the
solution was immediately colored black, indicating that
the new absorption appeared in the Vis-NIR region. A
remarkable feature of the radical anion of anti,anti,anti-
4 is its unusual stability. When the temperature of the
radical anion of anti,anti,anti-4 generated at — 70°C
was raised up to r.t., the black color did not change,
and the intensity of the ESR signals did not decrease at
all. Furthermore, the ESR signals persisted for several
months at r.t. For example, the intensity loss after 1
month is 19%, and the half-life is too long to be
measured. The stability is striking because almost all of
the radical anions of cyclooligosilanes have been re-
ported to be stable only below ca. — 50°C, except for
the radical anion of [(¢-Bu)MeSi],, which persists for
several days at r.t. [34]. The unusual stability of the
radical anion of anti,anti,anti-4 is explained by the
highly delocalized spin, which is protected by bulky
substituents. Although many radical anions of oligosi-
lanes have been generated by the reduction with K or
Na/K alloy, no examples using Li have been reported
to our knowledge compound, anti,anti,anti-4 is reduced
even with Li as well as K. The results show that the
lowest unoccupied molecular orbital (LUMO) of
anti,anti,anti-4 is considerably stabilized by the interac-
tion of Si-Si 6* and Si-C o* orbitals extended over the
molecule.

2.4.5. Chiral crystallization of
anti-dodecaisopropyltricyclo[4.2.0.0%°Joctasilane

Since the report of the spontaneous resolution of
each enantiomer in crystallization from a racemic solu-
tion of NaClO; in 1990 [35], chiral symmetry breaking
has attracted considerable attention from the point of
view of absolute asymmetric synthesis and applications
based on nonlinear optical and chiroptical properties.
Quite recently, Kondepudi and co-workers have re-
ported that chiral symmetry breaking of 1,1’-binaphtyl
can be realized in crystallization from a melt by the
mere act of stirring [36].

As for the compounds of Group 14 elements, Si, Ge,
and Sn, chiral symmetry breaking has not yet been

reported except for one case. Thus, in 1995, Weiden-
bruch and co-workers reported that hexa-z-butyl-1,3-di-
iodotrigermane, produced by the cleavage of
hexa-z-butylcyclotrigermane with iodine, forms a con-
glomerate of enantiomerically pure crystals on slow
cooling to —25°C. However, the Si analog of the
1,3-diiodide crystallized as a racemate [37]. Recently,
the preparation of optically active dialkyl-, alkylaryl-
and diarylpolysilanes with preferential screw-sense heli-
cal backbone conformations in solution has been
achieved through the incorporation of enantiopure chi-
ral side chains or endo groups and their interesting
optical properties have been demonstrated [38].

We found that anti-tricyclo[4.2.0.0*>°]octasilane anti-
2 yields one large crystal of each enantiomer (M or P)
spontaneously upon crystallizing from a solution with-
out stirring. In a total of 13 different crystallizations,
six were predominantly enantiomer M, while seven
were enantiomer P (Scheme 13) [39]. Studies on chiral
symmetry breaking in the tetracyclic oligosilane
(anti,anti-3) are now under way.

3. Ladder oligogermanes

The ladder oligogermane has not yet been reported
except for one case. Thus, Sekiguchi and Sakurai re-
ported in 1994 that the reaction of 1,2,3 4-tetra-¢-butyl-
1,2,3,4-tetrachlorocyclotetragermane with sodium in
tetrahydrofuran (THF) had given anti-3,4,7,8-tetra-
chloro - 1,2,3,4,5,6,7,8 - octa - ¢ - butyltricyclo[4.2.0.0>]-
octagermane in 21% yield as well as 4,8-dichloro-
1,2,3,4,5,6,7,8 - octa - ¢ - butyltetracyclo[3.3.0.0>7.0>¢]-
octagermane (8%) [40]. Recently, we prepared 1,4-di-z-
butyl - 2,2,3,3,5,5,6,6 - octaisopropylbicyclo[2.2.0]hexa-
germane (18) and 1,2,5,6-tetra-¢-butyl-3,3,4,4,7,7,8,8-
octaisopropyl tricyclo[4.2.0.0>°Joctagermane (19) [41].

3.1. Synthesis and structures

The cross-coupling reaction of Cl(i-Pr),GeGe(i-
Pr),Cl and Cl,(z-Bu)GeGe(¢-Bu)Cl, with lithium in the
presence of magnesium bromide gave the bicyclic lad-
der oligogermane 18 and the tricyclic ladder oligoger-
mane 19 as air-stable colorless and pale yellow crystals,
respectively (Scheme 14).
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The structures of 18 and 19 were unequivocally es-
tablished by X-ray crystallography (Fig. 4). The germa-
nium framework of 18 has no crystallographically
imposed symmetry. The two Ge, rings are fused with
an angle of 113°. Both Ge, rings are folded and the
dihedral angles are 19.6—21.6°. This may be the result
of a compromise between the tendency to pucker,
which alleviates the isopropyl—isopropyl eclipsing inter-
action, and electronically favored planar geometry.

The germanium framework of 19 had an anti-struc-
ture and was also twisted. Compound 19 was crystallo-
graphically isomorphous with the silicon analog,
anti-1,2,5,6-tetra-¢-butyl-3,3,4,4,7,7,8,8-octaisopropyl-
tricyclo[4.2.0.0%%]-octasilane (5), and conformations of
substituents were nearly identical. The average Ge-Ge
bond length of 2.518(1) A s considerably longer than
the standard value (2.41 A). There is no remarkable
difference between the central Ge-Ge bond distances
(average 2.519(1) A) with those of the peripheral
Ge-Ge bonds (average 2.517(1) A). The dihedral angles
for three Ge, rings were 22.6, 17.6, and 25.6°. It is
noted that the structurally related anti-3,4,7,8-tetra-
chloro - 1,2,3,4,5,6,7,8 - octa - ¢ - butyltricyclo[4.2.0.0>7]-
octagermane has a similar geometry [40].

3.2. Electronic properties

In the UV-vis spectra of 18, the absorption band has
a shoulder at 297 nm (¢ 1700), and 19 has the absorp-
tion maximum at 328 nm (¢ 5000) and a shoulder at 359
nm (& 2000). The blue shifts of absorption maxima were
observed in 18 relative to 1,4-di-z-butyl-2,2,3,3,5,5,6,6-
octaisopropylbicyclo[2.2.0]hexasilane (20; 317 nm) and
in 19 relative to 5 (369 nm). On the other hand, the
oxidation potentials of 18 (0.75 V vs. SCE, in CH,Cl,)
and 19 (0.70 V) are significantly lower than those of
silicon analogs (20; 0.98 V, 5; 0.88 V). The results might
suggest that both HOMO and LUMO levels of ladder
oligogermanes are higher than those of corresponding
ladder oligosilanes.

4. Comparison with octasilacubanes

In 1988, as the first example of the silicon polyhe-
dranes, we synthesized [(z-BuMe,Si)Si]g (21) [3]. Since
then, the synthesis and properties of polyhedranes of
Group 14 elements have been reported from several
research groups [10], and we also reported the various
reactions starting from stable octasilacubane, (ThexSi)q
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Fig. 4. Crystal structures of bicyclohexagermane 18 (top) and tricy-
clooctagermane 19 (bottom). Thermal ellipsoids are drawn at the 30%
probability level.

(22) [4]. Both ladder oligosilanes and octasilacubanes
are constructed by cyclotetrasilane units, so it is inter-
esting to compare the electronic properties and reactiv-
ity of these compounds.

61
4.1. Synthesis and properties of octasilacubanes

Both octasilacubanes (21 and 22) were synthesized in
a similar manner [3,4]. Thus, the reaction of t-
BuMe,SiSiBr; or ThexSiCl; with an excess amount of
sodium in refluxing toluene gave pure octasilacubanes.
Yields were 18% for 21 and 3% for 22. In the case of
silyloctasilacubane 21, the reaction starting from Br,(z-
BuMe,Si)SiSi(z-BuMe,Si)Br, gave the optimized yield
(24%). Octathexyloctasilacubane 22 is air-stable and
soluble in hydrocarbons. In addition, it possesses low
oxidation potential of 0.43 V (vs. SCE in CH,Cl,),
which is traced back to the highly strained Sig frame-
work. The most striking feature of 22 is that it could
survive in the reversed-phase HPLC (eluent: THF-
MeOH), which makes it possible to separate the reac-
tion products. On the other hand, 21 also has a low
oxidation potential of 0.40 V (vs. SCE in CH,CL,).
However, 21 is air-sensitive and oxidized easily.

4.2. Halogenation reaction

The chlorination of 22 with PCI; resulted in skeletal
rearrangement with concomitant formation of
stereoisomeric 4,8-dichlorooctakis(1,1,2-trimethyl-
propyDtetracyclo[3.3.0.0>7.0*Joctasilanes (23) [42]. The
three possible stereoisomers, endo,exo-23, exo,exo-23,
and endo,endo-23, could be isolated in a yield of 37, 33,
and 15%, respectively. A similar reaction occurs with
bromine or iodine, and in each case, a mixture of three
isomers was obtained. Reaction products are summa-
rized in Scheme 15. These results are in good agreement
with the halogenation reaction of the ladder oligosilane
shown in Scheme 6.

When the mixture of three isomers of dihalosilane
was treated with sodium in toluene, octasilacubane was
regenerated. The yield was 70% from dichlorides, 68%
from dibromides, and 45% from diiodides [43]. This
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also resembles the regeneration reaction of the ladder
oligosilane shown in Scheme 5.

4.3. Oxidation reaction

As mentioned above, silyloctasilacubane 21 is easily
oxidized in air. The reaction of 21 with 14 equivalents
of MCPBA in benzene gave octasilsesquioxane 24 (Ty)
in 98% yield. A similar reaction from 22 gave only a
complex mixture, which is explained by more steric
hindrance in 22. The photoreaction of 22 in DMSO
gave mono- and dioxaoctasilacubanes [44]. The yields
were 46% for monooxide and 39% for dioxide. The
reaction pathway is shown in Scheme 16.

These reactions of octasilacubanes shown above indi-
cate that ladder oligosilanes and octasilacubanes show
similar reaction properties.
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