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Figure 9.16  Symmetry relation betwe
on N and d, orbit ' e
i planar {NSiy)
N(SiHs.

P~ orbital
als on the 3 Si atoms

compounds such as

MeN(SiH1)s

forms a 1:1 add -
at —80° adduct with BH;

but this decomposes when w .
.\ic;.\’(SxH_?) gives a similar adduct a:;fcdl;
dccon?poscs at room tlemperature into Me,NBH,
and S'1H4 (cf. the stability of Me3NBH;, p. 165).
The linear skele_ton of H3SiNCO and H;SiNCS
hfis al._so bcgn interpreted in terms of p,—d,
N=3i bonding.

Compounds containing an Si=N double
bond are of very recent provenance. The
first stable silanimine, Bu';Si=N-SiBu';, was
prepared in 1986 as pale yellow crystals, mp 85°
(decomp.);®?) it features a short Si=N distance
(156.8pm, cf. Si-N 169.5pm) and almost
linear coordination about the N atom (177.8°),
suggesting some electronic delocalization as
described above. The compound was made
by reacting the azidosilane Bu';SiCI(N3) with
NaSiBu'ys in Bu,O at —78°. The related
compound Pr;Si=NR (R = 2,4,6-Bu’yCsH,7)
forms stable orange crystals, mp 98°.¢

Unusual Si/P compounds are also beginning
to appear, for example, the tetrasilahexaphospha-
adamantane derivative [(Pr'Si)s(PH)s) (1), which
is made by reacting Pr!SiCly with Li[AI(PH2)s].*"
Again, reaction of white phosphorus, Py, with
tetramesityldisilene, Mes>Si=SiMesy, in toluene

62 N. Wigere, K. ScHurz, G. Reper and G. MOLLER, J.
Chem. Soc., Chem. Commun., 591 -2 (1986).

63 M. Hesse and U. KLINGEBIEL, Angew. Chem. Int. Edn.
Engl. 25, 649-50 (1986).

64 M. BAUDLER, W. OELERT and K.-F. TEBBE, Z anorg. allg.
Chem. 598/599, 9-23 (1991).
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M A0 gives an #7% yield of the yellow bicy-
o (Mes, 51,1, this has a “butterfly” structure
i which the “hinge” P atoms retain electron
donor properties to grive adducts such as the bis-
WICO)s complex (2) (1 12342 pm: 51 - 224.4,
220 Tpm; P-W 256.0pm; Si---Si 3244 pm,
angle Si-P-Si 91.9°).% ‘Ihe now extensive
field of phosphorus-rich silaphosphanes has been

1 f, .o g
reviewed."” Silaphosphenes, RR'Si=PAr are
also known. 7

R
St 3
HP — WiCO),
f Pt /
PH l o WCO),
i K
: P
/ﬁ'\p Mes,Si “ SiMes,
HP H
(1) (2)

9.3.7 Organosilicon compounds
and silicones

Well over 100 000 organosilicon compounds have
been synthesized. Of these, during the past
few decades, silicone oils, elastomers and resins
have become major industrial products. Many
organosilicon compounds have considerable
thermal stability and chemical inertness; e.g.
SiPhy can be distilled in air at its bp 428°, as can
Ph3SiCl (bp 378°) and Ph;SiCl; (bp 305°). These,
and innumerable similar compounds, reflect the
considerable strength of the Si-C bond which is,
indeed, comparable with that of the C-C bond
(p. 338). A further illustration is the compound
SiC which closely resembles diamond in its
properties (p. 334). Catenation and the formation
of multiple bonds are further similarities with
carbon chemistry, though these features are
less prominent in organosilicon chemistry and
much of the work in these areas is of recent

65 M. Driess, A. D. FANTA, D. R. Powetl and R. WEST,
Angew. Chem. Int. Edn. Engl. 28, 1038-40 (1989).

% G, FRITZ Advances in Inorg. Chem. 31, 171-214 (1987).
67N, C. NORMAN, Polyhedron 12, 2431-46 (1993) and
references  cited therein, M. DRIESS, Adv. Organomet.

Chem. 39, 193-229 (1996) — also deals with sila-arsenes
containing Si==As bonds).
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origin (e.g. pp. 338 and below). For example
allhough the word “silicone” was coined b);
F. S. Kipping in 1901 to indicate the similarity
in formula of Ph,SiO with that of the ketone
benzophenone, Ph,CO, he stressed that there was
no chemical resemblance between them and that
Ph,SiO was polymeric.®® It is now recognized
that the great thermal and chemical stability of
the silicones derives from the strength both of
the Si-C bonds and of the Si-O-Si linkages.
Many general reviews of the vast subject of
organosilicon chemistry are available (e.g. refs 1,
2, 69-74) and only some of the salient or
.topical features will be touched on here. An
?nteresting subset comprises the carbosilanes, that
is compounds with a skeleton of alternating C
and Si atoms. These include chains, rings
and polycyclic compounds, many of which
can be made on a multigram or even larger
scale by controlled thermolysis or by standard
organometallic syntheses.

Transient reaction species containing Si=C
bonds have been known since about 1966 and
can be generated thermally, photolytically, or
even chemically. A decade later Me,Si=CHMe

68 . S. KIPPING and L. L. LLoyD, J. Chem. Soc. (Transac-
tions) 79, 449-59 (1901).

69 G. WILKINSON, F. G. A. STONE and E. W. ABEL (eds.),
Comprehensive Organometallic Chemistry, Pergamon Press,
Oxford, Vol. 2 (1982): D. A. ARMATAGE, Organosilanes,
pp. 1-203; T. J. BARTON, Carbocyclic Silanes, pp. 205-303;
F. O. STARK, J. R. FALENDER and A. P. WRIGHT, Silicones,
pp. 305-63; R. WEST, Organopolysilanes, pp- 365-97.
70§ PAWLENKO, Organosilicon Chemistry, de Gruyter,
Berlin, 1986, 186 pp.

71 Y. COREY, E. J. CoREY and P. P. GASPER (eds.), Silicon
Chemistry, Ellis Horwood, Chichester, 1988, 565 pp-

72 M. ZeLoN, K.J. WynNE and H. R ALcock  (eds.),
Inorganic and Organometallic Polymers, ACS Symposium
Series 360 (1988) 512 pp.

735 patal and Z. RAPPOPORT (eds.), The Chemistry of
Organic Silicon Compounds (2 vols.), Wiley, Chichester,
1989, 892 pp. and 1668 pp-

74 N. AUNER, W. ZICHE and R. WEST, Hereroatom Chemistry
2. 335-55 (1991). This is a very readable account of current
work, and includes an update of ref. 73 with a further 222

references.
75 G. Frirz, Angew. Chem. Int. Edn. Engl. 26, 1111-32

(1987).

Ch.9

temperature matrices’® bu,

i ed and wcll—planncd attempts over
?:asrl:)lfteyzzrs(icir: was not until 1981 that a stable
silene was reported.”” A- G. Brook and his
group prepared 2-udamz.1ntyl-2-tnmethylsx|oxy.
l,l-bis(trimethylsilyl)-l-sxlacthcne as very pale

yellow needles, mp 92°:

was isolated in low

(Me;Si);SiC(O)(CmHm) —
(Me3Si)ZSi=C(OSiMe3)(adamantyl)

The solid silaethene Was stable indeﬁnitc'ly at
room temperature in the absence of air or
other reagents but in solution 1t slo_wly rev?ned
(over several days) to the isomeric acylsilane
starting material. An X-ray analysis conﬁnned
the structure and revealed a short >8i=C<
bond (176.4pm, cf. 187-191 pm for single-
bonded Si-C) and a planar disposition of ipso
atoms, the two planes being slightly twisted
with respect to each other (14.6°). The use of
bulky groups to enhance the stability of the
silaethene is also notable, though this is not
a necessary feature, at least at the Si cen-
tre, since MeZSi=C(SiM63)(SiMeBu'2) is sta-
ble as colourless crystals at room temperature
(>Si=C< distance 170.2pm, Si—-C 189.0pm
and a planar C;Si=CSiz skeleton).® The not
unrelated planar heterocyclic compounds silaben-
zene, CsSiHs,1® and silatoluene, CsHsSiMe,®
should also be recalled.

Disilenes, containing the grouping >Si=Si<,
can be isolated as thermally stable yellow or
orange crystalline compounds provided that the
substituents are sufficiently large to prevent

76 0. L. CHAPMAN, C.-C. CHANG, J. KoLE, M. E. JUNG,
J. A. Lowg, T. J. BARTON and M. L. TumEY, J. Am. Chem.
Soc. 98, 7844-6 (1976). M. R. CHEDEKEL, M. SKOGLUND,
R. L. KREEGER and H. SHECHTER, ibid., 7846-8 (1976).

77 A. G. BROOK, F. ABDESAKEN, B. GUTERKUNST, G. GUTER-
KUNST and R. K. KALLURY, J. Chem. Soc., Chem. Commun.,
191-2 (1981). A. G. BRook and 8 others, J. Am. Chem.
Soc., 104_, 5667-72 (1982). For the most recent review of
the chemistry of silenes see A. G. BRook and M. A. BROOK,
Adv. Organomet. Chem., 39, 71-158 (1996).

78 N. WIBERG, G. WAGNER and G. MULLER, Angew. Chem.
Int. Edn. Engl. 24, 229-3] (1985). See also N. WIBERG et
al., Organometallics 6, 32-5 and 35-41 (1987).
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§9.3.7
pol_vmcrimliun (e.g. mesityl, r-butyl, e1e)7 The
first such compound, SizMes,, was i;;’l'llt‘(] ?u
1981 as orange crysals, mp 176", l'nl‘lnw‘":
photolysis of the trisilane SiMesy(SiMe,) :m;
The Si—Si distance in -“'\'t‘l'ulh‘ Vi

chia such com-
sounds falls in the range 214 G

2 I() l“" i

.y - ‘ \"’l"[‘h
e o ¢ N .

1S .\h(““ 10% 3'““1(‘ lhi\l\ th‘ "UI"‘“I \i“!‘l(‘

l"’n‘,wt\',h\'i.‘\‘l dl:‘"‘"““ Disilenes are chemically

very reactive. Halogens and HX molecules give

,2~;1ddllm.n products,  ¢.p. Mes,Si(ChSi(C-

Mesa. whilst aldehydes and  ketones undergo

[2+42] c_\'clo-;uh'lilion reactions to give 1,2,3-

oxadistlenanes, OSi(I\vlcs)gsi(l\/Ics)?ZHR. ‘Co'n-

trolled oxidation gives predominantly the 1,2-
dioxetane  OSiR:SiR;0 (80%), plus the 1,3-
cyclodisiloxane OSiR,O0SiR; as a minor product.
Numerous other novel heterocyles have been pre-
pared by controlled reactions of disilenes with
chalcogens. N»>O, P4 and organic nitro-, nitroso-,
azo- and azido-compounds.®? Transition metal
complexes can give n’-disilene adducts such as
[Pt(PR3)>)(n-Si;Mes,)].(7%-82)

Another fertile area of current interest is
the synthesis of stable homocyclic polysilane
derivatives.®® Typical examples are cyclo-
(SiMe»)7,®  (cyclo-SisMey)-(SiMe,),-(cyclo-
SisMeg), n = 2-5,%% and several new permethy-
lated polycylic silanes such as the colourless crys-
talline compounds bicyclo[3.2.1]-SigMes (mp
245°%), bicyclo[3.3.1]-SigMe|s (mp >330°) and

79 R. WEST, Angew. Chem. Int. Edn. Engl. 26 1201-11
(1987). R. Okazaki and R. WEST, Adv. Organomet. Chem.

39, 232-73 (1996).

80R WesT, M. J. FINK and J. MICHL, Science 214, 1343-4
(1981). See also B.D. SHEPHERD, C. F. CAMPANA and
R. WEST, Heteroatom Chemistry, 1, 1-7 (1990).

81 R WesT, in R. STEUDEL (ed.), The Chemistry of Inorganic
Ring Systems, Elsevier, Amsterdam, 1992, pp. 35-50. See
also M. WEIDENBRUCH, ibid., pp. 51-74.

82 . ZysiLL, Topics in Current Chemistry 160, 1-45 (1992).
83 B HENGGE and H. STUGER, in H. W. ROESKY (ed.), Rings,
Clusters and Polymers of Main Group and Transition Metals,
Elsevier, Amsterdam, 1989, pp. 107-38.

84 E SHAFIEE, J. R, DAMEWOOD, K. J. HALLER and R. WEST,
J Am. Chem. Soc. 107, 6950-6 (1985).

85 E. HENGGE and P. K. JENKNER, Z. anorg. allg. Chem. 560,

27-34 (1988).
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- T o (%6) Analogues
bicvelold.4.0]-¢ mp 165 \ Ana
\I(}Ll(!' 1.4.0] SIH)MCIK (mp ATkt been syn-

of cubane and tetrahedrane have :

thesized. Thus, the one-step cnndcnymm of
BHyRSISIRBr, or even RSiBry with Na in toluene
at 90" pave yields of up to 72% of the cubane

(SiR)y (R == SiMe,Bu') as bright yellow, air-
sensitive crystals which are stable up to at lc_asl
400°C. "% The synthesis of a molecular tetrasila-
tetrahedrane has also finally been achieved by the
following ingenious route (R = SiBu’3): %%

ZNCR ZNt s -
2SiH,Cly —% JRSiHLCl — RSiH2SiHR
— ., RSiBrSiBriR

2RSiBr,SiBr;R + 4NaR ——
SisRs + 4RBr + 4NaBr

The product, Sis(SiBu'3), forms intensely orange
crystals that are stable to heat, light, water and air,
and do not melt below 350°. The Si-Si distances
within the closo-Siy cluster are 232-234pm
and the exo Si—Si distances are slightly longer.
235-237 pm (cf. Si-Si 235.17 in crystalline Si).
Comparison with the closo-anion Sis*~, which
occurs in several metal silicides (p- 337) and
is isoelectronic with the Py molecule, is also
appropriate.

There are three general methods for forming
Si—C bonds. The most convenient laboratory
method for small-scale preparations is by the
reaction of SiCl; with organolithium, Grignard
or organoaluminium reagents. A second attractive
route is the hydrosilylation of alkenes, 1.e.
the catalytic addition of Si—-H across c=C
double bonds: this is widely applicable except
for the crucially important methyl and phenyl
silanes. Industrially, organosilanes are made by
the direct reaction of RX or ArX with a
fluidized bed of Si in the presence of about
10% by weight of metallic Cu as catalyst (cf.

the direct preparation of organo compounds of

86 E. HENGGE and P. K. JENKNER, Z. anorg. allg. Chem. 606,

97-104 (1991).

87 H. Matsumoto, K. Hicuchl, Y. Hosuino, H. KOIKE,
Y. Naol and Y. NAGAl, J. Chem. Soc., Chem. Commun.,
1083-4 (1988).

88 N. WiBErG, C. M. M. FINGER and K. POLBORN, Angew.
Chem. Int. Edn. Engl. 32, 1054-6 (1993).
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HE Silicon

Ge. Sn, and Pb, pp. 39611). ‘The method was
patented by E. G. Rochow in 1945 and ensured
”'\Lt commercial viability of the now extensive
silicone industry,2:0%.72)

i Cu powder

. 2MeCl + Si g MeSiCly  (70% yield)
By-products are MeSiCly (12%) and Me;SiCl
(5%) together with 1-2% cach of SiCly, SiMea,
MeSiHCl,, etc. Relative yields can readily be
altered by modifying the reaction conditions
or by adding HCI (which increases MeSiHCl,
and drastically reduces Me,SiCl,). The overall
reaction is exothermic and heat must be removed
from the fluidized bed. Because of their very
similar bps, careful fractionation is necessary
if pure products are required: Me;SiCl 57.7°,
Me;SiCl; 69.6°, MeSiCl; 66.4°. Mixtures of
ethylchlorosilanes or phenylchlorosilanes (or
their bromo analogues) can be made similarly.
All these compounds are mobile, volatile liquids
(except Ph3SiCl, mp 89, bp 378°).)

{ Innumerable derivatives have” been pre-
pared by the standard techniques of organic
chemistry.?%~75) The organosilanes tend to be
much more reactive than their carbon analogues,
particularly towards hydrolysis, ammonoly-
sis, and alcoholysis. Further condensation to
cyclic oligomers or linear polymers generally

ensues, €.g.:

H,0 _
Ph,SiCl, —— Ph,Si(OH), white crystals
mp ~132° (d)

100°
7 1(PhySi0), + H20

n = 3(cyclo), 4(cyclo), or 0o

NH;/—35° _
Me,SiCl, —— > {Me;Si(NH,)2} —

not isolated
[cyclo-(Me2SiNH);] + [cyclo-(Me;SiNH)4)

For both economic and technical reasons, com-
mercial production of such polymers is almost
entirely restricted to the methyl derivatives (and
to a lesser extent the phenyl derivatives) and
hydrolysis of the various methylchlorosilanes
has, accordingly, been much studied. Hydrolysis
of Me;SiCl yields trimethylsilanol as a volatile
liquid (bp 99°); it is noticeably more acidic than

Ch. 9

Bu'OH and can be converted
1 NaOH (12Mm). Conden-
[disiloxane which has 3

the cnrrcspnmlmg
(o its Nu salt by aqueot

sation gives hexamethy

very similar bp (100.87):
H,0 )
o 2Me;SiOH —tr [O(SiMey), |

[t

2MexSICL D onci)

of Me;SiCla usually gives high poly-
arefully controlled conditions
Jeads to cyclic dimethylsiloxanes [(MCZ.SiO)nI
(n =3, 4,5, 06). Lincar sil()x.;mcs_huvc also been
lﬁudc by hydrolysing MCzSICI?_ m.tllmc' P‘T‘L‘;ant,
of varying amounts of M(i]SlC] as a “chain-
stopping” group, i.c. [MCJSIQ(M'Cz-SI,(:)),(Sl'McJ]
x=0,1,234),clc Cmss.-lmklmg is achieved
by hydrolysis and condensation 1n lhc_prcse'ncc
of MeSiCl; since this generatcs & third Si-0
function in addition to the two required for poly-

merization:

1,0 ,
Me;SiCl —l-z-—> Me;Si-O- terminal group

Hydrolysis
mers, but under ¢

H,0 ,
Me,SiCl, —— —O-SiMez-O-
chain-forming group

H,0 _
MeSiCl; —— MeSi(-0-);
branching and bridging group

Comparison with the mineral silicates is instruc-
tive since there is a 1:1 correspondence between
the two sets of compounds, the methyl groups in
the silicones being replaced by the formally iso-
electronic O~ in the silicates (see p. 366). This
reminds us of the essentially covalent nature of
the Si—O-Si linkage, but the analogy should not
be taken to imply identity of structures in detail,
particularly for the more highly condensed poly-
mers. Some aspects of the technology of silicones
are summarized in the concluding Panel.

While siloxanes and silicones are generally
regarded as being unreactive, it is well
to remember that they do indeed react
with fluorinating agents and with concentrated
hydroxide solutions. In certain cases they can
even be employed as mild selective reagents
for specific syntheses. For example, (Me3Si),0 is
a useful reagent for the convenient high-yi%
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X .
L Silicone Polymers!!'?
Slhclfl’":f _havc xf?del ‘lhepnal and oxidative stability, valuable resistance to high and low temperatures, CKC'fi"cm. :‘::::;
rcpcl ¢ ‘t-"i 3%9‘ : d'l~e ectric properties, desirable antistick and antifoam propertics, chemical inertness, prolonge NESES e
to ultraviolet irradiation and weathering, and complete physiological inertness. They can be made as fluids (oils), greases,
emulsions, elastomers (rubbers) and resins

\ /'IBOSO}IT?HScOO'.ls }?r ¢ made by shaking suitable proportions of [O(SiMe3)2] and [cyclo-(Me3Si0)s] with a small quanml); of

s e H2SO4: lq 1s randomizes the siloxane links by repeatedly cleaving the Si-O bonds to form HSOj esters and then

reforming new Si-O bonds by hydrolysing the ester group:

=Si-0-Si== + H,S0; —— ==Si-0-SO3H + =Si-OH
==Si-OH + H03S-0-Si= —> ==Si-0-Si= + H,S04

The molecular weight of the resulting polymer depends only on the initial proportion of the chain-ending groups (Me3SiO-
and Me3Si-) and the chain-building groups (~Me;SiO-) from the two components. Viscosity at room temperature 1S
typically in the range 50-3(_)0 000 times that of water and it changes only slowly with temperature. These liquids are used
as diclectric insulating media, hydraulic oils and compressible fluids for liquid springs. Pure methylsilicone oils are gqod
lubricants at light loads but cannot be used for heavy-duty steel gears and shafts since they contain no polar film-forming
groups and so are too readily exuded under high pressure. The introduction of some phenyl groups improves performance,
and SallsfaCl_or}.' greases can be made by thickening methyl phenyl silicone oil with Li soaps. Other uses are as heat
transfer media in heating baths and as components in car polish, sun-tan lotion, lipstick and other cosmetic formulations.
'I:hew low surface tension leads to their extensive use as antifoams in textile dyeing, fermentation processes and scwage
disposal: about 10~2 to 107*% is sufficient for these applications. Likewise their complete non-toxicity allows them to \
be u§gd to prevent frothing in cooking oils, the processing of fruit juices and the production of potato Crisps.
\/S(IIICOTW elastomers (rubbers) are reinforced linear dimethylpolysiloxanes of exceedingly high molecular weight (5 x
10°- 107)'. The reinforcing agent, without which the viscous gum is useless, is usually fumed silica (p. 345). Polymerization
can be acid-catalysed but KOH produces a rubber with superior physical properties; in either case scrupulous care must be
taken to avoid the presence of precursors of chain-blocking groups [Me3Si-O-] or cross-linking groups [MeSi(-0-)3].
The reinforced silicone rubber composition can be “vulcanized” by oxidative cross-linking using 1-3% of benzoyl
peroxide or similar reagents; the mixture 15 heated to 150° for 10 min at the time of pressing or moulding and then cured
for 1-10h at 250°. Alternatively, and more elegantly, the process can be achieved at room temperature or slightly above
by incorporating a small controlled concentration of Si-H groups which can be catalytically added across pre-introduced
Si-CH==CHj, groups in adjacent chains. Again, the cross-linking of 1-component silicone rubbers containing acetoxy
groups can be readily effected at room temperature by exposure to moisture: Such rubbers generally have 1 cross-link
for every 100-1000 Si atoms and are unmatched by any other synthetic or natural rubbers in retaining their inertness,
flexibility, elasticity and strength up to 250° and down to —100°. They find use in cable-insulation sleeving, static and
rotary seals, gaskets, belting, rollers, diaphragms, industrial sealants and adhesives, electrical tape insulation, plug-and-
socket connectors, oxygen masks, medical tubing, space suits, fabrication of heart-valve implants, etc. They are also much
used for making accurate moulds and to give rapid, accurate and flexible impressions for dentures and inlays.
flicone resins are prepared by hydrolysing phenyl substituted dichloro- and trichloro-silanes in toluene. The Ph groups
increase the heat stability, flexibility, and processability of the resins. The hydrolysed mixture is washed with water to
remove HCI and then partly polymerized or “bodied” to a carefully controlled stage at which the resin is still soluble. It
is in this form that the resins are normally applied, after which the final cross-linking to a 3D siloxane network is effected
by heating to 200° in the presence of a heavy metal or quaternary ammonium catalyst to condense the silanol groups, e.g.:
Ph Ph Ph Ph
H,O/toluene l : | I v | 200°
3PhSiCl; + PhSiMeCl; ——— | HO—S8i=0—8i—0—58i—0—S8i—OH | —— [cross-linked resin]
; , ~catalyst +nH,0
OH ' Me OH OH

a typical intermediate species

‘/ﬁﬁcone resins are used in the insulation of electrical equipment and machinery, and in electronics as laminates for printed

circuit boards; they are also used for the encapsulation of components such as resistors and integrated circuits by means
of transfer moulding. Non-electrical uses include high-temperature paints and the resinous release coatings familiar on
domestic cooking ware and industrial tyre moulds. When one recalls the very small quantities of silicones needed in man
of these individual applications, the global production figures are particularly impressive: they have grown from a fe\)s,r
tonnes in the mid-1940s to over 100000 tonnes in 1969 and an estimated production of 350000 tonnes in 1982. Abo
half of this is in the USA, distributed so that some 65-70% is as fluid silicones, 25-30% as elastomers, and S- 10% p
resins. Over 1000 different silicone products are commercially available. . : s 1

/7
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\S./
A
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Infinite sheet silicates

Framework silicates

Silicon

Ch. 9
Me Me
/ .
>5i\ Tetramethylsilanc
Me Me
e (_r,,b Hexamethyl-
Mc—/—'Si_‘O—‘Sl\ € disiloxane
Me M
Me
T‘|’1f= r\llle l Polydimethyl-
_— i __gj— O— siloxane
-5i—0 —$i—0—F 7 (Glcone oil)
. Me Me Me

Mfa\ ./O\Si/Mc
/Tl |\ Cyclic
Me Me  {imethylsiloxane
O~ ./O
7N
Me * Me
Me O Me O Me O
NI/ NN/ N
Si Si._- Si

| | | Methylsil-
o 0 0 sesquioxane

I | l ladder
. i L polymer
NN/
Me O Me O Me O

Siloxenes

Silicone resins

preparation of oxyhalide derivatives of Mo and
W.®) Thus, in CH,Cl, -solution, (Mes3Si),0
converts a suspension of WCle quantitatively
to red crystals of W(O)Cls in less than 1h at
room temperature, and W(O)Cly can then itself
be converted to yellow W(O),Cl, in 95% yield
(light petroleum, 100°, overnight). Likewise,

$9V. C. GiBsoN, T.P. KEE and A. SHAW, Polyhedron 7,

579-80 (1988)-~

Mo(O)Cly when treated with (Me3Si);0 in
CH,Cl, gives Mo(0),Cl, in 97% yield at r.t.
Even silicone high-vacuum grease has been found
unexpectedly to react with the potassium salt
of an organoindium hydride to give crystals
of the pseudo-crown ether complex [cyclo-
(Me,Si0);KT1(K*)3[HIn(CH,CMe3)3 1,0

)

%M. R. CHURCHILL, " C. H. LAKE,

O. T. BEACHLEY, J. Chem. Soc., Chem. Commun., 1577-8
(1993).

S-H. L. CHAO and
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four faces of the Py octahedron are capped
by (eOBD Rroups, This leads, to the over-
Al detailed formulation of the compound  us
|Phaiit g-(“.lNl\((mﬂ_\l.\Ul vOLO(-0BD 2 )
Alternatively  the  complex can be described
av A tetradentate  oxo ligand  donating  to
J{\\‘ls\()l?l\_\(n_u()liml groups e, [PhO4 (OB,

l\\‘l‘\(“‘:ﬂshl.

10.3.7 Organometallic compounds®

Germanium 8"

Organogermanium: chemistry closely resembles
that of Si though the Ge compounds tend
to be somewhat less thermally stable. They
are also often rather more chemically reactive
than their Si counterparts, e.g. in ligand
scrambling reactions, Ge-C bond cleavage and
hydrogermylation. However, GeRy compounds
themselves are rather inert chemically and
R,GeNgon tend to be less prone to hydrolysis
and condensation reactions than  their  Si
analogues. Again, following expected group
trends, germylenes (RGe:) are more stable
than silylenes. The table of comparative bond
energies on p. 374 indicates that the Ge-C and
Ge-H bonds are weaker than the corresponding
bonds involving Si but are nevertheless quite
strong; Ge-Ge is noticeably weaker. The
electronegativity of both Si and Ge are similar to
that of H, though the reactivity pattern towards
organolithium reagents suggests a slight hydridic
character (H’") for Ph3SiH and some protic
character (H*) for PhyGeH:

Ph3Si-H + LiR —— Ph3Si-R + LiH

(metathesis)
PhyGe-H + LIR —— Ph3Ge-Li + RH

(metallation)

%6 C. ELscHENBROICH and  A. SALZER, Organometallics,
VCH, Weinheim, 1989, pp. 115-46.

TP, RivitrE, M. RIVIERE-BAUDET and J. SAtGt, Chap. 10
in G. WiLKINSON, F. G. A, STONE and E. W. ABEL (eds.)
Comprehensive Organometallic Chemistry, Pergamon Press,
Oxford, Vol. 2, pp. 399-518 (1982) (716 refs.).

Germanlum, Tin and Lead Ch. 10

In fact, the polarity of the Ge-H bond can readily
be reversed (umpolung) by an appropriate chojce
of constituents, c.g..

[
":“(;CM SHE 4 = C=0 > ”—?-OCCE[;

(germoxane)
|
Cl_\GU's" ~-H* 4+ >C=0 —> Cl_-,Gc_CI..OH

(germylcarbinol)

Preparative routes to organogermanium com-
pounds parallel those for organosilicon com-
pounds (p. 363) and most of the several thou-
sand known organogermanes can be considered
as derivatives of R,,GeX4_n or Ar,GeX4—, where
X = hydrogen, halogen, pseudohalogen, OR, etc.
The compounds are colourless, volatile liquids,
or solids. Attempts to prepare (-R,GeO-), ana-
logues of the silicones (p. 364) show that the
system is different: hydrolysis of Me,GeCl, is
reversible and incomplete, but extraction of aque-
ous solutions of Me,GeCl, with petrol leads to
the cyclic tetramer [Me;GeOls, mp 92°; the com-
pound is monomeric in water. Organodigermanes
and -polygermanes have also been made by stan-
dard routes, e.g.:

reflux
2Me;GeBr + 2K —— 2KBr + Ge;Meg
(mp —40°, bp 140°)

liq NH3
Et3GeBr + NaGePh; ——— NaBr

+ Et;GeGePhs(mp 90°)
boiling
2Ph3GeBr 4+ 2Na —> 2NaBr + Ge;,Phg
xylene
(mp 340°)
PhyGeCl, + 2NaGePh; —— 2NaCl + Ge3Phg
(mp 248°)

In general, the Ge-Ge bond is readily cleaved
by Br; either at ambient or elevated temperatures
but the compounds are stable to thermal cleavage
at moderate temperatures. GesRg compounds can
even be distilled unchanged in air (like Si;R¢ but
unlike the more reactive Sn,Rg) and are stable
towards hydrolysis and ammonolysis.

— . |
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(= S (>GC\C<), gel—mylenes (R:Ge:).

cyclo and .
Gel! cners: polyhedra} 01‘80P01ygennanes. and

Oordinatijo
h ' N numbers g
fo?nf:gi:fjfe;::a"y 5 and 10). Thus, e\:;i::z
fMene species has been know
fRor(] Sime ,20 years™ byt siable enr:m‘;nc?x\;?
1‘587‘3‘:"5""{ 2 were first reported “only in
o .f the stabilization being achicvc:d by
. ..o bulky groups both on Ge [e.g.R =
mcsnyl' or —N(SiMe;),] and on C [e.g. Ry =
.—B(Bu )C(SiMe;1),B(Bu')- or CR, — fluorenyl-
idene]. Numerous other :

: stable germenes have
since been characterized i l

2\ The first germylene, RyGe: (R = (SiMe1)s-

CH-], was reported in 1976, It can now
be conveniently prepared  from  GeCl,.diox
and Grignard-type  derivatives of the bulky
bis(trimethylsilymethyl R group in EtO (e.g.
ether complexes of RMgCl or MgR»): gas-
phase electron diffraction at 155°C shows it
to be a V-shaped monomer with the angle
CGeC 107°.°" In the solid phase the compound
forms bright yellow crystals (mp 182°C) of
the centrosymmetric dimer Ge;R; which has a
trans-folded framework (see structure on p. 403)
with a fold angle 6_of 32° and a Ge-Ge
distance of 235pm.”?'YBy contrast, reductive
coupling reactions of R3GeX, with a mixture
of Mg/MgBr; in thf affords colourless crystals
of cyclotrigermanes or cyclotetragermanes in
moderate or good yield:*®

SST J Barton, E. A. KLNe and P. M. GARVEY, J. Am.
Chem. Soc. 95, 3078 (1973). J. BARRAU. J. EscupiE and
J. SATGE, Chem. Rev. 90, 283-319 (1990) and references
cited therein.

8 ¢ CoOURET, J. ESCUDIE, J. SATGE and M. LAZRAQ. J. Am.
Chem. Soc. 109, 4411-12 (1987).

9 M. LazraQ. C. COUReT. J. Escupie, J. SATGE  and
M. SoURaoUL. Polvhedron 10, 1153-61 (1991) and refer-
ences cited therein. '
‘“t; FieLpserG,  A. Haauanp,  B.E. R. SCHILLING,
M. F. LAPPERT and A. J. THORNE, J. Chem. Soc., Dalton
Trans., 1531-6 (1986).

9 E. GOLDBERG, P. B. HITCHCOCK. M. F. LAPPERT,
K \i. Thomas and A. L THORNE, J. Chem. Soc., Dalton
Trans.. 2387-94 (1986).

93w, Axpo and T. TSUMURAYA, J. Chem. Soc., Chem.
Commun., 1514-5 (1987).

Organometallic compounds el

MgBr2 Mg
R,GeCl, — R,Ge(Cl)Br —

dil HC1
R:Ge(C)MgBr — > (GeRy), n = 3,4

Bulky R groups such as mesityl, xylyl or
2,6-diethylphenyl lead to Ge; rings whereas
sterically less demanding groups such as Pr,
Ph or Me;SiCH, yield Gey rings. Note that
the compounds (GeRj), feature Ge with the
coordination number 2, 3 or 4 depending\”
on whether n =1, 2, or >3, rcspcctivcly/./'CO‘
Mixed derivatives can also be made: e.g.,
reductive coupling of Mes(Bu)GeCl; at room

~temperature affords [{Ge(Mes)Bu}s], mp 201°.
‘' Thermolysis of [{Ge(Mes),)i], (a) in the pres-

ence of Et:SiH at 105° yields a mixture of
dimesityl(triethylsilyl)germane (b) and tetrame-
sityl(triethylsilyl)digermane (c) according to the
subjoined scheme:*

}ll
McszGe—Si Ety (b)

st,sm

Mes,Ge: + l
A\’CS:
Ge S S
e
Mes,Ge GeMes; Mes,Ge =GeMes;
(a)
(1,2 shift)

(c)
Mes;Ge—GeH(Mes)SiEty «ooh (Mes,Gc—'deMes])

Polyhedral oligogermanes of varying complex-
ity can be made by careful choice of the organo R
group and the metal reductive coupling agent.®*
Thus, treatment of {(Me3S1),CH}GeCl;y with Li
metal in thf gave thermochroic yellow-orange
crystals of the hexamer [Geg{CH(SiMes):}6)
which were unexpectedly stable to atmospheric

%4 K. M. Baines, J. A. CookE and J. J. ViTTAL, J. Chem.
Soc., Chem. Commun., 1484-5 (1992).

9 A. SExiGUCHI and H. SAKURAIL, Chap. 7 in R. STEUDEL
(ed.), The Chemistry of Inorganic Ring Systems, Elsevier,
Amsterdam, pp. 101-24 (1992).
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