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Since Frankland’s discovery in 1849 of the sponta- 
neously inflammable ZnEt2, metal alkyls have been 
of considerable interest. The scope of relevant prob- 
lems is immense, ranging from theoretical or struc- 
tural studies to organic or biological chemistry. Sev- 
eral compounds, especially the electron-deficient al- 
kyls such as (LiMe)4, (BeMez)n, and (AlMe3)2, have 
provided significant examples (along with BzHs) of 
covalent molecules in which a simple two-electron 
two-center bonding model is demonstrably inade- 
quate. Many derivatives have a key role as synthetic 
reagents, notably the Grignards and alkyls of Li, Zn, 
Hg, Al, Sn, and Cu. Transition metal alkyls are vital 
intermediates in metal-catalyzed reactions of olefins 
or acetylenes, some of which are important in petro- 
chemical, polymer, or heavy organic chemical indus- 
try, e .g . ,  alkyls of Ti in Ziegler-Natta polymeriza- 
tions and of Co in hydroformylation using-Coz(C0)B. 
Several main group metal alkyls have large tonnage 
industrial use: PbEt4 as an antiknock gasoline addi- 
tive; SnIV compounds as stabilizers for poly(viny1 
chloride) and as fungicides or germicides; silicones as 
rubbers, resins, or paper and textile finishes; and A1 
derivatives in the manufacture of isoprene or long- 
chain alcohols. Vitamin B12 coenzyme provides a 
unique example of a naturally occurring metal alkyl, 
and fission of its CoI”-C bond is implicated in the 
biologically important enzymatic isomerization reac- 
tions which it controls. 

Inorganic chemists are often fascinated by explor- 
ing the potential of a single ligand across the length 
and breadth of the periodic table. For the case of the 
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ligand R-, this is the principal theme of our re- 
searches in this area and of the present Account. We 
propose to restrict the scope to homoleptic com- 
pounds (MRn)x. (For compounds (MXn)x the term 
“isoleptic” has been used in the same context [Inorg. 
Syn., 13, 73 (1970)]. We prefer to reserve it to de- 
scribe the relationship between two or more com- 
pounds: e . g . ,  each of the following pairs is isoleptic: 
(i) SiMe4 and TiMea and (ii) Me3SiCl and MesTiC1. 
Compounds i are homoleptic and ii heteroleptic.) 
Much of the discussion will focus on species in which 
the alkyl group R is bulky and has no ,8 hydrogen, 
especially Me3SiCH2 (R1),lJ (Me3Si)zCH (R2), 
Me3CCH2 (R3), and Me3SnCHZ (R4).I The introduc- 
tion of such ligands in 1970 has significantly broad- 
ened the scope of metal alkyl chemistry, especially 
from the standpoints of increasing the range of avail- 
able stable compounds, a revision of ideas relating to 
metal alkyl stability, and the possibility of studying 
new types of chemical reactions. The word “stable” 
in the title of this article signifies compounds which 
do not markedly deteriorate a t  ambient temperature 
in a vacuum or in an  anhydrous, anaerobic, inert at- 
mosphere. 

The classification of inorganic compounds into de- 
rivatives of main group elements or of transition 
metals is often helpful. However, a rigid compart- 
mentalization may be undesirable, and we propose 
here to knit together the two areas for (MR,), and 
to include also a third class, that of stable main 
group metal-centered radicals such as R23M. (M = 
Si, Ge, or Sn). The last named are discussed because 
it seems to us illogical to consider paramagnetic 
transition metal alkyls such as TiR23 and not a 
species such as  R23Sn.. Many of the data on com- 
pounds such as  (MR1n)x are summarized in Table I. 
From this, i t  is evident that  eight basic propositions, 
which had until recently been regarded as funda- 
mental,3 are invalid, a t  any rate for the above bulky 
ligands. 

(1) M. R. Collier, M. F. Lappert, and M. M. Truelock, J Organometal 
Chem , 25, C36 (1070). 
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Commun., 1369 (1970). 

(3) Cf G. E. Coates, M L. H Green, and K. Wade, “Organometallic 
Compounds,” Methuen, London, 3rd ed, Vol. 1 (19671, Vol. 2 (1968), G W 
Parshall and J. J. Mrowca, Aduan Organometal Chem , 7,157 (1968). 
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Proposition Contradictory data 

Except for group V, main group element alkyls are only stable in 
the higher oxidation states for elements of variable valency; e.g. ,  
PbrVEt4 but not PbIIEt2, in contrast to, say, chlorides. 

Homoleptic transition metal alkyls areaintrinsically unstable; e.g., 
TiMe4, unlike, say, GeMe4, decomposes a t  low temperature. 

The M-C bond is weak for a transition metal, but stronger for a 
main group metal. 

The stability of transition metal alkyls is favored by a low metal 
oxidation state and by the presence of stabilizing ligands such as 
the potential x acceptors CO, RsP, or x-C:Hh-. (Rationalizations 
for propositions 4 and 5 are based on variations in the crystal field 
splitting parameters, A) .  

For an isostructural series of transition metal alkyls, stability in- 
creases from left to right along a transition metal series and from 
top to bottom down the three series; i.e., stability is maximized 
in a heavy late transition metal such as Pt. 

Main group metal-centered radicals are best treated as free radicals 
rather than organometallic compounds, and are transient species. 

Alkyl bridging is characteristic of electron-deficient compounds of 

Stable alkyls SnRzz and PbRZ2 have been 
  re pa red.^ 

Stable do, d’, dz, d3, and dlo homoleptic metal 
alkyls (Table I),S including alkyls of some 
lanthanides,“.’ have been prepared. 

This is inconsistent with spectroscopic data 
(see later). 

Stable high oxidation state homoleptic (Le., 
without “stabilizing” ligands) M + and M 3  + 

compounds are exemplified by MRI45 and 
MRY (M = a transition metal). 

The stable complexes MRII5 MRZ36 are derived 
from light early transition metals, such as Sc, 
Ti, V, or Cr. 

The species R23Sn.B and RZ3Ge. do not decom- 

In  CUR')^'^ the coordination number of C is 
pose after many weeks a t  20’. 

main group.elements only. 5.1‘ 
A bridging alkyl, R,  may only be bound to three metal atoms, I, 

as in (LiMe)4, or two alkyl groups may form a double bridge to 
two metal atoms, 11, as in A12Me6. 

In  (CUR’)& there are single alkyl bridges (111).11 

M M  R 
/ \  

\R’ M M M-R-M 

111 
M 1 ‘d 
I I1 

Kinetic stability is proposed as the underlying 
principle governing the thermal stability of metal al- 
kyls. I t  is appropriate, therefore, to identify decom- 
position pathways. One such process is olefin loss by 
f l  elimination, hence the significance of ligands 
which do not possess P-H, such as Me3SiCH2-. 
Other possible routes include c y ,  y, reductive, or bi- 
nuclear elimination and M-C homolysis. Ligands 
such as Me3SiCHz- must not be regarded intrinsi- 
cally as “stabilizing.” On the contrary, they may en- 
hance a decomposition pathway; thus (Ph3P)3RhR1 
is less stable than (PhaP)sRhMe, presumably be- 
cause elimination leading to IV is encouraged by 

Ph2 
IV 

the bulkier ligand.12 Because transition metal alkyls 
have available various decomposition routes, it is not 

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

( 5 )  Cf. C. S. Cundy, B. M. Kingston, and M. F. Lappert, Aduan. Or- 
ganometal. Chem., 11, 253 (1973); G. Wilkinson, Chimca, 27, 165 (1973); G. 
Wilkinson, Pure Appl .  Chem., 30,627 (1972). 

(6) G. K. Barker and M. F. Lappert, J.  Organometal. Chem., in press. 
(7) M. F. Lappert and R. Pearce, J .  Chem. SOC., Chem Commun., 126 

(8) P .  J. Davidson, A. Hudson, M. F. Lappert, and P .  W.  Lednor, J. 
(1973). 

Chem. Soc.. Chem. Commun.. 829 (19731. 
(9) d .  D. Cotton, P. J .  Davidson, M. F. Lappert, and P. W. Lednor, un- 

(10) M. F. Lappert and R. Pearce J. Chem. Soc., Chem. Commun., 24 
published work, 1974. 

(1973). 

Chem. SOC., Chem Commun., 475 (1973). 

Chem, 59,161 (1973). 

(11) J. A .  J. Jarvis, B. T. Kilhourn, R. Pearce, and M. F. Lappert, J.  

(12) C. S. Cundy, M. F. Lappert, and R. Pearce, J.  Organometal. 

possible to give an invariant order for relative stabil- 
ity of a metal alkyl as a function of M or R. How- 
ever, often the following stability sequences hold: (i) 
1-norbornyl (Nor) > PhCHz > Me3SiCH2 = 
Me3CCH2 > Me3SnCHz > Ph  > Me >> Et  > sec- or 
tert-butyl; (ii) perfluoroalkyl (RF) > R. Such dis- 
tinctions are only useful when referring to complexes 
of the same coordination number; for example, it is 
not fruitful to discuss the relative stabilities of com- 
plexes having Me3SiCHz- (R1-) or (Me3Si)zCH- 
(R2-) ligands by reference to CrR14 and CrR23. 

Other features which influenced our choice of lig- 
ands such as R1- or R2- are good hydrocarbon solu- 
bility, simple IH  nmr or esr (for paramagnetic 
species) spectra, and the analogy with (MesSi)zN-. 
The latter is isoelectronic with (Me3Si)zCH- and 
often yields transition metal amides of low coordina- 
tion number, especially 3.13 Other ligands which 
have yielded stable homoleptic transition metal al- 
kyls include PhCHz- (Ti*v, Zr‘l’, HfIV),14 Me3PCHz 
(Au1),I5 a bidentate phosphonium ylide- (Cr”’, 
Ni”, CUI, Ag‘, A u I ) . ~ ~ , ~ ‘ ~  e . g . ,  V,I.5 Nor- [as in VI, M 
= Ti, V, Cr, Mn, Co, Zr. or Hf],17 and l-adamantyl- 

(13) Cf, D. C. Bradley, Aduan. Inorg. Chem. Radiochem., 15,259 (1972). 
(14) (a) C .  Zucchini, E. Alhizzati, and U. Giannini, J .  Organometal. 

Chem., 26, 357 (19i l ) ;  (bi J. J. Felten and W.  P. Anderson, J .  Organomet- 
al .  Chem., 36, 87 (1972); G. R. Davies, J. A. J. Jarvis, B. T. Kilbourn, and 
A. J .  P. Pioli, Chem. Commun., 677 (1971); G. R. Davies, .J. A .  J, Jarvis, 
and B. T .  Kilbourn, Chem. Commun., 1511 (1971); I. W.  Bassi, G. Allegra, 
R. Scordamaglia, and G. Chioccola,J. Amer. Chem. Soc., 93, 3787 (1971). 

(15) H. Schmidbaur and R. Franke, Angel&. Chem., Int Ed Engl., 12, 
416 (1973). 

(16) H .  Schmidbaur, J. Adlkofer, and W. Buchner, Angew, Chem., Int. 
Ed. Engl., 12, 415 (1973); E. Kurras, U. Rosenthal. H.  Mennenga, and G. 
Oehme, ibid., 12, 854 (1973); H. H .  Karsch and H. Schmidbaur. ihid., 12, 
853 (1973). 

(17) B. K .  Bower and H. G. Tennent. J .  Amer. Chem. Soc., 94, 2512 
(1972). 
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(Ti’”) .I8 The synthesis of stable metal hexamethyls 
( e . g . ,  z r M e ~ ~ -  ,I9 or WMes2O) illustrates the princi- 
ple that, even with small ligands, the occupancy of a 
large number of coordination sites (coordination sat- 
uration) enhances stability. 

V VI 

Several reviews are relevant to this Pccount. They 
refer to transition metal alkyls2I or specifically to 
trimethylsilylmethyls.5 Elsewhere we shall present a 
comprehensive account of homoleptic metal u-hydro- 
carbyls (this term embraces alkyls, aralkyls, alk- 
enyls, alkynyls, or aryls), with particular reference to 
stoichiometry, structure, bonding, stability, and 
thermal decomposition pathways (including data for 
heteroleptic alkyls).22 Table I contains data on neo- 
pentyl- type ligands. 4, 6-11,22-37 

Synthesis 
Various procedures have been used, as shown 

below. 
Direct Synthesis. This method is largely limited to 

Li [in one case, Na; A1 (+ H2 + olefin); or alloys (e.g., 
NaPb + RX + PbR4)], and involves reaction between 
the metal, preferably as Li “shot” or powder, and 
alkyl halide, most suitably the chloride for ease of 
separation of the mole equivalent of Li halide pro- 
duced. I t  is surprising that, so far, Li(CHzSnMe3) 
has not proved to be ac~ess ib le .~?  

Halogen-Alkyl Exchange. Organolithium or Gri- 
gnard reagents are the most versatile for this proce- 

(18) R. M. G. Roberts,J. Organometal. Chem., 63,159 (1973). 
(19) H .  J. Berthold andG. Groh, 2. Anorg. Allg. Chem., 372, 292 (1970). 
(20) A. J. Shortland and G. Wilkinson, J.  Chem. SOC., Dalton Trans., 

872 (1973). 
(21) F. Calderazzo, Pure Appl .  Chem., 33, 453 (1973); P. S. Braterman 

and R. J. Cross, Chem. SOC. Reu. ,  2, 271 (1973); M. C. Baird, J .  Organo- 
metal. Chem., 64, 289 (1974). 

(22) P. J. Davidson, M. F. Lappert, and R. Pearce, to be published in 
Chem. Rev. 

(23) C. S .  Cundy, M. F. Lappert, and P. W. Lednor, unpublished work, 
1974. 

(24) M. R. Collier, M.  F. Lappert, and R. Pearce, J.  Chem. SOC., Dalton 
Trans., 445 (1973). 

(25) P. J. Davidson, M. F. Lappert, and R. Pearce, J.  Organometal. 
Chem., 57, 269 (1973); P. J. Davidson and M. F. Lappert, unpublished 
work, 1973. 

(26) W. Mowat and G. Wilkinson, J.  Chem. SOC., Dalton Trans., 1120 
(1973). 

(27) M. F. Lappert and M .  Webb, unpublished work, 1974. 
(28) W. Mowat, A .  J. Shortland, G. Yagupsky, N. J. Hill, M. Yagupsky, 

and G. Wilkinson, J .  Chem. SOC., Dalton Tram., 533 (1972). 
(29) W. Mowat, A.  J. Shortland, N.  J. Hill, and G. Wilkinson, J.  Chem. 

SOC., Dalton Trans., 770 (1973); G. A .  Ward, W. Kruse, B. K. Bower, and 
J. C. W. Chien, J .  Organometal. Chem., 42, C43 (1972). 

(30) V .  Gramlich and K .  Pfefferkorn, J.  Organometal. Chem., 61, 247 
(1973). ~~. ~, 

(31) F. Huq,’ W. Mowat, A. Shortland, A .  C. Skapski, and G. Wilkinson, 
Chem. Commun., 1079 (1971). 

(32) S. Moorhouse and G. Wilkinson, J .  Oganometal. Chem., 52, C5 
( 1973). 

M. Kumada and M. Ishikawa, J.  Organometal. Chem., 6,451 (1966). 

(1939). 

(1957). 

R. A. Jackson, and A.  E. Jukes, Chem. Commun., 559 (1970). 

(33) (a) D. Seyferth and W. Freyer, J .  Org. Chem., 26, 2604 (1961); (b) 

(34) F. C. Whitmore and E. Rohrmann, J.  Amer. Chem. SOC., 61, 1591 

(35) R. Criegee, P .  Dimroth, and R. Schempf, Chem. Ber., 90, 1337 

(36) A.  R. Bassindale, A. J. Bowles, M. A.  Cook, C. Eaborn, A. Hudson, 

(37) G. E. Coates and B. R. Francis, J. Chem. SOC. A, 1308 (1971). 

dupe, especially where the production of the homo- 
leptic compounds is required. Examples are in eq 125 
and 2.28 

Me,CCH,Li + ZrC1, -+ Zr(CHzCMe,)4 (1) 

Me,SiCH,MgCi + CrC1,. 3THF - Cr(CH,SiMe,), (2) 

Generally preformed metal alkyls are used, but in 
situ reactions have also been employed in the transi- 
tion metal series, notably in the preparation of 
Cr(CHZCMe3)438 and Ti( 1-adamantyl)a (Wurtz 
method).l8 For the main group metals, forcing con- 
ditions are sometimes necessary for replacement of 
the final halide ligand by a bulky alkyl, e . g . ,  in the 
preparations of M(CH2CMed4 (M = Ge).25 Here the 
superior reactivity of the organolithium reagent is an 
advantage, but in other cases use of RLi may lead to 
undesirable reduction; this is particularly signifi- 
cant for transition metals.24 The reducing power, 
which parallels alkylating ability, follows the order: 
RLi > RMgCl > R2Mg, and where reduction is sig- 
nificant (e,g., with TiC14), then the dialkylmag- 
nesium is the reagent of choice.24 Reagents such as 
zinc or aluminum alkyls are less reactive, and there- 
fore may be useful for the synthesis of heteroleptic 
species, e.g., C13NbR12 or C12NbR13 from NbC1b.32 

The metal in the halide need not be in the same 
oxidation state as in the product homoleptic alkyl 
( c f .  Table I for CrIV complexes, which interestingly 
are accessible from CrlI1 precursors; see eq 2 ) .  

Where the appropriate metal halide is unsuitable, 
perhaps due to low solubility, a complex may be 
used: e.g., TiC13.2MezN for TiR23.6 Alternatively, for 
CrBu-tc, the nonexistence of CrC14 prompted the use 
of Cr(OBu-t)4 with LiEa~- t .~8  

Transalkylation. This method is useful where ei- 
ther especially pure halogen-free materials are re- 
quired or where the above methods are unsuitable. 
Examples are shown in eq 339 and 4.37 

(3) 

BeEt, + (Me,SiCHz),B - [Be(CH2SiMe,),]2 + BEt, (4) 

This procedure has yet to be used in the transition 
series, but developments are expected in view of the 
current interest in reactions of condensed metal va- 
pors which may provide the necessary activated 
metal 

Disproportionation. This may be effected chemi- 
cally, thermally, or photolytically. Dialkylmag- 
nesium compounds may be obtained, albeit some- 
what impure, by precipitation of magnesium chloride 
as a Lewis base adduct (dioxanate) from solutions of 
the Grignard reagent, as in eq 5.24 

CIMgCHzSiMezPh dlOxane, 

(Me,SiCH,),Hg + A1 - (Me,SiCH2),A1 + Hg/A1 

0. 5Mg(CHzSiMezPh)z + 0. 5MgCl2*2dioxane (5) 

A novel photochemical disproportionation has re- 
cently been discovered which leads to the production 
of stable metal(II1) alkyls of the group IVb metals. 

(38) W. Kruse, J. Organometal. Chem., 42, C39 (1972). 
(39) J. 2. Nyathi, J. M. Ressner, and J. D. Smith, J.  Organometal Chem., 

(40) Cf. K.  J. Klabunde and J. Y. F. Low, J.  Organohetal Chem., 51, 
70,35 (1974). 

C33 (1973). 
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U 

F i g u r e  1. T h e  molecular s t ruc ture  of M o ~ ( C H & i M e 3 ) 6 : ~ ~  Mo- 

CH2-Si, 121.1". 
Mo, 2.167 A; Mo-CH2, 2.131 A; I M o - M o - C H 2 ,  100.6"; L M O -  

F i g u r e  3. T h e  molecular s t ruc ture  of (CuCHzSiMe3)4:11 Cu-CU,  
2.417 A; Cu-C ( m e a n ) ,  2.02 A ;  LC-Cu-C,  164"; CuqC4Si2 copla- 
nar ;  centrosymmetr ic .  

F i g u r e  2. T h e  molecular s t ruc ture  of C ~ ( C H ~ C P ~ M ~ Z ) ~ : ~ ~  Cr-C, 
2 .05A; i C r - C - C  ( m e a n ) ,  123.5". 

Thus, irradiation (visible light) of a benzene or hex- 
ane solution of Sn[CH(SiMe3)2]2 gives the stable 
radical R23Sn., as in eq 6 (M = Sn).8 The radical 

2MRZ2 -+ R2,M * + ( ~ / ? z ) ( R ~ M ) ,  (6) 

R23Sn. was unequivocally characterized by esr 
as  the only paramagnetic species in, solution. 
There was no metal deposit (in contrast to the 
lead mirror formed by photolysis of the P b  analog), 
and it was inferred that the transient Sn' coproduct 
oligomerized to di- or tetravalent species. The radi- 
cals R23SiJ3 and R23Gea9 were prepared by photoly- 
sis of the products from Si2C16-LiR2 and GeCl2-diox- 
ane-LiR2, respectively. 

Insertion. For complexes with the neopentyl 
structure this route is of limited application, requir- 
ing olefin insertion into the l'vl-C bond of a stable 
precursor, as in eq 7.41 

(7)  

Miscellaneous. Oxidative addition [Ni" + 
(Ph3C)z to give b i~ ( t r i t y l )n i cke l ]~~  and metalation 
( e . g . ,  from Me3PCHz to give complexes such as 
V)l59l6 are other procedures which have been used for 
homoleptic metal alkyls. 

2 0 0 °  
(A1Me,)2 + Me,C=CH2 --+ A1(CH2CMe3), 

(41) W .  Pfohl, JustusLieblgs Ann. Chem., 629,207 (1960). 
(42) G. Wilke and H. Schott, Angew. Chem., Int. Ed .  Enggl., j, 583 

(1966). 

F i g u r e  4. T h e  molecular s t ruc ture  of Nbz(CSiMe3)Z- 
[ C H ~ S i M e 3 ) 4 : ~ 6  Nb-C ( m e a n ) ,  1.974 A; Nb-CH2 ( m e a n ) ,  2.160 

LNb-C-Si ,  119.8"; i N b - C - S i ,  142.4". 

Structures, Bonding, and Some Ground-State 
Properties 

The alkyl group is usually a terminal ligand bond- 
ing to the metal via a two-electron two-center orbit- 
al. However, it may be bridging as in the electron- 
deficient main group element compounds. For the 
lithium derivatives, an alkyl group bridges three 
metal atoms (I), as in (LiMe)4;43 for Be, Mg, or A1 
derivatives, two alkyl groups are often doubly bridg- 
ing (111, as in A l ~ M e 6 . ~ ~  In (CuR1)4, each Me3SiCHz 
group provides a single bridge between two Cu 
atoms (111) ,I1 A multicenter molecular orbital 
scheme may be used to describe the bonding in all 
these compounds.45 

For the neutral complexes listed in Table I, single- 
crystal X-ray diffraction data are available for 
 MOR^^)^,^^ CrR84,30 and (CuR1)4,11 as shown in 
Figures 1-3. A closely related Nb compound (Figure 
4)46 is not strictly within our terms of reference, having 
a bridging carbene ligand.47 In Cr(CH2CMezPh)4, 
the CrCC angles are all significantly greater than 
the tetrahedral angle, with consequential dense 
packing of alkyl and aryl groups.30 The very short 
Mo-Mo distance in (M0R13)2 has been attributed to 
a triple bond, and the large Si-CH2-Mo angle is 

A; LC-Nb-C,  85.6"; L N b - C - N b .  94.4"; N b . .  . N b ,  2.897 A;  

(43) E. Weiss and E. A , C. Lucken, J.  Organometal. Chem,  2, 197 

(44) P. H. Lewis and R. E. Rundle, J.  Chem. Phys., 21,986 (1953). 
(45) R.  Mason and D. M. P. Mingos, J.  Organometal. Chem,  50, 53 

(46) F. Huq, W .  Mowat, A. C. Skapski, and G .  Wilkinson, Chem. Com- 

(47) Cf., D. J. Cardin, B. Cetinkaya, and M.  F. Lappert, Chem. Reu. ,  

( 1964), 

(1973). 

mun., 1477 (1971). 

72,545 (1972). 
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probably caused by steric repulsion.31 It is sur- 
prising that  in (CuR1)4 the formally d10 Cu atoms 
are in a planar environment with the methylene car- 
bons in the same plane as  the Cu4 square;ll bonding 
may be described in terms of linear (CCuC) coordina- 
tion a t  Cu with Cu-Cu bonding relatively unim- 
port ant  . 

Because of the bulk of neopentyl and related alkyl 
ligands, such as  R1-R9 (Table I), it is not surprising 
that the metal coordination number is affected pri- 
marily by the nature of the ligand rather than the 
oxidation state and electronic configuration of the 
metal. Thus, on the one hand there is the extensive 
series MR14 (M = Sn, Pb,  Ti, Zr, Hf, V, or Cr; R1 = 
Me3SiCH2), but with the bulky ligand (Me3Si)zCH 
(R2) complexes are obtained in lower coordination 
number: MR23 (M = Si, Ge, Sn, Y, Ti, V, or Cr) and 
MR22 (M = Sn or Pb) (see Table I). Similarly, 
whereas homoleptic methyls of Be, or Mg, and A1 are 
polymers and dimer, respectively , corresponding ne- 
opentyl-like complexes are found as smaller aggre- 
gates. Increasing the size of the metal may lead to a 
decrease in oxidation state. e.,c?., CrIVR14 and 

I -  

(Mo1”R13)2. 
The very high values for metal (117Sn, l19Sn, 73Ge, 

or 29Si) hvDerfine coudina constants (esr) in R23M. 
~ , “ I  a -  

(M = Sn, Ge, or Si) suggest that  these metal-cen- 
tered radicals are not planar,8,9,23 in contrast to 
alkyl radicals such as CH3.. 

The He(1) photoelectron spectra of several com- 
pounds of formula MR4 [M = Si, Ge, Sn, Ti, Zr, Hf, 
or Cr; R = Me3SiCH2 (R1) or Me3CCH2 (R3)] have 
been examined;48 the a(M-C) orbital for each is in 
the range 8-9 eV, and there is thus no evidence that, 
for these related compounds, occupied electronic en- 
ergy levels differ significantly for main group and 
transition-metal complexes. From much data on 
standard heats of formation of homoleptic alkyls of 
the main group e l e m e n t ~ , ~ g  it is clear that  M-C 
bond strengths are not especially low: e.g., E(B-C) 
= 81.7 f 2.7 kcal mol-I in BEt3 and E(Sn-C) = 
46.2 f 2.1 kcal mol-1 in SnEt4. General trends are 
that M-C mean thermochemical bond energy terms, 
E ,  within a group fall with increasing mass of M, 
and for a given M in the order P h  > Me > Et.  Hence 
conjugative and hyperconjugative effects may have a 
small role, as has been most extensively discussed for 
B.5O This is not likely to be important for transition 
metals, because in the series trans-Pt(R)- 
C1(PMe2Ph)2 X-ray and spectroscopic results 
show that  the trans influence of R has little sensitivi- 
ty to substitution or hybridization effects (R = Me&- 
CH2, CH2=CH, or PhCEC,  compared with R = 
Me) .51 Now that numerous homoleptic transition 
metal alkyls are available (Table I), it should be rel- 
atively straightforward to  obtain thermochemical 

(48) S. Evans, J. C. Green, and S. E. Jackson, J. Chern. SOC., Faraday 
Trans. 2, 191 (1973); M. F. Lappert, J. B. Pedley, and G. Sharp, J.  Or- 
ganornetal. Chern., 66,271 (1974). 

(49) Cf. J. D. Cox and G. Pilcher, “Thermochemistry of Organic and Or- 
ganometallic Compounds,’’ Academic Press, New York, N.  Y., 1970; H .  A. 
Skinner, Aduan. Organornetal. Chern., 2,49 (1964). 

(50) Cf. M. F. Lappert, “The Chemistry of Boron and its Compounds,’’ 
E. L. Muetterties, Ed., New York, N. Y., 1967, p 433. 

(51) M. R. Collier, C. Eaborn, B. Jovanovib, M. F. Lappert, Lj. Manoj- 
lovib-Muir, K. W. Muir, and M. M. Truelock, J. Chem. SOC., Chem. Corn- 
mun., 613 (1972); C. J. Cardin, D. J. Cardin, M. F. Lappert, and K. W. 
Muir, J. Organometal. Chem., 60, C70 (1973). 

data by calorimetry. Such information is available 
for the radicals Me3M.;52 there is no particular gain 
in delocalization energy relative to Me4M, in con- 
trast to Me&. relative to Me4C. PhsSi. is destabil- 
ized with respect to MesSi. by ca. 14.1 kcal mol-I 
(contrast Ph3C. vis-h-vis Me&.) .53 Infrared and 
Raman spectra for MR4 (M = Sn, Ti, Zr, Hf, V, or 
Cr; R = M e 3 S i C H ~ ) 5 9 ~ ~  show that  the MC4 asym- 
metric stretching mode falls in the range 470-530 
cm-l, which suggests that the MC4 asymmetric 
stretching force constant and hence MC bond 
strength is largely independent of the electronic 
structure of the metal. 

Decomposition Pathways for Metal 
a-Hydrocarbyls 

Thermal decomposition of a metal alkyl often af- 
fords a complex mixture. Although it is not always 
possible to ascertain all the product-forming reac- 
tions it is important, for an analysis of the compara- 
tive stability of these complexes, to  establish rate- 
determining decomposition pathways and to assess 
their relative importance within the various combi- 
nations of metal and ligand. Our first objective is to 
identify these pathways, and results are summarized 

are limited data on homoleptic compounds, reference 
should be made to the much more extensive results 
on heteroleptic complexes, but this will be deferred 
to another paper.22 

Metal-carbon bond breaking may formally be uni- 
or bimolecular. A unimolecular process involves ei- 
ther (a) migration of a substituent from the alkyl 
group to the metal ( a ,  p, y, etc., elimination) or (b) 
M-C homolysis. The pathways of higher molecular- 
ity result in disproportionation or formation of clus- 
ters (referred to  below as binuclear eliminations). 
The principles for decomposition pathways for 
metal-centered radicals are qualitatively those appli- 
cable to organic radicals, but disproportionation 
routes to metallo olefins are unfavorable, and atom- 
abstraction reactions (e .g . ,  of H or Hal) are in- 
fluenced by bond strengths ( e .g . ,  of M-H or M-Hal). 
The stability of the group IV radicals [(Mess&- 
CH]3M. in benzene or hexane is thus attributed to 
the bulk of the ligand (R2) making dimerization un- 
likely and to the low M-H bond strength for M = Ge 
or Sn providing no inducement to hydrogen abstrac- 
t i ~ n . ~ . ~  The corresponding silyl radical R23Si. is less 
stable and decays by a pseudo-first-order reversible 
process which may be that  of Si-H bond making and 
breaking. 

in Table II.10,14a,20,24,25,27,38,41,54-59 Because there 

(52) M. F. Lappert, J. B. Pedley, J. Simpson, and T. R. Spalding, J .  Or- 

(53) J. M.  Gaidis, P. R. Briggs, and T. W. Shannon, J.  Phys. Chem., 75, 

(54) Cf. G. E .  Coates, M. L. H. Green, and K. Wade, “Organometallic 

(55) F. M. Rossi, P. A. McCusker, and G. F. Hennion, J .  Org. Chern., 

(56) Cf. G. Fritz, J. Grobe, and D. Kummer, Aduan. Inorg. Chem. Radio- 

(57) F. Glockling, S. R. Stobart, and J. J. Sweeney, J. Chern. SOC., Dal- 

(58) F. S. D’yachkovskii and N. E, Khrushch, J. Gen. Chem. USSR, 41, 

ganornetal. Chern., 29,195 (1971). 

974 (1971). 

Compounds,” 3rd ed, Vol 1, Methuen, London, 1967. 

32,1233 (1967). 

chem., 7,349 (1965). 

ton Trans., 2029 (1973). 

1787 (1971). 
(59) K.-H. Thiele, E. Kohler, and B. Adler, J. Organornetal. Chem., 

50,153 (1973). 
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Table  I1 
Selected Da ta  on t h e  T h e r m a l  Decomposition of Homoleptic Meta l  Alkyls 

Compound Decomposition conditions Products and comments Ref 
________ - __-__ 

(BeMed, 
B(CH2CMed3 
A1(CH2CMe3)3 
SiMe; 
Hg (CH2SiMe3)2 
TiMe, 

M (CH2CMe3)( 

M (CHSiMe3)4 

M (CH2SnMe3)4 

Zr(CH,Ph) I 
Cr(CH&Me3)r 
CrBu-t: 
WMee 
(CuCH2SiMe3) 

200" 

-200 O 

-700' 
200" 
Heptane, 10" 

C,Hs: M = Ti, 60", tl -14.5 hr 

M = Zr, 80', tl 2 -80 hr 

C6HF: M = Ti, 80", tl -125 hr 
M = Hf, 9O0, ti 2 -900 hr 

M = Zr, 803,  ti 2 -150 hr 
M = Hf, 90°, tl -350 hr 
Cd%: M = Ti, 80°, ti 2 -30 min 
M = Zr, 803,  tl -30 min 
M = Hf, 80", ti 2 -30 min 
Ca. 130" 

Heptane, 70", tl 2 -4.5 min 
Neat, 26' 
PhMe, 80" 

A 
CH, + (CH2Be),-+ (Be2C), 54 
Stable a t  227" 55 
Me3AI + Me2C=CH2 41 
Diverse products with linkage SiCSi predominating 56 
Hg + MerSi + Me2XCH2HgCH2SiMe2CH2CH2SiMe3 57 
CH, +- black solid (contains C, H, Ti), hydrogen in CHI not 58 

MelC + black solid, hydrogen in MerSi not derived from 25 
derived from solvent 

solvent 

Me;Si + black solid, hydrogen in Me&i not derived from 24, 25 
solvent 

(Me3SnCH2)2 + black solid + MeaSn 
27 

C ~ H G  1- PhMe + (PhCH,), + Ph,CH, + C2Hs + blacksolid 
Stable a t  80' in heptane 
Principally Me3CH + Me2C=CH2 + Cr (with 5% C) 

14a, 59 
38 
38 

10 
CH, f CPHG (trace) + black solid (contains C H, W)  20 
Cu f MerSi + (Me3Si)*CH2 + (Me3SiCH2)2 f 

PhCHzCH2SiMes -p (PhCH,), 

Some of the mechanistic discussion that follows is 
conjectural, often being based on qualitative rather 
than quantitative information. More extensive kinet- 
ic studies are clearly required. 

P Elimination. This is represented by the general 
eq 8. For a simple alkyl (X = Y = a saturated C 

LM-X-Y-Z -+ LMZ -1 X=Y (8) 
atom, and Z = H or another alkyl group) this de- 
mands migration of a 8-H or alkyl from carbon to 
metal in a concerted manner, with formation of an 
alkene. 

Migration of hydrogen is preferred, and this is a 
factor which accounts for the enhanced stability of 
complexes with a neopentyl-like structure. When Y 
is silicon, elimination would be of a relatively unsta- 
ble silaolefin. 

Examples are to be found in the decompositon of 
CrBu-ts to give inter alia M ~ z C - C H ~ , ~ ~  and of 
Al(CHzCMe3)3 to give AlMe3 and M ~ ~ C = C H Z . ~ ~  
There are no examples of alkyl migrations in the 
transition series. It should be noted that a suitable 
transition-state geometry is required with a vacant 
coordination position ( c f .  the severely crowded 
CrBu-t4) while the dihedral angle of the M-C-C-Z 
moiety should approach zero. 

a Elimination. This involves fragmentation of a 
species of the type LMC-QQ'Q" to give LM-Q (Q = 
H, OR, or halogen) and a carbene moiety CQ'Q". It 
is of synthetic utility: compounds with M = Hg, Sn, 
Li, Zn, e.g., can act as carbene transfer reagents. In 
most of these reactions free carbenes are not in- 
volved.60 This pathway is not established for transi- 
tion-metal homoleptic alkyls. 

Reductive Elimination. This pathway, the reverse 
of oxidative addition, provides a route to cleavage of 
metal-carbon bonds. It is especially important a t  the 
end of the transition series for heteroleptic com- 
pounds and is inevitably confined to metals having 

(60) C,f D Seyferth, Accounts Chem Re5 , 5, 65 (1972), D J Cardin, B 
Cetinkaya, M J Doyle, and M F Lappert, Chem Soc Reu , 2, 99 (1973) 

stable oxidation states differing by two units; some 
of these reactions may, however, proceed by homoly- 
sis.G1 It is remarkable that related group IV alkyls 
can have distinctly different decomposition pathways, 
as shown in eq 9. Reaction 9b, which proceeds a t  

M' = C o r  S i  M(CH,M'Me,), + Me,M' 
( & ) 2 1 ,  2 5  \ 
M '  = S n  

(b)" 

\- (Me,M'-CH2)2 

0-40" for M = Ti, Zr, or Hf (Ti the least stable), is 
probably a case of reductive e l imina t i~n ;~ '  direct 
participation of free radicals is unlikely because tolu- 
ene does not alter the nature of the products. 

Binuclear Elimination. This is characterized pri- 
marily by the nature of the decomposition products: 
alkane and a solid containing linkages of the types 
(LM)zC=, (LM)&--, or (LM)4C (such a compound 
may be the Nb product of Figure 4).46 The reactions 
are best documented for the methyls of metals, both 
of the main group or the transition series, e . g . ,  eq 
1 0 . G 2  The Nb compound of Figure 446 may be regard- 

BMe, - (MeB&(CH), (10) 

ed as an intermediate in the decomposition of hypo- 
thetical Nb(CHzSiMe3)s (from NbCL-LiRI) by loss 
of 4 mol of SiMe4. 

The transition state is probably of the type VII, 
and reaction will be inhibited by substitution at  the 

R,M -qR,-H 
I I 

R,M-CR>H 
VI1 

(61) M .  F. Lappert and P. W, Lednor, J .  Chem. Soc..  Chem. Commun., 
948 (1973): N. G. Hargreaves, R. J .  Puddephatt, L. H. Sutcliffe, and P .  J .  
Thompson, ibid., 861 (1973). 

(62) M .  P. Brown, A. K. Holliday, and G. bl. Way, J .  Chem. Soc., 
Chem. Commun., 532 (1973). 
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CY carbon. This is a principal factor governing the 
greater stability of T i ( c H ~ c M e 3 ) ~  and Ti- 
(CHzSiMe3)4 compared with TiMea. 

Homolysis. Among the best examples of homolep- 
tic complexes which undergo decomposition by this 
route are the homoleptic alkyls of Hgrl and also oth- 
ers from Zn", CdII, Si'", GeIV, Sn'", and Pb1V.63 In 
the transition series, homolysis is relatively uncom- 
mon, i.e., it is usually a path of relatively higher ac- 
tivation energy and is used only when other pro- 
cesses are hindered or blocked. (CuCH2SiMes)e ap- 
pears to decompose by this pathway,1° and it has 
been postulated to  play a minor role in decomposi- 
tion of TiMe4.58 For the Cur case, the evidence is 

.based on the isolation of benzyl derivatives when de- 
cornpositon was carried out in toluene.1° The use of 
species such as  t-BuNO as a radical trap may help to 
establish such r n e c h a n i ~ m s . ~ ~ , ~ ~  

Conclusions and Prognostications 
It has already been stressed that  the choice of the 

alkyl ligand often determines the coordination num- 
ber and oxidation state of the metal in (MRn)r, and 
thus we can expect a major increase in the range 
of homoleptic complexes using ligands such as  
(Me&) 2CH - , 2,2,3 - trimethylnorbornyl- , or Me2P- 
(CHz)(CH2)-. For example, whereas the group 
IV radicals R23M. (M = Si, Ge, or Sn) are a t  present 
the only metal-centered main group element radicals 
to be stable a t  room temperature, extensions to the 
isoelectronic ion radicals R23In.- and R23Sb.+ and 
to other group 111-V species are to be anticipated, as  
well as  to related complexes using ligands other than 
alkyls (stable amidometal radicals [(Me3Si)2N]3M. 
(M = Ge or Sn) have been made).65 Among main 
group element neutral compounds, new stable s2 

(63) Cf. S. J. W. Price in "Comprehensive Chemical Kinetics," C. H. 
Bamford and C. F. H. Tipper, Ed., Vol. 4, Elsevier, Amsterdam, 1972, p 
197. 
(64) D. J. Cardin, M.  F. Lappert, and P .  W. Lednor, J.  Chem. Soc., 

Chem. Commun., 350 (1973). 
(65) D. H. Harris, M. F. Lappert, and P. W.  Lednor, unpublished work, 

1974. 

and s1 complexes, such as  (MR2)n (M = Ga, In, or 
T1) or R2Hg-HgR2, may prove to be accessible. For 
transition-metal complexes, further developments, 
especially for the 4dn, 5dn, 4 P ,  and 5fn metals, are 
awaited; two-coordinate metal complexes may be fa- 
vored by still more bulky ligands such as 
(Me3Si)sC- (which has already been used for 
Hg11).36 

New bonding situations may emerge, and we look 
forward to single-bridging (bulky) a-hydrocarbyl lig- 
ands in the transition-metal series beyond CUI. 
Structural studies will have an important role and 
we await with interest elucidation of the geometry 
of, for example, the monomeric dialkyls of Sn and 
Pb. 

The isolation and characterization of interme- 
diates in thermal decompositions may provide fur- 
ther points of interest. For example, compounds re- 
lated to the niobium compound of Figure 426 may be 
discovered. 

We have not here been concerned with the poten- 
tially very extensive chemistry of metal alkyls, but in 
conclusion we draw attention to three areas of signif- 
icance: (i) their use as reagents in organic chemistry 
(e.g.,66 for copper alkyls), (ii) their role as monome- 
tallic catalysts possibly on A1203 or Si02 supports, 
or intermediates, and (iii) their potential as ligands. 
As for (ii), we refer to a-olefin polymerization [e.g. ,67 
catalyzed by group IV or V transition metal alkyls, 
such as Zr(CHzSiMe3)4]. Finally, with regard to (iii) 
we point to the new area of heavy group IV main 
group metal donors: e g.,4 R22M with M'(CO)s yields 
R22MM'(C0)5 or trans-(R22Sn)2M'(C0)4 (M = Sn 
or Pb, M' = Cr or Mo) .  
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(66) Cf J F Normant, Synthesis, 63 (1972) 
(67) See, e g , D. G H. Ballard, Aduan Catal , 23,263 (1973) 


