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I introduction

Cyclotrisilanes are the smallest, and at the same
time, the most recently discovered members of the
lass of cyclooligosilanes.! Although they have been
xknown for hardly more than 10 years, several review
articles on the syntheses and reactivity of this
compound class have already been published and, of
these, the 1991 article by Masamune et al.l4 on
“Strained-Ring and Double-Bond Systems of the
Group 14 Elements Si, Ge, and Sn” merits particular
emphasis. Interest in cyclotrisilanes is not only
directed at their strained ring systems but also at
their photolytic fragmentation reactions which can
give rise to the stable or marginally stable disilenes.

The synchronous cleavage of two Si—Si bonds in
the ring system A gives rise to the silylenes B and
the disilenes C. The former species usually undergo

Ry
/Si\ v
R;Si—SiR. RSii  + R,Si=SiR,
2 2 2
A B C

subsequent dimerization to C and thus increase the
yield of the latter species. Hence, this photo-
chemically-induced ring cleavage process provides a
second general access to the disilenes C as a comple-
mentary method to the most frequently employed
photolysis of open-chain trisilanes.23

This review article is concerned with the formation
and properties of stable cyclotrisilanes, whereas
larger cyclooligosilanes, including polycyclic and
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polyhedral systems, are discussed by Hengge in this
issue.

Characteristic for most cyclotrisilanes are the
differing courses of thermally- and photochemically-
induced ring cleavage reactions which, when a
suitable reaction partner is present, provide an access
to disiliranes and trisiletanes—three- and four-
membered ring systems each containing one hetero-
atom. In addition, the silylenes B and disilenes C,
formed by the photolysis of A, undergo numerous
addition reactions leading to further heterocyclic
systems.

Since the addition reactions of silenes as well as
silylenes and disilenes originating from other sources
are discussed in detail elsewhere in this special issue,
they will only be mentioned in exceptional cases in
this article to avoid extensive repetitions. Further-
more, the interested reader is referred to the recently
published review by Kabe and Ando,' in which,
among others, the formation of smaller organosilicon
compounds from silylenes, silenes, or disilenes is
treated in depth.

Il. Formation of Cyclotrisilanes

The first cyclotrisilane 1 was prepared in 10%
yield in 1982 by Masamune et al.* via reductive
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elimination of the halogen from dichlorobis(2,6-di-
methylphenyl)silane using lithium naphthalenide.

Ry
Si
RpSiCl; + LiCipHg —n RZSiL-\SiRZ
1, R=2,6-MeyCgHj

The formation of 1 impressively illustrates the
conditions required in the thermal equilibrium for the
successful preparation of cyclotrisilanes. On the one
hand, the small endocyclic angles of 60° create a
considerable strain within the three-membered ring
while, on the other hand, these small angles allow
correspondingly larger exocyclic angles between the
bulky substituents and thus reduce the close van der
Waals contacts between the hydrogen atoms of
neighboring substituents, which are inevitably present
in larger ring systems.

The cyclotrisilanes 2,° 3, and 4%"—in which the
spatial requirements of the substituents at silicon do
not differ too greatly from that of the 2,6-dimethyl-
phenyl group—can be prepared analogously.

Rl R2
s

2, Rl =R2 =2,6-Et3CgH3
3, Rl = 2,4,6-Me3CgHp; R2 = 1Bu (cis-cis-isomer)
4, Rl = 2,4,6-Me3CgHy; R = fBu (cis-trans-isomer)

In some cases it appears to be more favorable to
use an alkali or alkaline earth metal in place of
lithium naphthalenide for the reductive dechlorina-
tion.

(Me3CCHp)pSiCly + Li ——

[(Me3CCHp)83 58

RySiCh + Mg —_— ?

R =2-(MeyNCH;)CgHy

RpSi)3 6

The good yield obtained in the formation of 6 from
the pentacoordinated dichlorobis[2-[(dimethylamino)-
methyllphenyllsilane!® is surprising; here, the
presence of one alkyl group in an ortho-position on
the aromatic ring is apparently sufficient to stabilize
the three-membered ring system.

For the preparation of highly-strained cyclotri-
silanes, it is advantageous to take advantage of the,
in comparison to the Si—Cl bond, markedly lower Si—
Br or Si—I bond energies. Thus, for example, the
reaction of di-fert-butyldichlorosilane with a reducing
agent leads only to acyclic silanes,!!''2 while the
corresponding reactions of the respective dibromo- or
diiodosilanes furnish hexa-tert-butyleyclotrisilane (7)
in good yield.!? ‘

tBupSiXy + LiCygHg (tBupSi)3
X=Br1 7

—_—

Compound 7 is also accessible by ultrasound-
induced, reductive elimination of halogen from the

Weidenbruch

dibromo- or diiodosilanes with lithium, whereas the
analogous reaction of the dichloro compound leads
to hexa-tert-butyl-1,3-dihydrocyclotetrasilane.!*

The interplay between the bulk of the substituents
and the ring size in cyclooligosilanes is apparent on
going from a tert-butyl group to the less sterically
demanding isopropyl or cyclohexyl groups since, in
the latter cases, thermal equilibria of the three- and
four-membered ring products are formed.!> Further
reductions in the steric situation by introduction of
a methyl group lead to a distinct predominance of
the four-membered ring product in the reaction
mixture.'6

{BuRSily

LV/CoHg
ofr 4
(1BuRXSi), or

When very large substituents are present in the
dihalosilanes the three-membered ring product is no
longer formed. In these cases, reductive elimination
of halogen results in the formation of disilenes, which
can formally be considered as two-membered rings.
Examples of this situation are provided by the
formation of the sterically congested disilenes 1217
and 1318 as well as the cis,trans-isomeric disilenes
14'% and 15.%°

(fBuRSi);3 + (BuRSi)4
8, R=c-CgHj 10, R=c-CgHj}
9, R= /Pr 11, R=/Pr

RaSil; + L¥CygHg RaSi=SiRp

12, R = CH(SiMe3)2
RpSi=SiRy

13, R=2,4,6-iPr3CgH>
RIR2Si=SRIR?
(Y, (2r14

Rl = CH(SMe3);,
R? =2,4,6-Me3CgHy

RIR2Sj=SRIR2

E), (2)15

RI =2,4,6-[(Me38i),CH 3CsHy
R2 =2,4,6-Me3CgHp

RySiClh + L¥CjoHg

RIR2SiCl, + LiCjgHg —>

RIR2SBr, + LiCigHy —»

The triethylsilyl group possesses just sufficient
bulk for the preferred formation of the three-
membered ring; dehalogenation of dibromohexa-
ethyltrisilane furnishes the persilylated cyclotrisilane
16a in 11% yield.?* The similarly persilylated cyclo-
trisilanes 16b and 16c are accessible by a similar
route comprising reductive coupling of the corres-
ponding dibromosilanes with lithium naphthalenide.

(E3Si),SiBr, + Na —  [(EtSi)Sil,
16a

(Pr;MeSi),SiBr, + Li/C,gH; —  [(Pr,MeSi),Si],

16b

(BBiMe,Si),SBr, + LiC;H;  —  [(1BuMeSi),Sil,

16¢

In contrast, elimination of halogen from dibromobis-
(triisopropylsilyl)silane leads to the tetrasilyldisilene.
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In analogy to compounds 1215, the steric require-
ments of the two triisopropylsilyl groups at each
silicon atom are probably too large for the reaction
to progress from the disilene step to the cyclotri-
silane.??

Cyclotrisilanes with sterically less demanding
groups at the silicon atoms are hardly accessible from
dihalomonosilanes. As illustrated by the compounds
17 and 18, such products can, nevertheless, be
obtained in excellent yields outside the constraints
of the thermal equilibria by the reductive dehalo-
genation of hexaalkyl-1,3-dichlorotrisilanes. How-

Cl-RySi3-Cl —»  (RySiy3
17,R=iPr
18, R= EnCH

ever, a high degree of experimental expertise and
special combinations of reducing agent and solvent
are necessary to ensure success in the synthesis of
these sensitive cyclotrisilanes.?

A further approach to cyclotrisilanes involves their
stepwise construction from silylenes. The first oxygen-
substituted cyclotrisilane 19 was isolated in 25%
yield after photolysis of 2-mesityl-2-(2,6-diisopropyl-
phenoxy)-1,1,1,3,3,3-hexamethyltrisilane; the follow-
ing reaction sequence provides a plausible rationale
for its formation:24

RI(R20)Si(SMe3); o RIR20)Si: =, RIR20)Si = Si(ORZ)R]

Rl =2,4,6-Me3CgHy

R2=2,6-PryCgHy RIR20)Si:

[RIR20)s1]3
19

Various photolytic ring-contraction reactions leading
to cyclotrisilanes are of more mechanistic than
preparative interest. However, the photolyses usu-
ally do not stop at the three-membered ring product
but ultimately lead to less stable disilenes by a
further extrusion of silylene. Thus, for example, the
photolysis of octaisopropylcyclotetrasilane proceeds
by way of the cyclotrisilane 17, which can be detected
by UV spectroscopy, to tetraisopropyldisilene and
subsequent products derived therefrom.?s

~ o hv
(PraSi)y —» 17 — {1Pr25i=SilPrzl
-1PraSi: -iP138i:

Flash photolysis of nonplanar cyclotetrasilanes also
gives rise to cyclotrisilanes, whereas planar cyclo-
tetrasilanes are degraded to disilenes under identical
conditions.?®

Germatrisilacyclobutanes?” undergo preferential
cleavage of germylene to furnish the detectable
cyclotrisilanes 5 and 17.282° This reaction course is
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not surprising in view of the greater stability of
germylenes in comparison to silylenes.

RySi—-Ge(CHySMe3)p
M 24 10
' b
RySi—SiRy -(Me3SiCHy),Ge: 5. 17

R=iPr;Me3CCH;

The currently used routes for the synthesis of
cyclotrisilanes are summarized in Schemes 1 and 2.

Scheme 1
x2
RpSii  ———»  RSi=SiRy
- RySi: 2
+RoSi:
R
o7 o RoSi—SiR;
VAN - i |
RySi—SiRy 20k RpSi—SiRy
Scheme 2
42M X )
RaSX2  w™ RS TR RoSi

R3SiXp 20
IMX

2M
RjSi — SR ——  RySi — SR ~——» RjySi=SRk
ZI ' 2 W 2‘ | 7 T 28i 2
X X M X
21 stixz 22
- MX
Ry Ry R
Si Si 512
RoSi \SiR AT Si/ SiR —-—* KR S'/ \S'R
| 2 Y% 2| |l 2 TMX 251 iRy
X X M X
23 24 25
sti)(zl-MX
X = halogen further chain elongation

M =Li LiCgHg a.0. followed by ring closure

Scheme 1 illustrates the stepwise construction of
the three-membered ring from photochemically-
generated silylenes. Although the dimerization to
disilenes® and ring contraction steps are well
substantiated there is, as yet, no experimental
evidence for the [2 + 1]-cycloaddition of silylenes to
disilenes or for the [2 + 2)-cycloaddition of two
disilene molecules.

The putative steps in the reductive dehalogen-
ations of dihalosilanes and 1,2-dihalodisilanes are
illustrated in Scheme 2. This is the most frequently
used route for the synthesis of cyclooligosilanes and
the individual steps are based on a plausible
suggestion by Masamune.!d

The reaction sequence is initiated by metalation
of an Si—X bond to give the silylenoid which can
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either furnish the silylene 20 by a-elimination or can
react further with the dihalosilane to produce the 1,2-
dihalodisilane 21. Although silylenes of the type 20
having the coordination number 2 and being shielded
exclusively by steric factors are still unknown, a
thermally-stable silylene® was reported very recently
and its stability attributed to a combination of steric
and electronic effects.

Further metalation of the disilane 21 furnishes the
compound 22 which is either converted by S-elimina-
tion to a disilene or by reaction with a further
molecule of the dihalosilane to the 1,3-dihalotrisilane
23. Decisive for the choice of reaction route are the
steric requirements of the substituent R: in the case
of extremely bulky groups the reaction stops at the
disilenes, whereas with somewhat less sterically
demanding groups, the reaction ultimately yields the
target cyclotrisilanes by way of compounds 23 and
24. On further reductions in size of the substituents,
the chain-lengthening reaction continues until a
thermal equilibrium of favorable ring sizes for the
respective substituent can be obtained by a,w-
elimination.

As demonstrated for compounds 17 and 18,23 it is
also possible to generate cyclotrisilanes outside of the
constraints of the thermal equilibrium. Starting
from trisilanes of the type 23, the three-membered
ring compounds 25 are accessible by way of the
metalated derivatives 24 since the possible
alternative formation of six-membered ring or acyclic
products can be excluded in the case of medium-sized
substituents such as Pré or Et;CH.
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Ill. Molecular Structures and Physical Properties
of Cyclotrisilanes

To date, crystal structure analyses of eight cyclo-
trisilanes have been reported; the most important
structural data are summarized in Table 1. Both the
Si—Si bond lengths and the endocyclic angles reveal
the presence of equal-sided and isosceles triangles
with, at most, very slight deviations from equality.
Exceptions are the cis,trans-isomeric compounds 4
and 19 which exhibit a marked asymmetry in their
structures as a result of the two different substitu-
ents at each silicon atom. However, it is interesting
to note that the analogous cis,trans-compound 8 has,
within the limits of experimental error, an equilateral
triangular structure.

In comparison to the normal length of 234 pm, the
Si—Si bonds in all the cyclotrisilanes are more or less
markedly lengthened. As to be expected, the bond
length increases in 6 are the smallest since here the
aryl groups each possess only one ortho-substituent
and the donor atoms of the dimethylamino groups
are oriented away from the silicon atoms. While the
values for the remaining cyclotrisilanes are in the
order of 240 pm, the Si—Si bond lengths of compound
7 with 251.1 pm are clearly longer.

The weakening of the Si—Si bonds associated with
the increases in length is also reflected in the
electronic spectra of the compounds as a pronounced
red shift of the absorption bands at longest wave-
length with increasing steric demands of the
substituent does occur. However, only alkyl-substi-
tuted compounds should be compared directly since
the aryl substituents can cause a pronounced per-

Table 1. Bond Lengths (pm) and Bond Angles (deg) in Cyclotrisilanes (R'R?Si);

compd R! R? d(Si—Si) £SiSiSi ref
6 R! = R? = 2-(Me;NCH,)CgH, 235.2; 237.2; 236.8 60.2; 59.5; 60.2 31a
236.4; 235.6; 235.7 59.9; 60.2; 59.9
5¢ Me;CCH; Me;CCH, 238.7; 236.7; 236.7 59.5; 60.3; 60.3 32
241.4; 237.8; 237.8 59.0; 60.5; 60.5
cis,trans-19 2,4,6-Me;CeHy 2,6—iProCsH3;0 234.2; 238.0; 240.7 58.6; 60.1; 61.3 24
1 2,6-MeoCeHjy 2,6-Me2CeH; 237.5; 242.2; 242.2 58.7; 60.7; 60.6 4
cis,trans-4 tBu 2,4,6-MesCgsHo 239.5; 241.3; 244.1 59.1; 59.8; 61.0 7
cis,trans-8 tBu c-CeHiy 241.9; 242.2; 242.2 60.0; 60.0; 60.0 15
cis,trans-3 tBu 2,4,6-MesCsHo 242.5; 242.8; 243.1 60.1; 60.1; 59.9 7
7 tBu tBu 251.1; 251.1; 251.1 60.0; 60.0; 60.0 13
¢ The asymmetric unit contains two crystallographic independent molecules.
Table 2. Electronic Absorptions and #*Si Chemical Shifts of Cyclotrisilanes (R'R*Si);
compd R! R? Amax, nm (log €) &(%81) ref(s)
17 iPr iPr 299 (sh, 2.5), 323 (sh, 2.4) 33
8 c-CgHyy tBu 301 (2.8), 322 (2.7) 15
9 iPr tBu 301 (2.7), 322 (2.6) 15
18 Et,CH Et,CH 304 (2.4), 328 (2.5) 23
7 tBu tBu 360 (sh, 2.7), 387 (2.8) —4.0 13,15
5 Me3sCCH, Me;CCH, 310 (2.5) ~81.68 8
1 2,6-M62CGH3 2,6-M8206H3 260 (4.6), 344 (Sh, 30) 4
26 2,4,6-MesCeH: 2,4,6-Me3CgH 262 (4.7), 348 (sh, 3.0) 33
2 2,6-Et,CeH3 2,6-EtsCeH3 353 (2.6), 387 (2.5) —50.8 5,34
cis,cis-27 2,6-Et2CeHs 2,4,6-MesCgHo 351 (2.9), 380 (2.8) -52.69 35
cis,trans-28 2,6-Et,CeHs 2,4,6-Me3sCeHo 329 (2.6), 382 (2.4) 35
cis trans-29 tBu CeHs —33.42, —-37.33 36
cistrans-4 tBu 2,4,6-Me3CgH, 334 (3.0), 363 (3.0) 6
cis,cis-3 tBu 2,4,6-MesCgHp 379 (2.7), 412 (2.7) 6
16 EtsSi EtsSi 335 (3.1) —-174.38 21
cis,trans-19 2,4,6-MesCgHo 2,6—iPr,CsH30 353, 380 +7.32, +7.34 24
6 R! = R?= 2-(Me;NCH;)C¢H, 368 (3.4) —64.65 9, 31b
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turbation of the electronic structure. The influence
on the transition energy is most apparent in 19 since
this is the only cyclotrisilane known to date with a
donor atom attached directly to each silicon atom
(Table 2).

In the series of cyclooligosilanes, a marked batho-
chromic effect can be observed with decreasing ring
size. Thus, for example, the three-membered ring
compounds 8 and 9 have lower transition energies
than the four-membered ring compounds 10 and 11
with the same substituent patterns.!> A similar
trend can be deduced from the photolytic degradation
of the cyclotetrasilanes 30 which proceeds by way of
17 and 31 as well as other transient cyclotrisilanes,
which are unstable under the photolysis conditions,
to the similarly unstable disilenes 32 and their
subsequent products. A stepwise red shift of the
absorption bands at longest wavelength is observed
on going from 30 via 31 to 32; these bands occur
between 300 and 330 nm for the cyclotrisilanes 17
and2 31, and between 390 and 400 nm for the disilenes
32.%

R2 R!
1§i—SiR2
RISi—SiR: o
s
R2Si—SiR!  .RIRZS;:
R! R2
30
R!R2
Si hu . .
/\ ——>  |[RIR%Si=SiRIRY
R2S§i—-SiR! -RIR2S;i:
Rl R2
17,31 32
a:RI=R2=/pr
b:Rl =Me, R2 =/Bu
¢:Rl=RZ=Bu

d :Rl =R2 = Me3SiCHj

In spite of the—sometimes—considerable lengthen-
ing of the Si—Si bonds, the 2°Si nuclei in the cyclo-
trisilanes are rather well shielded (Table 2). The -
Si-NMR signals for the alkyl- and aryl-substituted
cyclotrisilanes appear in the range —4 to ~82 ppm
while that for the persilylated cyclotrisilane 16 occurs
at —174 ppm. Only in the case of cis,trans-19 is a
slight deshielding noticeable, presumably as a
consequence of the Si—O bonds.

Two ?°Si-NMR resonances are observed for cis,-
trans-19 and cis,trans-29, presumably resulting from
the asymmetry of the rings; in the case of 29 it was
thus possible to determine the 1J(°Si,?°Si) coupling
constant as 24.1 Hz. This is only about half as large
as the 1J values of the unstrained oligosilanes which
are in the range 50—80 Hz,3” and thus apparently
reflects the low s character of the s bonds within the
Siz skeleton.

In contrast, CPMAS (cross-polarization magic-
angle spinning) 2°Si-NMR investigations on the
cyclotrisilanes 7 and 26, as well as tetramesityloxa-
disilirane (98), reveal unusually large chemical shift
anisotropies,® which are about three times as large
as that for the cyclohexasilane (MePhSi), and are
similar to the values for tetramesityldisilene.?® The
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Figure 1. (a) Center portion of the 2°Si MAS spectrum of

hexamesitylcyclotrisilane (26) and (b) 2°Si-MAS spectrum

of 26 at 2.34 T. The asterisks (**) mark the isotropic shifts.

(SReprinted from ref 38. Copyright 1993 American Chemical
ociety).

values for 7 are 90, —7, and —97 ppm and the
corresponding data for 26 can be taken from Figure

It may prove possible to resolve the contradiction
between the observed small 1J(2°Si,2°Si) coupling
constants and the large chemical shift anisotropies,
the latter having a spread that is typical for disilenes
with their large 1J(%°Si,?°Si) coupling constants of
155—-160 Hz,*°4! by means of suitable ab initio
calculations. In a very recent paper, it is suggested
that these large chemical shift anisotropies for
cyclotrisilanes reflect paramagnetic deshielding due
to the low o—n* excitation energies in these rings.38

IV. Chemical Properties of Cyclotrisilanes

The usually high ring strain of the Sis skeletons is
the reason why practically all of the known reactions
of the cyclotrisilanes are initiated by Si—Si bond
cleavage. Since three Si—Si bonds are present, the
three reaction possibilities illustrated by the formulae
D, E, and F should be realizable.

/Si\ fS'\ .‘/Si\, .
RySi—-SiR; Ry8i——SiR, R,Si——SiR;
D E F

In the following sections, reactions initiated by the
cleavage of one or two Si—Si bonds will be dis-
cussed.? In addition, the recently demonstrated
cleavage of all three Si—Si bonds will be mentioned.

A. Reactions with Cleavage of One Si-Si Bond

In the absence of light or a catalyst, cyclotrisilanes
react to give either acyclic trisilanes or products of
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ring expansion, depending on the nature of the
reaction partner. Although this would provide a
simple route to sterically stressed trisilanes or tri-
siletanes, only few reactions with chalcogens, halo-
gens, and isocyanides have been reported to date.
Most of these investigations started with the cyclo-
trisilane 7 which appears to be predestined for such
ring cleavage reactions on account of its large Si—Si
bond lengths.

1. Formation of Acyclic Trisilanes

The reaction of the heavier halogens with 7 gives
rise to the hexa-tert-butyl-1,3-dihalotrisilanes 40~
42 which are converted to the 1,3-dihydro derivative
43 upon treatment with lithium aluminum hydride.*

LiAlH4

H(BupSi)3H
7T + X3 — X(BuSiX (1) LC 1o 3
40, X =Ci () CH! Me(/Bu;Si)3Me
41, X=Br 44
42, X=1

42 + LiCH; —> Li1BinpSi)3I Tﬂ> 7

Attempts to metalate 42 with methyllithium and
to convert the resultant derivative to the 1,3-dimethyl
compound 44 by treatment with iodomethane sur-
prisingly resulted in the re-formation of the cyclo-
trisilane 7.** Since the formation of the three-
membered ring apparently proceeds more rapidly
than the dimetalation, this result may be considered
as further evidence in favor of the mechanism for the
formation of cyclotrisilanes illustrated in Scheme 2.

On the other hand, 44 is readily accessible from
the reaction of 42 with lithium naphthalenide at low
temperature and subsequent treatment with iodo-
methane.** The steric overload in the acyclic tri-
silanes 40—44 is apparent from the Si—Si bond
lengths of 258.1 and 264.4 pm for 42 and 259.3 pm
for 44;* these values are markedly larger even than
those for 7 and approach the value of 269.7 for hexa-
tert-butyldisilane,*® the largest Si—Si bond length
observed in a discrete molecule to date. At the same
time, these values suggest that the actual bond
lengths in 7 and other cyclotrisilanes may actually
be longer than the measured values. For example,
Si—Si separations of 265 pm can be calculated for 7
under the assumption of arched bonds!*

Other cyclotrisilanes can also be converted into
acyclic trisilanes analogously. Thus, a kinetic inves-
tigation of the cleavage of variously sized cyclo-
oligosilanes with iodine revealed that, in accord with
the increase in ring strain energy with decreasing
ring size, the reaction of 5 proceeds very rapidly and
that the rate can no longer be measured by the usual
methods. 4748

2. Formation of Trisiletanes

Although most cyclotrisilanes are not sensitive to
atmospheric oxygen, the sterically less shielded
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compounds 17 and 18 are smoothly converted to the
oxatrisiletanes 45 and 46 and the 1,3-dioxatrisilolane
472

Ry
RpSi—0 A
s 22, O TP
RSi—SiR; RoS$i—SiR,
45, R=iPr 47, R=iPr
46, R = Et,CH

Compound 7 reacts similarly to 17 and furnishes
the oxatrisiletane 48 and the 1,3-dioxatrisilolane 51
on treatment with oxygen or dimethyl sulfoxide
(DMSO). Vigorous oxidation with 3-chloroperoxy-
benzoic acid (m-CPBA) leads ultimately to hexa-tert-
butyleyclotrisiloxane. Only the monoinsertion prod-
ucts 49 and 50 are obtained on reaction with elemen-
tal sulfur or selenium.*® The large reductive ability
of the 8i—Si bonds in 7 is reflected in its reactions
with carbon dioxide and carbon disulfide which
smoothly give rise to 51 and 49, respectively.?°

{Buy
{Buy Si—X [o] 0N
7+ [X] — b T v
BuySi—SifBuy Bup Si—Si/Buy
48, X=0 51
49, X=8§
50, X=Se

Oxatrisiletanes are not only accessible by ring
expansion reactions of cyclotrisilanes but also by
alkaline hydrolysis of 1,3-dichlorotrisilanes. Thus,
for example, 52 furnishes the four-membered ring
system 53 in very good yield.!

) HyO(0H) RaSi—O
Cli{(Me3CCHy)Sij3C1 ————>
R3Si—SiR3
52 53, R = Me3CCHj

Although the high energies of the silicon—chalco-
gen bonds and, above all, the formation of disiloxanes
should favor the formation of five- and six-membered
rings, the latter is counteracted by the widening of
the Si—Si—Si angle and the accordingly increased
interactions between the hydrogen atoms of the
neighboring, mostly bulky substituents. Thus, an
X-ray crystallographic analysis of the almost planar
four-membered ring of 53 reveals markedly stretched
Si—Si bond lengths in spite of an only slight angle
widening from about 60° in the corresponding three-
membered ring product 5 to 68° in 53.5

The increased lability of the formed four-membered
ring can be seen even more clearly in insertion
reactions into the cyclotrisilane 7, which has the most
highly strained three-membered ring of this type not
only on account of the Si—Si bond distances!® but also
because of the electrochemically-determined oxida-
tion potential.’? Reactions of 7 with various aryl
isocyanides which, like the chalcogen atoms them-
selves, can be formally considered as electron sextet
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molecules, smoothly give rise to the red- to violet-
colored trisilacyclobutanimines §4—59.53.5¢

NR 54,R=Ph
/ 55, R=4-NO»CgHy
56, R=4-CNCgHy
57,R=2,4,6-Me3CgHy
58, R=2,6-iPryCgH3
59, R = 1-Naphthyl

Further reaction of 7 with 56 yields the double
insertion product 60; an X-ray crystallographic analy-
sis of 60 reveals a widening of the Si—Si—Si angle
from 60° to almost 80°; a similar result was also
observed for 58.5%54

BuySi—C
7 + C=N—R —» 4 g
BupSi—SirBuy

1Bu B
tBqul\ ./C = N—O—N =C\ /SxtBuz
Si Si
1Buy fBuy

60

As a consequence of this angle widening and the
resultant strong interactions between the hydrogen
atoms of neighboring tert-butyl groups, the com-
pounds 54—60 are unstable toward the action of light.
On exposure to daylight slow and upon irradiation
rapid, decomposition reactions or rearrangements to
compounds of the types 61 and 62 occur.5

NR
4
o Bu3Si—C {BupSi—SirBuy
» =,
{BuSi—SiiBuy HC—N
| /
H 1BupSi___#
61, R=1-naphthyl 62

Compound 64, which is formed from the acylsilane
63 and triethylgermyllithium possibly by a [2 +
2]-cycloaddition of disilene and silene intermediates,
also has the trisilacyclobutane skeleton with a wid-
ened Si—Si—Si angle of 77°.5

Ad SiMe,y
H— (I:—éi— OGeEt;
(Me; Si), Si—S¥SiMes),
63, Ad = 1-adamantyl 64

i
(Me;Si);Si—C —Ad + EtyGeli —>

Reductive couplings of the trisilanes 65 and 66
with the dichlorogermane 67 give rise to the germa-
trisiletanes 68 and 69 which undergo extrusion of
germylene under photolysis conditions and thus open
a possible access to cyclotrisilanes (vide supra).?®

Li
CiR28i)3Cl + (Me3SiCH)pGeCly —  (R3Si3Ge(CHzSMe3)2

65, R=Pr 67
66, R =Me3CCHy

68, R=/Pr
69, R=Me3CCHy

Both 68 and 69 possess folded four-membered rings
with the smallest endocyclic angle at the respective
germanium atom.

B. Reactions with Cleavage of Two Si-Si Bonds

Not only cyclotrisilanes containing at least one aryl
group on each silicon atom® but also some persily-

Chemical Reviews, 1995, Vol. 95, No. 5 1485

lated three-membered ring derivatives are cleaved
by photolysis into disilenes and silylenes with the
respective silylene undergoing dimerization to fur-
nish more disilene. Stable tetraalkyldisilenes cannot
be prepared in this way. Thus, although photolysis
of 7 proceeds through cleavage of two Si—Si bonds
with formation of disilene and silylene, the two
species initially remain together in the form of an
adduct and can only be separated when suitable
trapping reactions are possible. The cyclotrisilane
6 also behaves abnormally: under thermal conditions
all Si—Si bonds are cleaved to furnish the silylene
exclusively. Because of these peculiarities, the ring
cleavage reactions of 6 and 7 are discussed in
separate sections.

1. Formation of Disilenes

Concomitantly with the original synthesis of 1, the
first cyclotrisilane to be isolated, Masamune et al.*
reported its photolysis which gave rise to the disilene
70 in almost quantitative yield. Since 70 could not
be obtained in a crystalline form suitable for struc-
ture determination, the 2,6-diethylphenyl-substituted
compound 2 was prepared analogously; light-induced
cleavage of the latter yielded >50% of the disilene
71 which possesses an Si—Si bond length of 214.8 pm
in the typical range for a tetraaryldisilene.’

1,2 —* RS + RySi=SiRy
70, R=2,6-MeaCgH3
71, R=2,6-EtpCgH3

Information on the photolysis process is provided
by the cleavage reactions of the cis,cis- and cis,trans-
isomeric cyclotrisilanes (R'R?Si);. Thus, photolysis
of cis,cis-3 gives the (Z)- and (E)-isomeric disilenes
72 and 73 in a ratio of 7.1:1 which is indicative of
retention of configuration during the reaction. The
concomitant formation of the (E)-isomer can be
attributed to the two possibilities for the dimerization
of tert-butyl(mesityl)silylene which can give rise to
both 72 and 78.6

Mes _{Bu
Mes, A Mes o
/Si Si'
fBu \ tBu
cis-cis-3
1Bu fBu tBu Mes
N AN
Si = Si + Si == Si
/ /
Mes Mes Mes tBu
-2 E)-73
Mes tBu
st b
A Y
MetseacieMes B a4 @l
g
B a iy 038 1

cis-trans - 4

The product distribution from the photolysis of the
cis,trans-compound 4 clearly indicates that pathway
a is preferred over pathway b.®
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It was recently shown that the synthesis of stable
disilenes by photolysis of cyclotrisilanes is not limited
to the aryl derivatives but may also be applied with
success to persilylated three-membered ring deriva-
tives. Thus, for example, irradiation of 16b and 16¢
gave rise to the unambiguously characterized com-
pounds tetrakis(diisopropylmethylsilyl)disilene and
tetrakis(tert-butyldimethylsilyl)disilene. These per-
silylated disilenes, as well as tetrakis(triisopropyl-
silyl)disilene accessible from the respective dibromo-
silane, exhibit unexpectedly large Si=Si bond lengths
of 220—225 pm.2?

2. Formation of Disiliranes

Disiliranes, three-membered ring compounds with
two silicon atoms and one heteroatom in the ring, are
derived from cyclotrisilanes by the formal replace-
ment of one SiR; group by a heteroatom. The
discovery of thermally stable disilenes also helped the
disiliranes to an unforeseen boom since many of them
are accessible by simple addition or {2 + 1]-cyclo-
addition reactions at the Si=Si double bond. How-
ever, the unusual structural parameters of some
compounds also posed the question as to the nature
of the chemical bonds within these three-membered
rings. Synthetic methods, selected structural para-
meters, and suggestions for the chemical bonds of
disiliranes are summarized in this section.

The first disilacyclopropanes 76 and 77 were
obtained by concomitant photolysis of the ethynyl-
disilanes 74 and 75 with 2,2-dimesitylhexamethyl-
trisilane and the structure of 77 was elucidated. The
more probable reaction route to this three-membered
ring system comprises the [2 + 1]-cycloaddition of
dimesitylsilylene to an intermediarily formed 1-sila-
propadiene,56:57
R\ /SlMeg

c

i

C

RC == CSMesySiMe; + (Me3SippSiMesy —om

S\
74, R=SiMe; Mes)Si—SiMesy
75, R=Ph 76, R=SiMe3, 77, R=Ph

The disilacyclopropane 78 can be prepared by
addition of diazomethane to the disilene 70, gener-
ated photolytically from the cyclotrisilane 1.58 How-
ever, it could not be clarified whether the cleavage
of nitrogen occurred before the addition or whether
an initial [2 + 3]-cycloaddition was followed by
elimination of nitrogen.

ho "0 CH;N; CH;

i —> . .
-Ny RyS8i—SiR;

78, R =2,6-MepCgHs
The reaction of 70 with 2,6-dimethylphenyl iso-

cyanide proceeds similarly and gives rise to the
yellow-colored disilacyclopropanimine 79.5°

NR
1

70 + :C=N—R \
RzSi/—SiRz

79, R=2,6-Me;CeHs
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A further disilacyclopropane is the compound 81
formed from the silene 80 and hexamethyl-
silirane;#061 however, 81 readily undergoes rear-
rangement reactions.5?

,/OSMe3 Mey
(Me3SiSi=C * \ Me,C=CM
\R MezC/ —CMey V2 2
80, R=12,4,6-Me3CgHy
Me3Si0 R
N\ 7/
C

(Me3Si)2 SiZ—SiMey
81

The first germadisilirane, 83, was the surprising
result isolated from the reaction of the silyllithium
compound 82 with germanium(II) chloride.?

(Me3Si)y
Ge

Me3SiSTithy + GeCly —> 12y 51 Si(SiMes ),

82 83

Hexamesitylsiladigermirane, possessing a three-
membered ring composed of one silicon atom and two
germanium atoms, is also known. Photolysis of this
compound gives rise to dimesitylgermylene and a
relatively stable germasilene, a molecule containing
a formal Ge=Si bond.?4% Trapping reactions with
triethylsilane, however, clearly demonstrated that
this germasilene is readily converted via 1,2-mesityl
shift to a silyl-substituted germylene, identified by
way of subsequent reactions with the Si—H bond of
triethylsilane %8

In contrast to diazomethane which reacts with 70
to furnish the disilirane 78, the analogous reaction
of 84 with the diazo compound 85 furnishes the
azadisilirane 86.57

RoSi
RpSSRy + p-CH3CGH4CHNy —= A.ZN—N=CHCsH4CH3
281

84,R=2,4,6-Me3CgHy 85 86

The reactions of 84 with azides similarly give rise
to different results: with aryl azides disilatriazolines
are formed while alkyl azides furnish [2 + 1]-cycload-
ducts. On heating, both classes of compounds un-
dergo elimination of nitrogen to furnish azadisil-
iranes (disilaazirines). The reaction with trimethyl-
silyl azide yields product 87 directly without isolation
of an intermediate.®®

SiMe3
N

84 + MeySiNg —> \
I Ny RzSi/—SiRz

87, R=2,4,6-Me3CgHy

The reaction of tetrachloro-1,2-dimesityldisilane
with lithium mesitylamide is also unusual in that the
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azadisilirane 88 is isolated together with cis- and
trans-cyclodisilazanes.5?

R
RHN N
o wei! Nt B
RChpSiSiChR + LINHR —*> /SI_SI\
R NHR
R=2,4,6-Me3C¢gHy 88

Photolysis of hexamesitylcyclotrisilane (26) in the
presence of azobenzene does not proceed by way of
the expected [2 + 2]-cycloaddition of 84 to the N=N
double bond but rather through a putative diazasi-
lacyclopropane derivative and its reaction with water
since the silanol 89 is isolated as the main product.
On the other hand, a reaction sequence comprising
the initial formation of the disilene 84 from the
cyclotrisilane 26 and reaction of the former with
azobenzene should proceed smoothly to furnish the
target 1,2-diaza-3,4-disilacyclobutane 90.7°

R,
A\ | o
. hy H,
26 + PAN=NPh ———» PEN—_ WNPh ) ——=— HOR,SINPhNPhH
89
hv PhN — NPh
84 + PAIN=NPh ———» l R= 2,4,6-M33C6H2
R,Si — SR,
90

The action of white phosphorus on the disilene 84
yields a 1,3-diphospha-2,4-disilabicyclo[1.1.0]butane
derivative through cleavage of both Si—Si bonds,™
whereas the analogous reaction with arsenic gives,
in addition to the corresponding 1,3-diarsa compound
92, the tricyclic product 91 containing, among others,
an arsadisilirane ring.”

RaSi—As SiRp As—As
84 + Asy — Sas—asg /< \
RodiAs” \gikz Ryt N iRy
| A
91, R = 2,4,6-Me3CgHy 92

Disiliranes with elements of the sixth main group
are mostly accessible by simple reaction of disilenes

Scheme 3
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with the respective element. This method is less
advantageous in the case of triplet oxygen since the
main products of the reaction are the 1,2-disiladiox-
etanes 93, which undergo rearrangements with re-
tention of configuration to the 1,3-cyclodisiloxanes 95.
The concomitantly formed disilaoxirane byproducts
94 are also easily transformed into 95 in the presence
of oxygen™ (Scheme 3).

The disilaoxiranes 94 are available from the cor-
responding disilenes without the formation of byprod-
ucts when dinitrogen monoxide is used as the one-
atom source.”*™ The sterically more encumbered
tetrakis(2,4,6-triisopropylphenyl)disilene and tetrakis-
(2,6-diisopropylphenyl)disilene, however, do not react
with dinitrogen monoxide. This suggests that the
reaction of, e.g., 84 with dinitrogen monoxide is a [3
+ 2]-cycloaddition followed by loss of nitrogen and
ring closure. Owing to the increased steric bulk of
the 2,6-diisopropylphenyl- and 2,4,6-triisopropylphe-
nyl-substituted disilenes, the [3 + 2] approach of
dinitrogen monoxide to the silicon—silicon double
bond is less favored. However, with mCPBA the
disilaoxiranes 94f and 94g are smoothly obtained.”s

RIR2si=SRIRZ + N,0 —— ./ \.
RIRZSi —SiRIR?

Rl = R2= 26-Me,CH;  (70) 94a

R'=R2 = 2,46-Me,CH, (84) 94b

Rl =R2 = 2,6-E4,C;H, (1) 94¢

Rl =R2 = 2,6-Me,-4-tBuCgH; 94d

Rl = 2,6-E1,CHs, R? = 2,6-Ety-4-1BuCgH, cis-94e, trans-94e

0
R,Si=SR, + mCPBA —_—

2T R,Si— SR,
R=2,4,6-Pr;CH, (13) 94f
R =2,6-Pr,CeH, 94g

The Si—Si bond in the silaoxiranes 94, as well as
that in hexamesityldisilirane, has proved to be a good
electron donor toward singlet oxygen. Thus, photo-
oxygenation of these molecules in the presence of a
sensitizer result in the formation of the 1,2,3,5-
dioxadisilolanes and 1,2,4,3,5-trioxadisilolanes 97,
presumably through the exo-peroxide intermediate
96.76—80

0—0

Pl
RIR2g;—S§iRIRZ

RIR2§=SRIRZ  + 30, <

93 o
1R2si D
RIRZSI{

o
0 O//
N\

SiRIR2

RIRZSi—SiRIR2

94 95
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hv
/
R,Si —\SiRZ sensitizer
X=0,CH,
X
v
RSi”  SRy{ —» sti/ \sm,

+ N /
o 0—0
o-
96 97

Indirect evidence for the course of the photooxy-
genation is provided by the reaction of tetramesityl-
disilirane with 4-phenyl-1,2,4-triazoline-3,5-dione.
Low-temperature NMR spectroscopic studies have
demonstrated that this reaction proceeds through the
detectable azetidinium imide 98 and finally yields the
1,2,3,5-diazadisilolidene derivative 99 as product.5!

Ph RySi /\/sm,
CH, o N o N\ +
RN XY — NN
R,Si SIR, N=N X
o Ph
R =2,4,6-Me,CH, o8
RZSi\/\rJSiRZ
N_
e
Ph

The reactions of the disilenes 84 and 100 with
sulfur proceed more simply than those with oxygen:
even in the presence of a large excess of sulfur the
disilathiiranes 101 and 102 are formed exclusively.%2
A second approach to 101 is provided by the reaction
of 84 with cyclohexene sulfide which also smoothly
leads to the three-membered ring product.®®

S
1R2¢+=SiR1IRZ +

RIR2S=SIRIR 1888 —> Lip2e/ Nirig?
84 101

100, R1 =2,4,6-Me3CgHy, R2 =1Bu 102

Like sulfur, selenium and tellurium also react with
the disilene 84 to yield the disilaselenirane 1038 and
the disilatellurirane 104, respectively.®

— \
4 + E Rosi’ iR,
103, E = Se
104,E = Te

The chlorine-bridged, neutral radicals 108 and 109
belong formally to the series of disiliranes; these
products are obtained by elimination of chlorine from
the dichlorodisilanes 105 and 106 with the electron-
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rich olefins 107; their constitutions were substanti-
ated by EPR spectroscopy.®:

CH; CHj
N\ /N ho /Cl\
i iSiCIR? + E C=C j T !
R1,CISiSiCIR?, N w— - RySi—=SiR;
CHy; CHj
105, R} =R2=2,4,6-Me3CgHy 108
1=246- =
106, R! =2,4,6-Me3CHy, RZ=1Bu 4. 109

The structures of the disiliranes (Table 3), espe-
cially those containing heteroatoms that are both
electronegative and relatively small, exhibit some
special features.

In spite of the presence of the usually bulky
substituents at the silicon atoms, some of the Si—Si
bond lengths are dramatically shortened in compari-
son to the normal value of approximately 234 pm.
Thus, the disiliranes differ markedly from the cyclo-
trisilanes (Table 1) which all possess lengthened Si~
Si bonds. This bond shortening is accompanied by a
planar or almost planar arrangement of the two ipso
carbon atoms and the second silicon atom about each
gilicon atom. Such a geometric arrangement re-
sembles the bonding situation in transition metal—
olefin complexes which, according to the model of
Dewar and Chatt and Duncanson,?88 exist in a
continuum between three-membered rings and 7-
complexes. In harmony with this model, short Si—
Si bond lengths and an almost planar environment
of the silicon atoms should reflect the bonding state
of 110 while longer Si—Si bonds and a pyramidal-
ization of the substituents represent more the clas-
sical three-membered ring structure 111.

X
/X\
RpSi==SRy -  Ry8i—SiRy
110 111

Indirect evidence for the validity of this assumption
is provided by the recently discovered disilene com-
plexes of transition metals such as, for example, the
platinum complexes 112 and 113% or the molybde-
num and tungsten complexes 114 and 115.%

Phy

P iR iMes
E :P‘\g. 2 CPZM:Z.

P iRy iMey

Phy
112, R=/Pr 114, M=Mo
113, R=Ph 115, M=W

The short Si—Si separation in 115 (Table 3) is
indicative of a partial double-bond character; how-
ever, the silicon atoms in this complex exhibit a more
pronounced pyramidalization than disiliranes with
comparable bond lengths.%¢ Irrespective of whether



Cyclotrisilanes

Chemical Reviews, 1995, Vol. 95, No. 5 1489

Table 3. Selected Structural Parameters for the Disiliranes (R!R2Si);X

compd R! R? X d(Si—Si), pm Y2 deg ref
ks 2,4,6-Me;sCgH, 2,4,6-Me3sCgH, C=C< 232.7 56
78 2,6-Me2CsH3 2,6-M8206H3 CHz 227.2 357.5 58
79 2,6-MezcsH3 2,6-M8206H3 C=NR 232.8 59
83 Measi Measi Ge(SiMes)z 237.7(14) 63
87 2,4,6-M6306H2 2,4,6-M6306H2 NSiMea 223.2 358.0 68
88 2,4,6-MesCeH, NH-2,4,6-Me3CgH, NR 228.8 359.4 69
91 2,4,6-Me3CsH; 2,4,6-MesCgHp As-As< 231.5 72
94b 2,4,6-MesCeH, 2,4,6-Me3;CgH, (0] 2227 360 74
trans-94e 2,6-Et,CeHs 2,6-Et2-4—tBuCeH, (0] 2214 359.8 79
94f 2,4,6—iPr;CsH, 2,4,6—iPrsCgH; 0 225.4 359.7 75
101 2,4,6-Me3CeH, 2,4,6-Me;Cenz S 228.9 357.4 82
103 2,4,6-MesCgH, 2,4,6-MesCeH, Se 230.3 355.8° 84
104 2,4,6-Me306H2 2,4,6-MeaCeH2 Te 233.7 355.5b 84
115 Me Me Wep: 226.0 348.3 90

¢ ¥/ = R-Si—R? + R1-Si—Si + R2—Si—Si. ¢ Average value.

the bond situation in the disiliranes is best repre-
sented by a partial #-complex character,?92 as indi-
cated in 110, or rather by an extremely arched Si—
Si bond,? the disiliranes constitute an interesting
class of compounds with unusual properties.

C. Photolyses of Hexa-tert-butylcyclotrisilane

Similar to the photolyses of aryl-substituted cyclo-
trisilanes, irradiation of hexa-tert-butylcyclotrisilane
(7) leads to the silylene 116 and the disilene 117
under simultaneous cleavage of two Si—Si bonds.
However, while the aryl-substituted silylenes un-
dergo dimerization to furnish further disilene, the
short-lived silylene 116 and the disilene 117, which
is stable for a few hours,!1% remain together in the
form of a cage® and only separate when appropriate
trapping reagents are available.

....... B
(BupSi i A
ho 116 b
(BupSi3
7 tBupSi==SiBuy aT=8 Bw Sll-? irBuy
117 a==h

The formation of two reactive intermediates in the
photolysis of 7 offers the advantage that most trap-
ping reactions with unsaturated compounds produce
at least one isolable product. On the other hand, it
cannot always be distinguished unequivocally if the
product obtained is formed by a single addition of 117
or by a 2-fold addition of 116. In spite of these
occasional uncertainties, both 116 and 117 possess
a high synthetic potential that has already led to a
series of novel compounds.®

The rare cases where 116 and 117 both react with
the same substrate are illustrated by the reaction of
7 with phenylacetylene which gives rise to the
l-silacyclopentadiene and 1,2-disilacyclobutadiene
derivatives and by the photolysis of 7 in the presence
of various ketones which are also initiated by [2 +
2]- and [2 + 1]-cycloadditions. While the 2,3-disilox-
etanes 118 and 119 are stable in the solid state, the
putative silaoxirane intermediates undergo sponta-

neous isomerization to the silyl enol ethers 120 and
121.%7

R H.
N /C 3 /CHZ
7 /C\ — BwHSIOC
(-; o BwSi—0 SR
i 1|1 120, R=Me
RCCH3 O—C—CH; 121, R=Ph
tBuy i—iitBuz
118, R=Me
119, R=Ph

On the other hand, the silirane 122 as well as the
1,2-disilacyclobutane 123 obtained from the photoly-
sis of 7 in the presence of 2-methylstyrene are
thermally stable.®® Surprisingly, the [2 + 2]-cycload-
ducts from aryldisilenes to olefinic double bond
systems were previously unknown so that 123 rep-
resents the first completely characterized addition
product of a disilene to an alkene.

Buy

o Si {BupSi—SitBuy
7 + RCH= — +
CHy RHC—CH, RHC—CH,

R =2-MeCgHyg 122 123

Particularly instructive for clarifying the course of
the photolysis of 7 are its reactions with 2,2"-bipy-
ridyl®® or pyridine-2-carbaldimines!® gince, in 124
and 126, both cleavage products of the three-
membered ring have undergone addition to the same
molecule.

1BupSi—SitBuy

) O= O
N I N [
\ /N \Si/NtBuz \Si/NIBuz
Bw By Bup
124 128 126

In the course of the [4 + 1]-cycloaddition of 116 to
the two nitrogen atoms, the heteroaromatic rings of
the starting compounds have been converted into
systems with alternating single and double bonds.
The unusual bonding situations in the polycyclic
compounds 124 and 125 are reflected in their dark-
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red to violet colorations which can presumably be
attributed to the o-quinone ring together with the
silicon substitution. The o-quinone structure is
destroyed by the further [2 + 2]-cycloaddition of 117
to one of the double bonds in 125 and the colorless
product 126 is formed.

To date, only a few cases are known in which the
addition reactions of silylene 116 are preferred over
the competing disilene additions. For example, co-
photolyses of 7 with acetonitrile or benzonitrile
finally furnish the 1,4-diaza-2,5-disila-1,3-cyclohexa-
dienes 129 and 130, presumably via o-dimerization
of the silaazirines 127 and 128. When pivalonitrile
is employed the isomeric 1,3-diaza-2,5-disila-3,6-
cyclohexadiene derivative is obtained unexpectedly;
this compound contains four bulky tert-butyl groups
in direct proximity and, accordingly, exhibits widened
endocyclic Si—C bonds.1®

Buy IES;FZ

7 + RON o, Si X2 RCTON
L | .

lBluz

127, R=CH; 129

128, R = CgHs 130

The formation of the putative silaazirines 127 and
128 is substantiated indirectly by the analogous
reactions of 7 with phosphaalkynes which give rise
to the stable and isolable silaphosphirenes 131 and
132. Compounds 131 and 132 are the first three-
membered ring compounds known to contain an
endocyclic P=C double bond.!%? This structure was
confirmed by an X-ray crystallographic analysis of
the tungsten pentacarbonyl complex, 138, of 132.

o W(CO)sthf] ‘52
! ) .
7 emcmp Moy S [WCOX s‘\P
RC=P: -THF RC=P - W(CO)s
131, R=(Bu 133, R = 1-adamantyl

132, R = l-adamanty]

Even rarer than the [2 + 1]-cycloadditions of
photochemically generated 116 are the corresponding
[3 + 1]-reactions. Cophotolysis of 7 with the steri-
cally overloaded tri-tert-butylsilyl azide furnishes two
products which had previously been prepared by
other routes.!®® The main product of the reaction is
the 1,7-diaza-2,6-disilaheptane 136 which is probably
formed by an ene reaction of photochemically gener-
ated isobutene with the silanimine 135; the latter
compound can be isolated as the minor product.1%¢

hu . N
7+ (Bu3SiN3 — {rBu;;Sx— N\s"N} —ﬁ;’ Bu3Si—N == SiBuy
1

tBuy
134 135

iC4Hg . .
—— HC=C(CH,Si¥BuyNHSBu3),

136

While the thermal reactions of 7 with aryl isocya-
nides proceed via ring expansion to give trisilacy-
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clobutanimines,?®% photolyses of the same starting
materials furnish the yellow to red 2,4-disilacyclobu-
tane-1,3-diimines 137—141. A feasible explanation
for the formation of this novel ring system is the
addition of 116 to the carbene-like carbon atom of
the respective isocyanide to give silaketenimines and
subsequent head-to-tail cyclodimerization of the lat-
ter to the ring products isolated.105-1%7

RN
AN
h —SifB
7 + RN=C —» |RN=C=SiBuy) 2» b
tBuy Si— N
NR
137- 141

137, R=CF3, 138, R=Cg¢Fs, 139, R=CgHs,
140, R =3,5-(CF3)pCgH3, 141, R =2,4,6-Me3CgHy

Since West et al.’® had already shown that the
addition of isocyanide to the disilene 70 proceeded
smoothly to give the disilacyclopropanimine 79, the
formation of the cyclic products 137—141 by a 2-fold
addition of isocyanide to the Si=Si double bond of
the photolytically generated species 117 cannot be
discounted. The cophotolysis of 7 with the branched
aryl isocyanide 142, which produces isolable, violet
crystals of 143 together with a small amount of the
isolable, green crystalline 144, provides more infor-
mation about the course of the reaction.%

RN RN NR
ho \c—svs Ne d
7 + RN=C —» S
1Buy Si— N Bu,Si—SisBuy
NR
142, R=2,6-PryCgHj 143 144

The putative silaketenimine can be considered as
a common intermediate of the two disilacyclobutane-
diimines; head-to-tail dimerization of this species
yields 148 and head-to-head dimerization 144.

Although [1 + nl-cycloadditions of the photolyti-
cally-generated silylene 116 are still rare, the disilene
117, formed under the same conditions, undergoes
numerous additions to various substrates. In addi-
tion to the already-mentioned [2 + 2]-cycloadditions
to the multiple bonds of alkynes, alkenes, and
ketones, reactions at the Si=Si double bond of 117
are also possible which are not or are only difficulty
realizable with the C=C double bonds in simple
alkenes. For example, the photolysis of 7 in the
presence of the sterically overloaded cyanide 145 is
unusual; this reaction furnishes the 2,3-disila-1-
azetine derivative 146 by cycloaddition of 117 to the
C=N triple bond.1%8

hu 1BuySi—SirBuy
el |

7 +  Bu3zSiCN
tBu3SiC=N

145 146

Also atypical for the C=C double bonds of simple
alkenes are the reactions of 117 with the C—-N
multiple bond of a racemic 3-thiazoline or of iso-
quinoline which give rise to the 2,3-disila-1-azetidine
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derivative 147'%° gtereoselectively and the tricyclic
product 148'1° regioselectively.

BuySi—SirBuy
I 7\
C—~N
%\ gy N

MesC, *C |
Ng7 TNiPr {BuSi—SirBuy
147 148

The cycloadditions of 117 are occasionally ac-
companied by rearrangements. Thus, the reaction
of this disilene with N,N-dicyclohexylcarbodiimide
ultimately yields the 2,4-disila-1-azacyclobutanimine
150. The formation of this product is best explained
by addition of 117 to one of the C=N double bonds
to give 149 and subsequent rearrangement with
formal insertion of a nitrogen atom in the Si—Si bond
of 149.110

NR RN

N\
7 + RN=C-NR > RN-C Q. C—SifBuy
tBu2§i—éitBu2 {Buy! i—}IQR
149, R=c-CgHq 150

Indirect confirmation for the postulated product
149 is provided by the replacement of one of the
electronegative NR groups in the carbodiimide by a
CR: group which is considered to have a low tendency
for insertion into Si—Si bonds. In fact, the photolysis
of 7 in the presence of dimethyl-N-phenylketenimine
does yield the product 152 in which, in contrast to
150, the Si—Si bond remains intact. However, an
X-ray crystallographic analysis reveals that the
primary product 151 of the cycloaddition had rear-
ranged by 1,4-hydrogen shift and subsequent ring
closure to yield the tricyclic compound 152.111

lBqui—S‘itBuz rBu25i—b;itBu2
~N i« EN HC-N
Mec?  en MesC.
151 152

In comparison to the numerous additions of stable
or marginally stable disilenes to C—X multiple bonds,
information on the corresponding reactions of the
Diels—Alder type is extremely scarce at present.
Solely the reaction of 117 with 2,3-dimethylbutadiene
proceeds as a typical [4 + 2]-cycloaddition together
with other competing reactions.!1% Photolysis of 7
in the presence of heterodienes,!*2 on the other hand,
yields the [4 + 2]-cycloadducts smoothly. For ex-
ample, reactions of 7 with 1,4-diazabutadienes fur-
nish the highly strained six-membered ring products
153 and 154 and not the almost strain-free five-
membered ring compounds 155 and 156 which must
be prepared by other routes.!13

HC==CH HC=CH
RN NR RN_ NR
i—S1 N
1Buy 1Buy Buy
153, R=/Pr 155
154, R=¢-CgHy1 156
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Electron-rich disilenes such as 117 apparently
prefer to participate in Diels-Alder reactions with
inverse electron demand!!* in spite of the resultant
ring strain such as that manifested in 154 by a highly
stretched Si—Si bond length of 246.9 pm and a
distortion of the six-membered ring.!'® Cophotolyses
of 7 and a-ketoimines with sterically undemanding
substituents at the nitrogen atom preferentially
furnish six-membered ring products such as 157;
with larger substituents, however, five-membered
ring products of the type 158 dominate.103,115

Ph/C=C\Ph Ph/C =C\Ph
0\ ’NCH3 O_ N-c-CgHpy
Si—Si Si
1Buy (Buy By
157 158

The examples presented here illustrate the wide
reaction possibilities of the photolytically generated
disilene 117 which, in part, extend beyond those of
the stable disilenes.?® On the other hand, many other
reactions are possible with the stable disilenes but
not with 117,

D. Reactions with Cleavage of All Si-Si Bonds

Whereas all other cyclotrisilanes react with cleav-
age of at most two Si—Si bonds, the thermolysis of 6
furnishes the silylene 159 via cleavage of all three
Si—Si bonds. Like 116, the species 159 can be
trapped by numerous unsaturated compounds.® The

Ry
A .
- 3 {RaSi:
RSi—SiRy { 2 }
6, R=2-(MesgNCH,)CgHy 159

o-bis(dimethylamino)methyl groups are assumed to
be responsible for this unusual decomposition. Al-
though these groups are oriented away from the
tetracoordinated silicon atom in 6, in the stepwise
cleavage of 6 into silylenes and disilenes, they are
able to stabilize the low-coordinated silicon atoms by
way of intramolecular Lewis acid—base adducts.

According to recent calculations,!'6-118 however,
amino groups should rather favor silylenes than
disilenes and thus the decomposition of 6 into three
molecules of 159 is plausible. This species can be
trapped with, for example, benzil, 2,2"-bipyridyl,® or
numerous alkynes!!® to furnish the compounds 160—
162, respectively.

Ry = = R
Si — 2
O’ 1\0 \ N /N / /Si\
Ph}:=(fPh Si RIC'=CR?
Rz
160 161 162

Further evidence in support of the cleavage of all
three Si—Si bonds in 6 with formation of the silylene
159 is provided by the formation of the siliranes 163
in its reactions with alkenes under mild thermal
conditions. When the temperature is increased, the
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cyclotrisilane and the respective alkene are re-
formed.!?

R, Rl R,
Si N—= Si
/L ~h 3RS —_
R,Si — SR, 1i1/= Rl

R = 2-(Me,NCH,)CgHy)

The reaction of 6 with lithium proceeds differ-
ently: only one Si—Si bond is cleaved to furnish the
1,3-dilithiated trisilane 164; the crystal structure of
the dioxane adduct of this species has been deter-
mined. On the other hand, the reaction of 6 with
excess lithium furnishes the 1,2-dilithiodisilane 165
which has been structurally characterized by X-ray
analysis as its adduct with tetrahydrofuran.!?

IS{‘Z ls‘z ?2 .
avwaN eV
Li Si Li Li Si
R, Ry
164 165

R =2-(Me,NCH,)C¢H,

V. Acknowledgments

Financial support of our work from the Deutsche
Forschungsgemeinschaft, the Volkswagen-Stiftung,
and the Fonds der Chemischen Industrie is gratefully
acknowledged. The author is deeply indebted to all
collaborators and co-workers whose names are given
in the references and also to Manuela Rathkamp for
the preparation of the manuscript.

VI. References

(1) (1) Small ring organosilicon compounds: (a) Weidenbruch, M.
Comments Inorg. Chem. 1986, 5, 247. (b) Nagai, Y.; Watanabe,
H.; Matsumoto, H. In Silicon Chemistry; Corey, E. R., Corey, J.
Y., Gaspar, P. P,, Eds.; Ellis Horwood: New York, 1988; Chapter
24, p 247. (c) Masamune, 8. In Silicon Chemistry; Corey, E. R,,
Corey, J. Y., Gaspar, P. P., Eds.; Ellis Horwood: New York, 1988;
Chapter 25, p 257. (d) Tsumuraya, T.; Batcheller, S. A.; Masam-
une, S. Angew. Chem. 1991, 103, 916; Angew. Chem., Int. Ed.
Engl. 1991, 30, 902. (e) Weidenbruch, M. In The Chemistry of
Inorganic Ring Systems; Steudel, R., Ed.; Elsevier: Amsterdam,
1992; Chapter 5, p 51. (f) Kabe, H.; Ando, W. Adv. Strain. Org.
Chem. 1993, 3, 60.

(2) West, R.; Fink, M. J.; Michl, J. Science (Washington DC) 1981,

214, 1343.

Disilenes: (a) West, R. Science (Washington DC) 1984, 225, 1109.

Raabe, G.; Michl, J. Chem. Rev. 1988, 85, 419. West, R. Angew.

Chem. 1987, 99, 1231; Angew. Chem., Int. Ed. Engl. 1987, 26,

1201. Raabe, G.; Michl, J. In The Chemistry of Organic Silicon

Compounds; Patai, S., Rappoport, Z., Eds.; Wiley: New York,

1989; Chapter 17, p 1015. Weidenbruch, M. Coord. Chem. Rev.

1994, 130, 275.

(4) Masamune, S.; Hanzawa, Y.; Murakami, S.; Bally, T.; Blount,
J. F. J. Am. Chem. Soc. 1982, 104, 1150.

(5) Masamune, S.; Murakami, S.; Snow, J. T.; Tobita, H.; Williams,
D. J. Organometallics 1984, 3, 333.

(6) Murakami, S; Collins, S.; Masamune, S. Tetrahedron Lett. 1984,
25, 2131,

(7) Dewan, J. C.; Murakami, S.; Snow, J. T.; Collins, S.; Masamune,
S. J. Chem. Soc., Chem. Commun. 1985, 892,

(8) Watanabe, H.; Okawa, T.; Kato, M; Nagai, Y. JJ. Chem. Soc.,
Chem. Commun. 1988, 781.

(9) Belzner, J. J. Organomet. Chem. 1992, 430, C51.

(10) Probst, R.; Leis, C; Gamper, S.; Herdtweck, E.; Auner, N,; Zybill,
C. Angew. Chem. 1991, 103, 1155; Angew. Chem., Int. Ed. Engl.
1991, 30, 1132.

(11) Masamune, S.; Murakami, S.; Tobita, H. Organometallics 1983,
2, 1464.

~
®

Weidenbruch

(12) Watanabe, H.; Muracka, T.; Kageyama, M.; Yoshizumi, K;
Nagai, Y. Organometallics 1984, 3, 141.

(13) Schifer, A.; Weidenbruch, M.; Peters, K.; von Schnering, H. G.
Angew. Chem. 1984, 96, 311. Angew. Chem., Int. Ed. Engl. 1984,
23, 302.

(14) Boudjouk, P.; Samaraweera, U.; Sooriyakumaran, R.; Chrisciel,
J.; Anderson, K. R. Angew. Chem. 1988, 100, 1408; Angew.
Chem. Int. Ed. Engl. 1988, 27, 1355.

(15) Weidenbruch, M.; Thom, K.-L.; Pohl, S.; Saak, W. J. Organomet.
Chem. 1987, 329, 151.

(16) Bierbaum, M.; West, R. J. Organomet. Chem. 1977, 131, 179.

(17) Masamune, S.; Eriyama, Y.; Kawase, T. Angew. Chem. 1987,
99, 601; Angew. Chem., Int. Ed. Engl. 1987, 26, 584.

(18) (a) Watanabe, H.; Takeuchi, K.; Fukawa, N.; Kato, M.; Goto, M.;
Nagai, Y. Chem. Lett. 1987, 1341. (b) Watanabe, H.; Takeuchi,
K.; Nakajima, K.; Nagai, Y.; Goto, M. Chem Lett. 1988, 1343.

(19) Batcheller, S. A.; Tsumuraya, T.; Tempkin, O.; Davis, W. M,;
Masamune, S. J. Am. Chem. Soc. 1990, 112, 9394.

(20) Tokitoh, N; Suzuki, H.; Okazaki, R.; Ogawa, K. J. Am. Chem.
Soc. 1993, 115, 10428.

(21) Matsumoto, H.; Sakamoto, A.; Nagai, Y. J. Chem. Soc., Chem.
Commun. 1986, 1768.

(22) Kira, M.; Maruyama, T.; Kabuto, C.; Ebata, K.; Sakurai, H.
Angew. Chem. 1994, 106, 1575; Angew. Chem., Int. Ed. Engl.
1994, 33, 1489.

(23) Masamune, S.; Tobita, H.; Murakami, S. J. Am. Chem. Soc. 1983,
105, 6524.

(24) Gillette, G. R.; Nora, G.; West, R. Organometallics 1990, 9, 2925.

(25) (a) Watanabe, H.; Kougo, Y.; Nagai, Y. J. Chem. Soc., Chem.
Commun. 1984, 66. (b) Watanabe, H.; Kougo, Y.; Kato, M;
Kuwabara, H.; Okawa, T.; Nagai, Y. Bull. Chem. Soc. Jpn. 1984,
57, 3019.

(26) (a)Shizuka, H.; Murata, K,; Arai, Y.; Tonokura, K.; Taneka, H.;
Matsumoto, H.; Nagai, Y.; Gillette, G. R.; West, R. J. Chem. Soc.,
Faraday Trans. 1 1989, 85, 2369. (b) Shizuka, H.; Murata, K.;
Arai, Y.; Tonokura, K.; Hiratsuka, H.; Matsumoto, H.; Nagai,
Y. J. Chem. Soc., Faraday Trans. 1 1989, 85, 2809.

(27) Suzuki, H.; Fukuda, Y.; Sato, N.; Ohnori, H.; Goto, M.; Wa-
tanabe, H. Chem. Lett. 1991, 583,

(28) Suzuki, H.; Okabe, K; Kato, R.; Sato, N.; Fukuda, Y.; Watanabe,
H. J. Chem. Soc., Chem. Commun. 1991, 1298.

(29) Suzuki, H.; Okabe, U.; Kato, R.; Sato, N.; Fukada, Y.; Watanabe,
H.; Goto, M. Organometallics 1993, 12, 4833.

(30) Denk, M.; Lennon, R.; Hayashi, R.; West, R.; Belyakov, A. V;
Verne, H. P.; Haaland, A.; Wagner, M.; Metzler, N. J. Am. Chem.
Soc. 1994, 116, 2691.

(31) (a) Belzner, J.; Detomi, N.; Ihmels, H.; Noltemeyer, M., Angew.
Chem. 1994, 106, 1949. Angew. Chem., Int. Ed. Engl. 1994, 33,
1854, (b) Belzner, J. Personal communication.

(32) Watanabe, H.; Kato, M.; Okawa, T.; Nagai, Y.; Goto, M. J.
Organomet. Chem. 1984, 271, 225.

(33) Murakami, S. Ph.D. dissertation. University of Tokyo, 1985; cited
as ref 31d in ref 1d.

(34) M?sadmune, S.; Kabe, Y. Unpublished resuits; cited as ref 53 in
ref 1d.

(35) Batcheller, S. A. Ph. D. dissertation. Massachusetts Institute
of Technology, 1989; cited as ref 31¢ in ref 1d.

(36) Kuroda, M.; Kabe, Y.; Hashimoto, M.; Masamune, S. Angew.
Chem. 1988, 100, 1795; Angew. Chem., Int. Ed. Engl. 1988, 27,
1727.

(37) Marsmann, H. In NMR, Basic Principles and Progress,; Diehl,
{;.,lFluck, E., Kosfeld, R., Eds.; Springer-Verlag: Berlin, 1981,

ol. 17.

(38) (a) Cavalieri, J. D.; West, R.; Duchamp, J. C,; Zilm, K. W. J.
Am. Chem. Soc. 1993, 115, 3770. (b) West, R.; Cavalieri, J. D.;
Duchamp, J.; Zilm, K. W., Phosphorus, Sulfur, Silicon, Relat.
Elem., submitted for publication. (The author thanks Professor
West for advance communication.)

(39) Zilm, K. W.; Grant, D. M.; Michl, J,; Fink, M. J.; West, R.
Organometallics 1983, 2, 193.

(40) Yokelson, H. B.; Millevolte, A. J.; Adams, B. R.; West, R. JJ. Am.
Chem. Soc. 1987, 109, 4116.

(41) Weidenbruch, M.; Pellmann, A., Pohl, S.; Saak, W.; Marsmann,
H. J. Organomet. Chem. 1993, 450, 67.

(42) Weidenbruch, M.; Schifer, A.; Grimm, F.-T.; Thom, K.-L.
Phosphorus, Sulfur, Silicon, Relat. Elem. 1989, 41, 229.

(43) Weidenbruch, M.; Flintjer, B.; Schifer, A. Silicon, Germanium,
Tin, Lead Compd. 1986, 9, 19.

(44) Weidenbruch, M.; Flintjer, B.; Kramer, K.; Peters, K.; von
Schnering, H. G. J. Organomet. Chem. 1988, 340, 13.

(45) Weidenbruch, M.; Flintjer, B.; Peters, K.; von Schnering, H. G.
Angew. Chem. 1986, 98, 1090; Angew. Chem., Int. Ed. Engl.
19886, 25, 1129.

(46) Wiberg, N.; Schuster, H.; Simon, A.; Peters, K. Angew. Chem.
1986, 98, 100; Angew. Chem., Int. Ed. Engl. 1986, 25, 719.

(47) Watanabe, H.; Shimoyama, H.; Muraoka, T.; Okawa, T.; Kato,
M.; Nagai, Y. Chem. Lett. 1986, 1057.

(48) Watanabe, H.; Shimoyama, H.; Muraoka, T.; Kougo, Y.; Kato,
M.; Nagai, Y. Bull. Chem. Soc. Jpn. 1987, 60, 769.



Cyclotrisilanes

(49) Weidenbruch, M.; Schifer, A. J. Organomet. Chem. 1984, 269,
231.

(50) Brand-Roth, B. Dr. thesis, University of Oldenburg, 1990.

(51) Watanabe, H.; Tabei, E.; Goto, M.; Nagai, Y. J. Chem. Soc.,
Chem. Commun. 1987, 522.

(562) Shafiee, F.; West, R. Silicon, Germanium, Tin, Lead Compd.
1986, 9, 1. )

(53) Weidenbruch, M.; Hamann, dJ.; Pohl, S.; Saak, W. Chem. Ber.
1992, 125, 1043.

(54) Weidenbruch, M.; Hamann, J.; Peters, K.; von Schnering, H. G.;
Marsmann, H. J. Organomet. Chem. 1992, 441, 185.

(55) Bravo-Zhivotovskii, D.; Apeloig, Y.; Ovchinikov, Y.; Igonin, V;
Struchkov, Y. T. J. Organomet. Chem. 1993, 446, 123.

(56) Ishikawa, M.; Sugisawa, H.; Kumada, M.; Higuchi, T.; Matsui,
K.; Hirotsu, K.; Iyoda, J. Organometallics 1983, 2, 174.

(57) Ishikawa, M; Matzuzawa, S.; Sugisawa, H.; Yano, F.; Kamitori,
S.; Higuchi, T. J. Am. Chem. Soc. 1985, 107, 7706.

(58) Masamune, S.; Murakami, S.; Tobita, H.; Williams, D. J. J. Am.
Chem. Soc. 1983, 105, 7776.

(59) Yokelson, H. B.; Millevolte, A. J.; Haller, K. J.; West, R. J. Chem.
Soc., Chem. Commun. 1987, 1605.

(60) Seyferth, D.; Annarelli, D. C. J. Am. Chem. Soc. 1975, 97, 2273.

(61) Seyferth, D.; Annarelli, D. C.; Vick, S. C.; Duncan, D. P. J.
Organomet. Chem. 1980, 201, 179.

(62) Brook, A. G.; Wessely, H.-J. Organometallics 1985, 4, 1487.

(63) Heine, A.; Stalke, D. Angew. Chem. 1994, 106, 121; Angew.
Chem., Int. Ed. Engl. 1994, 33, 113.

(64) Baines, K. M.; Cooke, J. A, Organometallics 1991, 10, 3419.

(65) Baines, K. M.; Cooke, J. A,; Payne, N. C.; Vittal, J. J. Organo-
metallics 1992, 11, 1408.

(66) Baines, K. M.; Cooke, J. A, Organometallics 1992, 11, 3487.

(67) Piana, H.; Schubert, U. J. Organomet. Chem. 1988, 348, C19.

(68) Gillette, G. R.; West, R. J. Organomet. Chem. 1990, 394, 45.

(69) Shibley, J. G.; West, R.; Tessier, C. A.; Hayashi, R. K. Organo-
metallics 1993, 12, 3480.

(70) Sakakibara, A.; Kabe, Y.; Shimizu, T.; Ando, W. J. Chem. Soc.,
Chem. Commun. 1991, 43.

(71) Driess, M,; Fanta, A. D.; Powell, D. R.; West, R. Angew. Chem.
1989, 101, 1087; Angew. Chem., Int. Ed. Engl. 1989, 28, 1038.

(72) Tan, R. P.; Comerlato, N. M.; Powell, D. R.; West, R. Angew.
Chem. 1992, 104, 1251; Angew. Chem., Int. Ed. Engl. 1992, 31,
1217.

(73) McKillop, K. L.; Gillette, G. R.; Powell, D. R.; West, R. J. Am.
Chem. Soc. 1992, 114, 5203 and literature cited therein.

(74) Yokelson, H. B.; Millevolte, A. J.; Gillette, G. R.; West, R. J. Am.
Chem. Soc. 1987, 109, 6865.

(75) Millevolte, A. J.; Powell, D. R.; Johnson, S. G.; West, R.
Organometallics 1992, 11, 1091.

(76) Ando,W.; Kako, M.; Akasaka, T.; Nagase, S.; Kawai, T.; Nagay,
Y.; Sato, T. Tetrahedron Lett. 1989, 30, 6705.

(77) Ando, W.; Kako, M.; Akasaka, T.; Kabe, Y. Tetrahedron Lett.
1990, 31, 4177.

(78) Akasaka, T.; Kako, M.; Nagase, S.; Yabe, A.; Ando, W. J. Am.
Chem. Soc. 1990, 112, 7804.

(79) Ando, W.; Kako, M.; Akasaka, T.; Nagase, S. Organometallics
1993, 12, 1514,

(80) Ando, W.; Kako, M.; Akasaka, T. Chem. Lett. 1993, 1679.

(81) Ando, W.; Kako, M.; Akasaka, T. J. Am. Chem. Soc. 1991, 113,
6286.

(82) West, R.; De Young, D. J.; Haller, K. J. J. Am. Chem. Soc. 1985,
107, 4942,

(83) Mangette, J. E.; Powell, D, R.; West, R. JJ. Chem. Soc., Chem.
Commun. 1993, 1348,

(84) Tan, R. P.-K.; Gillette, G. R.; Powell, D. R.; West, R. Organo-
metallics 1991, 10, 546.

(85) Weidenbruch, M.; Kramer, K.; Schifer, A.; Blum, J. K. Chem.
Ber. 1985, 118, 107,

Chemical Reviews, 1995, Vol. 95, No. 5 1493

(86) Weidenbruch, M.; Kramer, K.; Peters, K.; von Schnering, H. G.
Z. Naturforsch., Teil B. 1985, 40, 601.

(87) Dewar, M. J. S. Bull. Soc. Chim. Fr. 1951, 18, C17.

(88) Chatt, J.; Duncanson, L. A. J. Chem. Soc. 1958, 2939.

(89) Pham, E. K.; West, R. J. Am. Chem. Soc. 1989, 111, 7667.

(90) Berry, D. H,; Chey, J. H.; Zipin, H. S.; Carroll, P. J. J. Am. Chem.
Soc. 1990, 112, 452.

(91) Grev, R. S.; Schaefer, H. F. J. Am. Chem. Soc. 1987, 109, 6577.

(92) Cremer, D.; Gauss, J.; Cremer, E. THEOCHEM 1988, 163, 531.

(93) Boatz, J. A.; Gordon, M. S. J. Phys. Chem.1989, 93, 3025.

(94) Weidenbruch, M.; Schifer, A.; Thom, K.-L. Z. Naturforsch., Teil
B 19883, 38, 1695.

(95) Michl, J. Personal communication.

(96) Weidenbruch, M. In Frontiers of Organosilicon Chemistry;
Bassindale, A. R., Gaspar, P. P., Eds., Royal Society of Chem-
istry; Cambridge, UK., 1991; p 122.

(97) Schéfer, A.; Weidenbruch, M.; Pohl, S. J. Organomet. Chem.
1985, 282, 305.

(98) Weidenbruch, M.; Kroke, E.; Marsmann, H.; Pohl, S.; Saak, W.
J. Chem. Soc., Chem. Commun. 1994, 1233.

(99) Weidenbruch, M.; Schifer, A.; Marsmann, H. J. Organomet.
Chem. 1988, 354, C12.

(100) Weidenbruch, M.; Piel, H.; Lesch, A.; Peters, K.; von Schnering,
H. G. J. Organomet. Chem. 1993, 454, 35.

(101) Weidenbruch, M.; Schiéfer, A.; Peters, K.; von Schnering, H. G.
J. Organomet, Chem. 1986, 314, 25.

(102) Schifer, A.; Weidenbruch, M.; Saak, W.; Pohl, S. Angew. Chem.
1987, 99, 806; Angew. Chem., Int. Ed. Engl. 1987, 26, 776.

(103) Wiberg, N.; Schurz, K. Chem. Ber. 1988, 121, 581.

(104) Weidenbruch, M.; Brand-Roth, B.; Pohl, S.; Saak, W. J. Orga-
nomet. Chem. 1989, 379, 217.

(105) Weidenbruch, M.; Brand-Roth, B.; Pohl, S.; Saak, W. Angew.
Chem. 1990, 102, 93; Angew. Chem., Int. Ed. Engl. 1990, 29,
90.

(106) Weidenbruch, M.; Brand-Roth, B.; Pohl, S.; Saak, W. Polyhedron
1991, 10, 1147.

(107) Weidenbruch, M.; Hamann, J.; Piel, H.; Lentz, D.; Peters, K
von Schnering, H. G. J. Organomet. Chem. 1992, 426, 35.

(108) Weidenbruch, M.; Flintjer, B.; Pohl, S,; Saak, W. Angew. Chem.
1989, 101, 89; Angew. Chem., Int. Ed. Engl. 1989, 28, 95.

(109) Weidenbruch, M.; Flintjer, B.; Pohl, S.; Haase, D.; Martens, J.
J. Organomet. Chem. 1988, 338, C1.

(110) Weidenbruch, M.; Lesch, A.; Peters, K.; von Schnering, H. G.
Chem. Ber. 1990, 123, 1795.

(111) Weidenbruch, M.; Lesch, A.; Peters, K.; von Schnering, H. G. J.
Organomet. Chem. 1992, 423, 329.

(112) Boger, D. L.; Weinreb, S. M. In Hetero Diels-Alder-Methodology;
Series Organic Chemistry 47; Wasserman, H. H., Ed.; Academic
Press: San Diego, 1987.

(113) Weidenbruch, M.; Lesch, A.; Peters, K. J. Organomet. Chem.
1991, 407, 31.

(114) Schoeller, W. W.; J. Chem. Soc., Chem. Commun. 1985, 334.

(115) Peters, K.; Peters, E.-M.; von Schnering, H. G.; Piel, H,;
Weidenbruch, M. Z. Kristallogr. 1994, 209, 611..

(118) Karni, M.; Apeloig, Y. J. Am. Chem. Soc. 1990, 112, 8589.

(117) Maxka, J.; Apeloig, Y. J. Chem. Soc., Chem. Commun. 1990, 737.

(118) Grev, R. S. Adv. Organomet. Chem. 1991, 33, 125.

(119) (a) Belzner, J.; Ihmels, H. Tetrahedron Lett. 1993, 34, 6541. (b)
Belzner, H.; Ihmels, H.; Kneisel, B. O.; Herbst-Irmer, R. JJ. Chem.
Soc., Chem. Commun. 1994, 1989.

(120) Belzner, J.; Ihmels, H.; Kneisel, B. O.; Gould, R. O.; Herbst-
Irmer, R. Organometallics 1995, 14, 305.

(121) Belzner, J.; Dehnert, U.; Stalke, D. Angew. Chem. 1994, 106,
2580; Angew. Chem., Int. Ed. Engl. 1994, 35, 2450.

CR940021+



