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Abbreviations 

M metal THF 
L ligand DMF 

X halogen PY 
Q organometallic bipy 

group 
R organic group phen 

Me methyl .5,6-Me,- 
phen 

tetrahydrofuran 
dimethylform- 
amide 
pyridine 
2,2’-bipyridyl 

l,lO-phenanthro- 
line 
5,6-dimethyl-l,lO- 
phenanthroline 

Et ethyl 
Pr propyl 

acac- 
oxine- 

2,4-pentandionate 
anion of 8-hydro- 
xyquinoline 

Bu butyl diglyme diethylene glycol 
dimethyl ether 

Ph phenyl siphos tris(trimethylsilyl- 
methyl)phosphine 

OAc acetate dmg% dimethylglyoxime 

1. Introduction 

During the past decade or two, there has been con- 
siderable interest in metal-metal bonded organomet- 
allic complexes. Among those containing bonds bet- 
ween transition metals and metals of Group IIB-IVB, 
complexes involving metals of Group BIB have received 
the least attention in contrast to the ubiquity of those 
with metals of Group IIB”’ or IVB.3-8 

This review is concerned with the recent advances in 
the study of transition metal-Group IIIB metal bonded 
complexes and the literature is covered up to June 1974. 
A genera1 survey reveals that in these complexes, partic- 
ularly those of the lighter elements, the interplay bet- 
ween the Lewis acidity of the Group BIB metals and 
the nucleophilicity of the transition metal carbonyl 
anions is much manifested and is deemed to be more 
important an influencing factor for complexes contain- 
ing Group IIIB metals than for those of Group IIB or 
IVB. Despite this incongruity, an attempt has been 
made to draw meaningful comparisons whenever possi- 
ble. There is ample evidence that isoelectronic pairs of 
Group IIB and IIIB, or Group IIIB and IVB complexes 
of the similar kind bear significant resemblance in pro- 
perties and are probably isostructural. 

Transition metal-boron complexes are not included 
in this review for the fact that boron is generally re- 
garded as a non-metal or a metalloid rather than a 
metal and most of its compounds display somewhat 
different chemical properties from those of its heavier 
congeners, e.g. catenation in boron compounds, and 
that species containing transition metal-boron bonds 
have been adequately treated in a recent review.’ 
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2. General Synthetic Methods 

Several well established methods have been em- 
ployed in the preparation of complexes containing 
transition metals bonded to Group IIIB metals. Impor- 
tant syntheses of new complexes by chemical trans- 
formation of compounds with incipient transition metal- 
Group IIIB metal bonds are also included in this 
section. 

A. Metathetical Reactions 
Most of the complexes described herein have been 

made by treating the corresponding metal halides or 
other salts with transition metal carbonyl anions as 
typified by the following reactions:iO~” 

InBr, + 3NaCo(CO),T~In[Co(CO),], + 
3NaBr (1) 

TICI, + 3NaMn(CO),TzTl[Mn(CO),], + 
3NaCI (2) 

These reactions are u5ually carried out in ethereal sol- 
vents especially tetrahydrofuran, but the yield of the 
product very often depends upon the ease and effec- 
tiveness in separating the complex from the alkali 
metal halide. It is therefore essential to remove the 
last traces of the ethereal solvent prior to extraction 
with another solvent. 

An alternative to this procedure is to perform the 
reaction in aqueous solution provided that neither the 
reactants nor the products are decomposed by water. 
Since the only other product (the inorganic salt) is 
retained in solution, the ready isolation of a relatively 
pure product accrues to the advantage of this method, 
which has been successfully utilized in the preparation 
of some transition metal complexes of gallium, indium 
and thallium:‘2-15 

Ga2(S0,), + 6NaMn(CO), H2$. 2Ga[Mn(CO),], 
+ 3Na,SO, (3) 

InCI, + 3[$-C,H,(CO),Mo]Na = [$-C,Hs 
(CO),Mo],In + 3NaCl (4) 

TINO, + [~5-C,H,(CO),W]Na%[~S-C,H, 
(CO),W]Tl + NaNO, (5) 

If the Group IIIB metal halide or other salt used is 
only slightly or slowly hydrolysed in aqueous solution, 
the metathetical reaction can still be carried out in 
water by adding an aqueous solution of the metal 
carbonyl anion to the solid metal salt. For example,14 

TICl, .4H,O + 3[$-CSHS(CO),Cr]Na% [1;1’-C,H, 

(CO),Cr],TI + 3NaCl + 4H20 (6) 

However, this procedure could not be applied to transi- 
tion metal-aluminium complexes which are rapidly 

decomposed by water affording the corresponding 
transition metal hydrides in high yields.” 

Complexes containing one or two transition metal- 
Group IIIB metal bonds may be obtained by reacting 
in appropriate molar ratios:“’ ” 

GaBr3 + NaCo(CO),xHt Br,GaCo(CO), .THF + 
NaBr (7) 

InCI, + 2NaMn(CO),zF’Hzo - ClIn[Mn(C0)5]2 
+ NaCl (8) 

With the notable exception of [~S-C,H,(C0)2Fe]2 
TICI “.r9 this procedure appears to find little applica- 
tion ‘in the synthesis of unsymmetrically substituted 
thallium(II1) complexes since equilibria such as 

3Q,TIX = 2Q,Tl + TIX, (9) 

where Q is a transition metal group, lie far to the right 
for most systems. It is remarkable that the reactions 
of Ph,TlCI and PhTICl, with NaMn(CO), (vi& infra) 
have been reported to yield, inter da, some unsymme- 
trically substituted complexes which are stable under 
the reaction conditions.*” 

Inasmuch as Group IIIB metal halides are potential 
Lewis acids, a fairly strong interaction is expected to 
occur between the metal halide and the metal carbonyl 

anion. Indeed, stable adducts can be isolated in some 
cases:13’21 

InBr, + [~~“-C,H,(CO),MO]N~~~N~~[~~~-C,H, 
(CO),MoInBr,]- (IO) 

GaBr, + (Ph,P),N[Co(C0)4]eI(Ph,P)2Nt 
[Br,GaCo(CO),]- (11) 

It is now apparent that the type of products obtainable 
from such reactions may be anticipated from a consi- 
deration of the nucleophilicity of the attacking as well 
as the leaving group(s) on the one hand, and the Lewis 
acidity of the Group IIIB metal in question on the other 
hand. Consistent with this contention is the non-isolation 
of Ga[Co(CO),], from the reaction of gallium(II1) 
bromide with an excess of [Co(CO),] ion which is a 
weak nucleophile; the only isolable product is the 
disubstituted complex BrGa[Co(CO)4]2~THF.‘o 

B. Insertion Reactions 
The insertion of halides of low-valent gallium and 

indium into the metal-metal or metal-halogen bonds 
of transition metal organometallic complexes provides 
a useful synthetic route to complexes containing one 
or two transition metal-Group IIIB metal bonds.22-24 
These reactions occur under a variety of conditions 
depending on the nature of the transition metal substrate. 
Thus gallium(I) tetrabromogallate(II1) readily reacts 
with Co,(CO), in tetrahydrofuran at room temperature 
to give Br,GaCo(CO),. THF,” while with Mn,(CO),,, 
heating is required to effect the insertion to produce 
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Br2GaMn(C0),.23 The nature of the solvent in 
these insertion reactions could be a critical factor as in 
the reaction of indium(1) bromide with Co,(CO), 
giving BrIn[Co(CO),], in tetrahydrofuran and Br,In, 

Co4(CO)15 in benzene.‘0,2”26 
By contrast, the insertion of indium(1) halides into 

the metal-halogen bonds of inorganic or organometallic 
complexes takes place more readily under rather mild 
conditions to afford transition metal-indium bonded 
complexes such as trans-Rh(InCl,)CO(PPh,), and 
~S-C,H,(C0)3MoInC12.13~zz 

The reaction of a transition metal derivative of 
thallium(I) with an appropriate dimeric transition metal 
carbonyl complex is essentially analogous, thus provid- 
ing a convenient if not the only route to mixed thallium 
(III) complexes:r4 

[$-C,H,(CO),W]TI + CO,(CO),~HF:[+C,H, 

(CO),WTI[WCO)412 (12) 

C. Exchange Reactions 
Two types of exchange reactions involving metal- 

metal bonded species can be recognized. 

(i) Metal exchange (or transmetallation) reactions 
The metal exchange reactions constitute the basis 

of one of the most facile syntheses of transition metal- 
Group BIB metal bonded complexes. The majority of 
such reactions involves the interaction of a Group IIIB 
metal with transition metal derivatives of a Group IIB 
metal: 14,16,27 

2Al + 3[~S-C,H,(CO)3W],HgTHF:2[~5-C,H, 
W(CO),],AI + 3HgJ (13) 

21n + 3Hg[Co(CO),],%2In[Co(CO),], + 

3HgL (14) 

2Tl + Hg[Co(C0)4]2THF -2Tl[Co(CO),] + HgJ (15) 

or with transition metal complexes of another Group 
IIIB metal:” 

In + TI[Mn(CO),], - THF In[Mn(CO),], + TlJ (16) 

The course of such reactions which usually Noceed 
to completion, can be readily, monitored by infrared 
spectroscopy. However, there is evidence that some of 
these reactions may be reversed and the position of the 
equilibrium largely depends upon the nature of the 
solvent used. Thus, treatment of Tl[Co(CO),] with an 
excess of metallic mercury in toluene [the reverse of 
equation (tS)] gives an equilibrium mixture containing 
Hg[Co(CO)4]2 and some unreacted TI[CO(CO),].‘~ 

Indium(1) halides react with transition metal deri- 
vatives of Group IIB metals to afford complexes of the 
type Q,InX and QInX, (Q = transition metal group; 
X = halogen) depending on the stoichiometry of the 
reactants and the reaction conditions. In general, the 

formation of the disubstituted complexes Q&X is 
favoured by higher reaction temperature and by a 
deficiency of the low-valent metal halide.‘3,22 

[$-C,H,(CO),Fe],Hg + InCl+[~5-C,H,(CO), 
Fe],InCl + Hg 1 (17) 

[$-C,H,(CO),Fe],Hg + 4InC1+2$-C,H,(CO), 
FeInCl, + In/HgJ (18) 

(ii) Group exchange (or redistribution) reactions 
Group IIIB metal complexes containing one or 

two transition metal groups, Q, may be obtained by the 
following redistribution reactions: 

2Q,M + MX, =3Q,MX (19) 

Q3M + 2MX, = 3QMX, (20) 

whilst a 1 : 1 reaction often yields a mixture consisting 
of an essentially equivalent amount of Q,MX and QMX,. 
Although synthetic uses of these reactions have not 
been fully investigated, existing evidence seems to 
suggest that the equilibria lie far to the right for the 
lighter Group IIIB metals. Thus, whereas the indium 
complexes XIn[Mn(CO),], and X,InMn(CO), (X = 
Cl and Br) have been prepared by these reactions,17 
the corresponding thallium(lI1) complexes could not 
be isolated under similar conditions.‘r 

D. Reactions of Metal Alkyls with Metal Carbonyl 
Hydrides 

Most monomeric metal carbonyl hydrides are suffi- 
ciently acidic to react with main-group alkyls or hydrides 
to furnish metal-metal bonded complexes. Several 
transition metal derivatives of Group IIIB metals have 
been synthesized by this method:‘3,28 

Me,In + 3$-C,H,Mo(CO),H 9 ]$-C,H, 

(CO),Mo],In + 3MeH (21) 

Me,Tl + 3HMn(CO), *kR WWW51~ + 
3MeH (22) 

Although in these reactions the mono- or di-alkyl 
derivatives could not be isolated even with a deficiency 
of the metal carbonyl hydrides,‘“,” the O-bonded 
aluminium complexes ~5-C,H,ML(C0)2AlR, (M = 
MO or W; R = Me or Et; L = CO or phosphines)29-31 
and the unique Mo-Tl bonded complex $-C,H,(CO), 
MoTlMe,“’ have been obtained from analogous reac- 
tions, e.g. 

EtzAIH + ~5-C,H,W(CO),H+~5-C,H,W(CO)3 
AlEt + H, (23) 

CH,Cl, 
Me,Tl + g5-C,H,Mo(CO),H _78” c ------+v5-C5H5(CO)3 

MoTlMe, + MeH (24) 
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The failure to isolate complexes of the types Q,MR 
and QMR, (Q = transition metal group; R = alkyl) in 
other systems may well be attributed”” to either that 
the remaining metal-carbon bonds are too reactive 
toward further cleavage or that these complexes are 
too unstable to permit isolation and promptly dispro- 
portionate according to the reverse of equations (19) 
and (20) or simply decompose. The credibility of this 
statement must await further synthetic studies in this 
area, especially in view of the well-known stability of 
Group IIIB organometallic halides of the types RMX, 
and R,MX and the ubiquity of Group IVB organomet- 
allic complexes with transition metals,2-8 and in the 
light of the recent findings that complexes such as Phz 
TIMn(CO),Zo and ~5-C,H,(CO),MoTlMe232 are 
reasonably stable once they have been isolated. 

E. Misceilaneous Specific Reactions 
Reactions which lack general applications but may 

be used in the synthesis of a restricted class or type 
of complexes arc discussed in this section. 

(i) Adduct formation reactions 
Lewis acid-base interaction between a transition 

metal carbonyl group and a tervalent Group IIIB metal 
compound leads to the formation of a fairly wide range 
of adducts mo$t of which are bonded through the 
carhonyl oxygen atom(s). If the coordination directly 
involves the transition metal, dative metal-metal bonds 
similar to those in coordination compounds would 
result. Such metal-metal bonds are thought to OCCUI 
in the following complexes: [~5-C5H5(C0)1WInPh3]-,34 
[Br,InM(CO),]‘- (M = Cr or W).‘” ($-Ph3PC,H,) 
(CO),MM’Br, (M = Mo or W; M’ = Ga or In),‘h [Br,M’ 
Fe(CO),]*- and [Br,M’Co(CO),]- (M’ = Ga or In).” 

(ii) High ternperuture and pressure syntheses 
A number of cobalt and manganese carbonyl deriva- 

tives including the first transition metal-Group IIIB 
metal bonded complexes, M’[CO(CO),]~ (M’ = In or 
Tl) and TICO(CO),,~~ have been prepared by a high 
temperature and pressure reaction in an autoclave or a 
sealed Carius tube. Typical examples”7-39~72 are 
represented as follows: 

M, + 3co + ,2Co~O-200 atm. CO 

200” c 
> M’[Co 

(COh13 (25) 

WCo(CO)& (26) 

2Gat 2Mn,(CO),, - 
xylene (sealed tube) 

120” C/24 days or 170” Ulda; 

Ga,Mn,(CO),, (27) 

(iii) Oxidative elimination reactions 
The thermal reaction between C,H,Tl and L,Mo(CO), 

(L = C04’ or PPhx4’) in tetrahydrofuran gives, inter 

alia, the thallium(II1) complexes [$C,H,(CO),LMo], 
Tl. The difficulty in isolating the pure product from the 
reaction mixture has rendered this reaction of little 
synthetic value. 

(iv) Disproportionation of unstable low-valent species 
A rather unusual synthesis for the transition metal 

complexes of thallium(III) as typified by the reac- 
tion:4244 

3TlN0, + 3NaMn(CO), fiG$$ 3Tl[Mn(CO),] 

-+TI[Mn(CO),], + 2Tl (2X) 

involves an unstable thallium(I) species. This reaction 
which is reminiscent of the disproportionation of the 
transient organothallium(1) comp‘ounds according to 
the equation:45 

3Tl + 3RLi+3’TlR’+TlR, + 2Tl (20) 

largely reflects the relative stability (under anaerobic 
conditions) of the thallium(I) and the thallium(II1) 

derivatives. These reactions are further discussed in 
Section 6. 

3. Transition Metal-Aluminium Complexes 

Aluminium(III), being the strongest Lewis acid 
among the tervalent Group IIIB metals, shows a mark- 
ed tendency to interact with electron-rich centres. thus 
posing an intriguing problem regarding the actual site 
of coordination. In the case of transition metal carbonyls, 
the relatively electron-rich oxygen atom of the carbonyl 
group provides a favourable site for attachment. Coor- 
dination of this kind, (I). is almost invariably accom- 

M-C=O+AlR3 (I) 

panied by a shift to lower wavenumbers for at least one 
of the carbonyl stretching absorptions.46 Oxygen-bonded 
adducts with trialkylaluminium or aluminium(II1) ha- 
lides have been reported for a fairly wide range of 
metal carbonyl complexes including ($-Ph3PC,H4) 

Mo(CO),, 47 Mo(CO),L,L’, (Lz = phen or S,6-Me, 
phen: L’ = PPh, or Lfz = phen),4R [g’-C,H,Mo 

(coM2,49 trans-[ReCl(CO)(PMePh,)4],5n Fe2(C0),,51 
[$-C,H,M(CO),], (M = Fe49.52%53 or Ru~~,‘~), [$- 
C,H,Fe(C0)],,49~52,53 M3(C0)12 (M = Fe or Ru),‘l Co, 

(co)8> 51.53,55 [v5-C,H,Ni(CO),], and (q5-C,H,),Ni, 
(CO),.49,5’ On the other hand with metal carbonyl ha- 
lides, the interaction of aluminium(II1) halides may 
well occur through the transition metal-bound halogen 
atom, (II), as in the adducts X,Al-XMn(CO), and 

M-X.. ,AlX, 

q5-C5H5Fe(C0)2X-AlX3 (X = Cl, Br or I).56 

(II) 
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two-site interactions (e.g. triple ions) with tight cation- 
anion association, are found in the tetrahydrofuran, 
acetonitrile, and nitromethane solutions. Unlike Na 
[Co(CO),] which has close Na. ‘0 association in 
solution, a weak Co-T1 bond results from the close 
proximity of the two metal atoms in Tl[Co(CO),] in 
the latter solutions.9h 

The reactions of Tl[Co(CO),] resemble those of 
Na[Co(CO),] in many respects. Thus. the metal- 
metal bonded complexes, Hg[Co(CO),],. In[Co 
(CO),],, (OC),CoMn(CO),. and MeCCo,(CO), can 
be readily obtained from the reaction of TI[Co(CO),] 
with respectively, Hg(CN), in water, InCI, in tetra- 
hqdrofuran, BrMn(CO), in dichloromethane, and 
M&Cl, in tetrahydrofuran.8’ Although the C+Sn 
bonded complex Ph,SnCo(CO), is the product of its 
reaction with Ph,SnCl in tetrahydl-ofuran, toluene,14 
or benzene.81 the silicon analogue could not be isolated 
in any significant yield from Ph,SiCl.‘4 With [Ph, 
PCH,Ph] [Co(CO),]. it forms a black, air-sensitive 
I : 1 adduct which readily dissociates in solution:” 

Tl[Co(CO),],- = TI[Co(CO),] + [Co(CO),]- 

(44) 

The instability of this adduct is similar to that of [TIX,]- 
(X = halogen)97 and of {TI[CO(CN)~]~}~-.~~ 

The reaction of TI[Co(CO),] with PPh, is solvent 
dependent; whereas no reaction occurs in dimethyl- 
sulphoxide, the thallium(I11) complex. TI[Co(CO), 
PPh,], ?CH,CI, and metallic thallium arc the isolable 
products from the dichloromethane solution.87.94 The 
substituted thallium(I) complexes. TI[Co(CO),L] 
[L = P(OPh), or P@-OC,H,CI),]. have been pre- 
pared by direct carhonyl substitution with the corre- 
sponding phosphine ligand in dichloromethane, while 
other Lewis bases such as PBu”,, P(OMe),, P(OEt),, 
AsPh,, and SbPh, afford thallium(lI1) derivatives.‘4 
There is infrared evidence for the formation of the 
unstable thallium(I) complex, TI[Co(CO),PPh,]. in a 
tetrahydrofuran-methanol solution containing an equi- 
molar quantity of TlOAc and Na[Co(CO),PPh,]. The 
mixture slowly deposit\ thallium metal leaving a solu- 
tion of TI[Co(CO),PPh&; a similar aqueous mixture 
instantly generates the thallium(II1) complex,‘4 which 
has previously been obtained by a direct carbonyl sub- 
stitution reaction with TI[CO(CO),],.~~ The related 
tris(trimethyIsilylmethyI)phosphine derivative, TI[Co 
(CO),siphos],, has also been similarly prepared.l”” 

In marked contrast to the insertion reaction of Tl 
[Co(CO),] with CO,(CO)~ giving TI[CO(CO)~]~,~“~~~~~’ 
there is no indication of an analogous reaction with 
[~5-C,HjM~(C0),],.14~s7 Mn,(CO),,, or [q’-C,H,Fe 

(cw2.87 
The unsubstituted parent complex, Tl[Co(CO),],, 

has also been prepared by the metathetical reaction 
between TICI, and Na[Co(CO),] in tetrahydrofuran,” 
and by direct carbonylation of a mixture of cobalt and 

thallium metal [equation (25)]?’ Unlike the sub- 
stitution reactions mentioned above. it forms a black 
crystalline 1 : 1 adduct wsith [Co(CO),]-.“” and a weak 
Ph,PO adduct formulated on the basis of its infrared 
spectrum.‘4 The reactions of TI[Co(CO),], with low- 
valent metal halides such as SnCI, are entirely analo- 
gous to those of TI[Mn(CO),], described abo\-e. Of 
particular interest is the reaction with [Rh(CO), 
cl]*:‘2 

2TI[Co(C0)4]x + [Rh(CO),Cl], hexane 
RhCo,(CO),, + 4CO + 2TICI (45) 

which may be extended to other cobalt-containing 
polynuclear carbonyl complexes. 

The organothallium(II1) derivatives. R,TI[Co 
(dmgH),py] (R = Me or Ph) have been obtained as 
insoluble yellow solids by treating the cobaloxime 
anion, [Co(dmgH),py]-, with the corresponding R,TIX 
(X = Cl or I).‘“’ 

(iii) The nickel subgroup 
The reaction of (Ph,P),PtCI, with (C,F,),TIBr lcads 

to the formation of a highly coloured compound which 
yields (Ph,P),Pt(C,F,)Br, with bromine and, on reduc- 
tlon with hydrazine. affords the platinum(I1) complex 
(Ph,P),Pt(C,F,)Br. These reactions together with 
molecular weight and conductivity measurement are 
thought to be consistent with the structure (XIV).‘o2 

Br LPI/ pm3 I 
c,F,/ 1 ‘Br 

PPh3 

(XIV) 
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