
Chimia 27 (1973) Nr. 3 (März) 165

Aspects of the Transition Metal to Carbon a-bond; Stable Binary Alkyls*
By GEOFFREY WILKINSON
Department of Inorganic Chemistry
Imperial College of Science and Technology, University of London

Summary
The thermal instability of binary transition metal alkyls is a 
consequence of facile pathways for decomposition, notably the 
hydride transfer from a /S-carbon atom followed by elimination 
of alkene. Where this reaction is not possible, as in compounds 
MR„ where R = CH3, CH2C6H5, CH2Si(CH3)3 etc., stable 
alkyls may be synthesised. Examples of the new classes of 
alkyls, trimethylsilylmethyls and 1-norbornyls are noted and 
the properties of hexamethyltungsten outlined.

Quite soon after Frankland’s discovery in 1849 of the 
first organometallic compounds, the zinc alkyls, attempts 
were made to synthesise transition metal alkyls; how­
ever not until the isolation of the trimethylplatinum 
iodide tetramer, [(CH3)3PtI]4, by Pope and Peachy in 
1907 was a stable product obtained.1 During the next 
fifty years or so, repeated attempts to isolate alkyls or 
transition metals generally failed; coupling or other 
decomposition reactions were a common feature. Indeed, 
in 1955, Cotton wrote1: “It will be apparent from this 
overall picture of alkyls and aryls of transition metals 
that the often heard generalisation that they are much 
less stable and accessible than those of non-transition 
metals is quite true.” A basis of theoretical respectabi­
lity to this statement was provided by overlap calcula­
tions, which purported to show the intrinsic low ability 
of transition elements to from <T-bonds to carbon in its 
usual sp3 and sp2 hybridization states.2

During the early 1950’s a number of alkyl compound, 
with what are now termed yt-bonding ligands, CDs 
71-csH5, pr3, etc., also bound to the metal were pre­
pared. Some examples are /i6-C5H5Fe(CO)2CH3, 
(Et3P)2PtICH3, ft5.(C8H5)aTi(C6HB)2 and CH3Mn(CO)6. 
It began to appear that only in the presence of such 
“stabilizing” ligands could cr-bonded alkyls and aryls 
generally be isolated. Thus in the latest extensive review 
on cr-bonded alkyls and aryls, Parshall and Mrowca3“ 
write, “By any criterion, simple transition metal alkyls 
are very unstable” and “In contrast to the simple alkyls, 
some metal complexes bearing other ligands in addition 
to alkyl or aryl groups are strikingly stable”. Even 
Green,3b in a detailed discussion of the stability of tran­
sition metal to carbon (T-bonds in which was clearly 
stated the important distinction which should be, but 
is not always, made between thermodynamic and kinetic 
stability, concluded that “it seems unlikely that metal- 
carbon bonds are particularly strong”.

* Lecture presented to the Chemical Societies of Fribourg, Zürich 
and Basel. November 7th, 8th, 9th, 1972.

1 For reviews giving early references see F.A.Cotton, Chem.Rev. 
55 (1955) 551; H.H. Zeiss, Organometallic Chemistry, Reinhold, 
1960.

2 H.H. Jaffe and G. O.Doak, J. Chem. Physics 21 (1953) 196.
3 a) G.W. Parshall and J.J.Mbowca, Adv. Organometal. Chem. 7 

(1968) 157. For structures of many such compounds see M.R. 
Churchill, Perspectives in Structural Chem. 3 (1970) 91. b) M. L. 
H. Green, Organometallic Compounds, Vol. 2: The Transition Ele­
ments, Methuen, London 1968.
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Now the bond strength data available is extremely 
meagre. For the PtC6H6 bond in trans- (Et3P) 2Pt (C6H5)3 
a value of ca 250 kJ mol-1 was obtained,4 which can be 
compared with E(Hg~C) in diphenylmercury of 
136 kJ mol-1. From the unimolecular gas phase decom­
position of /i5-C5H6Pt(CH3)3 a value of Pt~CH3 of 
ca 164 kJ mol-1 was estimated,5 while combustion data6 
led to estimates ofTi~CH3, ca 250 kJ mol-1 and Ti—C6H5, 
ca 350 kJ mol-1, for (/r5-C5H5)2TiR2, R = CH3 andC6H5. 
Other Ti—C bond energies, e. g., for Ti(C2H6)3Cl, ca 
130 kJ mol-1, are said to be consistent with the activa­
tion energy of 85 to 125 kJ mol-1 for the thermal 
decomposition of a different type of alkyl, namely 
(h5-C.H,)2TiClR, R-CH„ C2H„ C6H„ etc.7

Although these estimates are for alkyls or aryls with 
other ligands present on the metal, they do not suggest 
that transition metal to carbon bonds are intrinsically 
weaker than those between carbon and non-transition 
metals. Arguments based on chemical or thermal sta­
bility of compounds—stable is a much misused and 
misapliedj word—or on the apparent non-existence of 
compounds are clearly insupportable. Since oxygen and 
nitrogen (and of course halogens) may form “stable” 
compounds with transition metals in various oxidation 
states, e.g., Cr(OC2H5)4 or Ti [N (SiMe3)2]4, why not 
carbon ?

We sought8 the answer to this question by considering 
that one of the major pathways for decomposition of 
transition metal alkyls is the hydride transfer-alkene 
elimination reaction. This reaction is the reverse of the 
synthesis reaction for metal to carbon bonds by attack 
of an alkene on a metal hydrido species and which is 
involved at some point in many catalytic cycles such as 
those of homogeneous hydrogenation or hydroformyla­
tion of alkenes. The reaction is one involving transfer to 
the metal atom of a hydrogen from the /3-carbon of an 
alkyl chain:

tnM-CH2

hi------- CHR
■ ilLnM.......... CHZ J 1=1

V ?HR 
^nM

CH2
s± LnMH + CHR=CH2

In the absence of “stabilizing” ligands i. e. for a binary 
alkyl, the metal hydride (probably solvated in solution) 
formed on elimination of alkene could decompose further 
to metal and hydrogen. This mechanism has been 
generally accepted and has been established in certain 
cases. A good example is the decomposition of 
n-CH„CH2CH2CH2CuP (n-Bu)3. Here CuH is formed 
by H-transfer and alkene elimination; this then re­
duces the Cu~C in a second molecule resulting finally 
in the products but-l-ene, n-butane copper metal 
and hydrogen.9“ By contrast, the related neophyl, 
C6H5C(CH3)2CH2CuP(n-Bu)3, which has no hydrogen 
atoms on the /i-carbon, decomposes largely by homolytic 
fission and a free radical pathway.915

It is important to note that the hydride transfer-alkene 
elimination pathway involves a change in coordination

number of the metal. In the alkyl, there is only a metal 
to carbon cr-bond, whereas in the hydrido-alkene inter­
mediate, two metal sites are involved. This means that 
if the required vacant coordination site on a metal alkyl 
species is unavailable, then decomposition by this parti­
cular pathway clearly cannot proceed. Of course, a site 
may be freed by thermal or photochemical dissociation 
of a ligand.

The corollory to this is that alkyls may not be stable 
even when so-called stabilizing ligands are present on a 
metal provided that one of the ligands is readily lost, or 
if the complex itself is coordinatively unsaturated. A 
good example of the instability of an alkyl even when 
Tt-bonding ligands are present is:

Ru(H)(Q)(PPh3)3 + C2H4 ^ Ru(C2H5)Cl(PPh3)3

The equilibrium lies well to the left at 25 ° /1 atm pressure. 
Another example is RhH(CO) (PPh3)3. Such complexes 
quite often provide catalytic cycles for isomerisation or 
other reactions of alkenes;10 indeed, catalytic reactions 
depend on the lability of the metal-alkyl group.

The blocking of coordination sites by ligands may thus 
provide a rationale for the existence of some of the alkyls 
noted earlier. This concept is also illustrated by the 
stability of metal to carbon bonds in classical Werner 
type octahedral complexes of metal ions whose elec­
tronic structure is such that they are substitution inert. 
Thus there are alkyls11 of Cr111, Co111 and Rh111 even with 
water or ammonia as ligands, one example being 
[RhC2H5(NH3)5]2+. The well known Vitamin B12 coen­
zyme and the numerous synthetic analogues such as the 
dimethylglyoxime cobalts or cobaloximes are other ex­
amples; these have four nitrogen atoms in the plane 
with an alkyl group and another ligand in the trans 
positions.

The complex I is an especially good example;12 the 
blocking of coordination sites is coupled with an alkyl 
which cannot readily undergo the H-transfer alkene 
elimination reaction and is coupled further with the 
chelate effect. This compound is stable to 350 °C.

A more unusual way of inhibiting or preventing the 
hydride transfer reaction proceeding is to use an alkyl 
group whose nature is such that there is either no jS-hy- 
drogen or the ^-carbon is replaced by another element 
which cannot form a double bond to carbon, and hence 
cannot form an alkene.8

Some such binary alkyls were known for some time 
for certain transition metals, notably the benzyls of Ti, 
Zr and Hf13 and the methyl, Ti(CH3)4, although the 
latter is thermally most unstable as discussed later. The
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Table 1. Representative binary alkyls of transition metals

Compound Form, m.p. Properties; structure

Trimethylsilylmethyls R a 
vor3 Lemon yellow needles m.p. 75 Diamagnetic, F - O stretch
R2N6(CSiMe3)2N6R2 Red-brown prisms m.p.152 Has (CSiMe3) bridge groups b
CrR4 Purple-red needles m.p. 40 d2 tetrahedral
w2R6 Orange plates Isomorphous Mo2R6 with MM bond0
ReOR3 Red needles m.p. 138 Has Re = O stretch

Neopentyls; tritylmethyls a
Ti(CH2CMe3)4 Pale yellow prisms m.p. 99 Diamagnetic
Mo2(CH2CMe.i)6 Pale yellow prisms m.p. 135 Diamagnetic, Mo—Mo bond
Cr(CH2CPh3)4 Purple prisms m.p.130°

Norbornyls (R') d 
Cor; Brown Paramagnetic pt = 2.0
FeRi Purple diamagnetic
MnB' Green Paramagnetic p = 3.78
CrRl Red-brown Paramagnetic p = 2.84

a G.Wilkinson et al., J. Chem. Soc. (Dalton) 1972, 533; J. Organometal. Chem. 38 (1972) C35 and in press.
b F.Hug, W.Mowat, A.C.Skapski and G.Wilkinson, Chem. Comm. 1971, 1411.
c F.Hug, W.Mowat, A.C.Skapski, A.Shortland and G.Wilkinson, Chem. Comm. 1971,1079.
d B.K.Bower and H.G.Tennant, J. Amer. Chem. Soc. 94 (1972) 2512.

applicability of this concept to binary alkyls of other 
metals is well demonstrated by studies on the relative 
stabilities of dialkylmanganese compounds made in situ 
in ether solutions.14 These show that the most stable 
species are those that do not readily eliminate alkene, 
the order being

CH3~C6H5CH2~(CH3)3CCH2> n-C3H„
n-C4H9 > C2H5 > t-C4H6 > i-C3H7.

Of course the phenyl group is also in this category and 
it has long been known that phenyl compounds are often 
more stable than the corresponding alkyls. This does 
not necessarily mean that they can be easily isolated 
however, as other decomposition pathways are possible.15

The concept of the prevention of H-transfer alkene 
elimination led us to the synthesis of trimethylsilyl­
methyl compounds, generally M (CH2SiMe3)n, and later 
to the corresponding neopentyl and related species.8’16 
Some representative examples are given in Table 1. More 
recently, a second major new class of alkyls which also 
fit the required criteria have been described by Bowyer 
and Tennant.17 These are the 1-norbornyl and related 
compounds, in which the metal is bound to the bridge 
head carbon as in II

Some examples of this class are also given in Table 1.
For both norbornyls and trimethylsilylmethyls, the 

thermal and chemical stability may be quite high; it is 
of course quite reasonable to assume that with these

rather bulky ligands, especially the norbornyls, steric 
factors and the shielding of the metal from attacking 
reagents may be of considerable importance. It is also 
noteworthy that both alkyls give tetrahedral compounds 
of metals in the IV oxidation state. For Mn, Fe and Co 
it is quite remarkable to find compounds in the IV 
oxidation state with carbon as a ligand since this 
oxidation state with other ligand atoms is exceedingly 
rare.10

4 S.J.Ashcroft and C.T.Mortimer, J.Chem.Soc.A 1967, 930.
5 K.W.Ecgar, J.Organometal Chem. 24 (1970) 501.
6 V.I.Telnoi et al., Doklady Ahad. Nauk. 174 (1967) 1374.
7 N.M.Chirkov, Kinetics and Catalysis (Kinet.i.Katai) 11 (1970) 

269.
8 G. Yagupsky, W. Mowat, A. Shortland and G. Wilkinson, Chem. 

Comm. 1970,1369.
9 (a) G.M.Whitesides et al., J. Amer. Chem. Soc. 92 (1970) 1426. 

(b) G.M.Whitesides, E.J.Panek and E.R.Stedronsky, J. 
Amer. Chem. Soc. 94 (1972) 232.

10 See F.A.Cotton and G.Wilkinson, Advanced Inorganic Chemis­
try, 3rd edition, Wiley, 1972, Chapter 24.

11 M.D.Johnson and N. Winterton, J. Chem. Soc. A 1970, 50; 
G.Wilkinson et al., J. Chem. Soc. A 1968,1801; M.Ardon et al., 
Inorg. Chem. 10 (1971) 2812; C.T.Loo et al., J. Chem. Soc. (Dal­
ton) 1972, 585.

12 A.Tzschach and H.Nindel, J. Organometal. Chem. 24 (1970) 159.
13 U. Zucchini et al., J. Organometal. Chem. 26 (1971) 357; J. J. Fel­

ten and W.P.Anderson, J. Organometal. Chem. 36 (1972) 87; 
W. Brüser et al., J. Organometal. Chem. 32 (1971) 335. — For X-ray 
structural studies G.R.Davies et al., Chem. Comm. 1971, 611, and 
I.W.Bassi et al., J. Amer. Chem. Soc. 93 (1971) 3787.

14 M.Tamura and J.K. Kochi, J. Organometal. Chem. 29 (1971) 111.
15 See e.g. W. Herwig and H.H. Zeiss, J. Amer. Chem. Soc. 81 

(1959)4798; G.M.Whitesides and W. J.Ehmann, J. Amer. Chem. 
Soc. 92 (1970) 5625; numerous papers by H.H.Zeiss in J.Organo­
metal. Chem.

16 W.Mowat, A.Shortland, G.Yagupsky, N.J.Hill and G.Wil­
kinson, J. Chem. Soc. (Dalton) 1972, 533; J. Chem. Soc. (Dal­
ton) 1973, in press.

17 B.K.Bower and H.G.Tennant, J. Amer. Chem. Soc. 94 (1972) 
2512.
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For CrIV species, which have been studied in detail,16 
the electronic absorption and electron spin resonance 
spectra can be interpreted on the basis of an essentially 
tetrahedral d2 structure. The blue or red-purple species 
are petroleum soluble and volatile; they can be compared 
with the corresponding well known alkoxides and dial­
kylamides.

So far, the mechanisms of the formation of these 
alkyls have not been studied. In one case, CrIV, it is clear 
that in the reaction of the lithium alkyl with 
CrCl3(tetrahydrofuran)3, an anionic Crnl species is first 
formed and that this can be readily oxidised to the CrIV 
complex:

[Crm(CH2SiMe3)4]- ^ CrIV(CH2SiMe3)4 +e

E = —1.28 vs S.C.E. in ethanol

However, in other situations disproportionation reactions 
may be involved and how the binuclear species with a me­
tal-metal bond, e.g., (Me3SiCH2)3Mo=Mo (CH2SiMe3)3 
and the niobium and tantalum bridged «carbene» com­
plexes III are formed is not at all understood.

SiMej

(Me3SiCH2)2Nb' ;Nb(CH2SiMe3)2

SiMe3 III

Although not all of the transition metals have as yet 
been obtained as binary alkyls, there seems no good 
reason to doubt that in due course such compounds will 
be synthesized. The myth of the instability of the tran­
sition metal to carbon bond has now been finally de­
stroyed.

Data by H.H.Eysel, II. Siebert. G.Groh and H.J.Berthold, 
Spectrochim. Acta 26A (1970) 1595

Table 2. Force constants for tetravalent methyls

M (CH3)4 Si Ge Sn Pb Ti

mdyne A”1 2.93 2.72 2.25 1.90 2.28

The methyl group is of especial interest since not only 
is it the simplest alkyl, but it cannot undergo the H- 
transfer alkene elimination reaction. Until recently the 
only known binary methyl was Ti(CH3)4, although tri­
methyldichlorides of Nb and Ta, and methylpenta­
chlorotungsten were known. Purely on the basis of the 
force constant data, Table II, it is difficult to under­
stand why Ti(CH3)4 decomposes above —40°C whereas 
tetramethyl lead can be distilled at 110 °/l atm without 
decomposition. Clearly however, as a transition metal 
compound TiMe4 is coordinatively unsaturated and de­
composition pathways may be possible through inter­
mediates or transition states with bridging methyl groups 
as in IV.

(CWi' >i(CH3)3 

H3 IV

Such pathways involving expansion of the coordination 
shell are impossible for the Group IV methyls.

The effect of blocking the vacant coordination sites in 
Ti (CH3)4 or TiCl3CH3 by two ligands or a chelate ligand 
such as 2,2'-dipyridyl is clearly shown by the substan­
tially increased thermal stability of such octahedral 
adducts.18

This idea suggested to us that if an octahedral methyl 
could be synthesised, there should be a good chance for 
thermal stability. The obvious candidate was hexa­
methyl tungsten since hexachlorotungsten is readily 
available, and the obvious route is the interaction of 
WCle with methyllithium in ether. It is possible that 
this reaction has been studied previously without suc­
cess, since for success it is necessary that only half of 
the stoichiometric quantity of CH3Li be used. If greater 
quantities are used no (CH3)6W is obtained, probably 
due to the formation of anionic species. The reaction is 
a complex one and has not been studied in detail. At 
— 20 ° in ether, red solutions are initially formed followed 
by the formation of yellow crystals which turn green and 
redissolve to give a greenish brown solution. Electron 
spin resonance spectra show that this solution con­
tains Wv. On removal of solvent, yields close to 50% 
based on WC16 of W (CH3)6 can be obtained.19 The 
final step presumably involves a disproportionation: 
2 Wv «s WVI + WIV. Since essentially all of the CH3Li 
finishes up as W (CH3)c presumably diethylether is acting 
as the reductant. Hexamethyltungsten is a red crystal­
line, extremely volatile solid, m.p. ca 30°. Its spectro­
scopic properties are quite straightforward and those 
expected for an octahedral species, e.g., a single W~C 
stretch at 482 cm-1 and a single proton resonance line at 
r = 8.38 with J(H-183W) = 3.0 Hz.

The formation of this compound clearly does dispose 
of the idea that transition metals in high oxidation states 
cannot form stable alkyls. There seems now no reason 
to doubt that other transition metal methyls in high 
oxidation states can be prepared, provided that the 
appropriate synthetic procedure is discovered. Prelimi­
nary experiments show that a petroleum soluble, volatile 
species, possibly U (CH3)6 is obtained by the interaction 
of UC16 and CH3Li.

Some reactions of W (CH3)6 are shown in Figure 1. 
One of the important reactions of W (CH3)6 is that with 
tertiary phosphines such as P (CH3) (C6H5)2, since it 
shows that hexamethyltungsten can expand its coordi­
nation shell and can form 7-coordinate adducts. Since 
the presence of phosphines (or alkenes, which presumably 
also coordinate) inhibits the reaction of CO with 
W (CH3)6, this suggests that this and other reactions
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3CH4 + W+(CH2)„

WRr -1- ' 2 O2 in petrol W(OCH,)„

CH4 + Wv H+
warm

C61I6OH wine 11 1 x CM
compounds

. alkenesIno reaction <

W(CH,)tSbF,CH? SbFs

W(C
----  m«p 

red cr

H3)6 
30° ---  

ystals

pr3

-- ---- ► ch4 + w
-78° 4

several products
C0 with W-CO and

W—CO CH 3 groups

W(CH3)„PR3

Fig. 1. Some reactions of 
hexamethyltungsten

probably proceed via initial formation of a 7-coordinate 
species :

W(CH3)6 + L^W(CH3)6L

One of the few well defined quantitative reactions is that 
with nitric oxide. This gives the compound VI which 
has a distorted 8-coordinate WVI structure20 with four

ch3 ch3

N< z° °\ ZN

ch3 ch3 VI

CH3 groups bound to tungsten and two N-methyl-N- 
nitrosohydroxylaminato chelate rings. This molecule is 
stereochemically non-rigid since on cooling the proton 
resonance of the methyl groups bound to tungsten shows 
a single line at 30°C broadens and below -50° shows a 
well defined doublet. We have been able to show by in 
situ reaction in an n.m.r. tube that the two chelate rings 
are formed successively. The mechanism may well in­
volve steps of the following kind

Only few NO reactions of this type have been 
characterised; 21 the derivative obtained from 
(h5-C5H5)2Zr (CH3)2 probably has a chelate ring rather 
than a unidentate -ON(CH3)NO group as proposed.21 
The formation of a 9-coordinate Zr complex then clearly 
explains why only one of the Zr-CH3 groups reacts.

In conclusion we can say that:

(i) the transition metal to carbon bond is not espe­
cially weak;

(ii) thermally stable binary alkyls can be synthesised 
provided the nature of the alkyl group is chosen so 
that the hydride-transfer alkene elimination path­
way for decomposition is prevented;

(hi) stable complex alkyls can be obtained when vacant 
coordination sites on the metal are blocked by 
suitable ligands, often Jt-bonding ones, except in 
octahedral substitution inert complexes of Crin, 
Co111 and RhnI where even H2O or NH3 can suffice;

(iv) the isolation of hexamethyltungsten disposes of the 
myth that transition metals in high oxidation states 
cannot form binary alkyls and gives hope that 
methyls or other alkyls in the highest known oxida­
tion states of transition metals can be prepared.

(CH3)6W
9h3 , 

(CH3)5WON- -^ ich3)5won; ° (free radical)

'NO 
fast

(CH3)4W{ON{CH3)NO}2 <^-(CH3)5Wz°^N-CH3

0=N

18 K. J.Thiele and J.Müller, Z. anorg. Chern. 362 (1968) 113, 120; 
R.J.M.Clark and A.J.McAless, J. Chem. Soc. A 1970, 2026; 
G.W.A.Fowles et al., J. Chem. Soc. A 1971, 1920; R.Tabacchi 
and A. Jacot-Guillard, Chimia 24 (1970) 271.

19 A. Shortland and G. Wilkinson, Chem. Comm. 1972, 318; 
J. Chem. Soc. (Dalton) 1973, in press

20 S.F. Flechter, A. Shortland, A.C.Skapski and G. Wilkinson, 
Chem. Comm. 1972, 922.

21 For references see P.C.Wailes, H.Weigold and A.P.Bell, 
J. Organometal. Chem. 34 (1972) 155.




