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I. Introduction 

Compounds with silicon-transition-metal bonds fall into two distinct 
classes, which until recently showed no points of connection. The first 
class comprises the metal silicides: typical binary examples are FeSi, 
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2 B.  J. AYLETT 

CoSi2, and V3Si, and some have been known for more than 100 years 
(59) .  Other more complex types containing three or more components, 
such as MnESi3C, are also known. They all form three-dimensional 
giant lattices, often of an unusual and complicated kind, and can best 
be considered as intermediate in nature between alloy systems and 
macromolecular covalent compounds. The study of silicides has consid- 
erably intensified in the past decade, since it has been found that some 
show promise as electronic materials, while at the same time they are 
strong and highly resistant to chemical attack. A number of books and 
general reviews may be noted (18,257,318,340,360,423) .  

The second class consists of molecular compounds containing one or 
more silicon- transition-metal bonds. The fist example, MesSiFe(C0)2- 
(q5-C5H5), was prepared in 1956 (3591, but nearly 10 years then elapsed 
before other compounds were described (26, 94).  These heralded many 
more, and now examples are known in which silicon is bonded to almost 
every transition metal (Fig. 1). Curiously, no Si-Ag compounds have 
been described; there are also no reports of derivatives of lanthanides 
or actinides. Most work has involved Fe, Co, R, Mn, Re, Mo, Ru, and 
Ni, in roughly decreasing order of frequency. Almost all well- 
characterized molecular silicon- transition-metal compounds known at 
present are diamagnetic; some possible exceptions are noted in Section 
I1,F. The most recent comprehensive reviews of the area were published 
in 1973 (234) and 1974 ( 2 3 9 ,  covering the literature until 1971 and 
1972, respectively; these contain details of earlier reviews. Other sur- 
veys of certain aspects have also appeared, two of them very recently 
(24, 25,201 ). 

In this article the intention is to place the main emphasis on studies 
of molecular silicon-transition-metal compounds, in particular those 
from the author’s laboratory and those that have been reported since 
the comprehensive reviews noted above. As, however, it is now known 
that these molecular compounds can act as convenient precursors for 
certain transition-metal silicides, aspects of the properties of silicides 
will also be outlined, and relationships between the two classes of com- 
pounds examined. Compounds with bonds between transition metals 

Sc Ti V Cr Mn Fa Co Ni Cu Zn 

Y Zr Nb Mo Tc Ru Rh Pd Ag Cd 

La Mf Ta W Ra 0 s  Ir Pt Au Mg 

Ac 

FIG. 1. Transition metals known to form molecular compounds with bonds to silicon 
are shown in bold-face type; dubious examples are in italics. No derivative of any lan- 
thanide or actinide element is known. 
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and other group IV elements, namely C, Ge, Sn, and Pb, will be re- 
ferred to only in so far as they provide illuminating parallels or con- 
trasts with the corresponding silicon derivatives. 

II. Preparative Routes to Molecular Compounds 

The most important synthetic routes continue to be (1) the elimina- 
tion of an alkali halide between the salt of a transition-metal anion and 
a silicon halide, and (2) oxidative addition and addition-elimination 
reactions. The present position regarding the scope and limitations of 
these and other routes is outlined in this section. 

A. REACTION OF A TRANSITION-METAL ANION WITH A SILICON HALIDE 

a b l e  I shows recent applications of this method together with some 
earlier results of particular interest. 

1. The Anion 

Considering first the transition-metal-containing anion (1 74 ), it is 
clear that the most used are M(C0)3(Cp)- (M = Cr, Mo, W, Cp = $- 
CJH5), Mn(CO);, Re(CO);, Fe(C0)dCp)- and Co(C0);; in the case of 
doubly charged species, Fe(C0):- has been employed with limited suc- 
cess, but no use has been made of anions of higher charge such as 
Co(CO)!- ( 1  75, 176). Neither have successful applications of binuclear 
or polynuclear anions yet been reported, although a low yield of a 
compound thought to be SiH3Fe(C0)4Fe(CO)4SiH3 resulted from the 
reaction of [Fez(C0)8]2- and H3SiI in ether (80). Reactions involving 
anions in which one or more carbonyl groups are replaced by tertiary 
phosphines have also proved unrewarding except in the case of 
[CO(CO)~(PP~~)]-  (138). Although steric factors are clearly significant 
(see below), there seems no reason why systems of this kind should not 
be more generally applicable, given a sensible choice of silicon halide 
and solvent. 

The relative electronegativities of some of these groups appear to 
increase in the order (147, 174) 

while the nucleophilicities of the derived anions correspondingly de- 
crease in the same order; It is interesting that a recent kinetic study of 



TABLE I 

REACTIONS OF ANIONS WITH SILICON H~LIDES 

Entry Anion" Silicon halide Solventb succe&Sr Remarks Ref. 

1 
2 

3 
4 
5 
6 
7 

* 8  

9 
10 

11 
12 

13 
14 

15 

16 
17 
18 
19 

H g i I  
MePhpSjCl 

RSiCl 
HSiBr  
RBiX 

MeSiBr 
MeHSiCll 
RSiCldR = H, Me) 
SiXJX = C1, Br) 

RBiXi 

R&iCl 

P h s i C l  
Ph,SiCl 

HBiI 
HsSiIl 

HSiCI, 

MeaiBr 
Me$iBr 
MeSiC1 
Me2.+Si.X (n = 1, 2) 

Ether, isopentane 
THF 

Ether 
None 
Nonpolar salventa 
THF 
Cyclohexane 
C yclohexane 
Cyclohexane 
Cyclohexane 

Cyclohexane or 

Not stated 
Cyclohexane 
Cyclohexane 

methylcyclohexane 

THF 
THF 
Ether, isopentane 
Ether, isopentane 

rt -Hexane 

Pentane 
Cyclohexane 
None 
None 

J 
X 

X 

/ > 
X 

I 

r' 

I 
/ 

Y 

J 

X 

X 

J 
J 

i 
/ 

v' 

i 

- 
- 

Similarly Mo, W 
Similarly Mo, W 
PR: cation 
Succeeded with Ge, Sn 

Forms CIMeHSi-Mo deriv." 
Forms ClJtSi-Mo deriv.d 
Forms Xsi-Mo deriv."; 

Similarly W, compounds labile 

Similarly W 
Similarly Wd 
Forms XSiRBiRp-Mo deriv.; 

Succeeded with Ge, Sn 

d 

similarly Cr, W 

in polar solvents 

similarly W d  

- 

Similarly Re 
OnIy disubstd. deriv. found; 

Mono- and disubstd. deriva. 
similarly Re 

found 
- 
d 

- 

- 



20 
21 
22 

26 
27 

28 Fe(C0)dCp)- 
29 

30 
u1 31 

32 
33 
34 Fe(C0)dCp)- 

35 

36 

37 

MeBiC1 THF 
bHEHCH&i(R)Cl n -Hexane 
RBiCl Ether, CH&lz 

PhSiCl 
PhSiC1 
RJsiX 

THF 
THF 
THF 

MeBiCl 
RBi*C1 

THF 
Ether 

THF 
THF 

HzSiIz Benzene, isopentane 
RdCH&H)SiCl 

?lRHSiFe<CO)ACp) Methylcyclohexane 
CHdCH3Si(R)Cl THF 
[C1Me2SiCHZ-lZ THF 

{RIYated 1 

MeJISiCl THF 
Me&i(SiMe&21 (n = 1-3) THF 
Cl(SiMe3.Cl (n = 2, 3) THF 
Meb+lSi.C1 (n = 1-4) THF 
(C1MeSi)Si THF 
XSiMeSiMeJ Cyclohexane 

RSiC13 (R = H, Me) C yclohexane 
Me&iBr Cyclohexane 
RMeSiClz (R = H. Me) C yclohexane 

X 

J 
X 

X 

X 

X 

J 

X 

J 

J 
J 

J 
J 

J 
J 
J 

J 
J 
J 
J 
J 
J 

J 
J 
J 

PPh3 also present 
Low yield, much Si-0-Si 
PhSNPPhj  cation, succeeded 

Similarly Re 

Similarly Ge, but Sn successful 

Some SiHJ?eH(CO), also 

Si-0-C derivative formed 
Cyclic kHt(CHr)&iMeae(CO)4 

with Ge, Sn 

- 

produced 

(I) produced 
- 

Optically active MePhNpSi 
deriv. (Np = 1-naphthyl) 

Only disubstd. deriv. found 
- 

HRSi[Fe(CO)d(Cp)lt produced 

[-CH,SiM~Fe(COX(Cp)k 
- 

produced 
- 
- 

Disubstd. deriv. formed. 
n = 3(i-); n = 4(t-)isomer 
Si[SiMerFe(CO)&p)L pl.Odud 
xMeSiSiMerFe(C0)dCp) 

C1-i-Fe deriv. formedd 

ClRMeSi-Fe deriv. formedd 

formedd 

d 

(table continues) 



TABLE I (Continued) 

Entry Anion" Silicon halide Solventb Success' Remarks Ref. 

38 Co(C0)i 
39 
40 Co(C0); 

41 
42 

43 

44 

46 CS(CO)G 
47 Co[P(OR)Ji 
48 Ir(C0); 
49 M(PF&i 

(M = Rh, Ir) 

HQiI 
H$iIz 
HSiCl, 
HSiCla 
MeJISiCl 
PhQiCl 
MeQiCl 
Me&iCll 
RSiCls (R = Me, C1) 
MeSiCl,-. (n = 0-3) 

SiIr 

PhQiCl 

RQiCl (R = Me, Ph) 
RQiCl 
HQiI 
RQiCl 

Ether, MqO 
Ether 
Ether 
Ether 
Ether 
THF 
Ether 
Ether 
Ether 
THF 

n -Hexane 

Methylcyclohexane 

THF 

Ether 
Not stated 
Ether 
Ether 

J 
J 
J 
J 
J 

J 
X 

X 

X 

X 

J 

J 

J 

X 

X 

J 
X 

- 
Disubstd. deriv. only 
Mono- and disubstd. derivs. 
Monosubstd. deriv. only 

(PhQi)P  produced 

No imlable Si-Co product 
Cl&SiOCCo,(CO)p formed 
C13-,,MeSiO(CH3XCO)Co(CO)r 

(OC)&oSiCo&O)o produced 

- 

formed 

\ /  

formed, also di- and trisubstd. 

trans -PhQiCo(CO),(PPhJ 

MeQiOCCo,(CO)a produced 

analogs' 

formed 

- 
- 

Ge analog similar, but Sn 
analog successful 

"Cp = $-CsH,. 
THF = tetrahydrofuran 
Refers to formation ( J )  or nonformation ( x ) of silicon-metal derivative. 
Products decompose in THF, yielding Si-0-Si derivatives. 
Similar derivatives prepared from M(CO),(Cp)- (M = Cr, Mo, W), Fe(CO)Z(Cp)-, and Mn(C0);. 
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the reaction of benzyl chloride with some of these anions showed that 
the rates fell in the order (322) 

and it was concluded that nucleophilic attack by Co(C0)i in this sys- 
tem was unimportant; the extent of ion pairing and the ease of removal 
of C1- were, however, highly significant. Nearly all studies involving 
silicon halides have used Na+ or, less commonly, K+ as the counterion, 
and there are no systematic studies of the effects of ion pairing. Two 
reactions involving large cations have been reported: the first (302) 
was successful, 

(1) E&P=CHMe + HCr(CO),(Cp) - E&Cr(CO),Cp]- 

q s i c 1  
nonpolar solvent 1 

%SiCr(CO),(Cp) 

(% = Me,, Cl,H, CIMeH) 

but the second (151 1 was not. 

In the latter case, where (PNP)' = (Ph3P=N=PPh3)+, it was shown in 
a separate experiment that Me3SiMn(CO)s quickly reacts with 
(PNP)+Cl- to give (PNP)+[Mn(CO),Cl2I- as a major product, so that  
any silicon-metal compound formed initially would be rapidly de- 
stroyed. 

There have been no successful syntheses using carbonylate anions 
with halide or pseudohalide substituents. Indeed, it is known that 
cyanide-containing anions react with organosilicon halides to give 
isonitrile derivatives (50),  e.g., 

(3) N ~ [ ( T ~ - C & ~ ) M ~ ( C O ) & N ]  + R S i X  + (q3-CSH5)Mn(CO)J(CNSiR3 

2. The Silicon Halide 

Several effects are related to the nature of the silicon halide. Hydrido 
halides usually react readily with a range of anions, while organosili- 
con halides may not; for instance, H2SiC12 reacts with Co(C0L in ether 
giving good yields of silicon-cobalt derivatives (2 1, while Me2SiC12 does 
not (336). This is probably related in the main to the electron-accepting 
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properties of hydridosilicon halides, since the compounds S i H a  behave 
as Lewis acids of modest strength (22), but their analogs RBiX are 
much weaker. 

Bulky groups can be tolerated when only one metal group is to be 
attached to each silicon atom, as for example in the following success- 
ful reaction (92): 

THF 
MePh(1-naphthy1)SiCl + Fe(CO),(Cp)- - MePh(l-naphthyl)SiFe(CO),(Cp) (4) 

When attempts are made to attach two or more such groups, however, 
steric effects may become critical. Reactions of anions with di-, tri-, 
and tetrahalides usually result in monosubstituted products, e.g. 
(2,3061, 

cyclohexane 
RSiCls + Mo(CO)&p)- - RCl&iMo(CO)&Cp) (R = H,Me) ( 5 )  

HSiC13 + Co(C0)i % HCl&iCo(CO), (6 )  

Disubstituted products result only when dihydridosilicon halides are 
used or in the special case of reactions with Fe(CO)2(Cp)- (2, 29, 
32,309), e.g., 

H&iIl + M(C0)i  5 HfiilM(CO)& (M = Mn,Re) (7) 

(8)  
methylcyclohexane 

MeHSiC12 + Fe(C0)ACp)- HMeSi[Fe(CO)(Cp)lz 

The sole reported example of a product with more than two metal 
atoms attached to silicon is the cluster derivative (OC)&OS~CO(CO)~, 
made from si14 and Co(C0); in n-hexane (396); here the steric effects 
are reduced as a result of Co-Co bond formation (see Section V,B). 

The nature of the halogen attached to silicon also affects the reac- 
tion; where comparisons can be made, iodides react more rapidly and 
completely than chlorides, e.g. (2, 29, 321, 

where M(C0); is Co(C0); or Mn(C0);. In the first case, only disubsti- 
tuted products could be isolated. This parallels previous observations 
made on analogous germanium compounds (109): Ph2GeBr2 gave di- 
substituted products with a range of metal anions, whereas Ph2GeC12 
did not. All this is consistent with the idea noted earlier that the role of 
the leaving halide ion is important. Furthermore, there are a number 
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of examples of cases in which organogermanium and organotin halides 
react successfully with transition-metal anions, but organosilicon 
halides do not (e.g., 138,151,255,263,315). This may well be related 
to greater ionic character of Ge-X and Sn-X bonds as compared with 
Si-X, and a consequently enhanced tendency for halogen to leave 
as X-. 

Silicon compounds with both silicon-halogen and carbon-halogen 
bonds can react using both these functions; an interesting example is 
the synthesis of the ferrasilacyclopentane (I) (132): 

SiMe, 
ClMe,SiCH,CH,CH,Cl + Fe(C0):- - 

3. The Solvent 

In a few cases (Table I, entries 4, 18, and 19), successful syntheses 
have been carried out by direct reaction between a solid metal carbon- 
ylate and liquid silicon halide; usually, however, a solvent is employed. 

Because transition-metal anions can be prepared conveniently in 
tetrahydrofuran solution, this cyclic ether was often used in earlier 
attempts to prepare silicon-metal compounds. It is now generally 
realized, however, that tetrahydrofuran can frustrate these attempts 
in two ways. First, it promotes electrophilic attack by the silicon com- 
pound on oxygen atoms of coordinated carbonyl groups; this leads to 
the formation of products with Si-0 bonds (54, 138, 262, 300, 306, 
310,336,3371, e.g., 

(12) 

M e 8 2  + Fe(C0):- (MeJSiOC),Fez(CO)s + . . . (13) 

(14) 

In fact, preparations involving tetrahydrofuran are successful only 
when using the highly nucleophilic species Fe(C0)dCp)- and, in a 
solitary example, Co(CO)s(PPhS)- (138 1 [which is more nucleophilic 
than Co(C0)i; note however that Mn(CO),(PPhd- did not yield Si-Mn 
products (138 )I: 

MeJSiCl + Fe(CO)I(Cp)- MeJSiFe(C0)ACp) (15) 

(16) 

(17) 

PhJSiCl + Mn(C0); (PhJSi),O + M n d C 0 ) ~ ~  + . . . 

THF 
P h g i C l  + Co(CO)T - (PhJSi),O + CoCll+  . . . 

PhJSiC1 + Co(CO)s(PPh3)- z tmns -PhJSiCo(CO)s(PPhd 

+ [Mn(CO),(PPhs)lr + . * . 
PhJSiCl + Mn(CO)4(PPhs)- z (PhSSi),O + ClMn(CO)3(PPhs)* 
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The role of tetrahydrofuran in facilitating silicon transfer from metal 
to  oxygen is further discussed in Section III,F,2. 

The second harmful effect of tetrahydrofuran is that it may undergo 
ring opening and insert into the silicon- transition-metal bond, again 
with the formation of a siloxy derivative (252, 336, 337); e.g.* 

(18) MenC13-.SiCl + Co(C0); --+ Me,C13-,,SiO(CHz),COCo~CO)4 

This possibility had been recognized in the case of simple silyl com- 
pounds many years ago (20):  

THF 

- 
H3SiI + CHz(CH2)sO + H3SiO(CH2).I + decomposition products (19) 

Consequently, in the early work with hydridosilicon derivatives, 
diethyl ether was normally used; in the case of very volatile products, 
dimethyl ether offered some practical advantages. It was tacitly as- 
sumed that a polar solvent was essential in order to dissolve, at least 
partly, the transition-metal carbonyl derivative. More recently, how- 
ever, it has become clear that alkanes, although nonpolar, provide a 
very suitable reaction medium, and can be used in cases where ethers, 
for example, are inimical to the products (8, 32, 306, 310). The hy- 
drocarbon, besides acting as a diluent for the silicon halide, seems to 
assist the separation of alkali halide from the surface of the reacting 
transition-metal carbonyl salt. 

Even with alkanes as the reaction medium, extensive formation of 
siloxanes can sometimes occur, as in the reaction between a silacyclo- 
butane derivative and Mn(C0); (136): 

n-hexane Si(R)-O-(R)Si + rJ(R)Mn(CO). 

Major product Minor product (20) 
E(R)C1 + Mn(C0);- G 

4. Conclusions 

In summary, this procedure will be most effective with an anion of 
high nucleophilicity, an iodosilane of low steric requirements, and a 
nonpolar solvent. Reactions usually begin at low temperatures, al- 
though long shaking at room temperature may be needed for comple- 
tion. The method can be capricious, and occasionally a familiar system 
may yield no product at all, with no obvious explanation. Nevertheless, 
it  has considerable extra potential, particularly for the synthesis of 
silicon derivatives of polynuclear metal carbonyls. 

* Additional CO insertion to give an acyl derivative has also occurred in this case. 
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B. REACTION OF A THALLIUM METAL CARBONYLATE WITH A SILICON 
HALIDE 

This variant of the normal route using alkali metal salts (Section 
II,A) depends on the fact that metallic thallium reacts smoothly with 
some metal carbonyls to give TlM(C0)n species. These TKI) compounds 
are slightly soluble in hydrocarbons and react readily with iodosilanes 
(8, 121): 

benzene Hail 
T1 + V(CO)o - TIV(CO)a HQiV(C0h 

lsopntane 
(21) 

(22) 
HSiI  

2T1 + C O ~ ( C O ) ~  + TlCo(CO), isopentan; HQiCo(C0L 

The method is limited by the tendency of some Tl(1) metal carbonylates 
to disproportionate, even a t  low temperatures, e.g. < 79 1, 

(23) 
-40°C 

3TlMn(CO), + Tl[Mn(CO)& + 2T1 

C. REACTION OF A SILYL ALKALI-METAL COMPOUND WITH A METAL 
HALIDE 

Table I1 lists preparations or attempted preparations using this 
route. 

The method is of limited applicability, since although silyl alkali 
metal compounds R&iM are known when R&i is Hzn+ISin ( n  = 1 - 3 ,  
Mezn+$in ( n  = 1, 3, 4), and MenPh&3i ( n  = 0-2), and several di- 
lithium derivatives Li(SiPhJnLi ( n  = 4-61 have also been described, 
all are rather difficult to prepare and handle (24).  It will be seen that 
only some of them have yet been used to prepare silicon-transition- 
metal compounds. 

The interesting group of anionic derivatives R&iM(CO); (M = Cr, 
Mo, W) have been prepared in the following way (254): 

RQiLi + Et&I+[CIM(CO)J Et,N+[RSiM(CO)d- (24) 

D. REACTIONS WITH MERCURY SILYL COMPOUNDS 

Some applications of the use of substituted disilyl mercury com- 
pounds, Hg(SiXJ2 (X = Me,Cl), are shown in Table 111; there is an  early 
review article (421 1. In most cases, the mercury compound reacts with 
a metal-halogen bond to give a silicon halide and mercury as by- 
product, e.g. (entry 11, 

Mo(C0)dCp)Cl + Hg(SiMe& + Me,SiMo(CO)&p) + Me3SiC1 + Hg (25) 



TABLE I1 

REACTIONS OF SILYL ALKALI METAL COMPOUNDS WITH METAL HALIDES 

Silyl alkali metal 
Entry derivativelsolvent Metal halide 

~ 

Product Ref. 
~~ 

SiPh, 
/ ‘SiPh2 

\ ,SiPh, 
SiPh, 

(239 ) 1 Si,PhsLi,/THF (Cp),TiC12 (CP),Ti I 

SiH, 

2 H S i  Wglyme (CP)2TiC12 (CP),Ti’ ‘Ti(CP), (232 1 
\ /  
SiH* 

3 Ph3SiLirrHF (Cp),MCl,(M = Zr, Hf) PhsSiM(Cl)(Cph (2 73 ) 
4 PbSiLiTI’HF (Cp)zVCl, No Si-V deriv. isolated (2 73 ) 
5 R3SiLi/THF (R3 = Ph3, MePh,) C~M(CO)J-(M = Cr, Mo, W) R3SiM(CO)5-; similarly, Ge, Sn (254 ) 
6 i-Me,SisLflHF BrMn(CO)s i-MerSi3Mn(CO)a (335 1 

t -MesSi,Li /THF BrMn(CO)5 t-Me~Si+Mn(CO)5 (335) 
t-Me,Si,Li/THF BrMn(CO),(PPh) t-MeSi+Mn(CO)r(PPh) (335) 

7 HSSiK BrFe(CO)t(Cp) &SiFe(CO)r(Cp) ( 9 )  
8 RSSiLi ClrPt(PMezPh)r (R3Si)2Pt(PMezPh)t (97,98)  

] not (6,185) 9 PhMeSSiLi CuX (X = I, CN) PhMetSiCu LiX 
(PhMezSi),CuLi . LiCN isolated 

10 PhSiLi ClAu(PPh3) Ph3SiAu(PPh3) (43)  
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TABLE I11 

REACTIONS WITH MERCURY DISILYL DERIVATIVES 

Entry Mercurial Metal compound Silicon-metal product Ref. 

1 Hg(SiMed2 Mo(C0)dCp)Cl MesSiMo(CO)s(Cp); similarly W (306) 
2 Hg(SiC1dz Mnz(CO)Io ClsSiMn(CO)s (64) 
3 Hg(SiMe3)z Fe(CO)S” ~ i s - ( M e ~ S i ) ~ F e ( C 0 ) ~  (262) 
4 Hg(SiMe& Hg[Co(CO)A Me3SiCo(CO), (293 ) 
5 Hg(SiMedz (Et,P)zIr(CO)C1 (MesSi)Jr(CO)(HgSiMes)(PEt3)r (241 ) 
6 Hg(SiMe& cis-(EtsP)&ClZ trans-(MeJSi)PtCl(PEts), (196) 
7 Hg(SiMe& cis-(diphos)PtClzb cis-(MesSi)RCl(diphos) (112, 113) 

+ cis-(MesSi)&(diphocr) 

UV irradiation needed; Fez(CO)p and Fe(CO)rBrz are also effective. 
diphos = PhzPCH&HaPPhz. 

When using the monodentate phosphine derivative shown in entry 6, 
only one Pt-Cl bond is broken; this is attributed to the high trans influ- 
ence of the Me3Si group in the monosubstituted and isomerized product. 
With a bidentate phosphine (entry 71, however, a change in stereo- 
chemistry is prevented and both mono- and disubstituted products 
are formed. 

In the case of reaction with the Ir(1) compound in entry 5, the pre- 
sumed initial product, (Et3F’)Jr(CO)(SiMe3), undergoes oxidative addi- 
tion with further Hg(SiMes)* to give the Ir(II1) final product shown. 

The fist of the two reactions using metal(0) starting materials (en- 
try 2) is brought about by heating, 

Hg(SiCl& + Mnt(CO)lo + PCl.&Mn(COh + Hg (26) 

while the second (entry 3) is promoted by “intense Alberta sunlight.” 
Finally, the novel reaction between two mercury derivatives (entry 4) 
should be noted; the yield is quantitative. 

cyclopentane 
Hg[Co(CO)Jz + Hg(SiMe& - 2Me&iC0(C0)~ + 2Hg (27) 

E. REACTIONS OF TRANSITION-METAL CARBONYLS WITH Si-H 
COMPOUNDS GIVING Hz 

Although =me of these reactions could equally well be classified as 
oxidative addition or oxidative addition-elimination reactions, it is 
convenient to list them separately. There was an initial report by 
Chalk and Harrod (94) of the reaction 

C O ~ ( C O ) ~  + 2RJSiH + 2RJSiCo(CO), + HI (28) 
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and later work that established that metal carbonyl hydrides may act 
as intermediates, e.g. (41, 42, 95), 

CO&O)~ + RSSiH + HCo(CO), + R3SiCo(CO)r 

HCo(C0). + RsSiH + HZ + R3SiCo(CO)r 

(29) 
(30) 

Following these, this method has been widely used; Table IV lists more 
recent applications. Only those reactions that evolve dihydrogen are 
included here. Oxidative addition reactions leading to metal hydride 
derivatives are included in Table V, while processes involving elimina- 
tion of dihydrogen between hydridosilanes and metal hydride de- 
rivatives containing no carbonyl groups are deferred until Section 
II,G,l. 

Reactions involving C O ~ ( C O ) ~  proceed very readily at or below room 
temperature, but carbonyl derivatives of the other metals listed must 
be heated, sometimes quite vigorously. Thus, long heating at 150°C in 
a sealed tube was needed to effect the reactions shown in entries 4 and 
6, and quantities of siloxanes were obtained, no doubt as the result of 
attack on silicon by oxygen of coordinated carbonyl groups (335) (cf. 
Section III,F,2). Ultraviolet irradiation of some of these systems can 
lead to different products with metal-hydrogen bonds: for example, 
entry 35 may be compared with entry 27 of Table V. Reactivity tends to 
decrease on going down a transition-metal group; thus the reactions 
shown in entries 1 and 7 require temperatures of 50 and 150°C respec- 
tively. Curiously, in the latter case the diphenylphosphino group ap- 
pears not to become coordinated to the metal. 

Dihydridosilanes and hydridodisilanes often give rise to cluster com- 
pounds (e.g., entries 9, 11, 13, 16, 19, 20, 28). It is believed that these 
can arise as a result of extrusion of SiR2 groups from the precursors, 
e.g.9 

(31) 
A 

R S i M e S i M e a  --* R S i M e a  + :SiMez 

The silylene species may be coordinated to a metal center rather than 
being free (see Section V,O. When two Si-H groups are separated by 
-(CH&- links, either a cyclic (entry 8) or a linear (entry 26) com- 
pound may result: the latter is somewhat unstable thermally. Corre- 
spondingly, cyclic (entry 10) or linear (entry 27) species are formed 
fram the dihydrido derivatives (HSiMe2)2X (X = 0,CH2); the linear 
compound with two CO(CO)~ groups is again thermally unstable. 

In a similar way, two or more CO(CO)~ groups attached to the same 



TABLE X 

CLEAVAGE REACTIONS OF SILICON-METAL COMPOUNDS 
~~ 

suc- 
Entry Silicon- metal compoundlreagent cess Ref. 

Cleavage by dihydmgen 
1 cis-(Meai)sPt(diphos)"/H, 
2 cis-(MeJSi)PtH(diphos)"lHP 
3 cis-(Me&(PtC l(diphosY'/H2 

Cleavage by halogen compounds 

SiFh, 

4 

P 
0 

5 

6 
7 
7a 
0 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

/ 'SiPhz 

\ ,SiPh, 
( C p i J i  I lCHCIS/hv 

S$h2 

(PhSilZrCl(Cp)dHX 
(Ph&)Zr€l(Cph/CDCls 
H3SiCr(CO)a(Cp)MCl (also Mo, W analogs) 
&SiCr(CO&/HCl (also Mo, W analogs) 
(CHFCHIMeSiW(CO)a(CpHHX (X = F, Br) 
F,SiMn(CO&/HBr (also Re analog) 
MeSiMn(CO)5& 

(also Ge, Sn, Pb analogs) 
Ph&MnCO)SR(z (X = C1, Br) 
Ph$iMn(CO)JIl 
R&* MnHICO)t(Cp')r.d/Cle 
XRRSiMnH(CO),Cp')'/HCl 
Me,SiFe(CO)dCp)/HCl 
MeBiFe(COidCp)lClz 
MeSiFe(C0)ACp)lHCl 
Me$3iFe(CO)&p)/ICl 
Me$3iFe(COi2(Cp)/CFJ 

Si-H + M-H 
Si-H + M-H 
Si-H + M-H 

PhSiH + (Cp)pZrClX 
? + (Cp),ZrCl, 

Si-Cl + H-M 
Si-H + Cl-M 
Si-X + H-W 

Si-I + I-Mn 
Kinetic study: Si < Ge 4 Sn < Pb 
Si-X + X-Mn 

R&*H + Cl-Mn 
Si-H + Cl-Mn 
Si-Cl + H-Fe 
Si-Cl + C1-Fe 
Si-C1 + H-Fee 
Si-Cl + I-Fe 
Si-F + I-Fe 

b 

- 



TABLE X 

CLEAVAGE REACTIONS OF SILICON-METAL COMPOUNDS 
~~ 

suc- 
Entry Silicon- metal compoundlreagent cess Ref. 

Cleavage by dihydmgen 
1 cis-(Meai)sPt(diphos)"/H, 
2 cis-(MeJSi)PtH(diphos)"lHP 
3 cis-(Me&(PtC l(diphosY'/H2 

Cleavage by halogen compounds 

SiFh, 

4 

P 
0 

5 

6 
7 
7a 
0 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

/ 'SiPhz 

\ ,SiPh, 
( C p i J i  I lCHCIS/hv 

S$h2 

(PhSilZrCl(Cp)dHX 
(Ph&)Zr€l(Cph/CDCls 
H3SiCr(CO)a(Cp)MCl (also Mo, W analogs) 
&SiCr(CO&/HCl (also Mo, W analogs) 
(CHFCHIMeSiW(CO)a(CpHHX (X = F, Br) 
F,SiMn(CO&/HBr (also Re analog) 
MeSiMn(CO)5& 

(also Ge, Sn, Pb analogs) 
Ph&MnCO)SR(z (X = C1, Br) 
Ph$iMn(CO)JIl 
R&* MnHICO)t(Cp')r.d/Cle 
XRRSiMnH(CO),Cp')'/HCl 
Me,SiFe(CO)dCp)/HCl 
MeBiFe(COidCp)lClz 
MeSiFe(C0)ACp)lHCl 
Me$3iFe(CO)&p)/ICl 
Me$3iFe(COi2(Cp)/CFJ 

Si-H + M-H 
Si-H + M-H 
Si-H + M-H 

PhSiH + (Cp)pZrClX 
? + (Cp),ZrCl, 

Si-Cl + H-M 
Si-H + Cl-M 
Si-X + H-W 

Si-I + I-Mn 
Kinetic study: Si < Ge 4 Sn < Pb 
Si-X + X-Mn 

R&*H + Cl-Mn 
Si-H + Cl-Mn 
Si-Cl + H-Fe 
Si-Cl + C1-Fe 
Si-C1 + H-Fee 
Si-Cl + I-Fe 
Si-F + I-Fe 

b 

- 



13 

14 

15 

16 

17 

c 
-4 

18 

19 

20 

21 
22 

HiOs(C0)r 

[Me3SiRu(CO)rlz 

CS(C0)S 

HzSiPhr 

HSiC13 

HSiPh.C13-. (n = 1, 2) 

HSirMes 

A 
(OC),Fe - 

/sP 
b & e Z  

A or hu (OC)3(Me3Si)M- M(SiMe3)(CO)3 

HSiMe3 

HSizMes 

HMezSiSiMezH 

H S i h  
HzS% 

(table continues) 



TABLE IV (Continued) 

Metal Treat- 
Entry carbonyl derivative Silicon hydride ment" Product Ref. 

23 CO,(CO), 

28 

H,SiCl, HCl,SiCo(CO). 
Cl,Si[Co(C0),lZ 

H2ClSiMn(CO)S HC1Si[Mn(CO),l[Co(CO),l 
C1Si[Mn(CO)S1[CoZ(CO)71 

HSiR3 R3SiCo(CO), 
HSi(C,F,b A (CsFs)aSiCo(CO)4 
[HMe2SiCH2B [(OC ).COS~M~,CH,-]~ 
(HMezSi)2X (X = 0, CHZ) [(OC)&oSiMeZlzX 

HMe,Si SiMeZH 

HMe,Si SiMe,H 



TABLE X 

CLEAVAGE REACTIONS OF SILICON-METAL COMPOUNDS 
~~ 

suc- 
Entry Silicon- metal compoundlreagent cess Ref. 

Cleavage by dihydmgen 
1 cis-(Meai)sPt(diphos)"/H, 
2 cis-(MeJSi)PtH(diphos)"lHP 
3 cis-(Me&(PtC l(diphosY'/H2 

Cleavage by halogen compounds 

SiFh, 

4 

P 
0 

5 

6 
7 
7a 
0 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

/ 'SiPhz 

\ ,SiPh, 
( C p i J i  I lCHCIS/hv 

S$h2 

(PhSilZrCl(Cp)dHX 
(Ph&)Zr€l(Cph/CDCls 
H3SiCr(CO)a(Cp)MCl (also Mo, W analogs) 
&SiCr(CO&/HCl (also Mo, W analogs) 
(CHFCHIMeSiW(CO)a(CpHHX (X = F, Br) 
F,SiMn(CO&/HBr (also Re analog) 
MeSiMn(CO)5& 

(also Ge, Sn, Pb analogs) 
Ph&MnCO)SR(z (X = C1, Br) 
Ph$iMn(CO)JIl 
R&* MnHICO)t(Cp')r.d/Cle 
XRRSiMnH(CO),Cp')'/HCl 
Me,SiFe(CO)dCp)/HCl 
MeBiFe(COidCp)lClz 
MeSiFe(C0)ACp)lHCl 
Me$3iFe(CO)&p)/ICl 
Me$3iFe(COi2(Cp)/CFJ 

Si-H + M-H 
Si-H + M-H 
Si-H + M-H 

PhSiH + (Cp)pZrClX 
? + (Cp),ZrCl, 

Si-Cl + H-M 
Si-H + Cl-M 
Si-X + H-W 

Si-I + I-Mn 
Kinetic study: Si < Ge 4 Sn < Pb 
Si-X + X-Mn 

R&*H + Cl-Mn 
Si-H + Cl-Mn 
Si-Cl + H-Fe 
Si-Cl + C1-Fe 
Si-C1 + H-Fee 
Si-Cl + I-Fe 
Si-F + I-Fe 

b 

- 
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silicon atom often undergo condensation to yield clusters, e.g. (entry 
221, 

PhzSi[Coz(CO),] 
Co,tCO), 

HzSiPhz cq(co)’* HPh$iCo(CO), 
(11) 

C02tCO). 

It can be seen that first a Coz cluster (11) is produced, then a c O 3  unit 
(111) (accompanied by migration of silicon from metal to  oxygen). This 
topic is taken up further in Section V,B. Other examples of the forma- 
tion of Co2(C0), groups are shown in entries 23, 28, and 30. 
A different type of sequential process is illustrated in entry 18: 

O S ~ ( C O ) ~ ~  behaves as a source of “Os(C0);’ groups, and initial insertion 
is followed by loss of dihydrogen and metal-metal bond formation. This 
0 s - 0 s  bond is then attacked by further Me3SiH (243). 

HSiMe, + “Os(C0):’ + Me,SiOs(H)(CO), 

[Me,SiOs(CO),lz 

HSiMe, 1 
M ~ , S ~ O S H ( C O ) ~  + (Me,Si),Os(CO), 

etc. (33) 

Analogously, Fe3(C0)1z, Fez(CO)B, and irradiated Fe(CO)5 can act as 
sources of “Fe(C0);’ in similar reactions. 

Steric factors are important in reactions of this type. The substituted 
cobalt carbonyl hydrides HCO(CO)~-,,(PP~~),, react with increasing dif- 
ficulty as n increases (entries 32-34). Another general effect is that a 
hydridosilane HSiX3 will react more readily (and the product be more 
robust) as X becomes more electronegative (227,230). This seems to be 
valid for all oxidative addition processes. 

The metal carbonyl analogs M2(PF& and HM(PF3h (M = Rh,Ir) 
follow the same reaction pattern, but somewhat less readily; this is no 
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doubt a result of steric factors, e.g. (entry 36), 

(34) 
A 

Ir2(PF& + 2HSiRRJ + 2R&3iIr(PF3), + Hs 

F. OXIDATIVE ADDITION AND OXIDATIVE ADDITION-ELIMINATION 
REACTIONS 

This category is taken to comprise those reactions in which the for- 
mal oxidation state of the metal increases by 2.* Most of the entries in 
Table V involve the cleavage of Si-H or Si-Si bonds, e.g. (entries 8 and 
491, 

(35) 

(36) 

[Re(I)I(CO)s(Cp) + HSiPhs 2 Ph&3i[Re(III)1H(CO)z(Cp) + CO 

[Pt(O)(PPh& + Si&ls + (Cl&3i)o[Pt(II)1(PPhs)t + 2PPhJ 

while the most common metal oxidation states in the starting mate- 
rials are Mn(I), Fe(O), Co(I), RMI), Ir(I), and especially Pt(0). It is not 
always easy, however, to decide the h a 1  metal oxidation state (e.g., 
entries 9 and 47). The particular case of reactions between metal car- 
bony1 derivatives and Si-H compounds with elimination of dihydrogen 
has already been dealt with in Section 11,E; it may be noted that such 
reactions commonly involve an increase in metal oxidation state of less 
than 2. 

In both the examples given above, there is concomitant loss of one or 
more neutral ligands. Elimination of CO is the rule in reactions of 
mononuclear metal carbonyls (e.g., entry 12) and cyclopentadienyl 
metal carbonyls (e.g., entry 4), but not those of polynuclear carbonyls 
(e.g., entry 16) or carbonyl halides (e.g., entry 33). Elimination of ter- 
tiary phosphines ofien occurs, especially when more than two mole- 
cules are present in the initial complex; however, this is not always the 
case (see entry 24). Clearly, steric requirements and the dictates of the 
18-electron rule determine the composition of the product, and nor- 
mally act in concert; when they conflict, as in the case of 
R3SiRuH3(PR3), (n = 2 or 3; entry 22), variable stoichiometry may 
result. Chelating diphosphines, with somewhat reduced steric re- 
quirements, are usually retained (e.g., entry 191, while complexed 
olefins are invariably lost; the bulky ligand P(cyc10hexyl)~ is associated 
with unusual products (entries 47 and 48). Particular mention may be 
made of the 17-electron species C13SiVH(Cp)2 and (C13Si)2V(Cp)2 shown 

* Two reactions are included (entries 3 and 17) that involve metal-metal bonded 
dimers as precursors and are difficult to rationalize in this way. 



TABLE v 
OXIDATIVE ADDITION (-ELIMINATION) REACTIONS 

Treat- 
Entry Metal derivative Silicon compound ment Silicon- metal product Ref. 

N 
KJ 

1 
2 

3 
4 
5 
6 

7 
0 
9 
10 
11 
12 
13 

HSiCl, 
HSiCl, 

ShCl, 
HSiR, 
%SiS&R’ 
HSP Rj 

HSiRIR1X 

HSiCIa 
HSiR, 
Si,Cl, 
HSiRIRPX 
HSiMe,(NEt,) 

[Si*R, = MePh(1-naphthyl)Si] 

HSiPha 

A 
A 

hu 

hu 

hu 
hv 
hu 
hu 

hu 
hu 

XRlR*SSiMnH(CO i,(Me-Cp) 
PI@iReH(C 0 h(C p 1 
? Cl,SiRe(CO),-H-Re(CO), 
cis-R,SiFeH(CO), 
ICl,SiFe(CO),I, 
XR1R2SiFeH(CO)I 
(EfN)Me,SiFeH(CO), 

14 Fe,(CO), 

15 Fe2(CO)* 

HMeSi 

L I  



16 

17 
18 
19 

20 

21 

22 

Kl 
W 23 

24 

25 
26 

27 
28 

29 

30 
31 

Fe3(CO),, 

[(Cp)Fe(CO)zlz 
Fe(II)H,(PMePh, 1, 
(diphos),Fe(C,H,)f 

RUC& (L = PPhs) 

RuHzL, (L = PPh,) 
RuHClL, (L = PPh,) 
RuClzLs (L = P P b )  
RuH,L, (L = PR,) 
RuHClL, (L = PR,) 
RuC& (L = PR,) I 
co(co),(cp) 
CoH(X,)L, (L = P P b ,  

X = H, N) 
(diphos),CoHf 
(diphos),CoHf 

Rh(CO),(Cp) 

Rh(CnHlz)(Cp) 
[Rh(CnH1z)Cllz 

RhClL, 
(L = PPb, etc.) 

RhClL, (L = PPh,) 
IrH(CO)L, (L = P P b )  

HSiCl, 

HSiC1, 
HSiR, 
HSiR, 

HSiR, 

HSd& 
HSiR, 

HSiR, 

HSiCl, 
HSiR, 

HSiCl, 
HSiCl,, Ph3SiC1, SiCl, 

HSiR, 
HSd& 

HSiC1, 
HSiC1, 
HMeSi(OSiMe,), 
HSiR, 
DSiR, 

hv cis-Cl,SiFeH(CO), 
cis-(Cl,Si),Fe(CO), 

(Similarly Ru, 0 s )  
hv (Cl,Si),FeH(CO)(Cp) 

%SiFe(IV)HJPMePh,), 
R,SiFeH(diphos), 
(R,Si),FeCdiphos), 
%SiRuHL, (R = C1, OEt) 
(R$W2R& (R = C1) 
&SiRuH& 
%SiRuHL. ( n  = 2, 3) 

R,SiRu&L, ( n  = 2,3) 
(not when R = Me, Et) 

hvlA Cl,SiCoH(CO)(Cp) 
R,SiCoHzL, 

~(diphos)~CoHJ+SiCl~ 
None; (diphos),CoCl and 

I(diph~s)~Co(H)Cl]+Cl- produced 
hv R,SiRhH(CO)(Cp) 

R,SiRhH(C1)Lt 

(Cl,Si),Rh(C&)(Cp) 
(C/Si)zRh(CdiH,,)C1 
Me(Me,SiO),SiRhH(Cl)L, 
R,SiIrH2(CO)L, 
R,SiIrHD(CO)L, 

(361) 

(259 ) 
(228 ) 
(291,355) 

(411) 
(411) 
(284,285) 

(284,285) 

(291) 
(16)  

(346) 
(230,344) 

(195) 
(195) 
(195) 
(179,221,223) 
(180) 

(table continues) 



TABLE V (Continued) 

Treat- 
Silicon compound ment Silicon-metal product Ref. Entry Metal derivative 

Me, 
Si 

L,(CO )HIr '-'X 
\ /  

Si 
Mez 

(139,207) 

33 IrCl(CO)L, (L = P P h )  HS& &SiIrH(Cl)(CO)L, ( 70,229) 
34 IrX(CO)L, HaSiY YH,SiIrH(X)(CO)L, (165,166) 

35 IrCl(CO)L, (L = PPh,) S$Cl. (Cl,Si),IrCl(CO)L, (197) 
36 IrCl(CO)L, (L = PEW Hg(SiMe& (Me,Si),Ir(HgSiMe,)(CO)L, (241) 

(L = P E t ,  PPha) (Y = H, C1, Br, I, Me, SiH,) (exchange between X and Y possible) 

N 6 37 [Ir(diphos),l+BP~- HSiR, [%SiIrH(diphos),l+BPh.- (222) 

38 NiL, (L = P P b )  HSiPh, ? (Ph$i),Ni& A (291 ) 

/sic\ 
HSiCl, 

39 NUCO), 

t -Bu 

(100,297) 



40 

41 

42 

43 

tQ 
u1 

44 

45 

46 

47 

LzWCzK,) (L = PPh,) HS& 
(R = Ph, Et, OEt, etc.; 
& = MeCl,) 

[Si*R, = MePh(1-naphthyl)Si] 
HSi* & 

SiR,H 

aS&H 

H(SiPh,),H 

HSiR3 (R3 = Me.C13-", n = 0-2) 

LzPt(CzH4) Me,Si(CrCPh), 
[L = P(cy~lohexyl)~1 

&Si*PtHL, 
(with retention) 

,sY;iph, 
Lzpt\ ,SiPh, I 

SiPh, 

SiR, 

\ /  
SiR, 

L,R/ \Y 

C=CPh 
\ / I  

Pt-Pt 
/ \ / \  

L 

PhCEC SiMe, L 

(163) 

(182) 

(294 ) 

(158) 

(161,430) 

(105) 

(table continues) 



TABLE X 

CLEAVAGE REACTIONS OF SILICON-METAL COMPOUNDS 
~~ 

suc- 
Entry Silicon- metal compoundlreagent cess Ref. 

Cleavage by dihydmgen 
1 cis-(Meai)sPt(diphos)"/H, 
2 cis-(MeJSi)PtH(diphos)"lHP 
3 cis-(Me&(PtC l(diphosY'/H2 

Cleavage by halogen compounds 

SiFh, 

4 

P 
0 

5 

6 
7 
7a 
0 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

/ 'SiPhz 

\ ,SiPh, 
( C p i J i  I lCHCIS/hv 

S$h2 

(PhSilZrCl(Cp)dHX 
(Ph&)Zr€l(Cph/CDCls 
H3SiCr(CO)a(Cp)MCl (also Mo, W analogs) 
&SiCr(CO&/HCl (also Mo, W analogs) 
(CHFCHIMeSiW(CO)a(CpHHX (X = F, Br) 
F,SiMn(CO&/HBr (also Re analog) 
MeSiMn(CO)5& 

(also Ge, Sn, Pb analogs) 
Ph&MnCO)SR(z (X = C1, Br) 
Ph$iMn(CO)JIl 
R&* MnHICO)t(Cp')r.d/Cle 
XRRSiMnH(CO),Cp')'/HCl 
Me,SiFe(CO)dCp)/HCl 
MeBiFe(COidCp)lClz 
MeSiFe(C0)ACp)lHCl 
Me$3iFe(CO)&p)/ICl 
Me$3iFe(COi2(Cp)/CFJ 

Si-H + M-H 
Si-H + M-H 
Si-H + M-H 

PhSiH + (Cp)pZrClX 
? + (Cp),ZrCl, 

Si-Cl + H-M 
Si-H + Cl-M 
Si-X + H-W 

Si-I + I-Mn 
Kinetic study: Si < Ge 4 Sn < Pb 
Si-X + X-Mn 

R&*H + Cl-Mn 
Si-H + Cl-Mn 
Si-Cl + H-Fe 
Si-Cl + C1-Fe 
Si-C1 + H-Fee 
Si-Cl + I-Fe 
Si-F + I-Fe 

b 

- 



55 L&I, (L PEt3) H3SiI 
56 LPtIt (L PEte) H3SiC=CX (X = H, CF3) 

t-BuN=CH 

IHi3iPtI*(H)I, 
XC=CSiHd'tIs(H)L ' 

a Impure. 
Expected to be paramagnetic. 
' Not isolated. 
Possible Re-H-Re bridge. 
' Rearranges to EtHN+MetSiFe(CO), (see Section V,C). 
' diphos = PhxPCHICH,PPh2. 
With extra HSiR3, loses %Sic1 by reductive elimination, then adds more HSiRa to give RsSiIrH&O)L. 
Composition uncertain: as shown, this compound is expected to be paramagnetic. 
Uncertain compound. 

Y 
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as products in entry 2. These are expected to be paramagnetic, since 
dimerization is highly unlikely; together with the less-certain exam- 
ples in entry 38, they represent the fist examples of such behavior in 
molecular silicon-transition-metal compounds. 

Attempted oxidative addition reactions involving cleavage of 
silicon- halogen bonds have proved unsuccessful (see entries 26 and 
52), and when Si-H and Si-halogen bonds are present in the same 
molecule, it is the former that cleaves, even in the case of iodine (en- 
tries 34 and 55). For example, 

Et& I .H 

ClH,Si' I PEt, 
co 

tmns-(E$P),Ir(I)(CO)CI + H,SiCI - Tr(III), 

(IV) (37) 

When disilane, Si2H6, is used in this reaction, the Si-H linkage is 
broken in preference to the Si-Si bond (165). Silicon-carbon bonds are 
not usually susceptible to cleavage, although Si-alkynyl bonds provide 
an exception (entry 47). If both Si-H and Si-alkynyl bonds are present, 
however, it is the former that cleaves (entry 56). The special case of 
metal insertion into Si-C bonds of strained heterocycles is dealt with 
separately in Section II,G,2, while an isolated but interesting example 
of Si-Hg bond cleavage appears in entry 36. 

There is abundant evidence that, in any particular system, the sta- 
bility of adducts formed by oxidative addition using a series of silanes 
HSiX3 increases as X becomes more electronegative; a typical order is 

HSi(aryl), HSi(alkyl), < HSi(OR), < HSiCls < HSiF, 

Thus, adducts of triarylsilanes frequently dissociate readily (i.e., 
undergo reductive elimination) or may exist only in solution in the 
presence of an excess of triarylsilane. Sometimes the only effect of the 
added silane may be to reduce metal ligands, e.g. (411 1, 

(Ph$)&uC12 + EtaiH 4 (Ph$)&uHCl+ EtsiCl (38) 

while in other cases, this reduction is followed by addition of further 
HSiX3 to the hydrido complex so formed. For this particular system, 
there have been conflicting reports of the products from reactions be- 
tween various Ru(I1) species and silanes (entries 20-22). In the most 
recent study (226), it is persuasively argued that the normal product is 
the R u W )  species R&3iRuH3(PR3), (n = 2,3), in which the metal is six- 
or seven-coordinate. Another controversial reaction was that between a 
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cobalt(1) hydride and trichlorosilane (entries 25 and 26). It was first 
supposed that the product was a novel salt of the anion Sic13 [Eq. 
(39a)l, but it was later shown that not only HSiC13 but also 
chlorosilanes with no Si-H bonds underwent the same reaction, giving 
Co(1)- C1 compounds [Eq. (39b)l. 

L(diph~s)~CoH~l+SiCl; (39a) HSiCIS 

(diphos),CoH 7 
\ 

(diphos),CoCl + [(diphos),CoHC1]+Cl- 
HSiCI,. %SiCl, SiCI, 

(39b) 
The high formal oxidation states of metals in some of these adducts is 

noteworthy, e.g., Fe(1V) (entries 17 and 181, Ru(IV) (entries 21 and 221, 
and Pt(1V) (entries 55 and 56). Such adducts are important because 
they provide definite examples of species often postulated as interme- 
diates in oxidative addition-reductive elimination processes (compare 
Section 11,GJ) and in homogeneous catalysis (134,220~4 4 1 0 ~ ) .  In the 
case of germanium, a tris(germy1) adduct of Pt(1V) has been described 
(57), but no more than two silyl groups per metal atom are known to 
result from oxidative addition. 

In a few cases, the stereochemistry of adducts has been elucidated 
from their vibrational and NMR spectra. The arrangement in com- 
pound (IV) has already been displayed, the product of the reaction in 
entry 30 is known to be (V) (223) [and this is confirmed by an  X-ray 
study of the GeMe3 analog (20211, while the product in entry 33 is (VI) 
(229). The adduct Ph3SiMnH(CO)z(Cp) (entry 4) adopts a piano-stool 

h 

(V) (VI) (VII) 

arrangement with cis carbonyl groups (VII) (2251, while the rhenium 
analog (entry 8) has both cis and trans isomers (404); reaction of HSiR3 
with LzPt(olefin) complexes leads to formation of cis derivatives (en- 
tries 41-46). 

Some details of the crystal structure of adducts referred to in entries 
8,10,17,28,47,48, and 54 will be found in Section IV,A (404,403,313, 
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327, 105, 205, 104 respectively), while various cluster compounds 
formed by reactions analogous to oxidative addition processes are dis- 
cussed in Section V,B. 

Besides these determinations of static structures, further studies of 
the kinetics of oxidative addition to Ir(1) complexes have been made. 
Beginning with Ir(CO)H(PPh3)3 (VIII), the fist step is seen as dissocia- 
tion to the four-coordinate planar intermediate (IX). This then deforms 
and undergoes concerted cis addition to yield the adduct (V) ( I  79,224). 
In a comparison of group IV hydrides, Ph&IH, the rates increased in 
the order Si<Ge<Sn; this was attributed not so much to variations in 
M-H bond energy but to the effects of differing polarizability and solva- 
tion of M-Ir products on the activation energy for addition. 

H H H 

I ,,PPh, -PPh 

co co 

I &SiH’ P I H’ 
P-1r-p - *.b*” Ph,P-Ir 

P‘ 
co 

IbPPh, -+pph, I 
(VIII) (IX) (V) (40) 

This picture of the addition process receives support from a study of 
the same reaction using PhsSiD. The same product (V, H’ = D) is 
formed initially, although H-D exchange rapidly scrambles the hydro- 
gen positions (180). 

G. OTHER METHODS 

1. Elimination of Small Molecules 

Table VI lists various ways in which the elimination of small mole- 
cules has been used to produce silicon-transition-metal bonds; most 
can be pictured as proceeding via consecutive processes of oxidative 
addition and reductive elimination. Dihydrogen may result from reac- 
tion between compounds with M-H and Si-H bonds (entries 1-10). 

L.MH + HSiRs+ RSSiML. + H, (41) 

This is a good route to compounds that are functionallysubstituted at  
silicon (entries 6- 10). 

Alkanes can also be formed by the interaction of M-alkyl and Si-H 
species. 

L.MR + HS&+ R$SiML. + RH (42) 
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This method was unsuccessful when R was the bulky CH&Me3 group 
(entry 11). A six-coordinate M(IV) adduct is probable intermediate in 
entries 12-15, and elimination of groups other than R + H from this 
adduct provides a reasonable explanation for the volatile products ob- 
served in entry 12 and the formation of cis-R3SiPt(H)L2 in entry 15. 

Elimination of hydrogen halide occurs both from M-H and Si- 
halogen (entry 18) and from M-halogen and Si-H systems (entries 17 
and 19); a Lewis base must normally be added to drive the reaction 
from left to  right (entries 17 and 18). 

L.M-X + H-Sih-, 

13 hSiM1, + NHEtX 

L.M-H + X-S&-----] (43) 

By contrast, elimination of an amine to yield Si-M bonds has been 
achieved only between M-H and Si-N compounds (entries 20 and 21). 

Elimination of alkenes has been already dealt with in Section II,F 
(oxidative addition-elimination), while other reactions involving 
elimination of dihydrogen may be found in that section and in Section 
11,E; this latter section includes many cases in which metal hydride 
species are believed to act as intermediates. 

2. Addition to Si-C Bonds of Strained Heterocycles 

These reactions, shown in Table VII, are chiefly a special type of 
oxidative addition process. Most important are those involving inser- 
tion of “Fe(C0)4)); this is thought to occur via electrophilic Si-C cleav- 
age in an essentially concerted process. Experiments with substituted 
silacyclobutanes have shown that the process is both regio- and 
stereospecific (135). Other metals seem reluctant to undergo this reac- 
tion: the manganese analog in entry 23 is thermally very unstable. 

While silacyclopentanes and sitacyclohexanes do not appear to react 
in this way, it seems likely that the very strained three-membered ring 
in silacyclopropanes will. 

3. Formation of Adducts with M+Si Bonds 

In principle, electron donation could take place from filled orbitals of 
a transition metal into empty silicon 3d orbitals to give adducts. 
Fluorosilanes in particular are known to act as Lewis acids (23). The 
somewhat confused experimental situation is summarized in Table 
VIII. 

Initial experiments (entry 29) suggested that a 1 : 1 complex was 



TABLE VI 

ELIMINATION OF SMALL MOLECULES 

Entry Metal compound Silicon compound Silicon-metal product Ref. 

(a) Elimination of HZ 
1 (CphWHz 
2 FeHZ(dipho& 

3 FeHCKdiphos), " 

5 RhHL (L = PPb)  
4 C O H ~ L  (L = PPhd 

W 
E5 

6 PtH(X)Lz (L PEt3) 

9 PtH(X)L (L = PR3) 
10 PtH& [L = P(cyclohexyl)~l 

HSiCl3 
HSiX3 

H S i S  
HSiX3 
HSiC13 
H,-,SiX; 
(X, X' = C1, Br, I; n = 0-3) 
H3SiC=CX (X = H, CF,) 
(H3Si)*Y 
(Y = 0, NH, S, Se, Te) 
(H3Si)$ (Z = N, P) 
&Six (X = H, C1, SiHd 

trans -[(SiH3)*ZSiH*lPt(X)L 
trans -(XSiHz)Pt(H)Lz 

(88) 
(291,355) 

(10) 
(167,168) 

~~ ~ ~ 

(b) Elimination of alkane 
11 (Cp)zV(C HzSiR8) HSiEt, 

13 NiMe(Cp)L (L = PPh3) HSiCS 
14 PtMezLz [b = (Ph2P)&H21 HSiMe3 
15 cis-F%MezL (L = PMeZPh) HSiR, 

12 (bipy)NiEtz HSiX3 

HzSiPht 

Unsuccessful (successful with Ge,Sn) (372) 
(XsSi)ZNi(bipy)' (274,276) 
Cl,SiNi(Cp)L (2 76 ) 
MesSiPt(Me)L (200 ) 
cis-&SiPtHL (162) 
cis -(R3Si)tPtLz 
cis -(HPhrSi)zPtL (162) 



(c) Elimination of hydrogen halide 
16 (Cp)2TiCl, HSiCl, 
17 Mo(C0)2(C7H,)Cl HSiCl, 

Unsuccessful 
Cl&iMo(C0)2(C,H,) 

PMe, 

18 HMn(CO)5 C13SiCH2CHzPMe2 (OC),MnJ ) 
SiC1, 

\ 

18a Fe2(CO)g 
Fe(CO), 

HSiMezCld MeBi' I 
\ 

Fe(CO), 

19 Ni(Cp), + NiC& HSiCl, 
(L = PPL) 

(68) 

(199,203) 

~ 

(d) Elimination of amine 
20 HMo(C0)3(Cp) 

W 
W Me,NSiMe, Me,SiMdCO),(Cp) (similarly W) (86 ) 

PMe, 

21 HMn(CO)s Me2NSiMerCH2CHzPM~ (OC),MnL ) 
SiMe, 

\ 

" diphos = PhSCHzCHzPPh2. 
* bipy = 2,2'-bipyridyl. 
' Evolves CzHr, also H,, EtSiCL. 

NEB added. 



TABLE VII 

ADDITION TO STRAINED HETEROCYCLIC RINGS 

Entrv Metal comwund Silicon compound Treatment Silicon-metal product Ref. 

22 TiCl, fMe,SiCH& A None 
(TiCSi formed) 

23 Mn(C0)dCp) Phzsfl u 

24 Fe2(C0)* R'RzsEl 
Me,Si 

Me 
25 FedCO)p 17 

hu 

(OC),Fe 

Me& - Fe(CO), 

Me 

(329 ) 

(400) 

(131, 132, 135) 

(135) 

Decomposes at -78°C. 
Fe(COIs or Fes(CO)rz with irradiation can also be used. 



TABLE X 

CLEAVAGE REACTIONS OF SILICON-METAL COMPOUNDS 
~~ 

suc- 
Entry Silicon- metal compoundlreagent cess Ref. 

Cleavage by dihydmgen 
1 cis-(Meai)sPt(diphos)"/H, 
2 cis-(MeJSi)PtH(diphos)"lHP 
3 cis-(Me&(PtC l(diphosY'/H2 

Cleavage by halogen compounds 

SiFh, 

4 

P 
0 

5 

6 
7 
7a 
0 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

/ 'SiPhz 

\ ,SiPh, 
( C p i J i  I lCHCIS/hv 

S$h2 

(PhSilZrCl(Cp)dHX 
(Ph&)Zr€l(Cph/CDCls 
H3SiCr(CO)a(Cp)MCl (also Mo, W analogs) 
&SiCr(CO&/HCl (also Mo, W analogs) 
(CHFCHIMeSiW(CO)a(CpHHX (X = F, Br) 
F,SiMn(CO&/HBr (also Re analog) 
MeSiMn(CO)5& 

(also Ge, Sn, Pb analogs) 
Ph&MnCO)SR(z (X = C1, Br) 
Ph$iMn(CO)JIl 
R&* MnHICO)t(Cp')r.d/Cle 
XRRSiMnH(CO),Cp')'/HCl 
Me,SiFe(CO)dCp)/HCl 
MeBiFe(COidCp)lClz 
MeSiFe(C0)ACp)lHCl 
Me$3iFe(CO)&p)/ICl 
Me$3iFe(COi2(Cp)/CFJ 

Si-H + M-H 
Si-H + M-H 
Si-H + M-H 

PhSiH + (Cp)pZrClX 
? + (Cp),ZrCl, 

Si-Cl + H-M 
Si-H + Cl-M 
Si-X + H-W 

Si-I + I-Mn 
Kinetic study: Si < Ge 4 Sn < Pb 
Si-X + X-Mn 

R&*H + Cl-Mn 
Si-H + Cl-Mn 
Si-Cl + H-Fe 
Si-Cl + C1-Fe 
Si-C1 + H-Fee 
Si-Cl + I-Fe 
Si-F + I-Fe 

b 

- 
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formed between the donor fragment (Ph3P)zPt and SiF4; this complex in 
turn formed an adduct with 1 mol ammonia. However, later work (en- 
tries 27 and 30) indicated that the product in this system and that from 
Ir(CO)H(PPhJ2 and SiF4 were ionic derivatives containing the SiF; 
anion [1:1 adducts between SiF; and ammonia are already known 
(108a)l. Evidently, reaction in glass vessels had led to production of 
hydrogen fluoride. 

The interesting ligand molecule SiF3CHzCHzPMez, which undergoes 
extensive self-association (2091, attaches itself to  iron or palladium 
centers via the phosphorus atom (entries 26 and 28). Further interac- 
tion then occurs between the metal atom and the SiF3 group; this is 
weak in the former case but stronger in the latter, which has been 
described as an example of a three-center two-electron bond system. 
Electron donation is postulated from the filled Pd 4d9 orbital into 3d 
orbitals of both silicon atoms (212). 

4 .  Rearrangements, Anion Attack, and Miscellaneous Reactions 

rangements leading to silicon-metal bonds: 
a .  Rearrangements. Table IXA shows three examples of rear- 

Si-C-M + C-Si-M (entries 31 and 32) (44) 

Si-Si-C-M 4 Si-C-Si-M (entry 33) (45) 

While it is tempting to ascribe these processes to an increase in bond 
energy on going from C-M to Si-M systems, entries 34 and 35 show 

TABLE IXA 

REARRANGEMENTS 

Entry Reaction Ref. 

31 MezHSiCHzFe(CO)z(Cp) 2 MeaSiFe(CO),(Cp) (352 ) 

32 MezHSiCH2Fe(CO)&p) Me3SiFe(CO)(PPh3)(Cp) (352 ) 
PPhr 

33 MerSiSiMe2CHzFe(CO)~(Cp) 2 Me3SiCHzSiMezFe(C0)2(Cp) (353 ) 
A 

34 (C1CH2)Clz-,MeBiFe(CO~~Cp) -D Cls-,Me,SiCHaFe(CO)o~Cp) (427,428 ) 

35 (CICHp)C1zSiFe(CO)z(Cp) -* ClaSiCH2Fe(CO),(Cp) (427,428)  

35a (Br€He)MeZSiFe(CO)&p) - BrMe2SiCHzFe(C0)2(Cp) (427,428)  

( x  = 1,2) 
AICl, 

0°C 
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TABLE IXB 

ANIONIC ATTACK 

Entry Metal compound Silylaniodsolvent Silicon- metal compound Ref. 
~ ~ ~~ 

36 Fe(CO), Ph,SiLi/THF Li[PhSiFe(CO),] (288) 
37 NUCO), PhSiLi/THF Li[PhSiNi(CO),l" (288 ) 
38 Ni(COD)z PhSiKPTHF K3[(PhsSi),Nil(THF)3 (417 )  
39 Ni(COD)z * PhSiNdglyme Nar[(PhSi)rNil(glyme)r (41 7 )  

" NMe: salt also isolated. 
Cyclo-octa-l,5-diene. 

that  under certain circumstances the rearrangement 

CI-C-Si-M 4 Cl-Si-C-M (46) 

can occur, no doubt assisted by the high Si-C1 bond energy (see also 
entry 35a). 

To the extent that  alkali metal organosilyl 
derivatives R a i M  are ionic in nature (241, they can be regarded as 
sources of R a i -  anions, isoelectronic with tertiary phosphines. As 
Table IXB shows, they do indeed react with transition-metal(0) com- 
pounds to yield anionic complexes with silicon-metal bonds. As yet, 
little is known of the chemical behavior of these interesting species. 

b. Silyl anion attack. 

c. Miscellaneous reactions. Attempted reaction of the type: 

\ 

/ 
(47) 

\ 
- T i 4 1  + Me3SiSiMe, X, -Ti-SiMe, + Me,SiCl 
/ 

was unsuccessful ('kble IXC, entry 401, but reaction of a hydri- 
dodisilane with Fez(CO)s led to extrusion of MezSi, which then coor- 
dinated to the metal; the remaining silane added oxidatively to the 
metal center, giving the compound Me2Si-+FeH(CO)&3iMe& as prod- 
uct (entry 45). Another attempt to produce a silylene-metal species 
gave a product for which the dimeric structure (XII) was proposed 
(entry 41). Metal-stabilized silylene derivatives are discussed further 
in Section V,C. 

Formal insertion of Fe(CO), into the Si-Si bond of a vinyldisilane 
leads to the interesting silicon-substituted ally1 derivative (XIV)" 

* This reaction has now been reinterpreted in terms of an $-substituted vinyl Fe(CO), 
product (see Appendix). 
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TABLE IXC 

MISCELLANEOUS 

Entry Reaction Ref. 

Hd\L-Fe(CO)BiMe3 ' 
\ \  
'CH, 

(XIV) 
45 Fep(C0)~ + HSiMelSiMezR - MezSi+FeH(CO)dSiMezR) (384 ) 

(R = H,Me) 
~~~ ~ 

' I  Dissociates in THF solution, giving 18iW(CO)s. THF; see also Section V,C. 
Minor products. 
diphos = Ph2PCH2CH2PPhz. 
Irreversible process. 

e See footnote, p. 37, and Appendix. 

shown in entry 44; although air-sensitive, it is stable thermally up to 
80°C. Cleavage of a Si-(q'-C&) bond and addition across a metal- 
metal bond is the minor reaction pathway in entry 42. 

The great reluctance of silicon-metal compounds to undergo car- 
bony1 insertion reactions, familiar in analogous C-metal chemistry, is 
discussed in Section II1,B. Entry 43 shows the reverse process: a sila- 
acyl derivative (XIII), prepared by the reaction (14 )  of Eq. (481, 

p\ w.., I .p 

oc' I 'c 
co 4 

[Re(CO),(diphos)]+ ClOi + Ph,SiLi - Re" ,siph, 

(XIII) (48) 

decomposes irreversibly above about 182°C to yield a silicon-rhenium 
compound. 
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Ill. Reactivity of Molecular Silicon-Transition-Metal Compounds 

A. GENERAL 

A pattern of reactivity for typical molecular silicon- transition-metal 
compounds can be summarized in terms of Fig. 2. 
Here we see the following modes of behavior: 
(1) Cleavage of the silicon-metal bond. This includes as important 

subdivisions: insertion reactions, exchange of one silicon-containing 
group for another, and exchange of one metal-containing group for 
another (mode 1'). 

(2) Ligand exchange at silicon, while the Si-M bond remains intact. 
(3) Formation of adducts by attack of Lewis bases at silicon. 
(4) Ligand exchange at the metal, while the Si-M bonds remains 

intact. Two important types of ligand, hydrogen (mode 4b) and car- 
bony1 (mode 4a) are differentiated from the rest (mode 4c). 

( 5 )  Reactions involving the carbonyl group, in which oxygen acts as 
a nucleophile and/or carbon acts as an electrophile. 

(6) Disproportionation reactions, either at a silicon or a metal center, 
the former being more common. 

Examples of all these processes are considered next. 

B. CLEAVAGE OF THE SILICON-TRANSITION-METAL BOND 

Cleavage reactions, classified according to the nature of the attack- 
ing group, are collected together in Table X. Besides these, adduct 
formation (mode 3) and reductive elimination reactions also involve 
cleavage of Si-M bonds, but it is convenient to treat these separately in 

I 
I / I 

- (2) Y --. X - Si- M- H - (4b) 
(3) B L - (4c) 

FIG. 2. Idealized reaction modes for molecular silicon-transition-metal compounds 
(see text). 



TABLE X 

CLEAVAGE REACTIONS OF SILICON-METAL COMPOUNDS 
~~ 

suc- 
Entry Silicon- metal compoundlreagent cess Ref. 

Cleavage by dihydmgen 
1 cis-(Meai)sPt(diphos)"/H, 
2 cis-(MeJSi)PtH(diphos)"lHP 
3 cis-(Me&(PtC l(diphosY'/H2 

Cleavage by halogen compounds 

SiFh, 

4 

P 
0 

5 

6 
7 
7a 
0 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

/ 'SiPhz 

\ ,SiPh, 
( C p i J i  I lCHCIS/hv 

S$h2 

(PhSilZrCl(Cp)dHX 
(Ph&)Zr€l(Cph/CDCls 
H3SiCr(CO)a(Cp)MCl (also Mo, W analogs) 
&SiCr(CO&/HCl (also Mo, W analogs) 
(CHFCHIMeSiW(CO)a(CpHHX (X = F, Br) 
F,SiMn(CO&/HBr (also Re analog) 
MeSiMn(CO)5& 

(also Ge, Sn, Pb analogs) 
Ph&MnCO)SR(z (X = C1, Br) 
Ph$iMn(CO)JIl 
R&* MnHICO)t(Cp')r.d/Cle 
XRRSiMnH(CO),Cp')'/HCl 
Me,SiFe(CO)dCp)/HCl 
MeBiFe(COidCp)lClz 
MeSiFe(C0)ACp)lHCl 
Me$3iFe(CO)&p)/ICl 
Me$3iFe(COi2(Cp)/CFJ 

Si-H + M-H 
Si-H + M-H 
Si-H + M-H 

PhSiH + (Cp)pZrClX 
? + (Cp),ZrCl, 

Si-Cl + H-M 
Si-H + Cl-M 
Si-X + H-W 

Si-I + I-Mn 
Kinetic study: Si < Ge 4 Sn < Pb 
Si-X + X-Mn 

R&*H + Cl-Mn 
Si-H + Cl-Mn 
Si-Cl + H-Fe 
Si-Cl + C1-Fe 
Si-C1 + H-Fee 
Si-Cl + I-Fe 
Si-F + I-Fe 

b 

- 



19 Ft$3i*Fe(CO)z(Cp)d/C1z 
20 &Si* Fe(CO),(Cp)d/HC1 
21 %Si*Fe(C0)2(Cp)d/KHF2 
22 (CH,--CH)MeBiFe(CO)dCp)/HX 

(X = F, C1, Br, I, CF&OO, etc.) 
23 (CHz=CH)PhSiFe(CO)d(Cp)/HCl 
24 (CHFCH)PhBiFe(CO)z(Cp)/C12 
25 (CHZ=CH)PhBiFe(CO)dCp)/KHFZ 

26 IHCl 

28 
U 

29 Me&la-aiCo(CO)dHX ( x  = 0-2) 
30 
31 

RSSi*Co(CO)JX2 (X = C1, Br) 
RSSi*PtC1(PPhMen)z YX, (X = Br, I) 

Sich2 

/ ‘SiPh, 
32 ““\ ,SiPh, I /Br, 

’Sikh (L= P P ~ )  

Cleavage by oxygen and sulfur compounds 
33 H3SiCr(CO)dCp)/Hz0 
34 F,SiMn(CO),/CO (also Re analog) 

Si-C1 + C1-Fe 
- 

J 
X 

X - 
J Si-H + X-Fe 

- X 

Si-C1 + C1-Fe 
- 

J 
X 

J n-PrMeSiC1 + FeCl, ’ 

n-PrMeClSiFe(CO)ACp) (70% 
Si-C1+ H-Fe (20% ) 

J Si-X + X-Fe 

J” Si-X + H-Co 
J Si-X + X-Co 
J Si-Cl + X-Pt 

J SirPhar ,  + Ld’tBrr 

J SiH, ‘ I  

X b 

(136) 

(215) 
(115) 
(163, 164) 

(214) 
(3 73 ) 

(table continues) 



TABLE X (Continued) 

suc- 
Entry Silicon-metal compound/reagent cess Products Ref. 

35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 P 

h) 

50 

51 

52 

53 
54 
55 
56 
57 
58 

FSiMn(CO)JSO, 
MeSiMn(C0)JMeOH 
MejSiMn(CO)s/PhCHO 
R3Si* MnH(CO)z(Cp'Y.''/HzO 
RSi* MnH(CO)r(Cp')'.''/MeOH 
XRR'SiMnH(C0)dCp' )'/H20 
XFtR'SiMnH(C0)ACp')VMeOH 
Ph2Si[ReH(CO)41z/"H2SiO~i 
PhSiRe(CO)Adiphos)"/CO 
MeSiFe(CO)ACp)/SO, 
RSi* Fe(CO)&p)"/H,O 
R~i*Fe(CO)ACp)"iMeOH 
RSi* Fe(CO)&p)"/MeO- 
( C H F C H ) P ~ $ ~ F ~ ( C O ) & ~ ) / H ~ O  
(CHFCH)Ph&iFe(CO)ACp)/EtO- 

""ai) /H20 
(OC),Fe 

(MeSi)#e(CO)JPhCHO 

/"> /PhCHO 

C1,Me3-8iCo(CO)JH20 ( x  = 1, 2) 
C1,Me3-8iCo(CO)JC0 ( x  = 0-2) 
RSi*Co(CO), d/H20 
R8i* PtCl(PPhMe& YPhSH 
RSi* RH(PPh& "IPhSH 
RSi* PtH(PPh& "IPhCOC1 

(oc'4Fe\ SiMe, 

X 

J 
J 
J 
J 
J 
J 
J 
X 

X 

J 
X 

X 

X 

X 

J 

J 

J 

b 

Si-0 + H-Mn 
Si -0  + Mn,(CO),,, 
Si*-0 + ? 
Si*-0 + ? 
Si-0  + ? 
Si-0  + ? 

cf. Section II,G,4,c 
Insertion does occur with Ge, Sn analogs 
S i -0  + ? 

? + HJle(C0)S 

n-PrMe,SiOH + ? 

Si-0  + ? 

Si-0 + ?' 

Si-0 + ? 
Even at 9O0C/40O0 atm 
Si*-0 + ? 
Si*-H + S-Pt 
Si*-H + S-Pt 
Si*-H + Pt(C1)OCPh 

(215) 
(215) 
(115) 
(163, 164) 
(163, 164) 
(163, 164) 



Cleavage 
59 
60 
61 

62 
63 
64 
65 
66 
66a 
67 

by nitrogen and phosphorus compounds 
H~~MO(CO)~(C~)/NHM~Z/~O~C~ 
HaiM(C0)3(Cp)/PFs (M = Cr, Mo, W) 
M e & i z W ( C 0 ) & p ) / M e 3 H ~  

(also Cr, Mo analogs) 
PhSiMn(CO)JP(OR)&O"C 
RSi*MnH(CO)ACp')'."lPR3 
RSi* Fe(CO)&p)/P(OPh)slh y 

XSiFe(CO)&p) /MeMH* 
Mei3i+FeH(CO)3(SiMeJWPPh3 
(ClSi)zFe(CO)JPPhS 
EtSiCo(CO)JPPh3 

Cleai 
68 

69 
70 
71 
72 
73 
74 
75 
76 
77 
78 

rage by silicon, germanium, and tin compounds 
MeSiMo(CO)J(Cp)/(Me&DOSiMe3 

(Similarly W, M = Ge, Sn) 
FSiFe(CO)I(Cp)/MesP=C(SiMe3)z 
RSiRuHJL3/HSiRI, (L = PR3) 
RSiCo(CO)JHSiRI, 
Me,SiCo(CO),/HMMe, (M = Ge, Sn) 
MeSiCo(CO)+/Me&eBr 
MesiIrHdCO)(PPh3)t/HMMe3 (M = Ge, Sn) 
C1SiNi(Cp)(PPh3)/HG13 
RSi*PtC1(PPhMez)t "/HSiEt3 
frans-C1HISiPtCl(PEt3)*~3~Cl 
MeaSiPtX(diphos)VHMMe3 (M = Ge, Sn) 

Cleavage by hydridic reducing agents 
79 RSi*MnH(CO)dCp')'."/LiAIH, 
80 RSi*Fe(CO)ACp)"/LiAlH, 
81 R~i*Fe(CO),(Cp)"/NaBH4 
82 (CHAH)PhfiiFe(CO)ACp)/NaBHI 
83 RSi*Co(CO), "/LiAlH. 
84 PhSiCo(CO)JLiAlH, 

J 
J 
J 

J 
J 
J 
J 
J 
J 
J 

J 

J 
J 
J 
J 
J 
J 
J 
J 
J 
J 

J 
J 
X 

X 

J 
J 

HSiNMe, + H-Mo 
HSiF3, PF3, PF@, etc. 
MeMH(Si&feS) ' . "  + Me,P+W(CO)&p)- 

(PhSiOLPO + RCOMn(C0)3[P(OR)312 
RSi* H + Mn- PR3 
R&*H + Fe-(o-C&O)-P (see text) 
Me3P=CH(SiXJ)"*" + Me,P+Fe(CO)&p)- 
Fe(C0)3(PPh3)z + ? 
SizCl. + Fe(CO)JPPh3)s-. (n = 3, 4) 
SiJ3ts + [Co(CO)JpPh311 

MeJMMo(C0MCp) + (MeSihO 

MeBiFe(C0)dCp) + Me+C(SiF3)(SiMe3) 
RjSiRuHL3 + HSiR3 
R&iCo(CO)I + HSiR3 
Me&fCo(CO), + HSiMe3 
Me&eCo(CO), + MeSiBr 
MeJMIrHI(CO)(PPh& + HSiMeS 
ClsGeNi(Cp)(PPh3) + HSiCL 
Pt- H + HSi* R3 
tmn..s-CIH&ePtC1(PEts)z + HaSiCl 
MeJMPtX(diph0s) + HSiMe3 

HSi*R3 + H-Mn 
HSi*R3 + ? 
- 
- 
HSi*R3 + ? 
HSiPhs + ? 

(214) 
(214) 
(305) 

(376) 
(117,118) 
(93) 
(301,303) 
(384 1 
(355) 
(22 7 ) 

(306,310) 

(303 ) 
(226) 
(95 1 
(73) 
(73) 
(198) 
(199) 
(112,164) 
(58 ) 
(112,113) 

(11 7,118) 
( 9 1 , W  
( 9 1 , W  
(123) 
(114,115) 
(114,115) 

(table continues) 



TABLE X (continued) 

suc- 
Entry Silicon-metal compoundireagent cess Products Ref. 

85 &Si*PtC1(PPhMez )zd/LiAIH, J HSi*R3 + Pt + . . (163, 164)  
86 &Si*PtH(PPh, )zd/LiAIH, I HSi*R3 + Pt + . . . (163, 164) 

Cleavage by organometallic compounds 
87 RBi* MnH(CO)Z(Cp’)‘.”/LiMe 
88 R ~ ~ * C O ( C O ) ~  “/LiR (excess) 

89 PhSiCo(C0)JRMgBr 
(similarly Ph,Si derivative) 

HSi*R, + . . .’ J 
J R&i*Li + ? 

J “PhBiMgBr” + ? 

Cleavage by mercury compounds 
90 RSiFe(CO)z(Cp)/HgBrz J RBiBr + . . . 

(also Ge, Sn analogs) { Kinetic study: Si < Ge g Sn 
Lb 
Lb 91 MenC13-l$iCo(CO)JHgXz (n = 1 , 2 )  J Me.Cl,-,&X + . . . 

92 RSi*Co(CO), “/Hg(CH&OO)z J R3Si*(CH3COO) + . . 

( 1 1 7 , 1 1 8 )  

(114,115,120) 

(102, 103) 

Cleavage by alkenes, alkynes, and nitriles 
93 MeSiMn(CO)&F, Vlhu J Me8iCF2CFzMn(C0)5 (106) 

(also Ge, Sn analogs) 
I 94 MeBiMn(C0)5/CHF=CFz Vhu v ccs-CHF=CFMn(CO), + MeSiF (106) 

95 FSiMn(CO)s/CzF4 X No clear evidence for insertion (cf. Ref. 397) (373) 
96 Me&3iFe(CO)r(Cp)/CF&=CR/h u J MeSiC(R)=C(CF3)Fe(CO)z(Cp) (66)  

97 MeBiFe(CO)dCp)/CF&F.&F=CF/h u X - (66) 
98 cis-C18iFeH(CO),/CzF4 X C1SiFe(C0)9e(CO)SiC13 + ? (259) 

(also Ge, Sn analogs) (R = H, CF,) 

(386) 

Rz 



Ph, Ph. 

(124) 100 J 

+ . . .  R' C H=C HN 
\ 

101 J (124)  

P h  
(Me8i)Rut(CO)dCrH&iMe,)' 
MeaiRu(C0)dC &3iMea) 
Me&Ru(CO)*(tetrahydropentalenyl)R 

MeSiRu(CO)&etrahydropentalenyl)s 
Me&Ru(CO)&etrahydropentalenyl)8 
Ru~CO),ICsH,,ISiMe,),l'," ( m  = 2, 3) 

a 

102 
103 
104 
105 
106 

rp 107 
108 

J 
J 
J 
J 
J 
J 

2, 3) J 

(74. 75) 
(75,245) 
(412) 
(412)  
(281 
(281 
(244,247,279) 

109 (170,171) J 

110 J R U ( C O ) ~ M ~ & C H & H ~ S I M ~ & ~ H , )  
(see text) 

(170,171)  

111 
112 
113 

(409)  
(409)  
(246,279) 

J 
J 
J 

(table continues) 



TABLE! X (Continued) 

Entry 

114 

115 

- 

116 

117 

118 
rp 
a 

119 

120 

suc- 
Silicon-metal compound/reagent cess Products Ref. 

( O C I z N I / s i I H  \ /t-BuC=CH 
. ,  
Si t-Bu 
FZ 

Ph2MeSiPtHL2/PhC=CR 

&Si*PtHLd/PhC=CH (L = PP4) 
(L = PPhj; R = H, Ph) 

Me, 

/PhC=CH (L = PPh3) 

Si 

121 (Cl&)&L21PPhJPhC=CPh 
(L = PPhs) 

Fz 
Ph,MeSiH + LPt(PhC=CR) 

(200, 297) 

(161) 

&Si*H + LPt(PhC=CH) (163, 264) 

+ Ph,PCl, 
L z R ' s i x  \ Si Ph Ph 

(1.59) 



122 (Cl&i)&(PPh3)dPhC=CPhlPPhs X No reaction; cf. entries 120 and 121 (197) 
123 PhMeaiCu . LEN/  (i) n - B u C 4 H  J n -BuCH=CH(SiMezPh) (major) (185) 

124 (PhMeai)&uLi . LiCN/ (i) ( n - B u C S H ;  J Only n-BuCH=CH(SiMe,Ph) (185) 
(ii) NH4Cl + n-BuC(SiM%Ph)=CH, (minor) 

(ii) NH,Cl [see also 
Ref. (6)l 

125 ( M ~ ~ S ~ ) ~ R U ( C O ) ~ / M ~ S ~ R U C C ~ ) ~ ( C ~ H ~ S ~ M ~ ~ )  J Me3SiRudCO)s(CsHaSiMes)” (170,280) 
Miscellaneous 

diphos = PhSCHpCHSPhz. 
Other F s i - M  derivatives behave similarly, where M = Fe(CO)dCp), Mo(CO)dCp), W(CO)s(Cp), and Mn(C0)APPhd. 

R&i* = MePh(1-naphthy1)Si. 
Also [Fe(CO)z(Cp)l,. 

’And other products. 
Only at high pressure and 90°C. 

* Probably arises from disproportionation of (SiH&O, etc. 
’ Silicic acid. 

‘ Cp’ = 77’-CH&&I4. 

PP 
4 

Also PhCH=CHPh, etc. 
Adduct formed at 25°C. 
‘ Fe(C0)dCp) derivative reacts similarly. 
Via adduct as intermediate (see text). 

” Mo(CO)&p), W(CO)3(Cp), and CO(CO)~ derivatives react similarly. 
Compare (119) and abstraction of H+ from analogous species. 

”Similar insertion or (insertion - Me&*) products from cyclo-C$B, CF&=CH, C F & d C F 3 ,  and m C F .  
Also forms FedCO)a(R&dr and FedCO)a(R&dSiPh,. 
Also (as major product) (Me5Si)Jlut(CO)dC,H,). 

*Major products are silicon-free compounds. 
‘ Pentalene complex. 
“ Via Me&iRu(C O)&etrahydropentalenyl) intermediates. 
l‘ bipy = 2,2‘-bipyridyl. 
u’ Also 2,4di-t-butyl isomer. 

Also open-chain Me&iRus(CO)4(C&$iMe3) and Rus(CO)8-pentalene complexes. Note that (Me&i)~Ru(C0)~ acts as source of 
“Ru(C0)s.” 
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Sections III,D and 111,G,2, respectively. Cleavages initiated thermally 
or photolytically will also be considered later, in Section V,A. 

1. Cleavage by Dihydrogen 

Silicon-platinum compounds still afford the only examples of this 
behavior (entries 1-31. While the reaction is believed to proceed via the 
formation of a Pt(1V) dihydrido intermediate (134, 2351, this species 
has not yet been isolated. 

2 .  Cleavage by Halogen Compounds 

Hydrogen halides usually cleave the silicon-metal bond in simple 
compounds containing Si-V, Si- Cr, Si-Fe, and Si- Co bonds; cleavage 
becomes more difficult with heavier transition-metal homologs. Com- 
pounds with Si-Mn (30) and especially Si-Re (7,32, 121) bonds are 
generally much more resistant, although the special case of 
R3SiMn(H)(CO)z(~5-CH~C~~) should be noted (entry 13); this and re- 
lated derivatives often react readily by a kind of reductive elimination 
process (compare entries 12, 63, and 87), associated with the close 
Si. 

The direction of attack is normally that expected for interaction be- 
tween H"-Xs- and a bond of polarity SiS+-M", and silicon becomes 
attached to the most electronegative partner. Exceptions may be noted 
in the case of (1) a compound with a high formal metal oxidation state 
(entry 5 ) ,  (2) anionic derivatives (entry 7), (3) the manganese hydrido 
compound referred to above (entry 13), and (4) in certain vinyl-silicon 
compounds (entry 22, but not entry 7a), where formal reversal of polar- 
ity ("Umpolung") occurs in the Si-M bond. The lack of reactivity shown 
in entries 20 and 23 is probably due chiefly to steric factors. I t  is 
interesting that the silacyclobutane derivative in entry 27 reacts pre- 
dominantly by ring opening, although some Si-Fe bond cleavage oc- 
curs while the ring remains intact. 

Halogens themselves almost invariably bring about cleavage, often 
at  low temperatures. An exception, involving PhaSiMn(CO)S and Iz, is 
shown in entry 11, although the trimethyl analog (entry 9) reacts read- 
ily. The interhalogen compound ICl reacts so that the most elec- 
tronegative halogen atom becomes attached to silicon (entry 17), and. 
the halogen analog CFJ undergoes loss of CF2 to achieve the same 
result (entry 18): 

.H approach in the molecule (Section IV,A). 

MesSiFe(CO)dCp) + CFJ 4 MeSiF + IFe(CO)n(Cp) (49) 
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Halogenated hydrocarbons often bring about substitution at  silicon 
(see Section III,C), but in the case shown in entry 4, Si-Ti (but not 
Si-Si) bonds are cleaved, and rearrangement to a cyclic Si5 derivative 
occurs. A radical process is postulated, similar to that observed in 
Ti-Ge (422) and H-Mn-CO (72) systems. Silicon-zirconium bonds are 
cleaved in an analogous way (entry 5) .  

3. Cleavage by Oxygen and Sulfur Compounds 

Water and alcohols (or alkoxide ions) usually cause cleavage, al- 
though some exceptions amongst sterically hindered iron compounds in 
entries 46-49 should be noted. The direction of attack is such that 
Si-0 compounds seem always to result, even in the case of 
RBiMnH(CO)r(Cp) derivatives (cf. Section III,B,2). 

Insertion reactions with carbon monoxide or sulfur dioxide are well 
known for compounds with carbon- transition-metal bonds, e.g., 

They have still not been achieved, however, for silicon- metal systems 
(entries 34,35,43,44,54) even in reactions at high pressure (entry 54). 
Moreover, one example is known of the reverse process, in which CO 
is extruded from a sila-acyl metal derivative (cf. Section II,G,4,c) 
(entry 43): 

>18cPC 
fac-(PhaiCO)Re(CO)3(diphos) - mer-PhaiRe(CO)J(diphos) + CO 

(XIII) (XV) 
(52) 

These observations are often ascribed to the greater element-to-metal 
bond strength on passing from carbon to silicon. But other factors must 
be involved, since insertion does occur in some related Ge-metal and 
Sn-metal systems (e.g., entry 44) (241, and it is known that Sn-metal 
bonds are generally stronger than the corresponding Si-metal bonds 
(see Section IV,D). 

The reaction of benzaldehyde with various silicon-metal compounds 
has been studied with interesting results (entries 37, 51, 52). Appar- 
ently, insertion with Si-0 bond formation is the fist step, followed by 
loss of a metal-containing fragment. The following stages are proposed 
(264 ): 
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Me,SiMn(CO), + PhCHO (Me,SiO)CHPhMn(CO), 

5°C 
(Me3Si),Fe(CO). + PhCHO -Me,SiFe(CO),CHPh(OSiMeJ 

I 

(54) 
1'"" 

[Me,SiOCHPh+, + ? 

n 
Me@ ,o, SiMe, 

(OC),Fe-SiMe, 

,,,,,"I j + PhCHO - /HPh( ) 1- + 
{(OC),Fe =CHPh) 0-SiMe, 

Si 
Me, 

1 
PhCH=CHPh etc 

The relationship between these processes and those believed to occur in 
metal-catalyzed hydrosilation of aldehydes and ketones (e.g., 231,343 
has been emphasized. 

Reactions of PhSH with Si-Pt compounds (entries 56 and 57) give 
the products expected on the basis of soft acid-soft base Pt-S interac- 
tion; it is surprising, however, that the reaction in entry 58 yields a 
product with Si-H rather than Si-0 or Si-C1 bonds. 

4 .  Cleavage by Nitrogen and Phosphorus Compounds 

While tertiary amines often form quite stable adducts with N-Si 
bonds (see Section III,D), ammonia and primary or secondary amines 
normally cleave silicon-metal bonds; intermediate adducts are either 
not observed or found only at low temperatures (134, 235). Typical 
behavior is shown by (28, 30, 31 ) 

*[H,Si. 2NMe,l+Mn(CO); NMe, 

H,SiMn(CO), 

L ( S i H , ) , N H  + HMn(CO), (56) 
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In the case of entry 59, however, an  adduct between H$~MO(CO)~(C~) 
and dimethy lamine can be isolated at room temperature, although it 
decomposes in the expected way on warming. 

The fine balance between Si-M bond formation, cleavage, and adduct 
formation is well illustrated by the following system (34 1. 

FSiNMe2 + HCO(CO)~ # F S ~ C O ( C O ) ~  + HNMet adduct (57) 
A B C 

When the components A are mixed, there is rapid formation of adduct C 
in equilibrium with the other compounds. On fractionation in uacuo at 
low temperatures, the most volatile component, dimethylamine, is 
readily removed, giving good yields of F&3iCo(C0)4. 

The normal reaction of tertiary phosphines is to replace metal- 
coordinated carbonyl groups (Section III,E,l) or, less commonly, to 
form adducts with P+Si bonds (Section 111,D). In special cases, how- 
ever, cleavage of the Si-metal bond may occur directly (entries 63,66, 
66a, and 67); the manganese derivative is discussed further in Section 
IV,E, while the silylene-iron compound is considered again in Section 
v,c.  

Phosphites often cause cleavage of Si-M bonds (e.g., entries 62 and 
64), but not invariably (see Section III,E,l) (93). The reaction shown in 
entry 64 is an  interesting example of ortho-hydrogen abstraction; it is 
suggested, by analogy with similar processes involving 
R3SiMnH(CO)&Cp) derivatives, that  initial production of an  Fe-H 
bonded intermediate is followed by reductive elimination of a hy- 
dridosilane. 

The stereochemical implications of this and related reactions are con- 
sidered in Section IV,E. 
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Phosphine methylenes, l&P=CH2, are strong Lewis bases and bring 
about cleavage of Si-M bonds with intermediate formation of an ad- 
duct (entries 61 and 65). This is a useful way of synthesizing C-silyl 
derivatives. 

FMe,SiFe(CO),(Cp) + Me,P=CH2 .+ fMe3PCH2SiMe2Fl+[Fe(CO)z(Cp)l- 

MeJP=CH, 1 
Me,P=CH(SiMe,F) + MelP+[Fe(CO)z(Cp)l- (59) 

5.  Cleavage by Main Group IV Compounds 

It has been known for some time (134, 235) that  R3Si groups in 
silicon-metal compounds can be replaced by R3Ge or R3Sn groups, the 
strength of attachment to  metal being Si < Ge < Sn. This order is 
consistent with what is known of bond strengths (see Section IV,D). 
Some further examples of this special kind of cleavage reaction are 
shown in entries 72- 75,77, and 78. Replacements of one silyl group by 
another are also known (entries 70 and 71), e.g. (226), 

R S ~ R U H J , ~  + HSiR$ + R$SiFtuH& + HSiFt3 (60) 

where L = PR3, l& = (OEtI3 or Cl,Me, and R’ = F. This reaction 
probably proceeds via successive reductive elimination and oxidative 
addition: the general rule is that the silyl group with the most elec- 
tronegative substituents becomes attached to the metal. The displace- 
ment in entry 76, on the other hand, is probably a result of steric 
congestion in the initial Si-Pt compound. 

Not only hydrido derivatives can enter into this reaction: entries 68 
and 69 show that siloxy compounds and C-silyl-substituted phosphine 
methylenes also undergo exchange (303,306,310). In the latter case, 
the silyl group with the most electronegative substituents moves to 
carbon. Respective examples are 

Me$iM(CO)r(Cp) + MeJtOSiMer 5 MesM’M(C0)dCp) + (MeSi),O (61) 

where M = Mo or W, and M‘ = Ge or Sn, and 
60°C 

30 h 
F$iFe(COMCp) + Me3P=C(SiMe3)2 + 

MeSiFe(CO)&p) + Me&‘=C(SiF&SiMed (62) 
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6. Cleavage by Hydridic Reducing Agents 

Entries 79, 80, and 83-86 show that the potent reducing agent 
LiA1H4 cleaves a variety of silicon- metal bonds, giving a hydridosilane. 
Nucleophilic attack by H- is indicated; a discussion of the associated 
stereochemistry is deferred until Section IV,E. When the silicon- 
platinum compounds shown in entries 85 and 86 are reduced, metallic 
platinum is formed, but the metal-containing products in other cases 
have not generally been identified. Equation (63) provides an  example 
of a compound with a robust Si-Fe bond that resists reductive cleavage 
(237) (cf. Section III,C,3). 

(63) LiAIH, 
Cl,SiFe(CO),(Cp) - H,SiFe(COk(Cp) 

Sodium borohydride seems less ready to cleave silicon-metal bonds 
(entries 81 and 821, and could be effective in selective reductions of the 
type shown above; no other hydridic reducing agents seem to have been 
investigated in this context. 

7. Cleavage by Organometallic and Mercury Compounds 

As shown in entry 87, methyllithium promotes the reductive elimi- 
nation of R3Si*H from R3Si*MnH(C0)2(q3-CH3CSH4) (cf. entries 11 and 
63). Stoicheiometric amounts of organolithium compounds and 
R3SiCo(C0)4 derivatives give products in which attack on coordinated 
carbonyl groups has occurred (120) (see Section III,F,l), but addition of 
further LiR leads to cleavage and formation of silicon-alkali-metal 
compounds (114, 115). Grignard reagents also induce cleavage. 

Breaking of silicon-transition-metal bonds by mercury compounds is 
one aspect of the well-known “conversion series” in organosilicon 
chemistry (22, 24, 154). It was established at an early stage that 
equilibrium in the system 

lies well to the left (26,291. Since most other metal carbonyl and metal 
carbonyl cyclopentadienyl groups are even less electronegative than 
CO(CO)~ (see Section II,A,l), and to the extent that  the conversion 
series is based on electronegativity values, it appears that  all silicon- 
transition-metal bonds are likely to be cleaved by mercury halides, 
even the iodide. The more recent examples shown in entries 90-92 
support this idea. 
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8,  Cleavage by Alkenes, Alkynes, and Nitriles 

The first six entries in this section of Table X (entries 93-98) relate 
to attempted insertion reactions of fluoroalkenes or fluoroalkynes into 
Si-Mn or Si-Fe bonds. Even in the successful cases, yields are gener- 
ally low, and in some instances (e.g., entry 94) MeSiF is lost from the 
insertion product to  leave a fluoroalkenyl manganese carbonyl. In the 
case of the iron hydrido compound in entry 98, there is formal loss of 
hydrogen to give the binuclear derivative [Cl&3iFe(CO)d2. 

With alkynes, the ferradisilacyclopentene and diferradisilacyclo- 
butane derivatives in entries 99 and 100 suffer cleavage of all or some 
of their Si-Fe bonds to yield cyclic and other products; the former 
compound also reacts with nitriles, forming a novel heterocycle (XVI). 

An analogous cleavage of a nickeladisilacyclopentene with alkyne is 
shown in entry 116. It has been pointed out (297) that these reactions 
show certain similarities to metal-catalyzed cyclotrimerization of al- 
kynes or to  cycloaddition of alkynes and substituted disilanes, postu- 
lated t o  involve Si-metal intermediates. 

The nickel complex (X,Si),Ni(bipy) (X, = C13 or MeC12) reacts with 
diphenylacetylene to form a violet solid, believed to be the trans isomer 
(XVII) (entry 115). 

qsikNPh i .  MeMgCl Mf@i,C,Ph 
(bipy)Ni - I 1  * It 

t i .  HC1 aq. 
Ph'c'Si& Ph" \SiMe, 

(XVII) (66) 

Alkylation then yields the trans alkene shown; other alkynes can give 
rise to cis products. It seems likely that the metal-alkene complex 
(XVII) is similar to  intermediates believed to occur in various catalytic 
processes involving nickel- bipyridyl complexes. 

Analogous complexes have not been observed in the case of platinum: 
instead, a disilylplatinum complex (entry 120) adds ethyne with loss of 
hydrogen (but no Si-R bond cleavage) to give a platinadisilacyclopen- 
tene. A similar product (XIX) was claimed from the reactions of entry 
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121, in which a disilylene complex (XVIII) was thought to act as an 
intermediate (L = PPhd: 

However, a reexamination of the fist stage showed that PPh3 did not 
abstract chlorine from (Cl&3i)2PtL2, but rather that adventious mois- 
ture produced a cyclodisiloxane (XX) with properties similar to those 
reported for complex (XVIII); no addition of alkyne could be effected 
(entry 122). 

Addition of phenylacetylene to the platinum hydrido complexes 
R3Si*PtH(PPh3I2 (entries 117 and 118) leads to reductive elimination of 
HSi*R3 and formation of a Pt(0)-alkyne complex. A similar Pt(0) prod- 
uct is observed from the cyclic precursor in entry 119. 

Representatives of the little-known class of silicon-copper com- 
pounds are formed in situ from organosilyllithium compounds and 
Cu(1) halides or pseudohalides; they can then undergo cleavage at the 
Si-Cu bond with alkynes (entries 123 and 124). The reaction, particu- 
larly with (R3Si)&uLi, is regiospecific, and a route to useful vinyl de- 
rivatives. 

The remaining entries in Table X summarize the extensive work 
carried out by Stone and his co-workers at  Bristol on cleavage reactions 
of Si-Ru compounds by cyclic alkenes. Several themes may be dis- 
cerned: one is the migration of SiMe3 groups from ruthenium to the 
carbocyclic system. Thus, cycloheptatriene gives rise either to a com- 
pound in which a trimethylsilylcycloheptatrienyl ring bridges two 
ruthenium atoms (entry 102) or to one in which a trimethylsilylcy- 
cloheptadiene ring is attached to a single ruthenium atom (entry 103). 
Also, cyclooctatetraene can form a derivative with a CJI&iMe3 ring 
linked to ruthenium (entry 114): these migrations are believed to be 
intramolecular. Analogous reactions take place with the cyclic precur- 
sor (XXI) (entries 109 and 110). 
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Another general theme is that of dehydrogenation. The simplest ex- 
amples are those of entries 11 1 and 112, in which cyclopentadienyl and 
cycloheptadienyl complexes are produced from CJHS and C7Hlo respec- 
tively. With larger rings as starting materials, however, transannular 
dehydrogenative ring closure can occur to produce (presumably) 
HSiMe3 and derivatives of pentalene (C$Is) or tetrahydropentalene 
(C$Ilo); in the former case, some ring substitution by Me3Si groups is 
possible (entry 108). The bicyclic ring systems may be attached to one 
(entries 104, 106,107), two (entry 1141, or two out of a cluster of three 
ruthenium atoms (entries 108,113) [see also (280) and entry 1251. The 
structures of some of these interesting compounds are discussed further 
in Section IV,A. 

9. Meta 1 -Exchange Processes 

Both cleavage and re-formation of silicon-metal bonds occur in the 
transmetallation reactions shown in Table XI; some analogous reac- 
tions of Ge-metal and Sn-metal derivatives are shown for comparison 
(entries 4 and 5). 

While silyl metal carbonyl derivatives are unreactive towards neu- 
tral metal carbonyls (71, metal carbonyl anions give rise to various 
displacement processes (entries 1 - 3). The order of displacing ability 
seems generally similar to that noted earlier for nucleophilicities (Sec- 
tion II,A,l): 

Processes of this kind have some synthetic utility, since they permit 
exchange of silicon-containing groups from the readily prepared Si- Co 
compounds to other metal centres. The partial exchange of groups on 
silanediyl derivatives also provides a route to mixed-metal systems: 



TABLE XI 

METAL EXCHANGE FWJCESSES 

Entry Reaction Ref. 

1 

2 
3 
4 

5 

HaiCo(CO), + Mn(C0)i -+ H&SiMn(CO)s + Co(C0)i 
H J S S V ~ ~ ( C O ) ~  + Co(C0); -+ no reaction 
(Hai)Ze(CO), + Mn(C0); + HaiMn(CO)s + SiHsFe(C0); 
C1Me&X3iMerW(CO)3(Cp) + 2Fe(CO)2(Cp)- -D [(Cp)(CO)PeSiMed2 + C1- + W(C0)dCp)- 
R&eCo(CO), + Mn(C0); -+ R&eMn(CO)s + Co(C0); (R3 = MenH3-"; n = 0-2) 
2H3GeCo(CO), + Fe(COH- -+ (H,GehFe(CO), + 2Co(CO); 
(%GekFe(CO), + Mn(CO)L --* %GeFe(CO)i + H3GeMn(CO), 
PbSnCo(CO), + M G  4 Ph,SnMl. + Co(C0); [ML; = Mn(CO&, Re(CO)i, Fe(COh(Cp)-l 
Ph&hMn(CO), + Fe(C0)dCp)- + PhanFe(C0)dCp) + Mn(CO)i 
Ph&SnRe(CO)s + Fe(C0)dCp)- + no reaction 
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C. LIGAND EXCHANGE AT SILICON 

This process, shown as mode 2 in Fig. 2, involves the production and 
reaction of functionally substituted silyl and silanediyl species. Since 
this occurs while the silicon-metal bond remains intact, it is not sur- 
prising that most of the entries in Table XI1 relate to compounds with 
robust Si-Mn and Si-Fe bonds; other examples involve bonds to  Cr, 
Mo, W, Re, Pt, and even Co. The types of exchange reaction observed 
will be dealt with in turn. 

1 .  Hydrogen-Halogen Exchange (Entries 1, 2, 5-9, 12, 14, 18, 19, 24, 
28, 36, 37) 

This is typically effected by (1) complex fluorides, such as AgBF4, 
Ph3CBF4, AgPF6, or AgSbFe, or (2) halogenated hydrocarbons such as 
CC14, CHC13, or CBr4. In most cases the reactions proceed at a conve- 
nient rate at room temperature, but irradiation may be needed when 
reagents in category (2) are used: radical processes are probably then 
involved. In these cases it has been noted that reaction becomes easier 
as the value of the Si-H infrared stretching frequency decreases (307). 
Two typical reactions are shown below (entries 1 and 6). 

HMeBiCr(CO)s(Cp) + AgBF4 + FMeBiCr(C0)dCp) + Ag + BF3 + AH2 (71) 

HSiMn(CO)s + nCDCl32  H3-,,ClnSiMn(CO), + nCHDC1, ( n  = 1-3) (72) 

Reaction (72) proceeds sequentially to form mono-, di-, and trisub- 
stituted products, and can conveniently be followed by 'H-NMR 
spectroscopy (Fig. 3). 

Other reagents useful in special cases are PCls (entry 14) and heated 
HCl (entry 5) ;  in the latter case, hydrogen is evolved. 

76°C 
HSiMnCO), + nHCl - Hs-nClnSiMn(CO)s + nH* ( n  = 1-3) (73) 

2 .  Halogen-Halogen Exchange (Entries 1,3,10,20,23,27-29,38,40) 

Chlorine or bromine attached to silicon can readily be exchanged for 
fluorine by such reagents as AgBF4, H F + B F ,  or AgPF6, as in entry 10: 

ClR$iMn(CO), + AgBF, + FRBiMn(C0). + AgCl + BF, (74) 

This particular reaction was first carried out in the hope that it 
would lead via C1- abstraction to a cationic species (XXII), as shown in 
reaction (75); this may be regarded as either a substituted silicenium 
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ion (SiRi) or as a metal-stabilized silylene fragment (M++SiR& anal- 
ogous to known metal-carbene complexes. 

CIR$iMn(CO)s + AgBF,* [R&iMn(CO)J+BFi + A&l (75) 
(XXII) 

However, no evidence for the compound (XXII) was obtained, even as a 
transient intermediate. Evidently the cation is a stronger Lewis acid 
(for F-) than BF3, and the reaction proceeds as shown in Eq. (74). 

It seems likely that iodine attached to silicon might be replaced by 
chlorine with the aid of reagents such as AgCl or PbCl,, but no such 
reactions have been reported. The replacement of chlorine by azide, 
cyanate, or thiocyanate groups does proceed readily, however (entry 
35). 



TABLE XI1 

LIGANII EXCHANGE AT SILICON 

Entry Reactants Products Ref. 

1 

m 
0 10 

11 
12 

13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

25 

X&3iCr(CO)3(Cp)/AgBF4 (also AgF, BF, . OEtJ 

HRSiCr(CO)dCp)/CX, (X = C1, Br) 
( C H ~ H ) X ~ S ~ M O ( C O ) ~ ( C ~ ) / A ~ B F ~  or (HF + BF3) 
(CH4H)XSiMo(C0)3(Cp)/HBr 
H3SiMn(CO)s/HC1/75"C 
H&4iMn(CO)&DClJ/25"C 
HSi[Mn(C0)Jz/Ph&BF4/CH&lr 
H ~ J ~ [ M ~ ( C O ) J ~ / C D C I , / ~  v 
HSi[Mn(CO)51JCBrJh Y 
XR&iMn(CO)s/AgBF, (X = C1, Br) 
Cl,-.Ph,,SiMn(CO)J/LiCsFs/ether (n = 0-2) 
HXSiMn(CO)s/CX; 

ClRSiMnH(CO)2(Cp')d/LiAlH4 
HRfiiMnH(CO)z(Cp' )d/PC15 
( M ~ O ) R Z ! ~ ~ M ~ H ( C O ) ~ ( C ~ ' ) ~ / B F ~  
[ClR&3iMn(C0)~(Cp')l-M+ dlLiR' 
[CIR&iMn(CO)z(Cp')I-M+ d/LiAlH4 
HMe&iFe(C0)a(Cp)/CCl4/25"C 
HzSi[Fe(CO)z(Cp)l~/CDC13 
XMeSiSiMezFe(CO)dCp)/AgBF, (X = C1, Br) 
CISiFe(CO)r(CpVROH or ROH/RO- 
(RO)sSiFe(CO)z(Cp)/HPFr 
C1&4iFe(CO)&p)/AgBF4 ' 
HXSiFe(CO)dCp)/CX; 

C1SiFe(CO),(Cp)/LiCsF5 

(X, = Cl,Me3-, ( x  = 1-3), HMez, HCl,) 

(XZ = Mez, MeCl, C1,; X' = C1, Br) 

(XI = Mer, MeCl, CI,; X' = C1, Br) 

(304 1 



26 

27 
28 
29 
30 
31 
32 
33 
34 
35 

ClnMe3-,,SiFe(C0)2(Cp)/AgBF, 
HClZSiFe(C0),(Cp)/AgBF4 
(CH~CH)C12SiFe(C0)2(Cp)/AgBF, or (HF + BFJ 
(CHZ=CH)Cl2SiFe(C0)z(Cp)/HBr 
(Me0)3SiFe(CO),(CpVHBr 
(RHN)3SiFe(CO)z(Cp)/HC1 or HBr 
(RHN)3SiFe(C0)2(Cp)/MeI 
C ~ S + C ~ ~ F ~ ( C O ) ~ ( C ~ ) / L ~ A ~ H ~  
C13SiFe(CO),(Cp)/M+X- (X- = N;, OCN-, SCN-) 

(R'R'N),Cl,-~aSiFe(CO),(Cp) 
[R' = R2 = Me, n = 2; Et,  n = 1; i-Pr,  n = 0. 
R ' = H ; R 2 = n - B u o r i - B u , n  =3 ; s -Bu ,n  = 2 ; t  

F,Me3-nSiFe(CO)n(Cp) 
F3SiFe(C0)2(Cp)*." 
F3SiFe(C0)z(Cp)' 
(BrCHZCHz)Cl2SiFe(CO),(Cp) 
Br2(MeO)SiFe(C0)2(Cp) 
XBiFe(C0)dCp) (X = C1, Br) 
I(RHN),SiFe(CO)z(Cp) 
H.SiFe(CO)z(Cp) 
X1SiFe(CO)2(Cp) 

41 (HPhasi)QtL~iC&I~60"C (L = PPhMed 
Ji? 

\ 
'SiPh, 

42 trans-C1HSiPtC1L2/NHMez (L = PEt3) trans -(MetN)HzSiPtCILz ( 5 8 )  

'' Also Mo, W analogs. 
Also W analogs. 
' Also Re analogs. 

Rz = Ph(1-naphthyl); Cp' = q;'-CH3C5H4. 
' Similarly with M(CO),(Cp) derivatives (M = Cr, Mo, W). 
'Also works with AgSbFa, AgPFa. 

HIF exchange also with AgF, BF, . OEt, . 
* Via HF,SiFe(CO),(Cp) intermediate. 
' Via (CH,=CH)F,SiFe(CO),(Cp) intermediate. 
A similar cobalt derivative is  prepared from [(OC),Cr-V6-C6H5 IMqSiH 
and Co2(CO), . 
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3.  Other Exchange Reactions 

a.  Alkenyl-halogen exchange (Entries 3 and 29). The fluorinating 
agents AgBFl and HF+BF3 can displace alkenyl groups from silicon 
attached to fluorine and a transition-metal group. 

Here, 
organolithium reagents are used to replace chlorine attached to silicon 
by fluoroaryl or other organo groups. Attempts to  extend the reaction in 
entry 25 to the compounds C13-nPh,SiFe(CO)z(Cp) ( n  = 1,2) led to  
cleavage of the Si-Fe bond. 

b. Halogen-alkyl (aryl)  exchange (Entries 11, 16, and 25). 

c. Halogen-hydrogen exchange (Entries 13, 17, and 34). In certain 
cases where strong Si-metal bonds are present, LiAlH4 can be used 
successfully to convert C1-Si-M into H-Si-M units. This exchange is 
the reverse of that discussed in Section III,C,l. 

This can be 
brought about by BF3, HPFs, or HBr, and may be incomplete, as in the 
last example. 

e. Halogen-ulkoxy exchange (Entry 21). When alcohols are used, 
exchange of chlorine is only partial, but addition of alkoxide anions 
leads to complete replacement. 

Hydrogen halides 
and even methyl iodide will cleave Si-N bonds in metal-Si-N systems 
to give metal-Si-halogen species. 

d .  Alkoxy-halogen exchange (Entries 15, 22, and 31). 

f .  Amino-halogen exchange (Entries 32 and 33). 

g .  Halogen-amino exchange (Entries 26 and 42). Steric effects are 
very noticeable in the former entry; this is a general characteristic of 
Si-N bond formation from Si- C1 compounds and amines (21 1. As with 
the reverse process in (f) above, the reaction is driven toward comple- 
tion by the formation of amine salts. 

A few other miscellaneous reactions may be noted. Vinylsilicon- 
metal compounds in entries 4 and 30 undergo addition of HBr in an 
anti-Markownikoff sense to give 2-bromoethyl derivatives; in some 
other related systems, HBr induces cleavage (see Section III,B,2). Also, 
the phenyl group in a phenyl-silicon-metal compound can undergo 
hexahapto interaction with a Cr(COI3 group (entry 39). 
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Finally, the effect of the reaction in entry 41 is to replace hydrogen at 
silicon by an alkenyl group. 

In several other cases, compounds have been synthesized that con- 
tain potentially reactive groups attached to silicon, although their 
functionality has not yet been exploited. These include the methyl- 
chlorosilyl cobalt derivatives C1nMes-nSiC~(CO)4 (n = 1,2) (225) and 
platinum complexes such as truns-(Et3P)zPt(X)SiHS(SiH3)2 (268) (cf. 
Table VI, entries 8- 10). 

D. ADDUCTS WITH LEWIS BASES AT SILICON 

There are many instances of the formation of simple adducts between 
silicon- transition-metal compounds and Lewis bases (Table XIII), cor- 
responding to mode 3 in Fig. 2. Compounds with SiH3 groups react 
particularly readily, in the same way that iodosilane has long been 
known to form adducts such as H3SiI 9 nNMe3 (n = 1,2) (36, 40, 84) .  

Other possibilities include compounds with Me3Si, Me5Si2, and 
F,Si groups, although in the last case the reaction may be compli- 
cated by simultaneous disproportionation leading to formation of 
SiF4. 2B, where B is a Lewis base (entry 31). The C la i  derivative in 
entry 26 does not form adducts with nitrogen or phosphorus bases, 
although phosphines cause slow elimination of CO (cf. Section III,E,l). 

(77) Cl$iCo(CO), + PMes 2 Cl$iCo(CO)dPMeJ + CO 

Rhenium derivatives (entries 10-12) are much less ready to form 
adducts than their manganese analogs (entries 6, 7, 9). Thus, the 
adducts in entry 10 dissociate completely at room temperature. 

(78) 
25’C 

-23‘C 
HJSiRe(CO)s. 2NMes = H$iRe(CO)5 + 2NMe3 

The diiron compound in entry 21 is also unreactive. 
Tertiary amines and phosphines have received the most attention, 

but the use of the strong base MeJ’=CH2 should be noted, e.g. (entry 
191, 

The methyl(trimethylsily1)phosphines PMen(SiMe3)3-n decrease in 
base strength as n decreases, until finally P(SiMe3I3 does not react at 
all (entries 28, 29). 



TABLE XI11 

ADDUCTS OF SILICON-TUNSITION-METAL COMPOUNDS WITH LEWIS BASES 

Entry Silicon compound Lewis base, B" Combining ratio Ref. 

ul 
P 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

H3SiV(C 0 )e 

H&3iCr(CO)s(Cp)* 
H3SiCr(CO)3(Cp)* 
%SiMo(CO)&p) (& = F3r; MeFZd) 
MesSizMo(CO)3(Cp)' 
H&3iMn(CO)r 
H3SiMn(CO)S 
Me3SiMn(CO)S 
HBi[Mr1(C0)~ls 
H3SiRe(CO)s 

HzSi[Re(CO)& 
(H$i)tFe(CO), 
(H$i)zFe(CO)4 
H3SiFeH(CO), 
H3SiFeH(CO), 
R3SiFeH(CO), (R = C1, Ph) 
(C13Si)tFe(CO), 

H,SiRe(CO)s 

1:2 
1:l 
1 : 1.3 
1:l 
1: 1 
1:2 
1:l 
1: 1 
1:4 
1 : 2 (at -23°C) 
e 

e 

1:2 
1:l 
1:2 
1: 1 
NHEtS+[R3SiFe(CO)J ' 
(C13Si . nB)+[C13SiFe(CO)J 

(see text) 



19 

20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

R3SiFe(C0)ACp) 

Me&Fe(CO)ACp) 
H,Si[Fe(CO)z(Cp)lI 
H3SiCo(CO)4 
H3SiCo(CO), 
MeSiCo(C0L 
EtSiCo(CO)4 
ClsSiCo(CO)4 
Me3SiCo(CO)4 
MesSiCo(CO)4 
MeSiCo(CO), 
H$~~CO(CO)~ 
F $ ~ ~ C O ( C O ) ~  

[R3 = MelF3-= ( x  = 0-2); Ha; (CHI=CH)F,I 

trans -H*XSiPtCl(PEt& 

MeP=CHz 

Me3P=CHs 
PY 
NMe3, PY 
biPY 
NMe3, PMe3, PEO 

NMe3, PMe3 
NHMer 
PMe,(SiMe&-, ( x  = 1-3) 
P(SiMe& 
PMe3 
NMe3, PY 
NMe3 

PEt3 

1:l 

1:l 

1:2 
1:l 
1: 1 
1:l 

1 : l h  
1:1 

1:l 
1 : 2 (approx)' 
1:l 

e 

0 

e 

(305 ) 
(32 ) 
(27,31) 
(31 ) 
(44,298) 
(44,298) 
(44,298) 
(233 ) 
(298,387 ) 
(298,387) 
(298,387) 
(34 ) 
(58 ) 

Q, py = pyridine; bipy = 2,2'-bipyridyl. 
* Mo and W similar. 
' W similar. 

Cr similar. 
No interaction. 

No adduct formed; slow CO substitution may occur. 
The same adduct, M&iNHMe:Co(CO)?, is also formed from MesSiNMet and HCoEO),; an excesa of NHMe, leads to Si-Co bond 

01 

'A similar adduct, NHEts"ClJSiMn(CO),(Cp)l-, is formed from C&SiMnH(CO)s(Cp) and NEt3. 

cleavage. 
' Some SiF,. 2B and F&i[Co(C0),11 are also formed. 
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Infrared spectral studies of a number of these systems have shown 
that adduct formation is accompanied by a fall in the carbonyl stretch- 
ing frequency to a value close to that associated with the corresponding 
metal carbonylate anion (Table XIV). Thus bands aesigned to the car- 
bony1 stretching frequencies v(C0) in HS~CO(CO)~  occur between 2105 
and 2025 cm-'; in the adduct H3SiCo(C0)4. 2NMe3 there is only one 
broad strong band at  1882 cm-', close to those observed with Co(C0); 
at 1883 and 1861 cm-'. The adduct is therefore formulated as 
[H3Si . 2NMe31+[Co(C0)41-. Indeed, it is believed that in all the cases 
shown in Table XI11 except entry 17, the Lewis base molecules are 

TABLE XIV 

CARBONYL STRETCHING FREQUENCIES, v(CO), OF ADDUCTS 

Entry Compound v(CO), cm-' Ref. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

2107,2023,2020 
1898, 1864 
1860 
1860 
1850 
2086,2012,1990 
1900, 1865 
2110,2028, 2018 
1850 
1990, 1970, 1900 
1990, 1890 
2092,2040,2021 
1786 
1897 
1917, 1868 
1900,1880 
1875 
2107,2050,2044,2036 
1920,1863 
1895, 1880 
1890 
2105, 2050, 2025 
1883, 1861 
1870 
1882 
1870 

(27, 31)  
(31 ) 

" Only chief bands given. 
* Sodium salt in tetrahydrofuran. 

In cyclohexane. 
In pyridine. 
' Cooled below -40°C. 
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attached to silicon, with consequent charge separation, i.e., 

RsSiML, + nB + (RJSi. nB)+MLi (n = 1,2) (80) 
In the case of silanediyl derivatives, both metal fragments can be lost 
as anions, e.g. (entry 91, 

H,Si[Mn(CO) ,J2 + 4 N C a S +  ( H a i  .4NC&~*+[Mn(CO)& (81) 

The reluctance of derivatives of Re(CO)S and Fe(CO)&p) in entries 
10-12 and 21 to form adducts can now be readily understood, since 
these are known to be poor leaving groups as anions. This is, of course, 
related to their high nucleophilicity, already referred to in Section 
II,A,l. 

This picture of adduct formation is confirmed by an X-ray diffraction 
study of the adduct MeSiCo(CO), PMez(SiMea) (387). This consists of 
clearly separated [MeS(SiMe&l+ cations and tetrahedral Co(C0)T an- 
ions. Further support comes from 'H-NMR measurements, outlined in 
Table XV, although these are restricted because of the low solubility of 
the adducts in most nonreacting solvents. It can be seen that on adduct 
formation (entries 2 -, 3 and 4 + 5 )  there is a marked decrease in 
chemical shift and increase in *%i-H coupling constant. The first effect 
is related to the deshielding associated with formation of singly or 
doubly charged cations. It may also be noted that the small change in 
the value of T on passing from entry 6 to  7 is consistent with the known 

TABLE XV 

SPECTROSCOPIC DATA FOR ADDUCTS OF Si-Mn AND Si-Re COMPOUNDS 

J (Y3i-H) v.,(Si-H) 
Entry Compound r(Si-H) (Hz) (cm-') Ref. 

1 SiH, 6.80" 202" 2180b (22) 
2 &SiMn(CO)s 6.41" 196" 2156b (30)  
3 (&Si .2py)+Mn(CO& 4.95' 274' 220Eid (7,83) 
4 HpSi[Mn(COMr 5.96' 173' 2060' (32, 121 ) 
5 (H2Si . 4py)2+[Mn(CO)slr 3.65' 336' 2230' (32, 121) 
6 HsSiRe(CO)s 6.70" 186" 2144b (7) 

(7) 7 HaiRe(C0)S . 2NMe3 6.48O - - 

TMS solution. 
Gas phase. 
F'yridined, solution. 

* Nujol mull. 
' Benzened, solution. 
' Cyclohexane solution. 

Trimethylamine solution at  O'C, adduct largely dissociated. 
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weakness of the rhenium adduct. Regarding the second effect, the size 
of the *%i-H coupling constant is related to the amount of s character 
in the Si-H bond (149), and the observed values show that there is a 
dramatic increase in s character in passing from entry 1 to 3 to  5. This 
is consistent with the trend expected for the geometries shown in Fig. 
4, although this treatment is undoubtedly oversimplified. Adducts of 
2,2'-bipyridyl, for example, will probably favor a structure in which 
axial-equatorial bridging occurs, e.g. (XXIII). 

p] 
(XXIII) 

Values of the Si-H asymmetric stretching frequency v,,(Si-H) also 
increase on passing from entry 1 to 3 to 5, again consistent with the 
formation of cations having charges of + 1  and +2, and consequent 
increased ionic character in the Si-H bonds. 

The adducts shown in entries 13-16 of Table XI11 deserve further 
attention because there has been some doubt as to their true composi- 
tion. In the original work (39), the trimethylamine adducts were for- 
mulated as: (H3Si * NMe3)!+Fe(CO); and (H3Si . nNMe3)+FeH(CO); 
(where the value of n was not known); values of v ( C 0 )  in these com- 
plexes were more appropriate for a singly charged than a doubly 
charged anion. Soon afterwards, Graham and his co-workers (261) 
showed that some related species underwent proton abstraction on 
reaction with Lewis bases (Table XIII, entry 17). 

RsSiFeH(CO), + NEta + NHEtsf[R$iFe(CO)J- (R = C1,Ph) (82) 

They therefore suggested that H3SiFeH(C0)4 was likely to react in the 
same way. However, further examination of a number of related sys- 

H 
I 

&ihH 

H 

Hybridization in Si-H bonds sp3 
s Character in Si-H bonds 2 5 9  

[H - + 
SP2 
338 

a+ [+:I 
SP 
50% 

FIG. 4. Hybridization and bond type in SiH,, @Ha .2B)+, and (SiHI. 4B)'+. 
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tems (80) has shown that (1) the stoichiometry of corresponding ad- 
ducts of (H3Si)2Fe(C0)4 and H3SiFeH(C0)4 is similar, (2) the values of 
v(C0) all correspond to those expected for singly charged anions (see 
Table XIV), and (3) the catalytic effect of amine salts on the cleavage of 
Si-Fe bonds by HC1 invalidates the original evidence for symmetrical 
addition of amine molecules to silyl groups in (H3Si)2Fe(CO)4 (39). All 
the evidence is therefore consistent with the formulations shown as 
(XXIV) and (XXV). 

( H i 3  .2B)+[H$iFe(CO)J- (H&i .2B)+[HFe(CO)J- 
(XXIV) (XXV) 

Similar anionic species HJMFe(C0); (M = Si, Ge) have resulted from 
exchange reactions (cf. Section III,B,9), while the rather weak unsym- 
metrical interaction of bases with (Cl&i)J?e(CO), gives rise to a related 
anion (Table XIII, entry 18). 

(C13Si)2Fe(CO)4 + n B  + (C13Si . nB)+[C13SiFe(CO)41- (B = NMe3, MeCN) (83) 

In hydrido species, R3SiFeH(C0I4, the silicon atom is the most elec- 
trophilic site when R is H, but the Fe hydrogen atom takes over that 
role when more electronegative groups are attached to silicon (R = C1, 
Ph). 

The chemical reactivity of the adducts can be either greater or less 
than that of the parent silicon- transition-metal compound. For exam- 
ple, H3SiMn(CO)5 is unreactive towards anhydrous HCl at room tem- 
perature, but its adducts (B = NC&Is, NMed react readily at low tem- 
peratures (30). 

- 80°C 

rapid 
H&Mn(CO)S. 2B + 3HC1 - H$iCl + HMn(CO)s + 2BH+C1- (84) 

The rhenium analog behaves similarly, being cleaved quickly by protic 
reagents in the presence of pyridine, although inert in its absence ( 7). 

On the other hand, some very reactive silyl-metal compounds can be 
stabilized if they form strong adducts. The silyl iron derivative 
H3SiFeH(C0I4 reacts very rapidly with oxygen, giving a bright flash 
and producing CO, COz, volatile siloxanes, and an off-white or brown 
powder (39). The pyridine adduct H3SiFeH(COI4 * 2(py) gives the same 
products, but in this case reaction is very slow (80). Moreover, 
H3SiCo(C0)4 decomposes slowly in uucuo at room temperature, while 
H~S~CO(CO)~ . 2NMe3 is unchanged after a year, and reacts only slowly 
with air (31) .  Attempts were made to stabilize the extremely labile 
vanadium derivative H3SiV(CO)s in the same way by complexing, but 
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without success; the adducts are probably not suffciently stable to- 
wards dissociation (8, 121 ). 

E. SUBSTITUTION OF LIGANDS AT THE TRANSITION METAL 

This process, represented as mode 4 in Fig. 2, is exemplified by the 
reactions in Table XVI. It may be further subdivided according to the 
nature of the ligands. 

1 .  Substitution of CO Groups 

The most studied reaction involves the replacement of carbonyl 
groups by tertiary phosphines. This proceeds most readily in the case of 
cobalt derivatives, manganese compounds must usually be heated, and 
iron compounds require irradiation (except in the case of entry 13). 

The stereochemistry of the final product is normally such that the 
tertiary phosphine is trans to the silyl group, both in five-coordinate 
(entries 20-25) or six-coordinate (entries 1 and 5 )  situations. An obvi- 
ous exception is the cyclic compound in entry 2, which has no option but 
to take a cis arrangement. In the case of the six-coordinate complexes 
(Cl$i)&'e(CO)3(PPh& and C ~ & ~ R U H ( C O ) ~ ( P P ~ ~ )  (entries 13 and 15), 
the three carbonyl groups adopt a mer arrangement and again the 
phosphine is trans to a silyl group. 

It had been suggested some years ago (150) on the basis of kinetics 
measurements that substitution of Ph.&eMn(CO)r by phosphines led 
initially to the cis isomer; with bulky phosphines, this then rearranged 
to the trans species. A similar effect has now been demonstrated for 
Ph,SiCo(CO), (227) (entry 24) by infrared methods: an equatorially 
substituted compound (XXVI) is apparently first formed, and this 
slowly rearranges to the axially substituted product (XXVII). 

PR, 
0 
C 

Ph$iCo(CO), - P% PhSi I -  CO A Ph,Si - Cp I - P s  

J c  
0 0  0 0  

(85) 
This is consistent with variable-temperature ',C-NMR studies on a 
range of derivatives R$Co(CO), (E = C, Si, Ge, Sn, Pb; R = F, C1, Me, 
Bu, Bz, Ph). These studies showed that the rate of intramolecular rear- 
rangement, leading to exchange of axial and equatorial carbonyl 
groups, is strongly dependent on steric factors (296). Thus isomers with 
one or two bulky substituents should be quite long-lived. 

(XXVI) (XXVII) 



TABLE XVI 

SUBSTITUTION OF TRANSITION-METAL LICANDS 

Entry Reactants Products Ref. 

A. Carbonvl substitution 
1 

2 

3 

4 

5 
6 
7 
8 
9 
10 

11 

12 

trans -Ph&iMn(CO),(PPh) (376 ,377)  

I /* P 1 c 

Ph,Si-Mn-P like (XV) 
41 

(377) 

(377)  

U 

+ (PhzMeP)r(Cp)FeSiMe 

U 

(table continues) 



TABLE XVI (Continued) 

Entry Reactants Products Ref. 

13 

14 

-4 
ps 

15 

16 

17 
18 

19 

20 
21 
22 
23 

(Cl&3)2Fe(CO)4/PPhJheat (similarly, RuP 0 s )  

7y /PR3/h Y 

SiR, 
(°C)4Fe\ 

Me3SiFe(CO)2(Cp)/RNC/h~ (R = cyclohexyl) 

cis -(C13Si)&u(CO)4/'3CO/25"C 

trans -(C13Si)tRu(CO)J'3CO/~ Y 

cis -C13SiRuH(CO)JPPh3 

cis -(C13Si)tRu(CO)Jdiphos,b bipy,d cyclic polyenesh 

HJSiCo(C0)JPPh' 
C13SiCo(CO)JPR3 (R = Me, Et, F) 
Me3SiCo(CO)JF'PhJhu 
C13SiCo(CO)JP(n -BQ) 

(Rsp)(0c)3Fe\ '1 Si 

Me3SiFe(CO)(Cp)(CNR) + MeJSiFe(Cp)(CNRh 

Si 

x d  \s i  

cis Isomer as above 
m r  -C13SiRuH(C0)3(PPh) 

x.  ., I ,.' 
x = exchange site 

trans -&S~CO(CO)~(PP~)  
trans -C~&CO(CO)~(PR~) 
trans -Me&iCo(CO).dPPb) 
trans - C ~ ~ S ~ C O ( C O ) ~ [ P ( ~  -Bu)sl 

(compare Ge, Sn analogs-see text) 

(364 ) 



24 PhaSiCo(CO)JPR3 
25 Ph3SiCo(CO)JPMePh2 

B. Hydrogen substitution or reaction 
26 Cl3SiWH(Cp)dCCl4 
27 Cl3SiMnH(CO)&p)/CCl. 
28 C13SiFeH(CO)Jisoprene 

30 
31 F3SiCoH2(PPh3)3/C0 

C. Substitution of other ligands 

29 R~S~RUH~(PRJ)JDI 
R&iRuH.4PR3)./CC14, CDC13, or I, (n = 2, 3) 

32 [Me3SiRu(CO)Jz/Xz (X = BrJ 
33 trans -Me3SiRuX(CO)JPPhdLiAlK 
34 tmns-Me3SiRuX(CO)/M(CO)i (M = Mn,Re) 

CHC13 + ? 
(?)C13SiMnC1(CO)dCp) + CHC4 
Cl3SiFe(CO)3[q3-(CH2CHCMer)lk 
&SiRuH3-,Dz(PRs)a 
R&iRuHzX(PR3). (X = C1 or I) 
F3SiCo(COMPPhs)A+ HZ + PPhd 

trans -Me3SiRuX(CO)r 
MeSSiRuH(C0)dPPhJ 
Me&iRu(CO)JM(CO)sl 

Re analogue does not eliminate CO (cf. Table IV, entry 7). 

Inferred structure from infrared data. 
* diphos = PhlPCH,CHlPPhr. 

' bipy = 2,2'-bipyridyl. 
'Re similar. 
' R&i* = PhMe(1-naphthy1)Si. 
a Reacts at rmm temperature. 
*See also Ref. (279). 
' Bridged derivatives also possibly formed. 
'Slow reaction. 
I- Via substituted cr-ally1 derivative. 
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In the case of disubstituted cobalt derivatives, it is believed that 
representatives of the three isomers (XXVII1)- (XXX) can be prepared 
by reaction (86) (entry 251, reaction (87) (entry 31), and reaction 88 
(Table IV, entry 33). 

L 
I 

SiR, 
I 
I 

L-co-L R,Si - Cp -CO 
I i c c  c c  

0 0  0 0 0  

I I 
\Si -Cp - L 

4 .  
L C  

I '\ 

(XXVIII) (XXIX) (XXX) 

PhSiCo(CO), + 2PMePhz 4 PhBiCo(CO)dPMePhZ)t + 2C0 (86) 

F3SiCoHz(PPh3)3 + 2CO + F&~~CO(CO)APP~~)Z + HZ + PPh3 (87) 

HCo(C0)z(PPh3)2 i- HSiFs + FSiCo(COMPPh3)t + HZ (88) 

These compounds seem stable with respect to isomerization, in accord 
with the ideas discussed in the previous paragraph. 

The cis isomer of (C1&3i)&u(CO)4 undergoes easy exchange of the two 
CO groups trans to silicon (but not the other two) at  room temperature 
(entry 16); the process is thought to  be intramolecular, with a five- 
coordinate intermediate (XXXI) in which the nonexchanging carbonyl 
groups occupy axial positions of the trigonal bipyramid. 

(XXVIII) 

(XXIX) 

(XXX) 

0 0 0 
C C C 

OC... I pc1, -co * OC-Ru,,, I sic1, uco c.., I Sicl, 

oc I 'sicl, 1 'sicl, OW' I \Sicl, 
,Ru - R"." 

C C C 
0 0 0 

(XXXI) (89) 
The trans isomer will exchange only under photochemical excitation, 
and then gives rise to the same products as the cis compound (entry 17). 
Certain bidentate ligands also react with cis -(C1&3i)2Ru(CO)r to give 
chelate derivatives of the same stereochemistry (entry 19). Apart from 
this work, there are few reports about the effect of bidentate ligands in 
general, although it is interesting that nitrogen and phosphorus donors 
seem to give different types of derivatives with Ph&3iMn(CO)5 (entries 
3 and 4). 

Five other points may be noted. (1) Triethyl phosphite reacts in the 
same way as a tertiary phosphine in entry 9, although phosphites often 
behave differently (see Section III,B,4). (2) The monosubstituted iron 
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derivatives in entries 6-12 and 15 have a chiral center at iron. This 
point is taken up further in Section IV,E. (3) In no case has carbonyl 
insertion been observed as a concomitant to carbonyl substitution 
(compare Section 11I,B,3), even though this process is common for cor- 
responding organo derivatives, as in 

RMn(CO)* + PPhs .-) RCOMn(C0)BPPh.J (90) 

Indeed, almost the reverse process of C-M bond breaking and Si-M 
bond formation may be seen in entry 10. (4) Germanium and tin 
analogs of Cl&iCo(CO), react with tri-n-butylphosphine to give ionic 
products (3411, as in 

where M = Ge or Sn, but there is no indication that the silicon com- 
pound can behave in this way (entry 23) (cf. Section 11,F). Nor is there 
any indication that radical chain processes occur with the silicon com- 
pound, although there is evidence for them in the reaction between 
C I & ~ ~ C O ( C O ) ~  and group V donors (3). ( 5 )  Isocyanide substitution ap- 
pears similar to that of tertiary phosphines, but has been little studied 
(entry 15). 

2. Substitution or Reaction of Hydrogen Ligands 

When the silicon-transition-metal bond is reasonably strong, hydro- 
gen attached to the metal may be replaced (mode 4b in Fig. 2) by 
halogens (entries 26,27, and 30) or deuterium (entry 29). In the case of 
the ruthenium example, halogenation can be followed by reductive 
elimination of RsSiH (226). 

RsSiRuHzCl(PRs), --f R3SiH + RuHCl(PRs)s (n = 2, 3) (92) 

In entry 28 is an  example of Fe-H addition to conjugated dienes, 
while the Si-Fe bond remains intact. With isoprene, the initial product 
from 1,4-addition is a u-ally1 compound, which then rearranges with 
loss of CO to a n-ally1 derivative. This opens a useful route to other 
functionally substituted derivatives. 

C13SiFeH(CO), + CH?C(Me)CH=CH, -+ ClsSiFe(CO),(CH2CH=CMeZ) 

1-W (93) 

C13SiFe(CO)s(~s-CHZCHCMe,) 
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Reductive elimination of dihydrogen occurs in entry 31, together with 
loss of PPh3, to give the usual five-coordination found for Co(1) deriva- 
tives. 

3 .  Substitution or Addition of Other Ligands 

As yet, there are few examples of this process (mode 4c in Fig. 21, 
although it offers considerable potential when strong Si-M bonds are 
present. After the metal-metal bond in [Me3SiRu(CO)4-12 has been 
replaced by a metal-halogen bond (entry 32), the resulting trans- 
M ~ & ~ R u X ( C O ) ~  can undergo either reduction (entry 33) or substitution 
by metal carbonylate groups (entry 34). Under this heading may also 
be mentioned an  example of oxidative addition at the metal center 
while the metal-silicon bond remains intact (56, 58).  

F. REACTIONS AT THE METAL CARBONYL GROUP 

These reactions correspond to mode 5 in Fig. 2, and fall into two 
categories. The first involves the formation of carbene precursors, while 
the second concerns the migration of silicon from metal to oxygen. 

1 .  Reactions with Organolithium Derivatives 

The reaction of transition-metal carbonyls with organolithium com- 
pounds to give metal carbene complexes is now well known; it can also 
take place when the metal is linked to a group IV atom, as in the 
following series of reactions (426). 

Ph, GeMn (C 0) , C, ,OEt 
M e  (94) 

Analogous germanium-molybdenum, germanium-tungsten (145), 
germanium- cobalt (891, tin-cobalt, and lead-cobalt (144) carbene de- 
rivatives are known. 

In the case of silicon, addition of phenyllithium occurs quite analo- 
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gously, and the resulting ionic derivative (XXXII) has been isolated as 
a salt of the [(PhZ)&I+ cation. On heating, the lithium salt decom- 
poses to  give a benzoylsilane (120) (cf. Section III,B,7). 

%SiCo(CO), + LiPh - rR$iCo(CO),C?j - Li’ heat %SiCOPh 

(XXXII) 
[% = Ph, or MePh(1-naphthyl)] 

(95) 

There is no evidence as yet for silyl-substituted carbyne derivatives, 
analogous to the tin- chromium compound PhSnCr(CO)dECNEtz) 
(184). 

2. Migration of Silicon from Metal to Oxygen 

It was recognized at an early stage in the development of silicon- 
transition-metal chemistry that silicon-oxygen compounds ofien ap- 
peared, either as by-products from preparations or as decomposition 
products on heating or even on storage. At fist ,  adventitious hydrolysis 
or oxidation was blamed, but it soon became clear that attack on silicon 
by oxygen of coordinated carbonyl groups was responsible. Since metal 
carbonyls are known to form adducts with Lewis acids such as com- 
pound (XXXIII) (286), 

0 

Co,(CO), + NBr, - (CO),Co-Co(CO), 
‘C’ 

O-AlBr, 

(XXXIII) (96) 

while silicon compounds often function as Lewis acids (23, 24),  this 
seems very reasonable. 

Reference has already been made in Section II,A,3 to the harmful 
effects of polar solvents, in particular tetrahydrofuran, in the prepara- 
tion of silicon- transition-metal compounds from a silicon halide and a 
transition-metal anion (61, 137, 138, 300, 305, 306, 310, 331, 337). 
Frequently, silicon-oxygen rather than silicon-metal compounds re- 
sult, e.g. (138, 306, 3361, 

Mo(CO)&p)(PPh& + Ph,SiCl- (PbSi),O + HMo(CO),(cp)(pph~ + . . . (97) 

(98) 

THF 

(Ref. 138) 

THF 

(Ref. 306) 
W(CO)&p)- + MeSSiBr - (M%Si),O + [W(CO),(Cp)l, + . . . 

CO(C0)i + MeSiCl., - MeCl2SiOCCr&O),, + . . . (99) 
ether 

(Ref. 336) 
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Disiloxanes may be a major product even when the reaction is carried 
out in nonpolar solvents (136) (see Table I, entry 21). 

In all such cases, the reaction is seen as an electrophilic attack by the 
silicon compound on an oxygen atom of a coordinated carbonyl group, 
leading initially to a Si-0-C-M linkage (336). This process will be 
facilitated by a polar solvent of high dielectric constant, since under 
these conditions the metal carbonylate group will become more like a 
free anion (i.e., less ion pairing will occur) and consequently the oxygen 
atom will carry a greater effective negative charge. 

A related effect is that silicon-transition-metal compounds, once 
formed, undergo Si-M bond cleavage when dissolved in polar solvents 
(252,262,300,305,306,310). The products are often complex, but have 
been shown to include a cluster compound in one case involving cobalt 
(252 1. 

THF 
M%SiCo(CO), - Me3SiOCCq(CO)p + MeSSiOCH=CHCH,CHs + . . . (100) 

The fist product of this reaction, which should be compared with Eq. 
(18) in Section II,A,3, is a derivative of the well-known -CCo3(CO)s 
cluster, with a tetrahedral CC03 grouping; the product in Eq. (99) is 
similar. The second product in Eq. (100) is clearly derived from at- 
tachment of tetrahydrofuran to a trimethylsilyl group, followed by 
rearrangement. 

Also, cis-(Me3Si)&'e(CO)4 dissolves in tetrahydrofuran to give a red 
solution that contains Si-0 derivatives (262). These seem to  be differ- 
ent, however, from the product of the reaction between MesSiI and 
Fe(C0);- in the same solvent (331 ) [referred to in Eq. (13) and Table I, 
entry 221, which is known to be a tetrasiloxy derivative of a ferracyc- 
lopentadiene (54). 

\ RO OR 

(R = SiMe,) (101) 
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It seems likely that tetrahydrofuran, acting as a Lewis base toward 
silicon centers, promotes charge separation and incipient formation of 
carbonylate anions, just as described in Section II1,D. The oxygen 
atoms in coordinated carbonyl groups are thereby made more nu- 
cleophilic, leading to formation of Si-O-C-M links, as discussed above. 
Consistent with this, Cl,SiCo(CO), is unchanged after a solution of i t  in  
tetrahydrofuran has been refluxed; it is also known to be unreactive 
towards Lewis bases such as NMe, (Table XIII, entry 26) and Co(C0); 
(336). 

On heating, a number of silicon-transition-metal compounds give a 
disiloxane as one of the volatile products [29, Eq. (102); 41; 42; 95, Eq. 
(103); 215; 306, Eq. (10411. For example, 

H,SiCo(CO), Ho + CO + SiH, + (Si&)zO + HCo(CO), 

+ SiH,[Co(CO),h + . . . (102) 
(103) 

(104) Me,SiMo(CO),(Cp) + (MesSi)*O + . . . 

An extreme example of this behavior is afforded by H3SiV(CO)B, 
which decomposes almost quantitatively at room temperature ac- 
cording t~ Eq. (105). (8, 121 ). 

2&SiV(CO)8 2 (SiH,),O + V(CO), + [V(CO)sCI. (105) 

After removal of volatile products, a yellow vanadium carbonyl 
carbide remains. In all these cases, it seems likely that there is initial 
electron donation from oxygen to silicon, followed by Si-M bond 
cleavage. As supporting evidence, two products from the controlled 
heating of Me$iCo(CO)I are reasonable intermediates in such a 
process (252 1. 

MqSiCo(CO), 105°C Me,SiOCCq(CO)@ + (MesSiOC),Coz(CO), + . . . 

EtSiCoCO), 3 (EtSi),O + . . . 
A 

(106) 

This migration of silicon from metal to oxygen will be discussed 

50 h 

further in connexion with silicide formation in Section V,A. 

G. DISPROPORTIONATION, REDUCTIVE ELIMINATION, AND OTHER 
REACTIONS 

1. Disproportwnation about Silicon or Metal 

The disproportionation equilibrium (107) is common among silicon 
compounds, especially hydrides and fluorides (22,24 ); the right-hand 
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side is generally favored (R = H, halogen, etc.). 

2bSiX # &Six2 + R,Si (107) 

Relevant examples include 

2&SiCo(CO), 4 R,Si + &Si[Co(C0),l2 (108) 

[R = H (Ref. 29); R = F (Ref. 3411 and 

2&SiMn(CO), + SiH, + H,Si[Mn(CO),I, (109) 

(Ref. 30) .  Also, Cl,SiCo(CO), yields Sic& on heating at 150°C, although 
the nature of the other products is not known (42) .  These reactions are 
strongly base-catalyzed (cf. Ref. 35 and ’Pable XIII, entry 31); examples 
are also known with other group IV elements, e.g. (341), 

(110) 

Disproportionation about the transition metal is much less common: 

THF 
C13SnCo(CO), - SnC1, + C12Sn[Co(CO),12 

one example involves a silyl iron hydride (259). 

(111) A 
cis-Cl,SiFeH(CO), + (Cl,Si),Fe(CO), + . . 

2 .  Reductive Elimination of Silicon Hydrides 

It  is useful to gather together under this heading a number of reac- 
tions of compounds in which an &Si group and a hydrogen atom are 
attached to the same transition-metal center: 

%Si-M(H)L, + &SiH + ML,, (112) 

These may be described either as a type of Si-M cleavage reaction or as 
a migration of hydrogen from metal to silicon. Clearly they represent 
the reverse process to the well-known oxidative addition reaction dis- 
cussed in Section I1,F. 

Compounds of the class &SiMnH(CO)2(Cp) have been mentioned al- 
ready in this connection (117-119, 225,259) (Gble X, entries 12, 13, 
63, and 87). Reactions with tertiary phosphines, chlorine, methyl- 
lithium, or an excess of HC1 all lead to elimination of &SiH (“de- 
insertion”), as in 
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In a related reaction between R$iFe(CO),(Cp) and P(OPh&, migration 
of ortho-hydrogen from a phenyl group first provides an iron-hydrogen 
bond, and this is followed by reductive elimination of &SiH (93) [Sec- 
tion III,B,4, Eq. (5811. 

The cis-hydrido compound Ph&3iFeH(CO), eliminates triphenyl- 
silane when either heated alone (259) or treated with triphenylphos- 
phine (355). 

(114) HSiPh, + Fe(CO), + Fe,(CO),, + . . . 

i-- Ph3SiFeH(CO), 

L H H S i P h ,  + FeiCO).(PPhd5-. (n = 3, 4) (115) 

Silylhydrido derivatives of ruthenium (226) and cobalt (1 7) undergo 
reactions rather similar to that shown in Eq. (115). 

HSiR3 + RuH~(CO)(PR~), (116) 
Y 

R,SiRuH&PR,). 

(n = 2, 3) R,SiRuH2Cl(PR& 

(117) 
1 

KSiH + RuHCl(PR& 

R3SiCoHz(PR& co HSiR3 + CoH(CO)(P&)3 (118) 

These eliminations generally proceed more readily as R in &Si be- 
comes larger and less electronegative. 

Finally, reactions (119) and (120) make an interesting comparison 
with reactions (115) and (118). 

PPh, 

Ref. 355 
(C13Si)2Fe(CO), - Si&l, + Fe(CO).(PPh&. (n = 3,4) (119) 

(120) pph, EtSiCo(C0). - SisMee + [Co(CO),(PPhJ12 
Ref. 227 

3. Miscellaneous Reactions 

The preparation of the interesting silaallyl species (XIV)* has already 
been described (Section II,G,4,c). On photolysis, it gives trimethyl- 

* See footnote, p. 37, and Appendix. 
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vinylsilane as one product; the mechanism is as yet not certain, but it 
is interesting that a very similar yield of the same product, 
CH,=CHSiMe3, is obtained by irradiation of CH2=CHSi2Me, and 
Fe(CO),, and it may well be that the same intermediate is involved 
(385). 

(121) 
SiMe, 

HC\-Fe(CO),SiMe, N - hv CH,=CHSiMe, + * * * 

\\ 
CH, 

(42%) 
(XIV) 

IV. Information from Physical Methods 

A. ELECTRON AND X-RAY DIFFRACTION STUDIES 

Table XVII lists compounds studied by these techniques and the 
silicon-metal bond lengths obtained. 

The volatile compounds in the fist four entries were suitable for 
gas-phase electron diffraction studies. Their octahedral (entries 1- 3) 
and trigonal bipyramidal (entry 4) geometries are shown in formulas 
(XXXIV) and (XXXV). In each case, it was found that the carbonyl 

(XXXIV M = Mn or Re) (XXXV) 

group! cis to the silyl group were tilted towards it, such that values of 
6 (SiMCCi,) were (XXXIV, M = Mn, R = HI, 8W; (XXXIV, M = Mn, 
R = F), 87"; (XXXIV, M = Re, R = H), 85"; and (XXXV, R = H), 82". 
Such distortions are frequently seen in the structures of solid metal- 
carbonyl derivatives, but it is important to establish that they also 
occur in molecules in the gas phase, uncomplicated by intermolecular 
interactions and crystal packing effects. It has been suggested that 
these distortions arise as a result of (1) unequal competition between a 
silyl group and the carbonyl group trans to it for .rr-bonding interac- 
tions with the transition-metal atom, and/or (2) some bonding interac- 
tion between silicon and the carbonyl groups cis to i t  in the molecule 
(i.e., equatorial CO) (63,374,380).  No clear preference between these 
proposals can be established at present. 
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TABLE XVII 

STRUCTURAL DETERMINATIONS OF SILICON-METAL COMPOUNDS 

Entry Compound d(Si-M) (pm)" Ref. 

A. Electron diffraction determinations 
1 H3SiMn(C0)6 (XXXIV) 
2 F&Mn(CO)5 (XXXIV) 
3 H3SiRe(CO)5 (XXXIV) 
4 H&~~CO(CO)~ (XXXV) 

B. X-Ray diffraction determinations 
5 
6 
7 
8 
9 

10 
11 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

25 

26 

27 

[H2SiTi(Cp)& (XXXVII) 

(EhSi)2WdCO),H2 (XLII) 
ClpPhSiMnH(CO)r(Cp)b (XLIII) 
[Ph2SiMn(CO),I2 (LXI) 
PhJSiMnH(CO)z(Cp)b (XLIII) 
trans -Me&3iMn(CO)4(PPhJ 

Me3SiMn(CO)5 (XXXIV) 
(Me3Si)&3iMn(CO)s (XXXIV) 
P ~ S ~ R ~ H ( C O ) S ( C P ) ~  (XLIII) 
ClrPhSiRe,(CO)pH 
(Et&i)&2(CO)(IH4 (XLI) 
(Ph&ihRer(CO), (XXXIX) 
(PhaSi)Re2(CO)8Hz (XXXVIII) 
(EtzSi)&dCO),Hs (XL) 
Me3SiRe(CO), (XXXIV) 
(Me3Si)3SiRe(CO)5 (XXXIV) 
Cl3SiFe(CO)TNEt: (analogous to XXXV) 
(MeF2Si)2FeH(CO)(Cp)b (XLIV) 
(C&SibFeH(CO)(Cp)b (XLIV) 

PhsSizr€l(Cp)2 (XXXVI) 

(XXXIV; axial CO replaced) 

c12 

24 1 
236 
256 
238 

216 
281 
259; 270 
23 1 
240 
242 
245 

250 
256 
249 
251 
253 
254 
254 
255 
260 
267 
222 
225 
225 

226 

228 (240 ) 

23 1 (399) 
C12Si'\ I 

(OC),Fe 

(table continues) 



84 B. J.  AYLETI' 

TABLE XVII (Continued) 

Entry Compound d(Si-M) (pm)" Ref. 

28 
29 

30 
31 

32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 

43 
44 

45 
46 

47 
48 
49 
50 

tran~-(Cl~Si)~Fe(CO), (XLV) 
(MezPhSi)2FeH(COXCp)b (XLIV) 

Me2PhSiFe(Cp)(PMe2Ph)2 
cis -Ph3SiFeH(CO),, analogous to (XLVI) 

[Ph2MeSiPt(t-BuNC)(fi-t-BuN=CH)1~ (LX) 
(S)-(+)-trans-R3Si*PtCl(PMezPh)z (LV) 
{Et3SiPt~P(cyclohexyl~~l~~-H~~~ (LVIII) 
trans -H3SiPtH[P(cyclohexyl~31z (LV) 

233 
234 

234 
242 

246 
239,249,251 
243 
244 
246 
246 
222,229 
223 
225 
see text 
220 

24 1 
226; 244 

229 
229 

23 1 
232 
233 
238 

" To nearest pm; precision normally such that s.d. =s 0.5 pm. 

' R3Si* = MePh(1-naphthyl). 
Cp = (q5-CsH5). 

Regarding silicon-metal bond lengths, it can be seen by comparison 
of entries 1-4, 12, 13, 20, 21, and 39 that d(Si-M) decreases as R 
changes in (XXXIV) and (XXXV) in the order R = MesSi > 
Me > H > F. This implies that both steric and electronic factors are 
significant; the longest bonds are observed when bulky ligands of low 
electronegativity are attached to silicon. Whether, as has been pro- 
posed (226,338), the long bond lengths in entries 13 and 21 correspond 
to  an essentially single covalent bond, all others being more or less 
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contracted by d,-d, interaction (or some other effect), remains an open 
question. The difficulties of estimating such “covalent single-bond 
lengths” are emphasised in Ref. (234)  and in many of the papers cited 
in Table XVII. Moreover, now that experimental bond data are avail- 
able for a wider range of compounds, it is clear that there are wide 
variations in the length of any given bond, amounting to about 25 pm 
in the case of Si-Mn and Si-Fe compounds. It still remains true, how- 
ever, that by far the longest silicon-metal bond recorded is that in the 
zirconium derivative of entry 6 (XXXVI), a compound in which the 
metal has a formal do configuration and in which, consequently, no 
d,-d, interaction is expected. 

(XXXVI)* 

Strangely, the shortest Si- 

-337- 

(XXXVII) 

distance reported (entry 5 )  is a-m in a 
formally d” situation. The compound (XXXVII) is prepared by the reac- 
tion of KSiH3 and (773-CJ-IJ)zTiC12 in glyme: the reason for its anoma- 
lously short Si-Ti bond is not clear. 

There has been much interest in the possibility of Si. * * H .  . . M  
bridging, first suggested in connection with the compound (PhzSi) 
Re2(CO)$12 (entry 18) (273,250). Although the hydrogen atoms were 
not located, infrared spectral evidence supported a structure 
(XXXVIII), with some H -  . .Si interaction. However, a series of re- 
lated compounds (XXX1X)-(XLI) (entries 16, 17, and 19) have now 

(XXXVIII) (XXXIX) 

been studied, and since their structural parameters are very similar to 
each other and to those of compound (XXXVIII), it seems most reason- 
able to suppose that only terminal Re-H bonds are present. In particu- 

* All distances in this and following structures in picometers. 
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lar, the fact that all Si-Re distances in the unsymmetrical compound 
(XL) are the same argues strongly against any hydrogen bridging. A 
Raman study of compound (XXXVIII) and its deuterated version was 
interpreted by the authors (22 in terms of a bridged structure, but the 
data are equally consistent with terminal Re-H (Re-D) bonds. It ap- 
pears that M-H. * .Si interaction will be significant only when steric 
constraints force the hydrogen atom close to silicon. This seems to 

(XL) (XLI) 

occur in the tungsten derivative (XLII, entry 71, in which the Si-W 
distances are markedly different; the WzSiz ring and four of the car- 
bony1 groups lie approximately in a plane. 

(XLII) (XLIII) 

Similarly, the two cis-dicarbonyl manganese compounds (XLIII, 
M = Mn, R3 = PhClz or Clr, entries 8 and 10) are sterically constricted, 
and location of the positions of the hydrogen atoms has given definite 
evidence for bridging. The Mn-H distances are 149 and 155 pm respec- 
tively, while the Si . . * H distances are 179 and 176 pm, only about 20% 
greater than the normal length for a Si-H bond (148 pm). Significant 
Si. . .H interaction is consistent with the known tendency of these 
compounds to lose R3SiH in reductive elimination processes (see Sec- 
tion 111,G,2). On the other hand, the analogous rhenium derivative 
(XLIII; M = Re, R = Ph) (entry 14) is less hindered because of the 
greater size of the rhenium atom; the Si- . . H distance is corre- 
spondingly longer, with no significant interaction. A similar situation 
obtains in the cis-octahedral compound Ph3SiFeH(CO)4 (entry 31): the 
hydrogen atom is 164 pm from iron but 273 pm from silicon-much too 
far for effective interaction. The compound C1&'hSiRez(CO)JI (entry 
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15), made by irradiating a mixture of HSiPhCL and Re2(CO)lo (248, 
251 1, appears to  involve a Re- . .H.  * *Re bridge, but no details of the 
structure apart from the Si-Re bond length have yet been published. 

There is only one example as yet of the effect of substituting carbonyl 
by tertiary phosphine: trans-Me3SiMn(CO)s(PPh3) (entry 11) adopts a 
structure like that of formula (XXXIV), except that the axial carbonyl 
group is replaced. The Si-Mn bond length decreases somewhat, but the 
main change concerns the tilting of equatorial carbonyl groups towards 
silicon. This is now irregular, with values for 8 of about 87" for two cis 
carbonyls and about 81" for the remaining two. The authors attribute 
this to a minimizing of steric effects. There is also only a single example 
of an anionic species: C1&3iFe(CO)i (entry 22) has a trigonal bipyrami- 
dal arrangement analogous to  structure (XXXV), and a very short 
Si-Fe bond. 

Among the iron compounds, several of the type (R3Si)2FeH(CO)(Cp) 
(entries 23, 24, and 29) possess the structure shown in (XLIV), with 
trans R&3i groups. In the case when R3 = MeF2, d(Fe-HI is about 150 
pm, while the Si * . H distance (206 pm) is not thought to correspond to 
significant interaction. 

(XLIV) (XLV) 

Examples of both trans- and c i~ - (R~Si )~Fe(C0)~  structures are 
known, (XLV) and (XLVI), shown in entries 28 and 32 respectively. The 
cis-bis(trimethylsily1) compound is considerably distorted, to the ex- 
tent that the C..FeC,, angle is only 141". The authors attribute this 
both to the bulk and the excellent cr-donor characteristics of the Me3Si 
groups, and they point out that calculations have suggested that very 
good a-donors can stabilize a bicapped tetrahedral geometry (234). It is 
significant that a related compound with less steric congestion and 
poorly u-donating ligands, ~is-(Cl~Ge)&dCO)~,  adopts an  almost regu- 
lar octahedral arrangement (45). 

An interesting diruthenium compound (entry 33) has the structure 
shown in (XLVII); the ring is planar, bisected by a metal-metal bond, 
and the Si-Ru distances vary noticeably according to their bridging or 
terminal position and, in the former case, whether they are trans to 
carbonyl or silicon. The remaining ruthenium derivatives in entries 
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Me ,,Me 
0 \, 

0 si 

(XLVI) (XLVII) 

34-37 will not be discussed in detail, since their main interest lies in 
the arrangement of the organic portion, but they are depicted in formu- 
las (XLVIII)-(LI). 

244 
Me3Si-Ru- Ru 

(CO), (CO), 
C 
0 

(XLVIII) (IL) 

Si- Ru - Ru - 
Me, (CO), (CO), 

.co Me$-Ru -Ru -CO 
(CO), (CO), 

(L) (LI) 

It will be seen that the Si-Ru and (where appropriate) Ru-Ru bond 
lengths are remarkably constant. 

When si14 and NaCo(CO)4 are warmed and irradiated together in 
n-hexane, the cluster compound (OC)4CoSiCo3(CO)g (entry 38) is pro- 
duced, probably through the intermediacy of ISiCo3(CO)g. Its structure 
is shown in formula (LII) and the differing Si-Co(c1uster) and Si- 
Co(exo) bond lengths should be noted. 

(LII) (LIII) 
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Compound (LIII) (entry 41), made from M ~ ~ S ~ C O ( C O ) ~  and 
Me2P(SiMe3), consists of separated ions, the anion being tetrahedral 
and the cation approximately so; there is no Si-Co interaction (cf. Sec- 
tion 111,D). The coordination around Rh(II1) in compound (LIV) (entry 
42) is approximately trigonal bipyramidal, with phosphines in axial 
positions. However, an  ortho hydrogen of one triphenylphosphine 
ligand molecule is sufficiently close to the-metal to raise the coordina- 
tion number arguably to six; the angle PRhP is only 162". 

220 

PR; I cyi 1 
CmA /" 

(LIV) (LV) 

Entries 46 and 48 are examples of trans square-planar Pt(I1) deriva- 
tives (LV; X = C1, R; = PhMe,); the latter, with R3 = MePh(1- 
naphthyl), is chiral at silicon, and its structure is particularly sig- 
nificant because it establishes the absolute stereochemistry of the 
(+)-enantiomer as ( S ) .  The long Pt-C1 bond (245 pm in each case) 
should be noted: it is attributed to the large trans influence of silicon 
(97, 98, 229). The simple silyl derivative in entry 50 [LV; X = H, 
Rj = (cyclohexylhl is prepared from monosilane and PtH2[P(cyclo- 
hexyU3I2; the Si-Pt distance is appreciably greater than that  in other 
members of this class. 

In compound (LVI) (entry 45), the silicon is part of a silatrane cage 
(24): in contrast to simple silatranes such as (LVII) (3561, in which 
there is substantial Si * * N interaction, the platinum-substituted ver- 
sion has essentially none, and the coordination about nitrogen is tri- 
gonal planar. It is suggested that these effects are a result of electron 
release from platinum, which provides sufficient negative charge on 
silicon to discourage electron donation. Again, the Pt-C1 bond trans to 
silicon is very long. 

I PhMe,P 
I I  
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Another compound containing the tricyclohexylphosphine ligand is 
the novel hydrogen-bridged species (LVIII, cy = cyclohexyl) (entry 49) 
made from Pt(CzH4)z[P(cyclohexyl)J and HSiEt3 a t  room temperature. 
The starred atoms in the diagram are nonplanar; they lie in two planes 
intersecting along the He * .H axis, with a dihedral angle of 21". This 
compound acts as a potent catalyst for hydrosilation reactions (205, 
206,415). 

* * CPh 
(CY),P \ pi 

\ * /2:b *yP(CY!3 
pt --2?O---pt -p(cy), 

EhSi 

pt _ _ _ _ - - -  p t  102' 

*/ \ H /  +? ;iEh 
/ 
2W$ (CY),P +c si 

PhC Me* 
(LVIII) (LIX) 

(cy = cyclohexyl) 

A more complicated structure (LIX) (entry 44) results from the reac- 
tion of Pt(C2HJ[P(cyclohexyl)& with MezSi(C=CPh)z; the SiMez 
bridging group is markedly asymmetric. Entry 47 (LX) is an example 
of an isocyanide complex with bridging substituted methyleneimine 
groups; the central diplatina six-membered ring is in a boat confor- 
mation, with no Pt. . .Pt interaction, and the Pt-N bonds trans to 
silicon are unusually long. 

Ph,MeSi HC=Nt-Bu CNt-Bu 
\ /  \ /  

Pt 

(LX) 

Two interesting cyclic compounds are listed as entries 9 and 43. The 
first (LXI) contains a metal-metal bond and a planar MnzSiz ring, and 
should be compared with structure (XXXIX). The second, (LXII), has a 
four-membered IrSizO ring, bent about the Si. . .Si axis, while the 
iridium atom is some 26 pm above the PzSiz plane. The SiOSi bond 
angle is much less than the normal range (130-180"), and it is clear 
that the ring is highly strained; this fact may well be related to the 
compound's ability to catalyze the disproportionation reaction (139, 
207) of Eq. (122). 
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Three other cyclic compounds are depicted in Table XVII as entries 
25-27: the fist two compounds show a skew-boat conformation, while 
the last approximates to a chair form. 

(LXI) 

0 
C 

100' 
/ 

(LXII) 

B. VIBRATIONAL SPECTROSCOPY 

Aithough routine reports of infrared spectra have often been pub- 
lished, there have been few recent accounts of more complete studies 
involving Raman measurements, isotopic substitution, or force- 
constant calculations. Table XVIII also shows that relatively few dif- 
ferent types of compounds have received this degree of attention. 

It is now clear that  some coupling may occur in these molecules 
between v(Si-M), v(CO), and Si-X modes. Thus, intense polarized 
Raman bands assigned to v(Si-M) occur at the following frequencies 
(cm-'): Me3SiRe(CO)5, 297 (82 ); H3SiRe(CO)5, 297; D3SiRe(CO)5, 284 
(121). In H2Si[Re(C0)512, a similar band occurs at 250 cm-' (32) .  
Also, carbonyl stretching frequencies in the infrared spectra of 
H2Si[M(C0)J2 (M = Mn, Re) shift by 1-6 cm-' on deuteration (32) .  It 
may be noted that there is strong vibrational coupling between the two 
M(CO)5 units in these compounds. This suggests that a correlation 
with the established vibrational modes of the parent carbonyls 
(OC)&l-M(C0)5 may be made, and indeed bands of the silanediyl 
compounds have been satisfactorily assigned on this basis. 

Very low values of the Si-H stretching frequency are found in some 
H2SiMz derivatives; the value found for HzSi[Fe(CO)z(Cp)12 of 2042 
cm-' (32 ) compares quite closely with the value of 2037 cm-' predicted 
from simple additivity considerations (235). These low values are con- 
sistent with very low effective electronegativities for metal carbonylate 
groups (32, 235). 

Two quantitative applications may be noted: in the first (entries 12 
and 141, infrared intensity measurements are related to the angle of 
tilt, 8, between equatorial CO groups and the metal-silicon bond [see 
formulas (XXXIV) and (XXXV)]. Thus in the series Me3MCo(C0L the 
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TABLE XVIII 

VIBRATIONAL SPECTROSCOPY OF SILICON- METAL COMPOUNDS" 

Entry Compound Informationb Ref. 

1 
2 
3 
4 
5 
6 
I 
8 
9 
10 

11 
12 
13 
14 

H3SiMn(CO)s 
MeSSiMn(CO)S 
RBiMn(CO)S (R = H, Me) 
C13SiMn(CO)s 
HpSi[Mn(CO)slz 
(PhoSi)Re&O)&12 ' 
MesSiRe(CO)s 
CI3SiFe(CO);NEtt 
Cl2MeSiFe(CO),(Cp)" 
R.&Fe(CO)2(CpY' 

(R = alkyl, aryl, etc.) 
C13SiCo(CO)4 
X3SiCo(C0), (X = C1, Ph) 
X3SiCo(CO)4 (X = H, F) 
MeaiCo(CO), 

IR/R; AFCC 
IR/R; AFCC 
NCA 
IR; NCA 
IRIR, D 
R; D 
IR/R; AFCC 
IR/R 
VT/IR AFCC; isomers 
IR 

IR/R; FFC; NCA 
IR; intensitylangles 
IR/R; FFC 
IR/R, intensity/angles 

( 6 0 4 2 , 1 4 8 , 4 2 4 )  
(143)  
( 6 1 )  
(73, 152)  

a Routine reports of infrared spectra are generally excluded. 
* IR = infrared; R = Raman; AFCC = approximate force-constant calculations; 

NCA = normal coordinate analysis; D = deuterium substitution; VT = variable tem- 
perature; FFC = force-field calculations; intensity/angles = infrared intensity measure- 
ments used to calculate angles between CO groups. 

Also Re. 
Also Ge and Sn analogs. 
Also X& (X = C1, Br); X s n  (X = C1, Br, I). 

'See Section IV,A for a discussion of these results in connection with possible 
Re-H . . . Si bridging. 

@ c p  = (T73-CSHs). 

angles are estimated to be: M=Si, 82F; Ge, 94"; Sn, 98" (73). In the 
second (entry 91, substitution of carbonyl groups by 13C0 led to the 
calculation of force constants for the two rotational conformers of 
C12MeSiFe(CO)2(Cp), which arise because of hindered rotation about 
the Si-Fe bond. Variable-temperature infrared studies on the same 
compound also led to rough estimates of the small enthalpy and en- 
tropy differences between the two forms. In this connection, it has 
also been reported that more than two carbonyl stretching bands 
are present in the infrared spectra of ClMe,SiFe(COMCp) and 
C1Me(n-Pr)SiFe(C0)2(Cp), implying that these too exist as different 
conformers (136). 

Continuing attempts have been made to relate vibrational spectra to 
the bonding in these compounds. In some cases [e.g., entries 11 and 13 
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(60, 61 )I, the role of d,-d, Si-M interactions has been emphasized, 
while in others (e.g., entry lo), observed effects have been related 
chiefly to  the high cr-donor ability of R3Si groups. No decision can yet be 
made as to which is the more realistic of these approaches. 

C. NMR SPECTROSCOPY 

Developments in instrumental techniques have made possible the 
direct observation of "Si-NMR spectra (e.g.,90,218-220), and the first 
results for silicon- transition-metal compounds have now been reported 
(Table XIXA). The sign convention is such that positive values of 6 
denote shifts to  lower fields (or higher frequencies) with respect to the 
standard, so that the silicon becomes less shielded. The wide range of 
values of 6 should be noted: the order of decreasing shielding seen in 
entries 2 ,1 ,3 ,  and 14, respectively, parallels that observed for tin nuclei 
in analogous tin compounds, but the factors determining the size of 6 
are not yet clear, and it certainly cannot be correlated directly with, for 
example, the extent of d,-d, interaction. Entries 11 and 12 show that 
increasing ring strain is associated with a dramatic increase in 6 
values. 

Measurements of W-NMR spectra have provided much useful in- 
formation concerning the number and proportions of isomers in solu- 
tion, and their rates of interconversion (Table XIXB). It is generally 
true that in octahedral derivatives R3SiM(CO)s of the type shown in 
formula (XXXIV), the carbon atom of the axial carbonyl group (trans 
to silicon) is more shielded (i.e., resonates at  higher field) than carbon 
atoms in the equatorial CO groups (entry 7). For disubstituted octahe- 
dral compounds (R3M)2M'(C0)4 (entry 9), the carbon atoms trans to 
M [e.g., C,, in (XLVI)] are more shielded than the remaining two, 
except in the solitary case of (Me3Sn)2Fe(C0)4 (420). 

Graham and his colleagues have examined a wide range of com- 
pounds (entry 9) to determine the preferred stereochemistry and rates 
of interconversion of isomers. Some of their results relating to silicon 
derivatives are shown in Table XX. In certain cases, samples enriched 
with "CO were used, while sometimes the presence of the minor isomer 
was established by infrared methods. For cis-(Me&3i)3e(C0)4, the 
"C-NMR spectrum at very low temperatures shows separate reso- 
nances for axial and equatorial carbonyl groups (XLVI), but at  higher 
temperatures the molecule is fluxional, with a coalescence temperature 
of -55". Because 'J(''CO-Te) and 2J(13CO-29Si) spin-spin coupling is 
preserved in the high-temperature limiting spectrum, carbonyl ex- 
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TABLE XIXA 

NMR SPECTROSCOPY OF SILICON-TRANSITION-METAL COMPOUNDS: 20Si MEASUREMENTS 

6 
Entry Compound Value' Ref. 

1 
2 
3 

4 

5 
6 
7 
8 
9 

10 

11 

12 

13 

14 
15 

ClMeSi? 

(OC),Fe ' J  
Fe(CO), 

Me&' I 
\ 

Fe(CO), 

RI Me&' 1 'M(CO), 

R2 SizM< 
M = Fe; R' = R2 = Ph 
M = Fe; R' = Ph, R2 = Me3Si3 

M = Ru; R' = Ph, R2 = Me3Si3 

+ 17.6 

+41.0 
+40.8 
+41.9 
+ 17.6 (Si') 
-11.1 (Si2) 
+65.9 
+68.3 
+62.5 
+110.7 
+ 142.0 
+ 146.7 

- 14.4 

+ 96 

+ 173 

+48.8, +45.4 (Si', Si2) 
-7.6 (Si3) 
+34.7, +32.4 (SP, Si2) 
-7.9 (Si3) 
+44.0 
-29.1" 

(451 ) 

(295) 
(263a) 

" Referred to Me,% standard. 
* Cp = (q5-C5H5). 

Value obtained from 'OF double resonance experiments ( 2 6 3 ~ ) .  

change is considered to be a nondissociative, intramolecular process. 
One possible route would involve rapid cis trans cis' equilibria, 
but other pathways such as a trigonal twist or a tetrahedral jump are 
not excluded (419). The activation parameters for the positional inter- 
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TABLE XIXB 

NMR SPECTROSCOPY OF SILICON-TRANSITION-METAL COMPOUNDS: I3C 
MEASUREMENTS AND OTHER NUCLEI 

Entry Compound Comments Ref. 

I3C Measurements 
7 XsSiRe(C0)r Il 

(X = C1, Me) 
8 R$3iFe(CO)a(Cp)b 

(R = Me, Ph) 
9 (C1,,Mes-.Si)2Fe(CO)4 n*E*d 

(n = 0-3) 

Me,Si 

( ,Fe(CO),'J 

Me,Si 
11 (Cl$i)&u(CO)[+ 

12 X3SiCo(CO)4 ' 

\ 10 

C&(t-B~)z-pl 

(X = F, C1, Ph) 
Other nuclei 
13 X3SiMn(CO)sn 

14 (p-SiMep)*Fe&O), 
15 (p-SiHMe)Fez(CO)3(Cp)zb 
16 Ph$3iPt(C&14F)(PMe2Ph)2 

and related compounds 
17 trans -R3SiPtX(PR& 

(X = C1, Ph, C,FJ 

trans-C0 more shielded 
than cis-CO 

d,-d, Si-Fe interaction 
aesumed 

VT'; fluxional 
(see text) 

VT nonfluxional 

VT, restricted rotation 

VE fluxional 

33Mn 

'H; fluxional 
'H; isomers 
'8F 

'H, "P, ' V t  

(188) 

(361, 362 
419,420) 

(47)  

Also Ge, Sn analogs. 

' Also Ru, 0 s  analogs. 

' VT = Variable-temperature study. 
'Also 'H study. 

c p  = ($-C5HJ. 

Also 'H study of some Si-Ru, Si- 0 s  derivatives. 

Also Ge, Sn, Pb analogs. 

change of carbonyl groups in this compound are A H ; ,  43.5 4 2.5 kJ 
mol-l, and AS:, -9.5 * 11.0 J K-' mol-l, and it appears that 
the barrier heights increase in the orders Fe < Ru < 0 s  and 
MeaSi < CIMezSi < C1,MeSi < ClaSi. 

Consistent with the idea outlined above, the cyclic compounds in 
entry 10 are anchored in the cis position, and are shown by I3C- and 
'H-NMR measurements to be stereochemically rigid, even at 90". 

The ruthenium compound in entry 11 has a piano-stool structure 
(LXIII), and hindered rotation about the Ru-aromatic ring bond may 
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TABLE XX 

POSITION OF Cis-Trans EQUILIBRIA FOR COMPOUNDS (R&i)&l(CO), (M = Fe, Ru, 0 s ) "  

Compound % Trans isomer T (K) Solvent 

(MeSSi)2Fe(CO), 0 183 CDtCln 
(CIMelSi)oFe(CO)r 0 253 Toluene-d a 

(ClrMeSi)ae(CO)r 8 253 Toluene-d a 

(C1$i)zFe(CO)4 19 300 Toluene-d 
(Me&i)&u(CO), 0 253 Toluene-d 
(ClMe$i)&u(CO), 0 303 Toluened a 

(ClyleSi)&~(CO)~ 12 306 Toluened a 

(Cl&i)&u(CO), 
(MeSSi)zOs(CO), 63d 303 Toluene-d a 
(C1MezSi)zOs(CO)4 60 303 Toluene-d a 

(C1rMeSi)z0s(CO)4 - CDpClz 
(ClSSi)pOs(CO), looe 303 CDzClz 

- CD&L b,r 

b 

" Data from Refs. (419)  and (420). 
Cis and trans isomers both isolable; isomerization is negligible a t  room temperature. 
Above 70°C, isomerization proceeds to give equilibrium mixture with trans 

For cis trans equilibrium, AH'' = 3.5 kJ mol-'; AS" = 16 J K-' mol-'. 
Above 120"C, cis isomer isomerizes to 100% trans. 

form. 

be demonstrated by variable-temperature NMR methods. The least 
hindered position is that in which the line joining the two bulky t-butyl 
groups bisects the angle between the two SiC13 groups. 

Me2 

/"\ 
v 7 F e ' c o ) 3  

(OC),Fe - T 
/RU \- SiCl, 

Si OC SIC$ 

Me2 

(LXIII) (LXIV) 

Another example of a fluxional species is R ~ S ~ C O ( C O ) ~ ,  given in entry 
12; exchange of axial and equatorial carbonyl groups is easy even at 
low temperatures, as shown by the low observed coalescence tempera- 
tures for R = F, -144°C; C1, -85°C; and Ph, -61°C. Again the process 
is seen as intramolecular, with exchange rates chiefly determined by 
steric factors: the derived free energy of activation when R = F is 29; 
C1,35; and Ph, 40 kJ  mol-'. Either Berry pseudorotation or "turnstile" 
rotation could provide a reasonable pathway for the exchange. 
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The compound (LXIV) (entry 14) provided an early example of 
a stereochemically nonrigid bridged system. Variable-temperature 
'H-NMR spectra showed it to be fluxional a t  room temperature. A 
number of related systems have now been studied, including 
(0C)3Co(p - GeMe2)2Co(C0)3 (5 ) ,  (Cp)(CO)Fe(p - COMp - GeMedFe(C0) 
(Cp) (4 1, and (OC)3Fe(p-CO)(p-SnRz)2Fe(CO)s (213). All are fluxional, 
although the second becomes so only above about 90°C. 

0 0 0 
(CP), ,,A. (CP) (CP), , ,.-c ..=. / (CP) (CP), ,,/ c .... ,CO 

F e ' T F e  Fe'- 
.. / 

?',T'e si co oc' \&/ 'co w' \;,/F:(cp) 
I I I 

Me H Me 

(LXVa) (LXVb) (LXVC) 

When compound (LXV) is prepared by the reaction 

MeHSi[Fe(CO)2(Cp)12 3 (Cp)(CO)Fe(p-CO)(p-SiHMe)Fe(CO)(Cp) + CO 
(LXV) (123) 

its solution initially contains the two cis isomers (LXVa) and (LXVb); 
however, after a time all three isomers can be detected by IH-NMR 
spectroscopy (entry 15). 

It was inferred from jjMn-NMR chemical shif€ data for the com- 
pounds in entry 13 that the ability of the X&l groups to  function as 
a-donors increases in the order M = Ge < Sn < Si. It is interesting that 
this order, presumably also one of increasing M-Mn bond strength, 
agrees with the orders of force constants for group IV-transition-metal 
bonds derived from vibrational spectra of Me&lMn(CO)S (81) and 
C13MCo(CO)4 (424). Orders of bond dissociation energy derived from 
appearance potentials are sometimes different, however (see Section 
IV,D). 

The same conclusion, that the Ph3Si group is a good a-donor, was 
drawn from "F-NMR experiments on fluorophenyl derivatives of Si-Pt 
compounds (entry 16); additionally, it was concluded that P h S i  at- 
tached to Pt was a good n-acceptor. A wide range of chemical shifts and 
coupling constants involving 'H, 31P, and lsSPt nuclei were determined 
by double-resonance experiments on a large number of Si-Pt deriva- 
tives (entry 17). 

Useful information can sometimes be obtained from 1J(2BSi-'H) cou- 
pling constants. It has been shown that their magnitude depends 
chiefly on the Fermi contact term, and hence on the degree of s charac- 
ter in the Si-H bond (149). Exceptionally low values of the (29Si-H) 
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coupling constant are observed for compounds of the type H2Si(ML,), : 
for ML, = Re(COI5, it is only 165 Hz (32).  This implies that the s 
character of the Si-H bonds is very small and hence, from Bent's rule 
(551, that the (ML,) groups have very low effective electronegativi- 
ties. Similar conclusions have been reached from measurements of 
Si- H stretching frequencies in these compounds (see Section IV,B) 
and of 'J('lgSn-C-H) coupling constants in compounds such as 
Me2Sn[Re(C0)& (413). In pictorial terms, this effect is equivalent to a 
structure (LXVI); the bulky (ML,) groups are as far apart as possible, 
and the Si-M bonds have essentially sp character. Diffraction experi- 
ments are needed to confirm this. 

D. MASS SPECTROMETRY AND APPEARANCE POTENTIALS 

In Table XXI are listed those compounds which have been studied in 
some detail by the use of this technique. 

The normal fragmentation pattern for a compound R3SiM(C0)5 in- 
volves loss of CO and concomitant loss of 'R (especially when R = H); 
although Si-M cleavage may occur, SiM+ is always an abundant 
species. For the compounds H2Si[M(CO)J2 (M = Mn, Re; entry 6) ,  the 
following pattern has been established, where x = 0-2 and y = 0- 10: 

SiH2M2(CO):o -+ SiH,M2(CO): + SiM: + SiM+ + Si+ 
1 1 
M: + M +  (124) 

Other processes (all established by the observation of enhanced 
metastable peaks) include elimination of R-R, SiR2, and M(COI5, e.g. 
(321, 

SiR&ep(CO)pf -+ SiRep(CO)t + R2 (R = H, D) (125) 
SiF&n2(CO)$ .-, Mn2(CO)i + SiF2 (126) 
SiF2M2(C0):, 4 SiF&i(CO): + M(CO)s (M = Mn, Re) (127) 

The cationic product in Eq. (127) is a substituted silicenium ion; at- 
tempts to produce a corresponding species chemically by abstraction of 
R- from R3SiM(CO), or &Si[M(C0),12 have all been unsuccessful [see 
Section III,C and Ref. (24)l. Thus addition of the chloride-ion acceptor 
SbC1, to C13SiRe(CO)5 results in Si-Re bond cleavage (32) .  
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TABLE XXI 

MASS SPECTROWOPIC STUDIES OF SILICON-TRANSITION-METAL COMPOUNDS 

Entry 
_ _ _ _ _ _ _ _ _ ~  

Compound Ref. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

~ _ _ _ _  

RJSiCr(C0)3(Cp) (Ra = F,Mea-,; x = 0-3) 
RsSiMn(CO)a (R = H) 
R&XMn(CO)s (R = Me)" APb 
RsSiMn(CO)s [Rs = (Cas),Pha-,; x = 0-3)" APb 
MesSiMn(CO).(PF3)5-n (n = 2-5) 
RBi[Mn(CO)& (R = H)' 
RnSi[Mn(CO)& (R = C1) 
MeJSiReCO): APb 
RSiFe(CO)p(Cp) (Ra = Hs, Bra, Is, BrpOMe, . . .I 
R&Fe(CO)z(Cp) (R = Me)d APb 
RBiFe(C0)dCp) [Rs = Cl,(OR)s-,; x = 0-3) 
R&Fe(CO)z(Cp) (Rs = F,Mes-,; x = 0-3) 
MeJSiFe(CO)(PPhJ(Cp) APb 
R$i[Fe(CO)ACp)l, (R = H) 
R&i[Fe(CO)z(Cp)lr (R = HCl, HMe, Cl2, ClMe, F2) 
RJS~CO(CO)~ (R = H) 
R3SiCo(CO)4 (Ra = Cls, Fa, Mea, MeFo) APb 
RJSiCo(CO), (R = Me)" APb 
RJSiCo(CO), (R = Gas) 
CI~S~CO(CO).(PF~)~-. (n = 2, 3) 
H$i[Co(CO)& 
C1&iCo&CO)7 

Also Ge, Sn analogs. 
AP = appearance potential measurements. 

Also Ge, Sn, Pb analogs. 
' Also Re analog. 

C1aSiRe(CO)5 + 2SbC15 + Re(Co)&l. SbCls + SiClr + SbCls (128) 

Fragmentation of compounds with metal-cyclopentadienyl bonds 
has been observed to give rise to very abundant CsHsSi+ ions (e.g., 
entries 9, 14, and 15). In Eq. (1291, they correspond to the base peak 
(32). 

It was suggested that this ion might have the penta-hapto arrange- 
ment (LXVII): calculations have since shown that this arrangement is 
favored energetically over alternative likely structures (2871, while 
X-ray studies of the solid compound CsMe5Sn+BF; reveal that 
C&IeSn+ adopts a similar geometry (267). 
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(LXVII) 
Other processes established include the migration of halogen from 

silicon to metal (e.g., entries 1,9, and 12) and of fluorine from carbon to 
metal (entry 4). Ions containing silicon and oxygen are sometimes 
found (e.g., entries 2 and 16); while they may arise from adventitious 
hydrolysis, it seems probable that they are also the result of migration 
of silicon from metal to  carbonyl oxygen (see Section III,F,2). 

Measurements of appearance potentials can, in favorable circum- 
stances, provide estimates of silicon-transition-metal bond dissociation 
energies. Thus D(Si-M) in Me3SiM(CO)s is 240 kJ  mol-I (M = Mn) (81, 
108) and 300 kJ mol-' (M = Re) (82). This illustrates the general point 
that the heavier transition metals in a group form the strongest bonds 
with silicon; other group IV elements do the same (87). Confirmation of 
these high values for D(Si-M) comes from measurements of the dis- 
sociation of the diatomic molecule AuSi at high temperatures in the 
gas phase, from which a value of 318 * .17 kJ  mol-' for D(Au-Si) was 
inferred (192). 

For a series of compounds MeNMn(CO)e the dissociation energy 
D(M-Mn) remains similar or falls slightly on passing from M = Si to 
Ge to Sn, while estimates of force constants from vibrational spectra 
also suggest that the Si-Mn bond is a little stronger than the Ge-Mn 
linkage (129, 410). In the case of Me&lRe(C0)5, however, the bond 
dissociation energies increase in the order M = Si < Ge < Sn (82). 
Although an exact value for D(Si-Co) in M~BS~CO(CO)~ could not be 
obtained, it appears to be greater than 230 k J  mol-' and less than the 
corresponding value for D(Sn-Co) (82). It is interesting that the value 
of D(Si-Fe) rises from 190 kJ  mol-' in Me3SiFe(CO)dCp) to 215 kJ  
mol-' in the phosphine-substituted derivative Me3SiFe(CO)(PPh3)(Cp). 
In corresponding pairs of compounds, D(Si-Fe) is again less than 
D(Sn-Fe) (410), and bonds to Cr, Mo, and W probably become stronger 
on passing from Si to Ge to Sn (87). 

E. OPTICAL ACTIVITY IN SILICON-TRANSITION-METAL COMIJOUNDS 

The synthesis of a number of compounds of the type R'RZR3SiM(L), , 
with a chiral silicon atom, has made it possible to examine the 
stereochemistry of reactions of silicon in some detail. Table XXII shows 
that compounds with silicon linked to Mn, Fe, Co, and Pt have been 
studied. 
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Compound (LXVIII) in entries 1-6 is readily made by the oxidative 
addition-elimination reaction: 

* hv * Ph 

-co \ 'Me 
(q5-MeC,H4)Mn(CO), t (+)-E$SiH - (-)-(115-MeC,H4)(CC)2(H)Mn - S i c  

NP 

(LXVIII) 

(130) 

It is assumed, in common with other reactions involving metal inser- 
tion into Si-H bonds (see below), that  this reaction proceeds with re- 
tention of configuration at  silicon. 

Its reactions fall into two chief categories. In the first (entries 1-3), 
nucleophiles attack the silicon atom with inversion a t  silicon: this is 
consistent with the manganese-containing unit behaving as a good 
leaving group (24, 406). In the second type, either nucleophilic (en- 
tries 4 and 5 )  or electrophilic (entry 6) attack leads to reductive elimina- 
tion of the original silane, with retention of configuration; this process 
is termed "de-insertion" by the original authors, and is related to the 
M-H* . .Si interaction already present in the molecule of (LXVIII), 
evidenced by a Si.  . .H distance of only 176 pm in Ph3SiMnH(CO)(Cp) 
(248,251) (see Sections III,G,2 and IV,A). 

Compound (LXIX) results from the reaction of the appropriate 
chlorosilane with [Fe(C0)z(q5-C5H5)l- anions (91, 92, 123); such reac- 
tions proceed with inversion of configuration (406): 

Me 
(LXIX) (131) 

Reaction with nucleophiles is difficult (entries 8 and 91, and proceeds 
with retention in each case; this is consistent with the known behavior 
of the Fe(CO)r(Cp) unit as a good nucleophile and a poor leaving group 
(147). Electrophilic attack by chlorine also involves retention (entry 
10). 

In contrast to the behavior of the manganese derivative (LXVIII), 
the iron compound undergoes carbonyl substitution without cleavage 
of the Si-M bond (entry 7). 

hu 

-co (+)-R$i*Fe(CO),(Cp) + PPh3 4 (*)-RsSi*Fe*(CO)(PPh3)(Cp) 
(LXX) 

(132) 

The product (LXX) contains an  additional chiral center at iron (with 
four different attached groups), and is consequently formed as a pair of 



TABLE XXII 

OPTICALLY ACTIVE SILICON-METAL COMPOUNDS AND THEIR REACTIONS 

Entry Compound Reagent Silicon product" Reference 

1 
2 
3 

+ 4 
Lu 5 

6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

0 

( -  )-Rai* MnH(C0)2(Cp')b.' (LXVIII) HzO 
MeOH/NEt3 
LiAlH, 

LiMe 
C12 or CC1, 

H20 
LiAlH, 
Cl2 
P(OPh)i 
LiAlH, 
Clz 
ClzIPPh3 

PR3 (R = Ph, OPh) 

(R )-(+)-R$i*Fe(C0)2(Cp)b.f(LXIX) PPhJh v 

( - )-Rsi* Fe* (CO)(PPh3)(Cp)bf (LXX) 

(S )-(+ )-R3Si*Co(CO)q (LXXI) EtBiH 
R'OH (R = H, Me)' 
LiAlH, 

NMe,(CH$h)+F- 
X2 (X = C1, Br) 

Hg( OAC)~: 

(117, 118) 
(117,118)  
(117, 118) 
(117, 118) 
(117,118)  
(117,118)  
(91, 9 2 )  
(91, 9 2 )  
(91, 9 2 )  
(91, 9 2 )  
( 9 3 )  
(91, 9 2 )  
(91, 9 2 )  
(91, 9 2 )  
(407, 408)  
(114,115,407,408) 
(114, 115) 
(114, 115) 
(114, 115) 
(114, 115) 



21 Clz/PPha (z)-RSi*Cl (rac) (114, 115) 
22 LiMe (excess)' R3Si* Lik (R) (114,115) 
23 LiPh (1 mole) truns-[R~i*Co(CO)&OPhl-Li' ' (120)  
24 trans -(S )-( + )-RSi* RCl(L)z (LXXII) LiAlH, (+ )-R$i* H (R) (157, 163, 164)  

25 PhSH (+)-R&i*H (R) (157, 163, 164)  
26 Et3SiH ( + )-Rai* H (R) (157, 163, 164)  
27 Xz (X = Br, I) R,Si*Cl (R) (157, 163, 164)  
28 trans -(- )-Rai* F'tH(L), (LXXIII) LiAIHI ( -  )-RQi*H (R) (163, 164)  

29 PhSH (-)-RBi*H (R) (163, 164) 
30 PhCOCl ( - )-RQi* H (R) (163, 164)  
31 PhCECH ( - )-R&i* H (R) (163, 164)  

(L = PMe,Ph) 

(L = PPh3) 

R = retention, I = inversion, rac = racemization. 
* R$i* = MePh(1-naphthy1)Si. 
' Cp' = qS-MeC&14. 

'Also (Cp')Mn(CO)Z(PR3). 
Converted into R&i*H by LiAlH., with retention, to estimate optical purity. 

'Cp = q j - c a ,  
Similar mixtures of diastereoisomers result using P(cyclohexyl), and P(OEt),. 

" Converted into RQi*H by LiAlH,, with inversion, to estimate optical purity. 
'With NEt,. 
j MeMgBr behaves similarly but with lower stereospecificity. 
'Converted by water into RQi*H, with retention, to estimate optical purity. 
'On heating, gives RQi*COPh, with retention. 
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diastereoisomers. These can be separated by fractional crystallization, 
and their reactions have been studied. The (-1 isomer behaves simi- 
larly to the parent compound (LXIX) in its reactions with LiA1H4 or Clz 
(entries 12 and 13), but predominant inversion of configuration occurs 
with Clz and PPh, together (entry 14). The reasons for this behavior are 
not yet clearly understood. 

An interesting reaction occurs between compound (LXIX) and 
P(OPh), (entry 11); RJSi*H is eliminated in a process reminiscent of 
reductive elimination, with retention of configuration; the proposed 
mechanism, involving ortho-hydrogen elimination from a phenyl group 
of the ligand, has already been outlined in Section III,B,4, and the 
observed retention underlines the similarity of this reaction to  that  of 
R3Si*MnH(C0)z(q5-MeC5H4) in entry 4. 

The cobalt compound R3Si* CO(CO)~ (LXXI) was historically the 
first optically active silicon- transition-metal derivative to be prepared 
(4071, using the route of Eq. (133). 

(LXXI) 

An exactly similar reaction is observed in the case of (+)-R3Ge*H, and 
the product, (+ )-R,G~*CO(CO)~, has been shown by X-ray diffraction 
techniques to have the absolute configuration (S)  (115). In the same 
way, diffraction studies show the absolute configuration of (+)-R3Si*H 
to be ( R ) ,  and (+)-R3Ge*H is known to be the same (116). It may 
therefore be deduced that the product of reaction (133) is (S)-(+)- 
R,S~*CO(CO)~, and that the reaction follows the general rule of reten- 
tion a t  silicon for reactions involving substitution or metal insertion at 
a Si-H bond (164,406). 

Attack of nucleophiles on R$iCo(C0)4 generally proceeds readily 
with Si-Co bond cleavage and inversion a t  silicon (entries 16- 18); this 
is consistent with CO(CO)~ being a good leaving group. Entry 15 shows 
a substitution reaction of the Si-H bond, which goes with retention. 
This is clearly related to  the fact that  R&~*CO(CO)~ acts as a catalyst 
for Si*-H/Si*-D exchange with complete retention of configuration 
(407). 

(134) 
catalyst 

(+)-R$i*H + PhEtMeSiD 2 (+)-R$i*D + PhEtMeSiH 

Electrophilic attack by C1, causes cleavage with retention (entry 20); 
a number of other compounds either do not react (e.g., alkyl, aryl, 
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and acyl halides, BF,) or cause racemization (entries 19 and 21) 
(115). 

Organolithium compounds can yield more than one product with 
R3Si*Co(CO)4; equimolar amounts give an adduct resulting from nu- 
cleophilic attack by RS- on oxygen of a trans-carbonyl group (entry 
23; compare Sections III,B,7 and III,F,l). 

(+ )-R,SFCO(CO)~ + LiPh -+ trans-[R,Si*Co(CO),(COPh)]-Li+ 

( -  )-R3SPCOPh (+ )-[(Ph,P),NI+{ trans-[R~SiCo(CO),(COPh)l}- (135) 

The anion can be isolated as its salt with the large cation, [(Ph,P),NI+; 
on heating, the lithium salt decomposes to give a benzoylsilane with 
retention. With an excess of organolithium reagent, the optically active 
silylanion derivative R3Si*Li is produced (entry 221, possibly via an  
adduct of the type shown above. It may be noted that the analogous 
germyl anion reagents, R3Ge*Li, have been used to prepare optically 
active Ge-Ni, Ge-Mo, and Ge-W derivatives (1161, and the silicon 
analog could also prove to be a useful synthetic agent. 

Two methods have been used to make optically active silicon- 
platinum compounds (157, 163, 164): 

(+)-R$i*H + ~ i s - P t C l ~ ( L ) ~  5 trans-(+)-R&PtCI(L)2 
(L = PMeJ'h) (LXXII) 

(+ )-R8i* H + Pt(CzHI)(L)2 - ( -)-R8iPtH(L)z 

(136) 

(137) 
(L = PPhJ ( L xx I I I ) 

Both reactions are thought to proceed with retention of configuration. 
This has been confirmed in the first case by an  X-ray diffraction study 
of compound (LXXII) (1561, which has an absolute configuration of (S) ,  
corresponding to that of its precursor (I?)-( +)-R3Si*H [compare Section 
IV,A, formula (LV)]. It will be seen that all the reactions in entries 
24-31 proceed with retention, and it has been suggested (163, 164) 
that this is the norm for Si-Pt compounds, and that the reactions all 
involve six-coordinate intermediates, with successive steps of oxidative 
addition and reductive elimination. It is possible to demonstrate 
stereochemical cycles with a high degree of retention of optical activity 
[S3% in reaction (13811. 

trans -( + )-R3SiPtC1(L), CLS-PtCI,(L), 
( + )-R,Si* H 

LiAIH, (138) 
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F. OTHER TECHNIQUES 

I .  Kinetic Measurements 

Several kinetic determinations have been performed with silicon- 
transition-metal compounds. These include the rates of cleavage of 
R3SiFe(C0)2(Cp) and Me3SiMn(CO)5 by HgBrz or iodine (102, 103). In 
both cases the rates for corresponding group IV compounds increased 
in the order Si < Ge 4 Sn, and it was suggested that the reactions 
proceed via an SE2 open and a cyclic transition state respectively. In- 
vestigations of the kinetics of oxidative addition to Ir(1) compounds by 
R3SiH have already been discussed in Section II,F (1 79,221,222,2241, 
while the kinetics of reductive elimination of R a i H  have been investi- 
gated for systems such as 

Ph&iMnH(CO)2(Cp) + PPh3 + PhBiH + Mn(CO)dPPh3)(Cp) (139) 

It was concluded that HSiPh3 is lost in a concerted unimolecular pro- 
cess (225). 

A recent investigation of the hydrosilation of alkynes by Et3SiH in 
the presence of the bridged derivative { (PhCH2)MezSiPt[P(cyclo- 
he~yl),I(p-H)}~, analogous to (LVIII), has shown that the rate in- 
creases as the i-r-acceptor power of the alkyne increases, consistent with 
the formation of Si-Pt-alkyne complexes as intermediates (416). This 
complements earlier kinetic studies on the hydrosilation of alkenes 
catalyzed by Co, Rh, and Pt compounds, in which similar Si-metal- 
alkene intermediates were postulated (85, 134). 

2. Photoelectron and Mossbauer Spectroscopy 

Photoelectron spectra using ultraviolet excitation have been re- 
ported for H3SiMn(C0)5 (129,3691, F3SiMn(C0I5 (371 ), Me3SiMn(CO)5 
(3191, H3SiRe(COI5 (129), and H3SiCo(C0)4 (129). In a number of cases, 
comparisons have been made with similar carbon and germanium de- 
rivatives, and attempts have been made to relate the inferred ordering 
of molecular-orbital energy levels to observed electronic spectra (31 9 ). 
Although it  is hard to draw firm conclusions from the results, i t  seems 
likely that the a-acceptor power of the MR3 groups increases in the 
order M = C < Ge < Si. There is no clear evidence for d,-d, interaction 
between silicon and the transition metal, and in particular a decrease 
in Si-M bond length (and hence an increase in bond energy) on passing 
from H3SiMn(CO)5 to F3SiMn(C0I5 is attributed to stronger 
u-interaction in the latter compound (371 ). 
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The X-ray-excited O(ls) photoelectron spectra of various compounds 
of the type RMn(COI5 have been correlated with infrared carbonyl 
stretching frequencies, and conclusions have been drawn about the 
extent of n-donation from metal to ligands; in particular, it is inferred 
that the SiC13 group in C13SiMn(C0)5 is a rather poor n-acceptor (265). 

Measurements of Mossbauer spectra have been confined to a number 
of silicon-iron derivatives ("Fe spectra). Compounds studied include 
(H3SiI2Fe(C0l4 and H3SiFeH(C0I4 (48 1; PhnX3-,SiFe(CO)p(Cp) (X = C1, 
C P J  (107); C13SiFeH(diphos)2 and (R$i)2Fe(diphos)2 (R = C1, OEt; 
diphos = Ph2PCH2CH2PPh2) (355); [ClMeSiFe(CO)Jz (395); and a 
range of derivatives RFe(C0)2(Cp) in which R = PhnMe3-,Si (n = 0- 31, 
Et3Si, MesSi2, Me7Si3, or various organo groups (354). In the last case, 
it was shown that the silyl compounds had greater s-electron density a t  
iron than their alkyl analogs, and the authors suggested that this was 
related to the superior a-donor ability of silyl groups rather than to 
significant silicon-metal n-interaction (354 1. The dimeric character of 
the compound [C1MeSiFe(CO)J2, with a four-membered FeSiFeSi ring, 
was confirmed by its Mossbauer spectrum, typical of that expected for 
six-coordinate iron (395). There appear to have been no instances of 
NQR spectra since the early work on a range of group IV compounds of 
general type X3MCo(C0)4 (M = Si, Ge, Sn, Pb) (78,341 ); in the case of 
C18iC0(C0)~, the "Co, W l ,  and 37Cl resonances were observed, and 
some evidence was adduced for Si-C1 rr-bonding. 

m. 

V. Topics of Special Interest 

A. PYROLYSIS AND CHEMICAL VAPOR DEPOSITION: METAL SILICIDES 

Silicon- transition-metal compounds vary widely in their resistance 
to thermal degradation; in the case of the hydrido derivatives, some 
approximate decomposition temperatures are: H3SiV(CO)6, 25°C; 
H,SiFeH(CO), , 70°C; H3SiCo(C0)4, 100°C; H3SiMn(COl5, 130°C; 
(H3Si),Fe(C0I4, 150°C; H2Si[Re(C0)512, 180°C (25) .  Where compari- 
sons are possible, they are all more stable thermally than their carbon 
analogs. Although reports of corresponding temperatures for organo- 
and halogenosilyl derivatives are sparse (42, 213a, 215, 235, 3061, it 
appears that most of these compounds begin to decompose below 
200°C. 

Early studies on H3SiCo(C0)4 and H3SiMn(CO)5 showed that H2 and 
CO were important volatile decomposition products, and it was a t  first 
supposed that the dark residual solid consisted of a highly cross-linked 
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network of SiH, and M(CO), units, linked by silicon-metal bonds (29, 
30),  like (LXXIV). 

(LXXIV) 
It soon became clear, however, that other processes, such as Si-0 bond 
formation and disproportionation, were occurring, as already discussed 
in Sections III,F,2 and III,G,l. 

A more detailed study of the pyrolysis of H3SiMn(CO)5 in a sealed 
tube for various periods of time at 450°C showed that the volatile prod- 
ucts were Hz, CO, SiH4, and CH,; a metallic-looking brown film covered 
the walls of the tube, and an apparently amorphous grey powder was 
also present (33) .  Figure 5 shows that hydrogen and methane are pro- 
duced in increasing amounts as the reaction proceeds, while CO 
reaches a steady concentration after about 10 min. Silane reaches a 
maximum concentration after about 5 min, then decreases to zero after 
60 min.; silane is known to decompose to silicon and hydrogen above 
about 425°C (3681, and its presence is readily accounted for by the 
disproportiona tion reaction (1 09). 

Any disiloxane, (SiH&O, produced as a result of silicon migration 
from metal to oxygen (Section III,F,Z) will rapidly decompose at  450°C 

rlmin) 

FIG. 5. Volatile products from the static pyrolysis of HBiMnCOh. Key: left-hand 
scale, SiH, 0, CHI A; right-hand scale, HI 0, CO A. 
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to yield SiH4 and polymeric solids containing silicon, oxygen, and pos- 
sibly hydrogen (22). Carbon monoxide is an inevitable breakdown 
product of metal carbonyl derivatives, and its slow reaction with hy- 
drogen, possibly catalyzed by the solid metal-containing products, ac- 
counts for the formation of methane. 

CO + 3Ha+ CHI + HZO (140) 

Water will be removed by reaction with Si-H bonds. 
After 60 min at 450"C, the inferred composition of the residual solid 

is SiI.ooMnI.~Cl.,eOl.4~~.e7; it will be seen that nearly 30% of the origi- 
nal oxygen and carbon is retained. Bearing in mind the vigorous condi- 
tions, this suggests that these elements are present not as residual 
carbonyl groups but combined with silicon and manganese respec- 
tively. It is significant that the decomposition of Cr(CO)e at 630°C leads 
to  as little as 40% of the chromium as free metal, the remainder being 
present as carbide and oxide (351 1. As a route to pure metal silicides, 
pyrolysis under these conditions offers little hope of success; uv pho- 
tolysis gives similar unpromising products (80, 83 1. 

Much more promising results have been obtained with a flow system 
shown diagrammatically in Fig. 6; this allows the vapor of a silyl 
metal-carbonyl derivative to be rapidly pyrolyzed in a stream of helium 

cold n M M air  

He 

- 
ramDle 

M 

precision 
orifice 

-19e0 

FIG. 6. Chemical vapor deposition apparatus for deposition of metal silicides. Key: A, 
vapor exit nozzle from cooled inlet tube; B, substrate plate (e.g., Si, SiOa metals), with 
metal support. 
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as carrier gas a t  low pressure. Chemical vapor deposition (c.v.d.) pro- 
cesses of this kind are being used increasingly for the production of 
pure materials needed for electronics applications (366), although their 
use to prepare metal silicides has until now been limited to the co- 
reduction of SiC1, and a volatile transition metal halide, heated to- 
gether in the vapor phase in a stream of hydrogen (339). 

In the present case, conditions are adjusted so that  helium and silyl 
metal-carbonyl vapor (typically with a mole ratio of 30 : 1) have a total 
pressure of about 1 mmHg. Decomposition is very rapid on entering the 
furnace: crystalline solids may form around the exit nozzle, while a 
matt grey or mirror-like thin film is deposited on a small plate about 5 
mm from the nozzle. These thin films have been analyzed by X-ray 
powder and electron microprobe methods, and directly by atomic ab- 
sorption spectroscopy (33, 121, 187). 

Silyl cobalt tetracarbonyl decomposes in a straightforward way to 
give a single phase: 

(141) H3SiCo(CO)4 - CoSi (+ H, + CO) 

Similarly, disilyl iron tetracarbonyl gives as a single product the 
low-temperature (/I) form of iron disilicide, a semiconductor; on an- 
nealing a t  1000°C for 4 days, the /3 form decomposes to give a mixture 
of the iron-deficient high-temperature (a )  form, together with FeSi. 

(H3Si)2Fe(C0)4 - B-FeSi, - a-FeSi2 + FeSi 

500°C 

(142) 

Silyl manganese pentacarbonyl decomposes in a more complex way 
to give a mixture of two phases, “MnSi” (actually a silicon-rich 
nonstoichiometric phase of approximate composition M n S i d  and 
stoichiometric MnJSie, such that the overall metal : silicon ratio is 
1 : 1. The analogous rhenium system behaves similarly. 

500’C 1000°C 

(143) 500°C 
H3SiMn(C0)5 - “MnSi” + Mn& 

These examples illustrate the important general point that the 
metal : silicon ratio of the silicide film is always the same as that in 
the volatile precursor. 

These reactions appear to involve a rapid stripping process, reminis- 
cent of that occurring in a mass spectrometer (Section IV,D). Hydrogen 
and CO are lost before the system is able to reach equilibrium: the 
products are therefore different from those formed in sealed-tube reac- 
tions and favored thermodynamically. Provided that i t  is possible to 
synthesize sufficiently volatile precursors with the desired metal : sili- 
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con ratio, this c.v.d. process affords a route to thin films of a range of 
pure metal silicides, using relatively low temperatures. In contrast, 
other methods of preparation usually involve heating silicon-metal 
mixtures to high temperatures, and often produce a number of different 
phases (18, 59, 187). 

B. SILICON-TRANSITION-METAL CLUSTER COMPOUNDS 

Following the many recent developments in the chemistry of metal 
carbonyl clusters and other metal-metal bonded species, interest has 
developed in silicon- transition-metal clusters. These will be defined for 
the present purpose as compounds containing (1) at least one metal- 
metal bond and (2) a t  least one silicon atom directly linked to two or 
more metal atoms. Thus compounds such as MqSiOs(CO),Os(CO), - 
%Me3 and R3SiOCCo3(CO)e are excluded; examples of compounds that 
meet these criteria are shown in Table XXIII. 

Structural features of the compounds in entries 1-6 have already 
been discussed in Section IV,A. The manganese compound in entry 2 
(and its rhenium analog) were prepared by heating PhzSiHz with the 
metal carbonyl M2(C0)10; similar germanium- and tin-manganese de- 
rivatives have been made via Eq. (144) (263, 414). 

hv /MY 
ClMe,MMn(CO),- (OC),Mn-Mn(CO), + CO + . - *  

(144) 

Related compounds with exocyclic group IV-metal bonds can also be 
made, e.g. (282, 367), 

\ I  
(M = Ge, Sn) MMe, 

Re(CO), I 
heat 

I,Ge[Re(CO),], + Re,(CO),,- 

GeI 
I 

Re(CO), (145) 

Mn(CO), 
I 

heat /Y 
2 BrSn[Mn(CO),], (OC),Mn-Mn(CO), + . * 

\ /  
SnBr 

Mn(CO), 
I 

(146) 
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TABLE XXIII 

SILICON-TRANSITION-METAL CLUSTER COMPOUNDS 

M- M 
bridging 

Entry Compound POUPS Ref. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

20 

21 
22 
23 
24 

(Et$i)2W2(CO)J12 (XLII) 
[PhSiMn(CO)J2 (LXI) 
[PhBiRe(CO) J2 (XXXIX) 
(Ph$i)Re2(CO)J12 (XXXVIII) 
(Et$i) lRe~(C0)~H~ (XL) 
(Et$i)&k2(CO)sH4 (XLI) 
(MeBi)FeACO), (LXXVIII) 
(Ph2Si)FeACO)3(Cp)2 (LXXVI) 
(MeRSi)Fe2(CO)s(Cp)2 n*b (LXXVI) 
(MeSi)2Fe2(CO)7 (LXXVII) 
(ClMeSi)$eACO), (LXXVII) 
(Cl$i)2Fe2(CO)7 (LXXVII) 
(MesSi)2(MeBi)JtuACO)~' (XLVII) 
(MerSi)JRu2(CO)s like (LXXIX) 
(Me2Si),Os&O), (LXXXI) 
(RBi)Co2(CO), (LXXXII) 
(Cl&i)C02(C0)~ (LXXXII) 
[(0C)&olPhSiC0&0)~ (LXXXII) 
[(0C)&inlClSiC0o(CO)~ (LXXXII) 

H2SifiSi[Co2(CO),I 
(LXXXII) L j  Si 

H2 
(Me$i)&0~(C0)~ (LXXXIII) 
[(OC)4ColSiCo3(CO)p (LII) 
( O C ) & O ~ ~ S ~ C O ~ ( C O ) ~  
(MeBi)R~[P(cyclohexyl )$~(C~Ph)~ (LIX) 

2(Si . . . H) 
2Si 
2Si 
Si 
2Si 
2Si 
Si 
Si,CO 
Si,CO 
2Si,CO 
2Si,CO 
2Si,CO 
2Si 
3Si 
Si 
Si,CO 
Si,CO 
Si,CO 
Si,CO 

Si,CO 

2Si 
Si 
Si 
Si,C=C 

" c p  = 13-c5H, 
* R  = H, C1. 
' Also 0 s  analog. 
"R = Me, Et, Ph. 

On the other hand, the photolysis of MezGe[Mn(CO)& leads to a com- 
pound first formulated as (LXXV) with no bridging CO groups (2631, 
but now known to be (OC),Mdp-CO)(p-GeMe,)Mn(CO), ( 4 1 3 ~ ) .  

h U 
Me,Ce[Mn(CO),], - (OC),Mn-Mn(CO), + CO 

(LXXV) (147) 
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The iron derivatives in Table XXIII fall into three categories based 
on the structures (LXXVI) (entries 8 and 91, (LXXVII) (entries 10- 
12), and (LXXVIII) (entry 17). 

(LXXVI; and corresponding trans form) 

R, 

/"\ 
(OC),Fe -Fe(CO), 

'C' (Lxxvrrr) 
0 

(LXXVII) 

They have been prepared by the following reactions: 

R, 

hv 7\ 
\ C /  0 

\ 4% R* 

R,Si[ Fe(CO),(Cp)], (Cp)(CO)Fe - Fe(CO)(Cp) 

(148) 
HMe,SiSiMe,H + Fe(CO), 

HMe,SiSiMe,H t Fe,(CO), /id 
[Cl,SiFe(CO),], 4 \ /  C 

-xz- (OC),Fe/Fe(CO), + - - - 

0 

R = Me; refs. (268,289) 
R = C1; ref. (391) 
R, = Me,, HMe; ref. (395) 

[R$iFe(CO),], // 
R, = M e , ,  HMe 

(149) 
where R = Me (Refs. 268,2891, R = C1 (Ref. 391), or F& = Me, or HMe 
(Ref. 395). 
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NMR studies of the cis-trans isomerism of (LXXVI; Rz = HMe) 
(309), the fluxionality of (LXXVII; R = Me) (289), and the *'Si chemi- 
cal shift of (LXXVIII; R = Me) (68) have already been discussed in 
Section IV,C. 

Germanium and tin analogs of structures (LXXVI) and (LXXVII) 
are known (1 72,213,263,4141, and some of them are fluxional (4,213); 
a germanium analog of compound (LXXVIII) has also been reported 
( 77; see also Ref. 324). No silicon-iron example of the structural types 
represented by (LXXIX) (77) or (LXXX) (320) has yet been prepared, 

(LXXIX) (LXXX) 

although the Si-Ru analog of (LXXIX) is known (entry 14); the disili- 
con bridged Ru and 0 s  derivatives (entry 13) also have no Si-Fe coun- 
terpart. They and the interesting trinuclear osmium cluster (LXXXI) 
(entry 15) are prepared by the extrusion of silylene units from disilanes 
in the presence of metal carbonyl compounds (76) (cf. reactions 149 and 
157). 

Me2 /+ 
HMe,SiSiMe,H + [Me,SiRu(CO),], - (OC),Ru Q(CO), ___ 

Me2 (151) 

(CO), 

A 
Me,SiSiMe,H f H , O S ( C O ) ~ P  (m)@S - 

Me2 

(LXXXI) (152) 

The chemistry of silicon-cobalt clusters is more complicated because 
of the ready elimination of CO from proximate CO(CO)~ groups (208) to 
give CoZ(CO), or Co3(CO)9units. This elimination is generally easier for 
silicon-cobalt compounds than for corresponding germanium and tin 
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derivatives, so that, for example, no stable silicon analogs of 
Sn[Co(CO)& (178,393) or RM[Co(CO) J3 (M = Ge, Sn) ( 1  78,190,334) 
are known. 

Structures of compounds in entries 16-20 are all based on the type 
(LXXXII), in which R’ and R2 can be alkyl, aryl, halogen, a metal 
carbonyl group, or part of a cyclic system. 

0 

(LXXXII) 
RZ 

(LXXXIII) 

They are usually readily prepared by reactions such as Eq. (153) (2, 
1811, where R = Ph, Et, C1, or Eq. (154) (46).  

(153) R&iH2 + C O ~ ( C O ) ~  + R a i C 0 d C 0 ) ~  + CO + HZ 

2PhSiHI + 3 c 0 z ( c o ) 8 +  2[(0C)4ColPhSiCo2(CO), + 2 C 0  +   HZ (154) 

There is no evidence that they will react with CO to form an open 
silanediyl derivative, although germanium analogs undergo the fol- 
lowing reversible change (49, 263 ): 

(155) R & ~ C O & O ) ~  S RzGe[Co(CO)J~ 

Again, the germanium analog of the product from reaction (154) can 
gain or lose CO to form an open germanetriyl or a closed tricobalt 
cluster derivative, but the silicon compound apparently undergoes 
neither of these reactions (46, I78 ). 

co 
h v  

co 
R G ~ C O & O ) ~  5 [(0C),Co]RGeCo~C0), RGe[Co(CO)& (156) 
(R = Me, Ph) 

Structure (LXXXIII) is represented by the compound in entry 21; it 

(R = Ph) 

is one product from the following reaction (268): 

Co,(CO), + HMe,SiSiMe,H 

I Me2 

Co(CO), + other clusters 
/ si\ 

,F< 

\si ‘C’ 0 

(oC),Co - + (CO),Co- 

(157) Me2 



116 B. J. AYLETl' 

Both germanium ( 5 )  and tin (414)  analogs are known, and their ready 
fluxionality (down to below -50°C) has been studied in detail ( 5 ) .  

The compound in entry 22, (OC)4CoSiCo3(CO)g (LII), results when a 
mixture of &I4 and Na+Co(CO)i in hexane is warmed and irradiated; 
probably ISiCo,(CO)# is formed as an  intermediate (396). The tetrahe- 
dral SiCo3 unit parallels that found in many methylidyne tricobalt clus- 
ters of the type RCCo3(CO)# (358, 401); a germanium analog of com- 
pound (LII) is known, but apparently not one with tin (71,389). One of 
the first reported SiCo3 cluster derivatives was the silicon-silicon 
bonded species in entry 23 (269). 

(158) Co,(CO), + SiPh, - (OC)gCo3Si-SiCo3(CO)g 

From subsequent work, however, it appears that the product isolated 
was C1CCo3(CO)# (278). Silicon compounds of the type RSiCo3(CO)#, 
corresponding to one of the germanium-cobalt products of reactions 
(1561, have not yet been made; neither has an  analog of the spiroderiva- 
tive Ge[Co2(CO),I2 (191 1. Synthetic efforts directed towards these sys- 
tems would be valuable. 

The sole example of a silicon-platinum cluster is the compound in 
entry 24: its structure has been noted in Section IV,A. It seems very 
likely that many further cluster systems await discovery, particularly 
with iridium, platinum, and gold, and that this represents a n  impor- 
tant future area of research. One obvious application is as precursors to 
metal silicides with high metal : silicon ratios using c.v.d. techniques 
(compare Section V,A). 

reflux 

pet. ether 

C. METAL-COMPLEXED SILYLENE DERIVATIVES 

There are a number of successful examples of the stabilization of a 
short-lived species by coordination to a metal center (3881, and to these 
can now be added the silylene (SiRJ group, which normally exists only 
as a transient intermediate (332). 

Attempts to produce compounds of the type R2SiM(CO),, in which the 
silylene is acting as a two-electron donor, normally lead to isolation of 
oligomers (258,391,392,395). 

(160) 
AlCl 

Et4N+[R'R2C1SiFe(CO),1- - [RLR2SiFe(CO),I. + AlCI; 
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where n = 3 for R' = R2 = C1; or n = 2 for R'Rp = Mez, MeC1, (cyclo- 
hexy1)Cl. 

W(CO)~ + SiJa [I,S~W(CO)~I, (161) 

The original authors suggested that the products of reactions (160) and 
(161) might be halogen-bridged [e.g., (LXXXIVa)l, but a directly 
bonded ring such as (LXXXIVb) and the product of reaction (159) seem 

z 
(LXXXIVa) (LxxxIvb)  

at least as likely. 
In the case of germanium and tin, reactions such as (162) lead to the 

production of GeMez or SnMezmetal complexes, stabilized by elec- 
tron donation from the Lewis base, tetrahydrofuran (315). 

Me2MX2 + Na,Cr,(CO),, THF +MeZMCr(CO)S 

(M = Ge, Sn) THF (162) 

Furthermore, if the groups attached to the group IV atom are large, 
unsolvated derivatives such as RzGeCr(CO)5 [R = CH(SiMe&, 
N(SiMe&, or mesityll can be isolated (266,292). 

With silicon, no exactly analogous products have been reported. A 
base-stabilized Mepsi-iron derivative has been produced, however, by 
the following ingenious reaction (394). 

t 

Me,SiH(NEtJ + Fe(C0)5 A (EtgN)Me,SiFeH(CO), 

b 
Me,SiFe(CO), 

t 
NHEt, (163) 

It is stable only below -20°C. Attempts to produce an unsupported 
silylene-iron complex by the removal of HC1 from compound (LXXXV) 
were unsuccessful (394). 

Ph rn N, ,Fe(CO), 

"2i\a ClHSiNPhC&CH,NPh + Fe(CO), - 
Ph' '€I 

(LXXXV) (164) 
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The first silylene-metal complex with no base stabilization was pre- 
pared by extrusion of &Men from a substituted disilane (3841, as in 
Eq. (165) where R is H or Me. 

benzene 

25°C 15 h 
FedCO), + HMe$iSiMe2R - MeBiFeH(CO),(SiMeJt) (165) 

The product is a barely volatile liquid at room temperature; with PPh3, 
both silicon atoms are displaced from iron, leaving Fe(C0)3(PPh3)2. 

Silylene-metal complexes, R2SiM(L),, have often been invoked as 
possible intermediates in metal-catalyzed reactions of silicon com- 
pounds. Some examples of M include Ni (reaction of organodisilanes 
with alkynes) (345); Pt (disproportionation of methyldisilanes) (431 1; 
Rh (formation of organodisilanes and trisilanes from substituted hy- 
dridosilanes) (342 1; and Pd (reaction of substituted silacyclopropenes 
with alkynes) (383 1. Iron-silylene intermediates may also be involved 
in the decomposition of q3-silaallyl derivatives* such as 
(CH2CHSiMe2)Fe(C0)3SiR3 (385) or of ($-di~ilahexadiene)-Fe(CO)~ 
complexes (328); in both cases, SiRz species appear as products. It may 
finally be noted that the proposed di(sily1ene)- platinum complex 
(PhJ’)J’t(SiC12)2 (390) should now be re-formulated as a cyclic 
platinadisiloxane (Ph~)2PtSiC120SiC12 (1 97)  (see Section III,B,8). 

Appendix 

Since this review was written, a number of significant new papers 
have appeared; they are briefly noted here in relation to the most rele- 
vant section of the text. 

Section II,A,3. The harmful effect of cyclic ethers as solvents is em- 
phasised by a recent study of their reaction with Me3SiMn(CO), (cf. 
Section 111,B,3) (437): 

Me,SiMn(CO), + bH2[CH21n0 + (OC)&ln[CH21,+IOSiMe, 

(n = 2-4) 1 
(OC)3nC(0)[CH2 l,+lOSiMes 

Acyclic ethers R 2 0  also attack (Me,Si),Fe(CO), , giving Me,$iOR and 
Me3SiFe(R)(C0)4 as initial products (435,436).  

Reaction between Hg(SiMe3), and (Cp),ZrCI2 gives 
Me3SiZr(Cp)2C1 and (Me3Si)zZr(Cp)2 (434 1. Also, the novel reagent 

Section I1,D. 

* But see footnote, p. 37, and Appendix. 
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(Me3Si),A1 reacts with (Cp),TiCl, to give Me,SiTi(Cp),Cl (449). It has 
previously been reported that Me,SiLi yielded no Si-Ti product with 
(Cp)zTiC12, although with TiC1, some evidence for (Me,Si),Ti and 
(Me,Si),Ti . nTHF was obtained (447). 

Sections II,E and I1,F. The first examples of silylation of metal 
clusters are reported, using both anionic clusters with HI evolution 
(454 ): 

and neutral clusters with oxidative addition (456): 

M3(C0),, + 3HSiC1,X + (XCl,Si)sM3H,(C0)8 + 3CO (M = Ru, 0s; X = Me, C1) 

Oxidative addition has also been used to prepare the bicyclic cis 
derivative F'ktPPh, [CH, Ls'iM,, l2 from Pt(cy~loocta-l,5-diene)~ and 
Ph,P[CH,LSiHMe, (4431, and a range of cyclic compounds SiF2C(t- 
Bu)=CHSiF,IhL, [ML, = MO(CO)~, Mn(CO),(Cp), and Fe(CO),l from 
S;F,C(t-Bu)=CHSiF, and appropriate metal carbonyls (compare Table 
V, entry 39, probably an  Ni(CO), adduct) (458).  NMR studies (440) of 
the oxidative addition of SiH,Q (Q = H, Me, halogen, etc.) to IrH(C0)- 
(PPh3 ),, yielding QH2SiIrH2(CO)(PPh3 ), , have shown that the stereo- 
chemistry is more complex than that postulated earlier (179,180). For 
related studies with IrI(CO)(PEt,), , see (439). 

Section II,G,4,c. It is now clear (446, 450, 451) that the products 
from the reaction of Fe,(CO), with vinyl disilanes are not (q3-silaallyl)- 
Fe(CO), species, as previously proposed (382,385),  but rather q2-vinyl 
adducts of Fe(CO),[e.g., (q2-CH2=CHSiR2X)Fe(C0),1. All attempts to 
remove X as X- have proved fruitless (cf. Section 111,G,2). 

Section III,E,3. All metal ligands except SiR3 are substituted when 
tr~ns-Ph~SiPtCl(PMe,Ph)~ reacts with KCN and 18-crown-6 in CH2C12 
solution, giving [K( 18-crown-6)I: [Ph3SiPt(CN), 1,- (432). 

Section III,G,2. Sequential oxidative addition, halogenation at Si, 
and reductive elimination provide a n  elegant route to pure R2SiHX 
derivatives (cf. Section III,C,l and lhble XII, entry 14) (453): 

(Cp')Mn(CO), + Ph2SiH2 + (Cp')Mn(H)(CO),SiHPh, 

(CP')M~(CO)~ + Ph2SiHX 3 (Cp')Mn(H)(CO),SiXPh2 
(Cp' = q5-MeC5H,) 

1 halogenation 
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Section IV,A. Some recently determined bond lengths (from X ray, 
in picometers) are: d(Si-Ti) in Me,SiTi(Cp)&l, 267 (449); d(Si-Mo) in 
SiFzC(t-Bu)=CHSiF2dlo(CO)5, 261 (444); d(Si-Fe) in (cycZo-SiJ!Ies)- 
SiMezFe(CO)z(Cp), 235 (438 1. 

Section IV,F,2. Further X-ray excited photoelectron spectra 
(ESCA) of RMn(CO), (R = SiCl, , SiF3, Me, halogens, etc.) have yielded 
Mn, C, and 0 binding energies, reinforcing the earlier conclusion (265) 
that 7~ effects vary little with change in R (433). 

Section V,B. The first silicon-iridium cluster, MeSiIr3(CO)s, re- 
sults from the reaction between NaIr(CO)4 and MeSiC1, (445).  Also, 
substituted tricobalt clusters of the type MeSi[Co(CO), I2[M(CO),(Cp)l 
(M = Mo, W) have been prepared by heating HzMeSiM(CO)&p) with 
CO,(CO), (455). 

Section V,C. A development of the highest significance is the char- 
acterization of stable Ge=Mn derivatives (442 ); analogous silicon 
compounds are eagerly awaited. 

Finally, recent catalytic studies in which silicon- metal intermedi- 
ates have been implicated include the photocatalysis of hydrosilation 
(Si-Fe, 452; Si-Co, 448; Si-Rh, 441) and the double silylation of 
alkynes with disilanes (Si-Pd, 457). 
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