Coordination Chemisiry Reviews, 130 (1994) 275-300 275

Silylenes and disilenes: examples of low coordinated silicon
compounds*

Manfred Weidenbruch
Fachbereich Chemie der Universitds Oldenburg, Postfach 25 03, D-26111 Oldenburg (Germany)

{Received L1 September 1992; accepted 4 December 1992)

CONTENTS
ABSIFACE ..o e ees s e rtcc e es et aes seeseee e st s ra e e e e amh L omb 4o YA R RS e B8 S0 ES eSS e s SRS RS RE S nremrar i 275
A, Introduction st et rasartaasetne s sepane reee ettt v et 215
B. Stericaily encumbered silyleRes ..o e e 277
(i} Generation ......., 277
(ii) Addition and cycloaddition reactions . 281
C. Stable and nearly stable dISHENES ... et e st s s 285
(i} Synthesis 286
(it} Chemical propesties . 288
Acknowledgemems e e e eaei b e e s 294
Addendun............... 294
References 296

ABSTRACT

This report summarises some aspects of silicon compounds of coordination numbers two and three. As
examples for such molecules, generation and trapping reactions of the sterically encumbered silylencs:
dimaesitylsilylene, di-tert-butylsilylene, and diademantylsilyfene are discussed. Some more recent results from
the chemistry of stable and marginaily steble disitenes are also considered.

A. INTRODUCTION

Enormous advances have been made in silicon chemistry since 1980. Many com-
pounds which previously had not been thought to exist or were considered only to exist as
reactive intermediates are now accessible as thermally stable molecules,

The first stable compounds with 8i—C [1,2], Si-8i [3,4], Si-N [5-7], 8i-P [8-10},
and Si-As {11] double bends were isolated and completely characterized, and there is
also a well developed chemistry of some of these compounds,

In recent years much interest has been focused on sterically encumbered silytenes
which by reaction with multiply bonded compounds afforded novel cyclic and acyclic
molecules. In addition, several silylene complexes of transition metals of type 1 have been
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prepared which (with the exception of cationic species) require an additional donor to the
silicon atom and, as a consequence, formally belong to four-coordinate silicon com-
pounds [12,13]. The same applies to the intramolecular base stabilized compounds 2 and
3. The X-ray structure analysis of the silathione 2 verifies the zwitterionic character of
this molecule [14] (eqn. (1)).
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The many advances in organosilicon chemistry are documented in the Proceedings
of the Edinburgh Conference on Qrganosilicon Chemistry [15] and in particular in the
comprehensive two-volume publication, The Chemistry of Organic Silicon Compounds
from 1989 [16]. More specific reviews are cited at appropriate places in the text,

If the field of low-coordinated silicon compounds is compared with corresponding
organic molecules, it becomes clear that there are still large gaps. For example, stable
disilynes, compounds with a Si-Si triple bond; are unknown as are molecules in which
silicon is part of a stable system of cumulated double bonds. A good example of different
stabilities of carbon and silicon compounds is shown by carbenium ions Ry;C® and silice-
nium fons RySi®, On the one hand, silicenium ions are frequently more stable in the gas
phase than their carbon analogues (17], however, in the condensed phase this situation is
completely reversed. Whilst carbeniwm ions often form stable compounds which in indi-
vidual cases can even be characterized by X-ray structure analyses [18,19], the existence
of silicenium ions has not been unambiguously proven. Even though Wannagat et al. were
able to show in the middle of the 1950s that trialkylsilyl and triarylsilyl perchlorates are
covalent esters of perchloric acid [20,21] as opposed to the corresponding carbon com-
pounds, it is precisely this class of compounds which has been the subject of heated dis-
putes in recent years, Lambert et al. assumed from conductance, molecular weight deter-
minations and NMR studies [22-25] that silicenium fons exist at least in highly diluted
solutions of such perchlorates. Olah and his group, on the other hand, have arrived at the
conclusion that these molecules are also of covalent nature in diluted solutions [26,27]
and that the phenomena observed by Lambert et al. indicate a hydrolysis of the silyl per-
chlorates by residual water in “dry” solvents to give perchloric acid. In a recent report
about this controversy, Lickiss [28] sums up: “... there is no clear evidence for their [silyl
perchlorates] ionization to give R;Si® ions in the solvent studied”,

This review article should be considered neither as a short form, nor as a supple-
ment to the monographs mentioned [15,16]. On the contrary, some aspects of silicon
compounds of coordination numbers two and three are discussed and the limitations
which exist at present are indicated. As examples for such molecules, generation and
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trapping reactions of sterically encumbered siiylenes and some more recent results from
the chemisiry of stable and marginally stable disilenes are discussed.

B. STERICALLY ENCUMBERED SILYLENES

The contributions made by Gaspar in the series Reactive Intermediates {291 have
proved to be extremely informative. As this periodical presumably will not be printed in
future [30] and as the chapter about silylenes which was te have appeared in the two vol-
umes by Patai/Rappoport could not be realized {16], there is an urgent requirement for an
up-to-date, competent and comprehensive review of this class of compounds, In this pa-
per, some bulky substituted silylenes are dealt with, the majority of which have only be-
come available in recent years but have, nevertheless, enabled a quite comprehensive
chemistry.

As opposed to carbenes, all silylenes investigated up to now occur exclusively in a
singlet ground state. One of the interesting aspects of silylenes with bulky substituents is
that by expanding the bond angle, the singlet-triplet energy gap can be reduced fo such a
degree that reactions from the triplet state become possibie. In the case of the parent sily-
lene, :SiH(S), there is excellent agreement between experimental and theoretical values
for the bond angle; the theoretically calculated [31] and the experimentally observed [32]
bond angles are 92.5° and 92.8°, respectively, whilst the angle for :SiHx(T) was calcu-
lated fo be 118° and the singlet-triplet energy difference ca. 85 k¥ moi! [31]. In the case
of di-tert-butylsilylene, extremely time-consuming calculations were used to give the an-
gles 111.7(S) and 124.7(T) and a singlet-triplet gap of more than 40 kJ mol-! [33]. If the
bond angle should exceed 130° by even larger substituents at the silicon atom, then the
friplet state may become the ground state [34], a case that has, up to now, not been ex-
perimentaily realized. For a detailed theoretical review see [35).

These considerations apply, however, only for silylenes which contain divalent and
two-coordinate silicon atoms. Hence, although Jutzi's decamethylsilicocene 4 [36] pos-
sesses divalent silicon and two ligands in a linear or only weakly angled sandwich struc-
ture, the coordination number is 10 and, as a resuit, this compound as well as 5 [37] does
not appear as a typically electron-deficient compound (eqn. (2)).
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(i) Generation

Typical examples of silylenes are, on the other hand, the buiky substituted mole-
cules dimesitylsilylene 6, di-tert-butylsilylene 18 or the recently described diadamantyl-
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silylene 25. The best access to 6 as well as to other arylsilylenes is the photolysis of 2-
aryitrisilanes [38]. 2,2-Dimesityl-1,1,1,3,3,3-hexamethyltrisitane {39], has been known for
some time as a silylene sowrce in solution j40,41], and generates 6 at low temperatures
[38]. In the absence of wrapping reagents, 6 dimerizes to tetramesityldisilene when the
temperature is increased {3] (eqn. (3)).

Ar
!
MeySi—Si—SiMey e MeySinSiMey + ArSE X2 o Ar,SicSiAr,
Ar
¢ 3
AT = 24,6-MeaCgH,

An alternative route to aryl-substituted silylenes is the photolysis of hexaarylcycio-
trisilanes which proceeds by cleavage of two 8i-Si bonds to produce the disilene and the
silylene, with the latter undergoing dimerization to give more disilene (see below) [4]

(eqn. (4)).

Ary
Si
b i: o+ wSiAr.
AIZS‘i-—-—- Si.Al'z Mw 2 ( 4)
A = 26-MeyCoHy

The general applicability of the acyclic trisitane method for the generation of aryl-
silylenes is shown by the formation of the sterically congested silylenes bis(2,4,6-triiso-
propyviphenyl)silylene 7 [42] and 2.,4,6-triisopropylphenyl(1,2,3-tri-tert-butylcyclo-
prepenyl)silylene 8 [43] (eqn. (5)).

Ar
MeySi—Si—SiMe; — em  MeySi-SiMey + Sic
R
R
7, Ar = R = 24,6-PryCeH, (5

s; Ar = 2.4.6-{??3(:6!{2

Silylene 8 is unusual in two respects. Irradiation of 8 with visible light in a 3-
methylpentane glass at 77 K gives the silacyclobutadiene derivative 9, which is converted
into 8 when the temperature is raised. Chviously, 8 is thermally more stabie than cyclobu-
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tadiene 9 and appears to be the most stable of all previously investigated silylenes de-
composing only above 206 K [43] {egn. (6)).

Ar
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(6)
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9

There are, however, notable differences in the stabilities of the analogous reom
temperature stable germylenes [44], stannylenes and plumbylenes [45] known from the
work of Lappert and co-workers [46]. More recently, the crystalline carbene 10 has been
isclated and completely characterized [47). The structure of 1@ together with some more
recent examples of thermally stable germylenes 11 [48), stanaylenes 12, §3 [49,50] and
plumbylenes 14 {51] is summarized in the following formulae. It would be extremely use-
ful if, similar to the accidental discovery of 19, a silylene, stable at room temperature,
could be isolated (eqn. (7)).

R
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ll‘ R R Ar = 24.6{CF313CgH,

10, R = Adamaneyt 1n IR =SiMe; 13M=Sy;l4M=Fb

In contrast to the arylsilylenes, aikyl-substituted silylenes are hardly accessible from
acyclic trisilanes. Photolysis of 2,2-di-tert-butyl-1,1,3,3-tetramethyl- 1, 3-diphenyltrisilane
15 [52] or of the corresponding 2,2-diadamantylirisilane derivative 16 [53] does not pro-
ceed by simultaneous cleavage of two 5i-Si bonds to give the corresponding silylenes.
Instead, Si-Si bond hemolysis dominates as an important primary step in the photoreac-
tion {eqn. (8)).

R
I he
PhMeZSi—Ti—SiMth —>&—» PhMeySi-—SiMezPh + RoSi:
R (3

15, R = ¢By; 16, R = Adamantyl

Di-tert-butylsilylene 18, which is not accessible via the trisilane route, can, how-
ever, be generated by a number of different methods. One possibility is the photolysis of
hexa-tert-butylcyclotrisilane 17 [54], which also produces tetra-tert-buityldisilene 19. In
contrast to hexearylcyclotrisilanes, which upon photolysis are completely converted into
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tetraaryldisilenes, 17 gives the short-lived 18 and the marginally stable 19 together in a
sort of cage and they do not separate until reaction occurs with a trapping reagent [55]. If
17 is subjected to irradiation in the absence of trapping reagents, the three-membered ring
17 is quantitatively recovered after irradiation (eqn. (9)).

¢Bu,5i: awsh Si
fBuz / \
Si Bw 18 afeae'h
&)
1Bu,Si SirBuy £Bu,Si =5ifBu; _aWsh . :BuZSi-—SirBuz
17 » ill ~b

The majer product from 254-nm irradiation of matrix-isolated diazidodi-tert-bu-
tylsilane 20 is aiso 18, which undergoes a subsequent photochemical C-H insertion to
give isclable 1-tert-butyl-2,2-dimethy!-1-silacyclopropane 21{56] (eqn. (10}).

H Bu
N
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£BuySi(Ng)y B .
P (10)
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0

A number of years ago, Seyferth and co-workers showed that the thermolysis of
hexamethylsilirane is an elegant method to generate dimethylsilylene [57]. Recently,
Boudjouk and co-workers have shown that treatment of di-tert-butyldichlorosilane with
lithium in the presence of cis- and frans-butene under ultrasonic iradiation led to the
stereospecific formation of 1,1-di-tert-butyl-cis(trans)-2,3-dimethylsiliranes, for example
22 [58]. Photolysis or thermolysis of both siliranes produces 18 along with the less reac-
tive cis- or irans-butene {eqn. {11)}.

£
. . Si
tBuySiCly + 2Li + r=— ..»_)... H‘,___C/ \CH3 a{kw) 18 an
— -CaH,
H3C¢ C\.?H 4+

22

in a similar manner, Gaspar and co-workers have recently succeeded in obtaining
several 1,]-diadamantyisiliranes and 1,]-diadamantylsilirenes [53). The siliranes are ef-
fective precursors for the thermal or photochemical generation of diadamantyisilylene 25.
Very original in this respect was the synthesis of diadamantyldiiodosilane 23 which was
obtained by hydresilylation of 2 equiv. of dehydroadamantene [59,60] with diicdosilane.
The following formula shows the generation of 25 via silirane 24 [53] {egn. (12}).
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{ii) Addition and cycloaddition reactions

Whilst addition or cycloaddition reactions of sterically less crowded silylenes are
frequently accempanied by rearrangements or other consecutive reactions [29], corre-
sponding reactions of the bulky substituted silylenes 6, 18 and 25 lead to considerably
more stable products. Scheme 1 summarizes selected reactions of silylene 6.

The most important reaction of 6 is certainly the dimerization to ietramesityldisi-
lene, the very first isolated disilene [3]. In addition, several cycloadditien reactions of 6
are also interesting which mainly result in stable ring systems without any rearrangement.
For example, 6 reacts with frans-2-butene to form silirane 26 which is isolated along with
its (Z)-isomer [42]. With tert-butylallene, 6 forms several products of which the (£)- and
{Z}isomeric alkylidensiliranes 27 are mentioned here {61]. Furthermore, [2+1]-cycload-
dition also takes place with iminoboranes which, for example, produce the azasilaboririd-
ene derivative 28 [62]. The attempted [3+1]-cycloaddition of 6 to a sterically over-
crowded silyl azide was more complicated and ¢he silacyclobutene derivative 29 was iso-
lated. The formation of 29 is most easily explained when it is assumed that the {3+1]-cy-
cloaddition of 6 to the silyl azide followed by a loss of nitrogen gives 31 which rearranges
by a [1,5]-sigmatropic shift of hydrogen ffom one of the ortho-methyl groups to the nitro-
gen atom, followed by conrotatory ring closure [63] (egn. (13)).

Mes

Mes,
AN |
HaC, H
3 FL— Mes,Si==SiMes, {BuSH-NH.-Si
H CHy
(E)26

‘{_/Ixz 435““3 29

1Bu s
Mesy Mesy
Si
B/ \N’ *
Bu”” “eBu
28

Scheme 1. Selected reactions of silylene 6.
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N
. PN
{BusSi-N=N=N + § —= { ;Bu.Si-N . \N -N=
3 \Si/ —N- BuaSi-N SiMesy -2 29 (13)
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Silylene 6 reacts with 2,2-bipyridyl and its derivatives in a [4+1]-fashion to provide the
violet dimesityl-2,2"-bipyridyl-(N,N')silanes 30 [64] in which the heteroaromatic rings of
bipyridyl were converted into ortho-quinoid systems.

Due to their electron deficiency, silylenes like 6 should behave as typical Lewis
acids and form corresponding adducts with Lewis bases. West and co-workers [65] have
been able to show in a comprehensive study that free silylenes, generated photolytically at
77 K in 3-methylpentane matrices, react upon annealing of the matrix with ethers, amines,
sulfides and phosphines to give the corresponding acid-base complexes. In the case of
some adducts of 6, further warming of the matrix leads to tetramesityldisilene (egn. (14)).

RoSie-8
+:8 x2
=B 2B (14)
RZSi: — sti_siRz

In the presence of branched alcohols the same reaction leads to silylene insertion
into the O—H bond [65]. A Lewis acid-base adduct is also formed with carbon monexide
which, accerding to the spectroscopic data as well as the reaction behaviour, should cor-
respond to the structure of the non-planar complex 32 [66]. Theoretical calculations on
the hydrogen compound H,SiCO predict that the energy of the non-planar form 32 is ap-
preciably lower than that of a planar geometry [67] {eqn. (15)).

M
Mes, ies
6+ 00— SE ax2
i—C®RO o Mes,Sim=SiM 15
® 2co 2 “2 1s)

2

Silytene 6, generated photochemicaily in an oxygen matrix at 16 K, reacts smoothly with
the oxygen to form a product which, on the basis of its IR spectrum and caiculations of
the parent compound H,Si0,, has the structure of a silanene O-oxide [68].

Now that sterically encumbered diarylsilylenes are readily available, it is interesting
to compare their properties with those of dialkylsilylenes like di-tert-butylsilylene 18.
However, this should be considered with caution as comparable investigations are not
avaitable in most cases. Silylene 18 is formed mainly by photolysis of the cyclotrisilane
17 or, less frequently, by photolysis or thermolysis of silirane 22. Some addition reactions
of 18 are summarized in Scheme 2 {691.
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Scheme 2. Selected reactions of silylene 18.

Silylene 18 undergoes [2+1]-additions to the triple bonds of several nitriles to give
silaazirines 33, which undergo spontaneous o-dimerization to give 1,4-(34) or 1,3-diaza-
2,5-disila-1(6),3-cyclohexadienes, presumably owing to the high ring strain. Formation of
the silaazirine intermediates could be confirmed indirectly by the analogous reaction of
18 with phosphaalkynes, from which stable phosphasilirenes 35 are isolable. The mole-
cules 35 (R ='Bu, adamantyl) were the first three-membered rings containing a P-C
double bond [71]. The structure of the adamanty! derivative has been confirmed by X-ray
crystallography of its end-on coordinated complex with tungsten pentacarbonyl {71].

Reaction of 18 with tri-tert-butylsily] azide gives two compounds, both of which
have been previously obtained by independent routes [72]. The 1,7-diaza-2,6- disilahep-
tane 37 is the major product of this reaction. The proposed primary intermediate, the si-
lanimine 36, is also isolated in minor amounts [63]. It is believed that the reaction se-
quence initially gives the silanimine 36 which by an ene reaction with photochemically
formed isobutylene produces the final product 37 [63). When 2,2-bipyridyl or 4,4'-di-
methyl-2,2"-bipyridyl are allowed to react with 18, only the [4+1)-cycloaddition preducts
38 are obtained, in which the heteroaromatic rings are converted into ortho-guinoid ring
systems, as in the case of 30. Compound 38 has a dark violet colowr and shows
absorptions at ca. 560 am [73]. Photolysis of 18 in the presence of 1,4-dialkyl-1 4-diaza-
1,3-butadienes or reaction of these butadienes with lithium and di-tert-butyldichlorosilane
gives the colourless cyclopentenes 39, which possess the same C;N,Si-framework as the
bipyridyl adducts 38 {74].

in contrast to the numerous cycloaddition reactions of 18 to multiple bonded com-
pounds, co-photolysis of §7 and several isocyanides seem to follow an aiternative route,
Assuming the branching of the substituents is not too great, the disilacyclobutane-1,3-
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diimines 48—44 are formed, whose colours in the crystal vary betweeen bright yetlow and
red [75-77). A plausible explanation for the formation of these rings is the addition of
silylene 18 to the carbene-like carbon atom of the isocyanide to give a ketenitnine 45, or a
Lewis-acid-base adduct between 18 and the isocyanide, whose cyclodimerization should
result in the isolated rings (egn. {16)).

RN
¢ — suBu,
18 + R-N=C —» RN=C=SiByy 2w
!Buzsi —C ~
45 NR (16)
40- 44

40, R=CF3; 42, R=CgHg; 42, R=CgFs; 43, R=3,5-(CF3)oCyHy; 44, R=2,8,6MesCgHy

Another possibility is a twofold addition of the respective isocyanides to the two Si-Si
bonds of tetra-tert-butyldisilene, which is formed simultaneously with 18 upon photolysis
of 17. Indeed, West et al. [78] have isolated a disilacyclopropanimine by isocyanide ad-
dition to a stable disilene.

A little more clarity in the process of the photolysis of 17 with isocyanides is
achieved by aryl groups bearing highly branched ortho-substituents. Thus, the irradiation
of 17 in the presence of 2,6-diisopropylphenyl isocyanide results in a dark-green solution,
from which violet crystals of 46 are first isolated. Prolonged cooling of the solution at
-30°C resuits in a small amount of green crystals of 47. The molecules 46 and 47, whose
structure is confirmed unambiguously by X-ray crystallography, are always isolated in a
ratio of ca. 10:1, regardless of the reactior conditions. They are not photochemically in-
terconverted into one another [76] (eqn. (173}

RN RN NR

=y
C— SiBy, Se—¢g”?

17+:C=NR _X2 [ | + | |
tBusSi —-C SR {Bu;y5i—SuBu, Q7

R = 2,6-!'Pr2C6H3 46 47

It is possible that they arise from a common intermediate, such as a silaketeniine of the
type Bu,Si=C=NR. Head-to-tail dimerization then should give the four-membered ring
46, whereas head to head dimerization should yield the isomer 47. In the absence of
trapping reagents, some shert-lived silaethylenes 1] and silapropadienes [79] bearing
bulky substituents also undergo head-to-head dimerization yielding 3,4-disilacyciobu-
tanes. To verify that 46 and 47 result from dimerization of the suggested silaketenimine
45 and not from a twofold addition of aryl isocyanide to the disilene 19, we allowed 17 to
react with 2.4.6-tri-tert-butylphenyl isocvanide, whose bulky ortho-tert-butyl groups
should disfavour both cyclodimerization and insertion into the Si-8i bond of a possible
disilacyclopropanimine intermediate.
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Scheme 3. Thermally induced generation and trapping of silylene 25,

In fact, a monomeric compound consisting of 18 and the ary] isocyanide in a ratio
of 1:1 was isolated. The spectroscopic data indicated, however, that the expected inter-
mediate 48 had rearranged to the colourless triatkylsilyl cyanide 49 (eqn. {18)).

1BuySi-CEN
18 + :CNR ~-s {Bu,Si=C=NR} —2—w= °|
CH,
!
HyC-C—CHy (18)
4 ]

Investigations dealing with diadamantylsilylene 25 are still very much in their inijtial
phase in spite of numerous insertion and addition reactions [53] (Scheme 3). The addition
of thermally generated 25 {(derived from various precursors 50) to cis-butene and c¢is- and
frans-hexene is totally stereospecific. The stereospecific formation of the addition prod-
ucts 51--83 implies a singlet electronic state of 25. Generation of 25 by photochemically
induced bond cleavage, however, is complicated by photoisomerization of cis- and trans-
1,1-diadamantylsitiranes 58, but again a high degree of stereospecificity is observed [53].

The reactions of sterically encumbered silylenes described briefly here not onty in-
dicate their synthetic potential, but alse give reason to expect that there are additional
reactions of this type. Long-term aims are stiil the generation of silylenes with an elec-
tronic triplet ground state which might be possible by other substitution patterns and the
synthesis of the first room temperature stable silylene,

C. STABLE AND NEARLY STABLE DISILENES

The synthesis and chemistry of unsaturated silicon compounds and particularly of
disilenes have already been the subject of reviews such as The Chemistry of Disilenes, by
R. West [80}, Multiple Bonding to Silicon, by Raabe and Michl [81}, Nove! Silicon Ring
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Compounds, by R. West [82), and the comprehensive review article by Masamune et al.,
Strained Ring and Double Bond Systems Consisting of Group 14 Elements Si Ge, Sn
[83]. Hence, in order to avoid unnecessary repetition, particularly with [82,83], this paper
is restricted to some fundamental principles of disilene chemistry, together with more re-
cent reactions of this class of compounds.

() Synthesis

Since the report on tetramesityldisilene 54 in 1981 [3], the first molecule with a
8i—Si double bond stable at reom temperature, a number of different methods have been
used to synthesize disilenes. The oldest of these has been applied most frequently and
involves the photolysis of acyclic 1,1,1,3,3,3-hexamethyltrisilanes at low temperatures.
Simultaneous cleavage of two Si—Si bonds gives hexamethyldisilane and a silylene which
results in the corresponding disilene upon dimerization. This method, mainly used by
Waest et al.,. has enabled the isolation of a pumber of disilenes, some of which are listed
below [3,84,87] {eqn. (19)).

Rl r! R2
. l‘ . h 1 AN /
Me;Si —-sl: —§iMe; g MesSi-SiMey + RIRZS:: SimmSi
R? R !l
R! =R2 = Mes, 54
R! = Mes, R2 = By, 5§ (19)
R! = Mes, R? = Xy, 6
Rl = Mes, RZ = 1-A4, 51

RE = Mes, R? = N(SiMeq)) 58

Mes = 2,4,6-MesCrHy Xyl = 2,6-MeqUCgHs, 1-Ad = 1-Adamantyl

The presence of an aryl group on the central silicon atom of the trisilane is obvi-
ously the necessary condition for preference given to the silylene extrusion instead of
bond homeolysis and formation of radicals. The disilenes 55-58 having two different sub-
stituents per silicon atom occur mainly as the thermodynamically favoured E isomers.
However, they can often be converted into the Z isomer by irradiation, or be enriched in
this form as shown in eqn. (20) [86]:

Ad Mes Mes Mes
AN s b . L
/C==C\ 5¢ Gi v S
Mes Ad Ad/ ~ Ad (20)
(E}- 57 {Z)- 57

Co-photolysis of two trisilanes having different substitution patterns on the central silicon
atoms enables not only isolation of the compounds RiSi, and RiSi, but also of the
asymmetrical substituted compounds 59 [85] which are necessary for the determination of
the 1J(8iSi) coupling constants {88] {eqn. (21)).
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rl rZ Rl R2
MeSi sis SiMe, + MeaSi é; SiM. b \Si i
e3Si—-Si—SiMey + MegSi—Si—SiMe; 2 = 20.
i I “MeS N 21
R! 2 2 o R2 @)
59

The photochemically induced cleavage of cyclotrisilanes is also a frequently used
procedure for the formation of disilenes {4]. This method was subsequently used for the
synthesis of digermenes and of a marginally stable distannene [83]. Examples of some
disilenes synthesized in this manner are shown below [4, 83-90] {eqn. (22)).

Rl g2
~sio gl ’2
b RIR%E - ™ SienSi~”
R2__si si—R!1 - a2 3 ~gl
Rl/ ™~ 2 , R
R (22}

RLRZ=Xy1 60
RLRZ=Dep 61
Xyl = 2,6-Me,CgHy; Dep = 26-Et,Catls (E)-and (2 55

The above photolysis proceeds by simuitaneous cleavage of two Si-Si bonds to
form disilene and silylene, with the latter undergoing dimerization to give more disilene.
The accurrence of silylene during photolysis was shown by the trapping reaction with 2,3-
dimethyl-1,3-butadiene from which the [4+1]-cycloadduct was isolated [91). A disadvan-
tage of this method is the fact that aryl-substituted cyclotrisilanes can usually only be
obtained in low yields [83]. On the other hand, an advantage is that alkyl-substituted disi-
lenes are also accessible. For example, the marginally stable tetra-tert-butyldisilene 19 is
obtained by photofragmentation of cyclotrisilane 17 [54).

The most obvious method for the synthesis of disilenes is supposed to be the reduc-
tive halide elimination from stericaily crowded dihalosilanes or 1,2-dihalodisilanes.
However, this is only occasionally successful. The atterapted synthesis of 19 by reductive
halide elimination from, for instance, 1,2-dibromo-1,1,2,2-tetra-fert-butyldisilane resuited
in an impure 19 which was trapped with 1 3-dienes to give the [2+2]cycloaddition prod-
uct [92] (eqn. (23)).

{Bu,Si—SitBuy
) +2M G
rBuzsll sl::suz S BugSi=SiBu (23)
Br Br 19

M o 1Bu,Si=SirBuy T M®
o2
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Later we were able to prove that this reaction did not stop at the disilene 19 stage; instead
the persistent disileny! radical anions 62 were formed by an additional electron transfer
[93]. By photochemical retro Diels-Alder reaction of 63, Masamune et al. also obtained
disilene 19, which is rather unstable at room temperature and has a half-life of only sev-
eral hours [94] (eqn. (24)).

. /—\?”B,Q o

&3

Up to now, only a few cases are known where stabie disilenes are produced by hal-
ide elimination reactions. Masamune et al. succeeded in obtaining the first, and up to now
only, stable tetraaikyldisilene 64 by reaction of diiodobis{trimethylsilylmethyi)silane with
lithium naphthalenide [95] (eqn. (25)).

2i(MeySCHRSILy + 41i/CygHg s [(Me3Si);CHYSi==SiHC{SMes) )y (25)
[

Watanabe and Nagai et 2l. found independently that either reductive coupling of dichlo-
robis(2,4,6-triisopropylphenyl)silane or reductive chloride elimination from the corre-
sponding 1,2-dichlorodisilane provides the sterically extremely congested disilene 65 [96]

(eqn. (26)).
RSICly + Li/CigHg —— RySi ==5iRy #—— R,CISIi—SiCIR, + Li/CigHy

65 (26)
R= 2,4,6-!‘?1‘3C6H2
(Z)- and (E)-disilenes 66 have been prepared by Masamune et al. by a similar route [97)
(egn. (27)).
RIR%SICY ¢ Li/CigHy -—w  RIRZSi=SiRIR2
R! = 24.6-MeqCeHy; @7
R? = 26-iPr;CaHy X (2166

The method of reductive coupling appears to be very promising for the synthesis of addi-
tional disilenes, especially in the case of very bulky substituted dihalosilanes which can-
not be converted into cyclotrisilanes.

(¥) Chemical properties

As mentioned above, synthesis and reactivity of disilenes has been the subject of
several leading review articles {80—83]. Consequently, only some principles and examples
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for the reactivities of disilenes are described here. Inspite of shielding by bulky substitu-
ents, disilenes are often the subject of many unusual reactions. The majority of reactions
described here refer o the stable disilene 54 and nearly stable disilene 19 and, therefore,
itlustrate the differences and similarities in the reactivity of tetraaryl- and tetraalkyldisile-
nes. The oxidation of disilenes by air are discussed first. Although one of the first reac-
tions to be investigated, they have only very recently been clarified.

In contrast to most alkenes, which do not react with triplet dioxygen (30,) at low
temperatures, treatment of 54 with 30, eventually gives the 1,3-cyclodisiloxane 67 [98]

{eqn. (28)).

s + Y0, -—DMGQSE//O\SiMea or Muzsi{f- SiMesy
No” No” (28)
67 (4) 67(B)

A striking feature of the structure of 67 is the silicon—silicon distance of 231 pm, some-
what shorter than the normal Si-Si single-bond length of ca. 234 pm [98]). From a 2%Sj
NMR study of cyclodisiloxanes with different substitution patterns at the silicon atoms,
West and co-workers have concluded, that despite the short intramolecular Si-Si contact,
there is probably no bonding between the silicon atoms. Typical 2/(SiOSi) values range
from 1 to 4 Hz. The measured values of 3.85—4 Hz for the disiloxanes are consistent with
structure A {88},

The mechanism for air oxidation of disilenes is described below. For instance, disi-
lene (E)-55 reacts in solution with 30, to give 1,2-disiladioxetane 68 as the major product
along with smaller amounts of disilaoxirane 69. Compound 68 rearranges either in the
solid state or in selution to give 1,3-cyclodisiloxane 78 [39] (egn. (29)).

o0—0
R .
MesSi ~——Si-Bo
Bu O M
(E)-55 302 ¢Bu  Mes N\~ s
& - /Sl\ /Si\
3 Mes o) iBu 29)
o 0,
tBu— 8i ———5ji — M5 7o
Mes tBu

69

Both, air oxidation of (E}-55 and rearrangement of 68 to 1,3-cyclodisiloxane 70 take
place with retention of configuration at siticon [99,100]. Crossover experirnents with un-
labeled 68 and doubly '*O-labeled 68 as well as crystallographic data indicate that the
rearrangement 68 — 70 is intramolecular both in the solid state and in solution [100]).
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Treatment of disilene 54 with dinitrogen oxide or with the heavier chalcogens sul-
fur, selenium and tellurivm gives the novel ring systems of oxa- [101], thia- [102], selena-
and telluradisitiranes [103] 71-74, which are hardly accessible by other routes (eqn,
(30)).

o,
N0 M [X)
Mesz&é—SiMesz ‘_ﬁz— - Mn28i/—:-\SiMe32 (30)

71 X =8,72,5,73,Te, T4

An interesting feature of these rings is the decrease in the Si-8i bond distances with in-
creasing electronegativity of the chalcogen atom. Thus, for 71 the Si-Si bond distance of
ca. 223 pm [101] is closer to the double bond length of ca. 215 pm than to the single bond
distance of ca. 235 pm. In 71, the arrangement of silicon and the two ipso-carbon atoms
of the aryl groups at both silicon atoms is strictly planar (sum of angles at Si 360°) and
nearly planar in 72-74, The bonding in these rings may, therefore, be regarded to exist in
the continuum between the three-membered ring structures and that of m-complexes 75

{eqn. (31)).
X X
Mes,Si—— SiMes, *——=  Mes,Si L SiMes, (31

75

A similar phenomenon has been observed for the corresponding thia- [104], selena- [104,
105), and telluradigermiranes [106] and for 1,2-dithiadistannetane [107] and telluradis-
tannirane [108] which also reveal a nearly planar arrangement at the germaniwm and tin
atoms. The z-complex model 75 can probabiy be ruled out for these molecules, since the
Ge—Ge and Sn—Sn bond distances are not markedly shorter than the normal single bond
lengths.

In contrast to the reactions of 54 with chalcogens, thermolysis of 17 ir the presence
of oxygen, sulfur or selenivm results in the ring-enlarged molecules 76-78 [109] (eqn.

(32)).

tBuySi —— X X=0,
17+[X] —2 . i | =877 (32)
BuySi —SiBuy =3¢

Several cycloaddition reactions of stable tetraaryldisilenes (in particular 54) are
summarized in Scheme 4, Treatment of disilene 60 withdiazomethane gives the disilirane
79 whose X-structure analysis reveals a remarkably short Si-Si bond distance of
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H H NCHAr N
N/ 1 &
C N N-R
XylySi—— SiXyly Mes,8i ———SiMesy Mes;Si — SiMesy
1 80 l 81

%?=CH\ b7k

| &— AnsSi=siAry, —e=
Mesy8i ———SiMesy MesySi—SiMes,

s,/l\n

CgHgN ——NCeHs RRC—X X=0,8 / i \
' | | |  X=s85 PLA
Mes;Si ——SiMes,  MesySi——SiMes, Mes)Si SiMes,

86 8
Scheme 4. Addition reactions of tetraaryldisilenss.

227.2 pm [90]. On the other hand, disilene 54 reacts with para-tolyldiazomethane in a
[2+1)-fashion without losing N, to give the adduct 8% [110]. The reactions of azides with
54 are strongly dependent on the group R in RN;. Aryl substituted azides give two prod-
ucts, disilatriazolines 81 and disilaaziridines 82. When R = PhCH, or Me;S8iCH,, inter-
mediate three-membered rings are formed which upon thermolysis yield the correspond-
ing disilaaziridines. For R = Me; 8, only compound 82 was formed, the structure of which
was found to have a short 8i-8i bond length of 223 pm [i11]. Treatment of 54 with white
phosphorus proceeds by cleavage of the two Si-Si bonds in 54 to give the disiladiphos-
phane 83 having a butterfly-like bicyclo[1.1.0Jbutane structure [112]. Disilene 54 also re-
acts with several aldehydes and ketones {113,114} by [2+2]-cycloaddition to the carbonyl]
group, yielding oxadisiletanes of type 84, The reaction of 54 with thiobenzophencne pro-
ceeds similarly to give the first thiadisiletane 85 (R, R' = C4H;) [115]. Recently, the 1,2-
diaza-3,4-disilacyclobutane derivative 86 was isolated from the reaction of 54 with
azobenzene in low yield [116]. Although disilene 54 is unreactive towards dienes and
several acetylenes, it undergoes [2+2]-cycloaddition to phenylacetylene to give the 1,2-
disilacyclobutene 87 in good yield {113].

Many of the reactions of 54 and other tetraaryldisilenes mentioned here undetline
that these disilenes behave as electron-rich olefins. This is also true for tetraalkyldisilene
19, some reactions of which are summarized in Scheme 5.

Consistent with 54, disilene 19 undergoes [2+2]<ycloadditions to the C-C iriple
bond of phenylacetylene and to the carbonyl bond of several ketones %o give the 1,2-disi-
lacyclobutene derivative 88 and the addition products 89 [117]. Whereas 54 does not
react with alkenes and conjugated dienes [118], 19 is found to be reactive towards 1,3-
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CeHsC==CH RR'C—0 m':——cn

| |
tBupSi —SirBu, :nuzsz——insuz {BuSi ~—— SitBu,
58 a9 90

N

RN NR w— 1BuySi~=SiBuy =
\. ./ —
Si —Si P TN N,
Buy fBuy 95 st m
l I'Bl.lz
tBqu!i-—?itBuz :Bu3SiCiT=N'
/ c— 1Bu,Si—SitBu,
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y 93 %2
1Bu,Si—SiBu, B s e

Scheme 5. Cycloaddition reactions of disilene 19.

dienes including 1,3-cyclohexadiene (see above) [91] or with the (V. N)-bipyridyisilane
38 to give the [2+2]- rather than the [2+4]-cycloadducts 90 and 91 [119]. Interestingly, 19
adds to 1,3-diphenylisobenzofuran exclusively in a [2+2]-fashion to provide the adduct 96
[119]. From a thermodynamic point of view, formation of the aromatic compound 97 by a
Diels-Alder reaction should be expected rather than the formation of its isomer 96 {eqn.

(33)).

t: Buzsi Sil‘Bl.lz
8 O,
19 12
33
SitBuy (33)
SII'Bllz
97 96

The sterically congested tri-tert-butylsilylnitrile reacts smoothly with 19 to give the
2,3-disila-1-azetine derivative 92 j120] while alkenes do not undergo [2+2]-cycloaddi-
tions with nitriles. Despite bulky ligands, which are necessary for the stabilization of the
Si-Si double bond, stable or nearly stable disilenes are often more reactive than alkenes
bearing sterically less demanding substituents, and, in some cases undergo reactions
atypical for C—C double bonds {80]. The unusual reactivity of 19 is further demonstrated
in its addition reaction to a racemic 3-thiazoline which proceeds diastereoselectively to
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yield the 2,3-disila-1-azetidine derivative 93 {121]. The addition reactions of 19 to C-N
multiple bonds have also been extended to isoguinoline which gives the tricyclic system
94 [122].

Whilst disilene 19 does not underge [4+2]-cycloadditions with 1,3-dienes, the
Diels—Alder adducts 95 are formed with heterodienes, e.g. 1,4-diazabutadienes [74). It
can be deduced that the electron deficient properties of 1,4-diazabutadienes favour het-
ero-Diels—Alder reactions operating by inverse electron demand [123’]. This is corrcbo-
rated by theoretical calculations which indicate that the Si-Si double bond is strongly
electron donating [124] and therefore should add predominantly to electron poor dienes
like 1,4-diazabutadienes [74] or benzil [92,125]. In addition to these cycleadditions, disi-
lene 19 undergoes several reactions from which rearranged products are isolated.
Treatment of N N'-dicyciohexylcarbodiimide with photochemicaily generated 19 seems to
proceed by [2+2]-addition to one of the C-N double bonds, followed by formal insertion
of the NR groups into the Si—5i bond to provide the rearranged 2,4-disila-1-azacyclobu-
tanimine 99 [122] {eqn. (34)).

RN—c” e —simy
RN=C=NR + 1 —e | | — . |
BuySi—SiBu, BugSi—NR G

5% 99

In order to suppress the rearrangement of the probable intermediate 98, the generatior of
19 was carried out in the presence of ketenimines in which one of the NR groups of car-
bodiimides was replaced by the CR; group. Due to the low electronegativity of carbon
compared to nitrogen, a rearrangement such as observed for 98 ought not to occur.
Actually, the reaction of dimethyl-N-phenylketenimine with 19 gives a product, which in
contrast to 99 has a 8i-Si bond in the four-membered ring. However, the NMR data as
well as the X-ray structure analysis show clearly that the originally formed product of the
presumed cycloaddition, 100, undergoes a 1,4-hydrogen shift and eventually ring closure
into the tricyclic system 191 [126)] (eqn. (35)).

1BrpSi—— SitBuy 1BugSi—SirBus
e
/ P (35)
(CH3nC {CHa),C
100 101

AR interesting type of rearrangement has been observed in the addition of a bulky
substituted isocyanate to 19. This reaction is thonght to proceed by a {3+2]-cycloaddition
of 19 to the isocyanate, By migration of the silyl group from nitrogen to carbon and by
formal insertion of the oxygen atom into the Si-Si bond, the five-membered heterocycie
102 was finally isolated [120] {egn. (36)).
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{Buy
si
BuySiN=C=0 + 19— :Buﬁi—( \/o (36)
N— SirBuy
102

A similar type of rearrangement has been observed in the addition of disilene 54 to nitro-
benzene, providing the five-membered 1,3,2-dioxaazadisilolidene 104. This compound
may be produced by rearrangement of the initially formed [3+2])-cycloaddition product
103 [127] (eqn. (37}

Ph Ph
N
0/ \0 0/ \S’M
PINO, + 54 —= \ / ~S— § Y €3)}
McsZSi-—SiMesz Mesz‘Si--——-O
103 14

Although disilene chemistry is hardly 10 years old, it has borne many fruits, some
of which are described here. Nevertheless, numerous questions still remain unanswered.
Inspite of the larger bulk of the tert-butyl groups compared to the mesityl groups [128],
disilene 54 is a stable molecule at room temperature, whilst alkyl-substituted disilene 19
only has a half-life of some hours. This phenomenon, as well as the absence of other sta-
bie tetraatkyldisilenes (with the exception of 64) is perhaps due to the different shape of
the substituents. Aryl groups can be approximated as disc-shaped and can be arranged
around the Si-Si double bond without causing substantial twist. The more spherical-
shaped tert-butyl groups can lead to an elongation and twisting of the 8i—8i double bond
and, therefore, result in the proven high reactivity.
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ADDENDUM (September, 1993)

Several pertinent results have appeared since submission of this article. They are
kisted under the headings where they should be presented in this review.

A, INTRODUCTION

An NMR study of the formation of silyloxonium ions by using tetrakis[3,5-bis{trifluoro-
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methyl)phenyllborate as a countcranion: M. Kira, T. Hino and H. Sakurai, J. Am. Chem.
Soc., 114 (1992) 6697.

Continued search for elusive persistent trivalent organosilyl cations: the claimed trimethylsiiyl
cation revisited, Attempted preparations of cyclic and halogen-bridged organosilicenium
ions: G.A. Olah, G. Rasul, L. Heiliger, J. Bausch, and GK.S, Prakash, J. Am. Chem. Soc.,
114 (1992) 7737.

[{(m-MesCs),SiHE" ~ a novel silyl cation: P, Jutzi and E.A. Bunte, Angew. Chem., 104 (1992)
1636, Angew, Chem. Int. Ed. Engl., 31 (1992) 1605,

Tetrakis(pentaflucrophenyl)borate: a new anion for silylium cations in the condensed phase: LB.
Lambert and 8. Zang, J. Chem, Soc., Chem. Commun., (1993) 383,

A new weakly coordinating anion: approaching to silylium (silicenium} ion: Z. Xie, D.J. Liston, T.
Jelinek, V. Mitro, R, Bau and C.A. Reed, J. Chem. Sec., Chem. Commaun,, (1993) 384,

The erystal structure of JELSFIBCsFs)y]-2 toluene has been determined. The shortest Si-C
bond distance between the presumed cation and one of the toluene molecules is 218 pm, but
the toluene ring is not distorted and is close to planar. The average C—8i~C angle within the
“cation” is 114°, rather than 120°: 1B, Lambert, S. Zhang, C.L. Stem and J.C. Huffman,
Science, 260 (1993) 1917. On the basis of the structural data, the molecule is viewed as a o-
complex between the tricthyisilyl unit and the toluene molecule: Y. Apeloig, Xth
Intemational Conference on Organosilicon Chemistry, Poznan, Poland, August 1993,

B. SILYLENES
(i) Synthesis

The first stable silylene, 1,3-di-tert-butyl-1,3-diaza-2-sila-cyclo-4-pentene has been obtained: M.
Denk, R. Lennon, R, West, P. Kiprof and M. Wagner, Xth International Conference on
Organosilicon Chemistry, Poznan, Poland, August 1993, using a route that had been success-
fully employed for the synthesis of stable germylenes: W.A. Hermann, M. Denk, J. Behm, W.
Scherer, F.-R. Klingan, H. Bock and M. Wagner, Angew. Chem., 104 {1992) 1489; Angew.
Chem. Int. Ed. Engl., 31 {1992) 1485,

(i) Addition and cycloaddition reactions

Photolysis of hexamethyl-2,2-dimesityltrisilane in the presence of MN-arylpyridine.-2-aldimines
{aryl = mesityl, 2,4,6-triisopropylpheny!) results in insertion of a silylene into the C—H bond
of the acyclic C-N group together with the {4+1]-cycloaddition products; M, Weidenbruch,
H. Piel, A’ Lesch, K. Peters and H.G. von Schnering, J. Organomet. Chem. 454 (1993) 35;
M. Weidenbruch, H. Piel, K. Peters and H.G. von Schnering, QOrganometallics, {2 (1993)
2881. With heating, the insertion products rearrange into the unexpected 1,3-diaza-2-sila-
cyclo-4-pentene derivatives.

C. STABLE AND NEARLY STABLE DISILENES
(i) Synthesis
New 2,4,6-triisopropylphenyl-substituted disilenes (including the first silyl-5ubstituted disilenes):

R.S. Archibald, Y. van den Winkel, J. Millevolte, J M. Desper and R. West, Organometailics,
11 {1992} 3276.
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Twao synthetic methods have been published for the unsymmetrically substituted I, 1-dimesityl-2,2-
bis(2,4,6-triisopropylphenylidisilene: R.S. Archibald, Y. van den Winkel, D.R. Powell and
R. West, . Organomet. Chem,, 446 (1993} 67; M. Weidenbruch, A. Pellmann, Y. Pan, S.
Pohi, W. Sazk and H. Marsmann, J. Organomet. Chem., 450 (1993) 67.

1-Silaallenes are the first ait and water stable compounds containing multiply bonded silicon: G.
Miracle, R. West, I.L. Bali and D.R. Powell, Xth Intemational Conference on Organosilicon
Chemistry, Poznan, Poiand, August 1993,

{ii) Chemical properties

Reactions of tetramesityldisilene with Asy synthesis and structure of a novel tricyclic arsenic-
silicon ring system: R.P. Tan, N.M. Comerlato, D.R. Poweli and R. West, Angew. Chem.,,
104 (1992) 1251; Angew. Chem, Int. Ed, Engl,, 31 (1992) 1217.

Trangition metal complexes of silylenes, silenes, disilenes, and related species (short review): P.D.
Lickiss, Chem. Soc. Rev., (1992) 271.

REFERENCES

1 A.G. Brook, F. Abdesaken, B. Gutekunst, G. Gutekunst and R.K. Kallury, J. Chem. Soc.,
Chem, Commun., (1981) 191; A.G. Brook, S.C. Nyburg, F. Abdesaken, B. Gutekunst, G.
Gutekunst, R.K.M.R. Kallury, Y.C. Pon, Y.-M. Chang and W. Weng-Ng, J. Am. Chem. Soc.,
104 (1982) 5667.

2 N. Wiberg and G. Wagner, Angew. Chem., 95 (1983) 1027; Angew. Chem. Int. Ed. Engl,, 22

 {1983) 1005; N. Wiberg, G. Wagner and G. Mitller, Angew. Chem. Int. Ed, Engl., 97 (1985)
220; 24 (1985) 229.

3 R. West, M.J. Fink and J. Michl, Science {Washington), 214 (1981) 1343,

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

5 N. Wiberg, K. Schurz and G. Fischer, Angew. Chem., 97 (1985) 1058; Angew. Chem. Int.
Ed. Engl., 24 (1985) 1853.

6 N. Wiberg, K. Schurz, G. Reber and G. Miiller, I. Chem. Soc., Chem. Commun., (1986) 591.

7 M. Hesse and U. Klingebiel, Angew. Chem., 98 {1986) 638; Angew. Chem. Int. Ed, Engt,,
25 (1985) 649.

8 CN. Smit, F.M, Lock and F. Bickethaupt, Tetrahedron Lett., 25 (1984) 3011; C.N. Smit and
F. Bickelhaupt, Organometallics, 6 (1987) 1156.

9 Y. van der Winkel, HM.M. Bastiaans and F. Bickelhaupt, J. Organomet. Chem., 405 (1991)
183,

10 M. DrieB, Angew. Chem., 103 (1991) 979; Angew. Chem. Int. Ed. Engl., 30 (1991) 10622,

11 M. DrieB and H. Pritzkow, Angew. Chem., 104 (1992) 350; Angew. Chem. Int. Ed. Engl., 31
(1992) 316.

12 Review: T.D. Tilley, BK. Campion, 8.D. Grumnbine, D.A. Straus and R.H. Heyn, in AR,
Bassindale and P.P. Gaspar (Eds.), Frontiers of Organosilicon Chemistry, The Royal Society
of Chemistry, Cambridge, 1991, p. 295.

13 Review: Ch. Zybill, in Topics in Current Chemistry, Vol. 160, Springer-Verlag, Berlin, 1992,
p. L

i4 P. Arys, J. Boyer, F. Carré, R, Corriu, G. Lanneau, J. Lapasset, M. Pemrot and Ch. Priou,
Angew. Chem,, 101 (1985) 1069; Angew. Chem., Int. Ed. Engl., 28 {1989) 1016.



M. Weidenbruck / Coord. Chem. Rev. 136 (1994) 275-300 297

15

16

17
18
19
20

21
22
23

24

25
26

27
28
29

30
3
32
33
34
35

i6

37

38

39

40
41

42
43
44

435
46
47

AR. Bassindale and P.P. Gaspar (Eds.), Frontiers of Organosilicon Chemistry, The Royal
Society of Chemistry, Cambridge, 1991.

S. Patai and Z. Rappoport (Eds.), The Chemistry of Organic Silicon Compound Parts 1 and
2, Wiley, Chichester, 1989,

8.K. Shin and I.C, Beauchamp, J. Am. Chem. Soc., 111 (1989) 960,

T. Laube, Angew, Chem., 98 (1986) 368; Angew. Chem. Int. Ed. Engl., 25 (1986) 345.

T. Laube, Angew. Chem., 99 (1987) 580; Angew. Chem. Int. Ed. Engl., 26 (1987) 560.

U. Wannagat and V. Liehr, Angew. Chem., 69 (1957) 783; see also: U. Wannagat and F,
Brandmair, Z. Anorg. Allg. Chem., 280 (1955) 223; 288 (1956} 91.

Review: R.I.P, Corriu and M. Henner, J. Crganomet. Chem., 74 {1974) 1.

J.B. Lambert, J.A. McConnell and W 1. Schulz, §. Am. Chem. Soc., 108 (1986) 2482,

1B. Lambert, W.J. Schulz, J.A. McConnell and W. Schilf, J. Am. Chem, Soc., 110 (1988)
2201,

I.B. Lambert, J.A. McConnell, W._ Schilf and W.]. Schulz, J. Chem, Soc., Chem. Commun.,
(1988) 455.

I.B. Lambert, L. Kaniz, W, Schilf and J.A. McConnell, Organametatlics, 10 (1991} 2578.
G.K.8. Prakash, 8. Keyaniyan, R. Aniszfeld, L. Heiliger, G. Olah, R.C. Stevens, H.-K. Choi
and R. Bau, J. Am. Chem. Soc., 109 {1987) 5123,

G.A. Olah, L. Heiliger, X.-P, Li and G.K.S. Prakash, J. Am. Chem. Soc., 112 (1990) 5991,
P.D. Lickiss, J. Chem. Soc, Dalton Trans., {1992) 1333.

P.P. Gaspar, in M. Jones and R,A. Moss (Eds.), Reactive Intermediates, Wiley, New York,
Vol. 1 (1978) p. 229; Vol. 2 (1981) p. 355; Vol. 3 (1985) p. 333.

P.P. Gaspar, personal communication.

K. Balasubramanian and A.D. McLean, J. Chem. Phys., 85 (1986) 5117,

1. Dubois, Can. 1. Phys., 46 (1968) 2485,

M.S. Gordon and M.W. Schmidt, Chem. Phys. Lett., 132 (1986) 294,

M.S. Gordon, Chem. Phys. Lett., 114 {1985) 348.

Y. Apeloig, in S, Patai and Z. Rappoport (Eds.), The Chemistry of Organic Silicon
Compound Parts 1 and 2, Wiley, Chichester, 1989, p. 57.

P. Jutzi, . Kanne and C. Krilger, Angew. Chem., 98 91986) 163;Angew. Chem. Int. Ed.
Engl., 25 (1986) 164; review: P. Julzi, in A.R. Bassindale and P.P. Gaspar (Eds.), Frontiers
of Organosilicon Chemistry, The Royal Society of Chemistry, Cambridge, 1991, p. 307,

H.H. Karsch, U. Keller, 5. Gamper and G. Moler, Angew. Chem., 102 (1990} 297; Angew.
Chem, Int. Ed. Engl., 29 (1990} 295,

M.J. Michalczyk, M.)J. Fink, D.J. De Young, C.W. Carlson, K.M. Welsh, R. West and J.
Michil, Silicon, Germanium, Tin, Lead Compd,, 9 (1986) 75.

M.J. Fink, M.J. Michalczyk, K.J. Haller, R. West and J. Michl, Organometallics, 3 (1984)
793.

M. Ishikawa and M, Kumada, J. Organomet. Chem., 42 (1972) 325,

M. Ishikawa, N. Nakagawa, M. Ishiguro, F. Ohi and M. Kumada, J. Organomet. Chem., 152
{1978) 155.

W. Ando, M. Fujita, H. Yoshidz and A, Sekiguchi, J. Am. Chem. Soc., 110 (1988) 3310,
D.B. Puranik and M.J. Fink, J. Am. Chem. Soc., 111 {1989} 5951.

B.E. Goldberg, D.H. Harris, M.F. Lappert and K.M. Thomas, J. Chem. Soc., Chem.
Commun., {1976) 261.

P.J. Davidson and M.F. Lappert, J. Chem. Soc., Chem. Commun., (1973) 317.

Review: W.P. Neumann, Chem. Rev. 91 (1991) 311.

AJ. Arducngo, R.L. Harlow and M. Kline, §. Am. Chem. Soc, 183 (1991) 361; AL
Arduengo, H.V. Das, R.L. Harlow and M. Kline, J. Am. Chem. Sec., 114 (1992) 5530.



298

49

50
51
52

33
54

55
56
57
58
59
60
61
62
63
64
65
66
67

68
69

70
71
72
73
74
75

76
77

78

M. Weidenbruch / Coord. Chem. Rev. 130 (1994) 275300

P. Jutzi, A, Becker, H.G. Stammler and B. Neumann, Organometallics 10 (1991) 1647.

M. Kira, R. Yauchibara, R. Hirano, C. Kabuto and H. Sskurai, J. Am. Chem. Sec., 113
(1991) 7785.

H, Griitzmacher, H. Pritzkow and F.T. Edelmann, Organometatlics, 10 (1991) 23,

S. Brooker, J1.-K. Buijink and F.T. Edelmann, Organometallics, 10 (1991) 25.

M. Weidenbruch and ). Hockemeyer, unpublished; J. Hockemeyer, Diploma Thesis,
University of Oldenburg, 1950,

D.H. Pae, M. Xiao, M.Y. Chiang and P.P. Gaspar, 1. Am. Chem. Soc,, 113 (1991} 1281,

A, Schifer, M. Weidenbruch, K. Peters and H.G. von Schnering, Angew. Chem., 96 {1934)
311; Angew. Chem. Int. Ed. Engl., 23 (1984) 302.

J. Miichl, personal communication.

K.M. Welsh, J. Michl and R. West, J. Am. Chem. Soc., 110 {1938) 6689.

D. Seyferth and D.C. Annarelli, . Am. Chem. Soc., 97 (1975) 7162; I. Organomet. Chem.
117 (1976) C51.

P. Boudjouk, U. Samaraweera, P, Soorivakumaran, J. Chrisciel and K.R. Anderson, Angew.
Chem., 100 (1988) 1406; Angew. Chem. Int. Ed. Engl., 27 (1988} 1355.

B. No, V.V. Son, T.V. Belyakova, V.P. Ushchenko and N.J. Kulikova, Zh, Obshch. Khim.,
52 (1982} 2138.

T. Sasaki, K. Shimizo and M. Ohno, Synth. Commun., 14 (1984) 853.

W. Ande and H. Saso, Tetrahedron Lett., 27 (1986) 5625.

P. Paetzold, D). Hahnfeld, U. Englert, W. Wojnowski, B. Dreczenski, Z. Pawelec and L,
Walz, Chem. Ber., 125 (1992) 1073.

M. Weidenbruch, B. Brand-Roth, S. Pohl and W. Sask, J. Organomet. Chem., 379 (1989)
1217,

M. Weidenbruch and A. Lesch, ynpublished; A. Lesch, Doctor Thesis, University of
QOldenburg, 1991.

G.R. Giltette, G.H. Noren and R. West, Organometallics, 8 (1989} 487 and refs. therein.
M.-A. Pearsall and R. West, J. Am. Chem. Soc., 110 (1988) 7228,

T.P. Hamilton and H.F. Schaefer, 1. Chem. Phys., 90 {(1989) 1031.

T. Akasaka, S. Nagase, A, Yabe and W. Ando, J. Am. Chem. Soc., 110 (1988) 6270.
Reviews: M. Weidenbruch, in A.R. Bassindale and P.P. Gaspar (Eds.), Frontiers of
Organosilicon Chemistry, The Royal Society of Chemistry, Cambridge, 1991, p. 122; M.
Weidenbruch, in R. Streudel (Ed.}, The Chemistry of Inorganic Ring Compounds, Elsevier,
Amsterdam, 1992, p. 51.

M. Weidenbmch, A. Schéfer, K. Peters and H.G. von Schnering, 1. Organomet. Chem., 314
(1986) 25.

A. Schafer, M. Weidenbruch, W, Sask and 8, Pohl, Angew. Chem., 9% (1987) 806; Angew.
Chem. Int, Ed. Engl,, 26 {1987) 776.

N, Wiberg and K. Schurz, Chem. Ber., 121 {1988) 581.

M. Weidenbruch, A. Lesch and H. Marsmann, J. Organomet. Chem., 385 (1990) C47.

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

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

M, Weidenbruch, B. Brand-Roth, 5. Pohl and W. Saak, Polyhedron, 10 (1991} 1147.

M. Weidenbruch, J. Hamann, H. Piel, D. Lentz, K. Peters and H.G. von Schnering, 1.
Organomet. Chem., 426 (1992} 35.

H.B. Yokelson, A.]. Millevoite, X.J. Haller and R. West, §. Chem. Soc., Chem. Commun.,
(1987) 1605.



M. Weidenbruch / Coord. Chem. Rev. 130 (1954) 275-300 299

79
80
8t
82
83
84
85
86
87
88
89

90
£l

92
93
94
95

96

97

98
59
100

(113}

102
103
104
105
106
107

108

109

M. Ishikawa, D. Kovar, T. Fuchikami, N. Nishimura, M. Kumada, T. Higuchi and .
Miyamoto, J. Am. Chem. Soc., 103 {1981) 2324,

R. West, Angew, Chem,, 99 (1987) 1231; Angew. Chem. Int. Ed. Engl, 26 (1987} 1282,

G. Raabe and J. Mich!, Chem. Rev., 85 (1985) 419; G. Raabe and J. Michl, in S. Patai and Z.
Rappoport (Eds.), The Chemistry of Qrganic Silicon Compound Part 2, Wiley, Chichester,
1989, p. 1015.

R. West, in R, Stendel (Ed.}, The Chemistry of Inorganic Ring Compounds, Elsevier,
Amsterdam, 1992, p. 35,

T. Tswmuraya, 5.A. Batcheller and 5. Masamune, Angew. Chem., 103 (1991) 916; Angew.
Chem. int. Ed. Engl., 30 (1991) 902,

M.J, Fink, M.J. Michalezyk, K.J. Haller, }. Michl and R. West, Organometailics, 3 (1984)
793,

H.B. Yokelson, J. Maxka, D.A. Siegel and R. West, J. Am. Chem, Soc., 108 (1986) 4239,
B.D. Shephard, D.R. Powell and R. West, Organometallics, 8 {(1989) 2664.

M.J. Michalczyk, R. West and J. Michl, Organometallics, 4 (1985) 826.

H.B. Yokelson, A.J. Miflevolte, B.R. Adams and R. West, J. Am. Chem. Soc., 109 {1987)
4116.

8. Masamure, 5. Murakami, J.T. Snow, H. Tobita and D.J, Williams, Organometallics, 3
(1984) 333,

S. Murakami, 8. Coltins and 8, Masamune, Tetrahedron Lett., 25 (1984) 2131,

S. Masamune, S. Murakami, H. Tobita and D.J. Williams, J. Am. Chem. Soc., 105 (1983)
7176,

M, Weidenbruch, A. Schiifer and K.-L, Thom, Z. Naturforsch,, Part B, 38 (1983} 1695.

M. Weidenbruch, K. Kramer, A. Schifer and J.K. Bium, Chem. Ber., 118 {1985) 167,

8. Masamune, 8. Murakami and H. Tobita, Organometallics, 2 {1983) 1464,

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

H. Watanabe, K. Takeuchi, N. Fukawa, M. Kato, M. Goto and Y. Nagai, Chem. Lett., (1987}
1341; H. Watanabe, K. Takeuchi, K. Nakajima, Y. Nagai and M. Goto, Chem. Leit,, (1988)
1343.

S.A. Batcheller, T. Tsumuraya, Q. Tempkin, W.M. Davis and 8. Masamune, §. Am. Chem.
Soc., 112 (1990) 9394.

M.J. Fink, K.J. Haller, R. West and J. Michl, 1. Am. Chem. Soc., 106 (1984) 822.

M.J. Michaiczyk, R. West and J. Mich), J. Chem. Soc., Chem. Commun., {1984) 1525,

K.L. McKillop, G.R. Gillette, D.R. Poweli and R. West, J. Am. Chem. Soc., 114 (1992)
5203.

H.B. Yokelson, A.J. Millevolte, G.R. Giliette and R. West, J. Am_ Chem. Soc., 109 (1987)
5865,

R. West, D.J. De Young and K. 1. Haller, J. Am. Chem. Soc., 107 {1985} 4942.

R.P. Tan, G.R. Gillette, D.R. Powell and R. West, Organometallics, 10 {1991) 546.

T. Tsumuraya, S. Sato and W. Ando, Organometailics, 7 {1988) 2015,

S.A. Batcheller and S, Masamune, Tetrahedron Lett., 29 (1988) 3383,

T. Tsumuraya, Y. Kabe and W. Ando, }. Chem. Soc., Chem. Commun., {1993) 1159,

A. Schifer, M., Weidenbruch, W. Saak 8. Pohl and H. Marsmann, Angew. Chem., 103
(1991) 978; Angew. Chem. Int. Ed. Engl., 30 (1991) 952.

A_ Schilfer, M. Weidenbruch, W. Saak, §. Pohl and H. Marsmann, Angew, Chem, 103
(1991) 873; Angew. Chem. Int. Ed. Engl,, 30 (1991) 834.

M. Weidenbruch and A, Schafer, J. Organomet. Chem., 269 (1984) 231,



300

10
111
112

113
114
115
16
117
tig
119
120
121
122
123
124
125
126
127

128

M. Weidenbruch / Coord. Chem. Rev. 130 (1994) 275-300

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

G.R. Gillette and R, West, ], Organomet. Chem., 394 (1990} 45,

M. Driesl, A.D. Fania, D. Powell and R. West, Angew. Chem., 101 (1989) 1087; Angew.
Chem. Int. Ed. Engl., 28 (1989) 1038.

M.J. Fink, D.I. De Young, R. West and J. Mich), J. Am. Chem. Soc., 105 (1983) 1070,

A.D. Fanta, D.J. De Young, J. Belzner and R, West, Organometailics, 10 (1991} 3466.

K. Kabeta, D.R. Powell, J. Hantson and R. West, Organometailics, 10 (1991) 827.

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

A. Schétfer, M, Weidenbruch and 8. Pohl, J. Organomet. Chem., 282 (1985) 305,

D.J. De Young, R, Winslow and R. West, unpublished; cited as ref. 6 in [i14).

M. Weidenbruch, A. Schiifer and H. Marsmann, J. Orgenomet. Chem., 354 (1988) C12.

M. Weidenbruch, B. Flintjer, S. Pohl and W. Sask, Angew. Chem., 101 {1989} 89; Angew.
Chem. Int. Ed. Engl., 28 (1939) 95,

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

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

D.L. Boger and 3.M. Weinreb, in HH. Wassermann (Ed.), Hetero Diels-Alder Methodology
in Organic Synthesis, Organic Chemistry, Vol. 47, Academic Press, San Diego, 1987.

W.W. Schoeller, 1. Chem. Soc., Chem. Commun., (1985) 334.

P. Boudjouk, B.-H. Han and K.R. Anderson, J. Am. Chem. Soc., 104 (1982) 4952,

M. Weidenbruch, A. Lesch, K. Peters and H.G. von Schnering, J. Organomet. Chem., 423
{1992) 329,

G.R. Gillette, §. Maxka and R. West, Angew. Chem., 101 {1989) 90; Angew. Chem. Int. Ed.
Engl., 29 (1989) 54.

M. Weidenbruch, B. Flintier, K. Peters and H.G. von Schnering, Angew, Chem., 98 (1986}
1090; Angew. Chem. Int. Ed. Engi., 25 (1986) 1129,



