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INTRODUCTION

In the late sixties, the predecessor volumes Annual Surveys of
Organometallic Chemistry contained sections on organcmetallic derivatives
containing two different transition metals; a total of eleven references
was cited between 1964 and 1966 [1]. Recent years have witnessed an
upsurge of interest in the direct interactions of different transition
metals with each other; a recent article reviewing the topic of ‘Mixed-
metal Clusters’ cited over 170 papers {2]. The present survey will be
presented in two parts: an account of those compounds containing M-M'
bonds, which may or may not be bridged by groups such as CO, carbenes,
carbynes, ER; (E = P or As), SR, or hydrocarbons, and limited to those
papers appearing in the calendar years 1980 and 1981, and presented here-
under; and a review of advances in the chemistry of mixed-metal clusters,
which follows on directly from Gladfelter and Geoffroy's excellent survey,
taking in all developments published to the end of 1981. In general,
complexes containing two or more metal atoms in which there is no direct
M-M' interaction will not be considered; exceptions are the interesting

compounds containing M~H-M' or M-C-0-M' systems, and a brief summary of
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transition metal thiometallates. The interested reader will find a com-
plete account of the chemistry of organometallic compounds with hetero-

nuclear metal-metal bonds in Comprehensive Organometallic Chemistry [3].

General advances The most important new principle applied to the
synthesis of M-M' complexes was the recognition that M=C and M=C bonds

were similar to the much better known C=C and C=C systems in that they
would "complex" with suitable low-valent metal precursors to give hetero-
metallic complexes. Although the first results of these studies were
reported during 1979, the succeeding two years have seen a flood of new
results from Stone and coworkers, which have been comprehensively reviewed
on several occasions [4,5]. Recognition of isolobal relationships between
various groups (Table 1) enabled an extensive range of designed syntheses
of M-M' bonded systems to be carried out.

Reactions between low-valent metal complexes (initially PtL, frag-
ments) with compounds containing metal-carbon multiple bonds, generally
carbene or carbyne complexes, afford heterodimetal complexes with bridg-
ing alkylidene or alkylidyne ligands. These compounds, which can also
be considered to be dimetallacyclopropanes or -cyclopropenes, generally
have asymmetric bridging ligands. Cluster complexes can be obtained via
two-step syntheses from carbyne complexes: these contain pj-alkylidyne
ligands. Finally, extension to metal-metal multiple bonds has resulted
in a range of new polynuclear heterometallic complexes. The detailed
results are summarised below.

Two subsets of reports are concerned with extension of our know-
ledge of the range and properties of complexes available from conventional
syntheses of metal-metal bonded complexes, and with the apparently inex-
haustible series of ERp-bridged complexes made by Vahrenkamp's group,
which have included notable sequences and cycles containing four, five
and six metal atoms. Not all have M-M' bonds, although many which do
not can be induced to form them. Readers will recall the elegant series

of M-M' bond-breaking and -making reactions which were applied to the
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TABLE 1 Some isolobal relationships and the addition of PtL; to C-C,

C-M and M-M multiple bonds

CH CH, CHg
M(CO) 7 (n-CsgHs) FeLy M(CO) g
(M = Cr,Mo,W) (M = Mn, Re)
Co(CO) 3 PtL,

C C c
| —pt = | Tpt Il -2t = || Pt
c c” C
olefin alkyne
c C C c
|—pt = | Dpt il —*2t = ;|\pt
M 't M -
carbene carbyne
M M M M
|—pt = | Dot Il— et = 4 Dt
M " M il

isolation and characterisation of many new complexes in the FeAsMn and
FeAsCo systems [6]. Much of the work reported during the last two
years has been concerned with the reactivity of the M-M' bond, and in
particular its cleavage in reactions with other organometallic Lewis
bases. The results demonstrate that these bonds in a variety of mixed-
metal compounds of this type containing iron are essentially donor bonds

from iron, the incoming ligand adding to the second metal centre.

ERy ER2

LnM Fe(CO}, + L' —_— LM Fe (CO)y
\\ iy
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A second area of interest has arisen from the discoveries of the
role of complexes of the electron-poor transition metals, i.e. those in
Groups IV-VI, in the oligomerisation and hydrogenation of CO, and of
reactions in bimetallic systems formed by interaction of metal hydrides
with acyl-metal complexes. In many of these complexes, the differences
in metal electronegativities result in the formation of novel M-C-0O-M!
systems, rather than heterometallic bonds.

The biological implications of the Fe-Mo-S clusters probably
present in nitrogenase bave stimulated much work with model compounds.
In addition to those containing Fe-Mof{or W)-S cubane clusters, there have
been many reports of other sulphur-bridged M-M' systems. While the
majority of these do not fall into the category of “"classical” organo-
metallic complexes, it is interesting to recall the earliest studies of
metal-sulphur complexes behaving as ligands to other metals, and the
discussions concerning the extent of the M-M' interactions therein.
whilst in most cases the M-M® separations are close enough for there to
be some interaction, MO calculations suggest that the main bonding MO's
extend over the M-S5-M' bridges.

Coverage of the many studies of compounds with M-M' bonds has been
divided into the following sectiocns:

M-M' bonds which are either unsupported, or bridged by CO or

CS groups

M-M' bonds bridged by carbene or carbyne ligands

M-M' bonds bridged by ER; groups

M-M' bonds bridged by hydrocarbon ligands

M~M' bonds bridged by other donor ligands

Complexes containing M-H-M' systems

Heterobimetallic reduction of CO

Coordination compounds containing M~M' bonds

Transition metal thiometallate complexes

Mixed-metal molecules

Reactions which may involve direct M-M!' interactions.
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TABLE 2 M-M' separations iIn organometallic mixed-metal systems

M-M' Length Complex Refer-
(&) ence
Zr-Mo 3.297(1) (n-CsHs) »Zr (u-n!,n2-C0O) (L-OCMe) Mo (CO) (N-CsHs)  [95]
Zr-Co 2.926(1) (n-CgMes) 5 2r (1-CO) (1-n1,n2-C0O) Co (n-CsHs) [99]
v-Nb 3.725(4) (n-CsHs} (OC) 3V (u~H) Nb (CO) (n-CsHs) 2 [84}
Nb-Cr 3.453(2) {(n-CsgHs) 2 (OC) Nb (1~-H) Cx (CO} 5 [84]
Nb-Fe 2.968(1) (n-CsHsg) oHNb (u-CsHy) Fe (CO) [74
Cr-w 2.941(1) (n=CgMeg) (OC) »Cr [u-C(tol) JW({CO) 5 (N-CsHx) (481
Cr-Co  2.92 (oc)3ér(u—n“,n“-caﬂa)cé(n-csusn [127]
Cr-Ni 2.641(3) {n-CgHg) {OC) 3CrNi (CO) (n~CsHs) [128]
2.655(2) (oc)qér(u—pnez)zni(co)z {129]
Cr-pPt 2.646(7) (Me3P)Kxﬂqér[u-C(COzMe)Ph]PL(PMe3)2 [47]
Mo-Co 2.969(1) (cc)3$o<u-n“,n“—cgﬂa)cé(n-cSHS) {(molecule 2) [75)
2.998(1) (molecule 1)
Mo-Rh 2.9212(7) (0C) yMo(u~PMe, ) oRh (n-CgMes) [63]
Mo-Pd 3.059(1) (n-CgHs) (OC) 3MoPd (CHpCgHgN) (PMe,Ph) 9]
W-Re 2.9268(2) (Oc)u&[u—C(PMe3)(tol)]Ré(CO)3(PMe3) [55]
W-Fe 2.720(1) (n—C5H5)(OC)gé[u-c(tol)CMeCMe]Fé(CO)3 [50]
W-Co 2.552(1) ((n-csus)(oc)é(u-CO){u—nl,n3~c(tol)CMeCHMe)c$- [49]

(n-CgMesx) 1BFy

2.664 (1) {n-CsHg) (OC) oW [u-Cy (CF3) 41Co(CO) 2 [76]
W-Ni 2.582(1) Ni {W{u-C{tol) }(CO) 5 {n-CgHg) 1, {52}
W-Pt 2.715(1) pt [W{u-C(tol) }(CO) 5 (n-CsHs) 12 {52]
2.751(1) (n-CsHs) (0C) oW [u-C(tol) JPt (PMesPh) 5 [51]
2.795(1) [(n-c5u5)(oc)zé{u—nl.n3~CH(tol)}Qt(pMea)zlsFu 1491
2.825(1) (Me3p)(oc)u£fu-c(OMe)(tol)]gt(PMeg)z [44]
2.861(1) (0C) sW[u-C (OMe) Ph] Pt (PMe3) » {43]
W-Pt 2.895(1) (n-csas)(oclg%(u-ﬂ)[u-CH(tol)Jgt(PMealz [491]
Mn-Re 2.817(3) (n—CgHg) (OC) oMn (u-PhC=C=0) Re (CO) 4, [54]
Ma-Co  2.639(3)  (OC) 4n(3-CO) (u-BubN=cHCH=NBu®) Co(CO) [24]
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r ]
Mn-Rh 2.883(4), (OC) sMnRh [L-CNCMe, (CHy) pCMe»NC] , RhMn (CO) 5 [82)

2.905(5)
Mn-Ni 2.613(1) (OC) sMnNi (CO) (n-Cs5Hg) [128]
(N T g t
Mn-Pt 2.603(1) (0C) yMn (u~1) Pt (COCH,CH,CHy) (PMeBu,) [46]
r |
2.626(1) (n-CgHj5) (OC) Mn [R~C (PMeg3) (tol) ] (u-CO) Pt~ [56]
[s(tol)] (PMes)
1
2.628(1) (H-C5H5)(OC)ZMn[u—C(tol)]Pt(PMe3)2 [47]
| L
2.641(1) (n-C5Hjs) (OC) oMn (1-CS) Pt (PMePhy) » (31}
2.645(1) [{n-CsHs) (OC) Mn{u-C (PMe3) (tol) }pt-
(PMe3) 5] [BFy] [56]
1
2.659(2) (OC) ,Mn [u~C=CHCH,CH,0} Pt (PMe3) , (yellow form) [45]
2.6909(7) (0OC) ,Mn [H~C=CHCH,CH,0]Pt(PMej3) , (red form) [45]
| I
Fe-Co 2.456(6) (n-C5H5)Fe(u~CO)2Co(n—C5H5)(u-AsMez)FE}CO)— (701}

1
(n-CsHg) (u~AsMejp)
i 1

Fe-Rh 2.623(2) [(OC) 3Fe (u~CO) (u~PPhy) Rh{u-PPhy) ], [73]
Fe-Ru 2.519(1) (n—-C3Hs) (OC) 3FeAu(PPh3) [32]
Os-ag 2.799(1) (PhyP) » (OC)Clos [u-C(tol) JAgCL [571
Co-Ni 2.3656(8) (0C) 3Co{1~CoPhy) Ni(n-CgHg) [80]
Co~Au 2.509(2) (ppn) [Au{Co(CO)L}51] [14]
Rh-Ir 2.636(2) { (dppe) Rh (u-H) 3Ir (PEt3) 3] (BPhy] [86]
2.899(1) (Et3P) 2Rh (u-H) (p-Cl) IxH, (PEt3) , [87]
Rh-Pd 2.594(1) {OC}C1,Rh [u-PPhy (py) } ,PACY {83]
Rh-Ag 2.651(1), [Ag{Rh (CO) (PPh3) (n-CsHg) },1 [PFg] [36]
2.636(1)
Ir-pt 2.687(2) HIr (PEtj) 3(u-H) ;PtPh(Prt3) [88]

Within each section, individual studies are approximately ordered
according to position in the Periodic Table. Table 2 summarises M-M'
bond lengths determined by X-ray crystallography, Tables 3 and 4 summarise
recent work on M(u-$),M' systems, and Table 5 lists a few reactions which

did not afford compounds containing M~M' bonds.



1. COMPOUNDS CONTAINING M-M' BONDS WHICH ARE EITHER UNSUPPORTED, OR
BRIDGED BY CO OR CS LIGANDS

Permutation of 17e radicals M(CO) 3(n-CgHs) (M = Cx, Mo, or W),
Mn{CO) 5, Fe({CO)p(n-CsHs), Co{CO), and Ni(CO) {n-CsHs} has given the seven
homobinuclear and 21 heterobinuclear complexes [7]. The latter are best
prepared by redistribution of the corresponding homonuclear ccmplexes in
benzene followed by recrystallisation, with chromatographic separation
if necessary. Yields of between 5 and 74%’were obtained for the seven
new compounds {CrMn, CrFe, CrNi, MoNi, WNi, MnNi, CoNi). Extensive
tabulations of spectroscopic properties are also included.

Irreversible reduction of Pt[M](CNR)p (R = Bu® or Cy) affords
one [M}- per molecule, with E% values in the series M = Fe(CO)3(NO} >
Co(CO}y > Cr(CO)3{n-CsHs) > Mn{(CO)s > Mo(CO)s5(n-CsHs) > W(CO) 3(n-CgHs),
and formation of a radical species {Pt[M](L)z}‘. The radicals (of
limited stability) are probably stabilised by the T-accepting isocyanide
ligands; although ESR signals were obtained, these had no hyperfine
structure, and further characterisation was not possible.

Complexes (1) and (2) have been obtained from the appropriate

anionic metal carbonyls and the chloropalladium complexes [9]. The

CH2 PMe2Ph CH (M)}
~ ‘::' 2\ ~
Pd_\\ pd
v " Ny

(:) M) (:)

(1) (2)

M} = Mo(CO) 3(n~CsHs) L (M}
Co(CO)y co Mo (CO) 3 (n~Cs5Hs)
co Co(CO)y
py Fe (CO) 3 (NO)
PY Co(CO)y

4~Mepy Mo (CO) 3(n-CsHg)

M-M' bonds in (1) are cleaved easily by chloride, suggesting that the

bonds are strongly polarised (ionic), and consistent with the long

References p. 196
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Mo-Pd bond [3.059(1)A]. In (2),

the bonds are stable, and the oppos-

ite stereochemistry is thus assigned to these complexes.

Hf-Fe

meric (3), with v(Hf-Fe) at 184 and 138 cm~ ! (Raman).

is thought to be (4), containing an Fe-C-O-Hf linkage;

plex is formed by dissolution of (3) in tetrahydrofuran.

Reactions between HfX,(n-CsHg)p and [Fe(CO)y]12”

afford di-

A minor product

the same com-

A v(Cco) band

at 1683 cm”! characterises the u-CO group [10].

(CO) y
C Fe C
P\\\ /// \\\ - 1
Hf Hf
N
Cp Fe Cp
(CO) 4
(3)
Group VI—Re The IR and Raman

(0C) (PhC)MRe(CO), (M = Cr, Mo and W;

(WReMe) have been assigned [11].

Raman spectra at 114vs (MoRePh), 110vs (WRePh) and 1lévs cm—1

respectively. The WReMe complex

(CO)S]- and trans-ClW(CMe) (CO)y.

Cr-Ni
and the isoelectronic
molecular packing of ligands;
the metal atoms are not found,

position {12].

The molecular geometries of (n-CsHg) (OC) 3CrNi(CO) (n-CsHs)

(CO) 3
Cp ~Fe Cp
N ~C ANy
//Hf’o O/Hf
-
Cp \\\Fe"c \\\Cp
(CO) 3

(4)

spectra o ne carbyne complexes

MRePh) and of (OC),(MeC)WRe (CO) g
The v{MRe) frequencies occur in the

(WReMe) ,

is new, and was obtained from [Re~-

(5)

[Fe(CO) 5 (n~CsHg) 1o, are determined by the intra-
regular coordination polyhedra around
nor does the M-M' bond occupy a regular

The CrNi and Fe; molecules are nearly isosteric, al-

though in the former, the u-CO groups are highly asymmetric, with Cr-C
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1.88(1), Ni---C 2.43(1)R. Nevertheless, the peripheral atoms of the
ligand polyhedron are virtually superimposable.

Cr-Cu UV photolysis of {(n—CSHS)Cr(CO)3Cu(phen)}n in the presence of

0, (CHpClz, -70°) produces a paramagnetic species thought to be Cr(n-CsHs)-

(COYo (0p) [13].

Group VI —Au The equilibria
[Au(CgFs) 3(tht)] + (ppn) [M(CO)3(n-CsHs)] —=—=

(ppn) [ (CgF5) 3AUM(CO) 3(n-CsHs)] + tht (M = Mo,W)
exist in dichloromethane; however, removal of the tetrahydrothiophene
(tht) enables isolation of the Mo-Au and Mo-W complexes as cream or pale-
brown solids [14]. In acetone, ionic dissociation occurs. Reaction
with PPhy forms Au{(CgFs)3(PPh3) and the carbonylmetal anion. In contrast,
the gold(I) complex Au(CgFs) (tht) affords a mixture of anionic complexes
{au{M(CO) 3(n-CsHs) }21 and [Au(CgFs),] ; the former were isolated as the
cream [NBu,l* salts. Reduction of [NEt,] [Au{M(CO)3(n-CgHs)},]1 (M = Cr, Mo,
or W) gives an irreversible wave (E% ca ~1.9 V), deposition of gold and

release of [M(CO)3(n-CsHs)1 (8].

Mn - Tc,Re The synthesis of mixed Group VII metal decacarbonyls by the
reaction
[M(CO) 5]  + M'Br(cO)s —— MM'(CO)i9 + Br

gives only 8% yields of the MnRe complex with M = Re, M' = Mn; the alter-
native cambination (M = Mn, M' = Re) gave a 77% yield [15]. Once formed,
the MnRe bond is cleaved by the more strongly nucleophilic [Re(CO)5]_,
but not by the Mn anion. The MnTc and TcRe complexes were prepared sim-
jilarly (M = Mn). The IR spectra and MS ionisation energies have been
measured: the heteronuclear compounds have lower IE's than either homo-
nuclear complex.

Two kinetic studies of the reactions of MnRe(CO)j)g have appeared.
Substitution of CO by PPhj, PBuy or P(OPh)3(L) affords (OC)sMnRe(CO)y (L)

as the main product, followed by L(CO)yMnRe(CO)4L; small amounts of

Refarences n. 194
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the Mn-~isomers were also detected [16]. No ligand-exchange between Mn
and Re was observed, nor were any Mn; or Res products. The kinetic
results are not consistent with the earlier conclusions that homolytic
fission of the Mn-Re bond occurs [17]. Instead, a new mechanism is
proposed, involving CO-dissociation from the dimer to generate an
unsaturated species containing formally l6e and 18e centres as the
important intermediate. Transfer of electronic unsaturation from one
metal to another is a necessary feature, since CO dissociation occurs
more readily from Mn, whereas L adds to Re, and is accommodated by
postulating a bridging (or semi-bridging) CO group. These conclusions
have been contested on the basis of halogenation (see below) and prev-
iously reported oxygenation studies [18]; however a key result that
mixtures of Mnp(CO) 19 and Rep (CO)31p do not afford MnRe(CO)j)p between
130-150° would appear to indicate that the two homonuclear carbonyls
cannot both undergo substitution reactions by homolysis of the M-M bond
[19].

Reactions between iodine and MnRe(CO)g(PPhj), are first-order in
[MnRe]l, and involve rapid formation of an adduct with the halogen, fol-

lowed by electron transfer and fission of the Mn-Re bond to give the

mononuclear iodo complexes [20]. The initial site of attack is thought
to be the 0 atoms of the CO group. Rates of reaction increase: Mn, <
MnRe < Rejp.

The synthesis and properties of mixed-metal derivatives containing
diazabutadiene ligands MnRe(CO)g(dab) were described in 1979 [21]. The
resonance Raman spectrum of (6; dab = pyCH=NCgHyMe-p) at -170° has been
assigned; v(MnRe) could not be detected. The lowest-energy band in the
electronic spectrum is assigned to a M—+L charge transfer absorption;
the excited state is delocalised over a CO group of the MnRe(CO)g moiety
[22]. This state undergoes fast deactivation to a thermally activated
ground state in which the M-M' bond is broken, allowing an explanation

of the pronounced photosensitivity of this complex.



157

(CO)s

} Mn

//N\\~l ///CO

N TSc

e
0]
(6)

Group VII—Co A complete assignment of the v(CO) spectra of

MCo(CO)g (M = Mn, Tc or Re), and determination of the CO force constants,
was made on the basis of a free rotational model; polarisation of the
M(8+)-Co(68~) bond in the direction indicated was found to decrease: Tc >
Re > Mn [23].

The Mn(Re)-Co complexes MCo(CO)g(dab) (7) [dab = RN=CHCH=NR (R =

But

, pri, cy, c-cjHg), Prin=cHCMe=NPrl or RN=CMeCMe=NR (R = c-C3Hs) ]
have been obtained from MBr(CO)j(dab) and [Co(CO},] . The structure of
(7; R = But) was determined, and reveals a semi-bridging CO group. The
diimine ligand acts as a 6e donor coordinating to Co via C and N atoms,
but only from N to the Mn atom: the electronic structure is described
as intermediate between oZ—N,oz—N',nZ-C=N' and 02-N,p2-N',n2-c=N" [24].

Formation of the hexacarbonyl complexes proceeds via unstable
MCo(CO) 7(dab), in which the diimine is a 4e 0,0-N,N' donor. Loss of CO
is rapid at moderate temperatures, but MCo(CO);(RN=CMeCMe=NR) (R = c-
C3Hs) are isolable as a result of the weaker n2-Cc=N interaction (compared
with the HC=N fragment).

Included in a number of complexes characterised by field-desportion
mass spectrometry are the diazabutadiene derivatives MnCo(CO) g (RN=CHCH=NR)
(R = pri, Bu®, Cy, c-C3Hg) and ReCo(CO)g(RN=CHCH=NR) (R = But, Cy),
MnCo{CO) g (RN=CHCMe=NR) (R = Prl, c-C3Hs) and MCo(CO)7(RN=MeMe=NR) (M =
Mn, Re; R = c-C3Hs). The strongest ions are either [M]+ or [M-CO]+,
especially with the heptacarbonyls, which lose CO between 20-50°. Weak
dimer ions, [2M]+ or [2M—CO]+ are sometimes found [25]. 1y and !3c nMr
studies of these complexes have revealed characteristic features assoc-

iated with the bonding mode of the dab ligand [24,26]. Dynamic behav-

References p. 196



158

*¢sO TTTA 85 TTA  fCI Ta ! (UYd ‘yd’HO ‘BN = ¥)

24%s A f(Ud = ¥) "4dld ‘(W = ¥) ¢eWdH AT {(pqu ‘2ddp) T—T TTT {[%yd?d ‘sprapAyue
oToteW ‘Z(SWCOD)CHED-supI] PU® -sSTO ‘NOHO=CHO] 1 TT ‘[€(ydo)d ‘E(3W0)d ‘fydd ‘fewd] T T  s3usbesy
H// ﬂ dtsu
OU\
4 S -
s—s
qs aten
~ |7 AN / \mmmz
oD S —S
/OU
A A TTA
W A0 H = ¥ ﬁ%v
z 0 s
/ 12\ > e \%mz L \aMmmwz
%ud S =202
v AN / / —_——e—— - ~
0) e~ 0D AT UN ———— 0D TTTA oD
N / \
o)
0
Rt

1 dten
N/ ©D

I HWAHOS



iour observed for MnCo (CO) g (RN=CMeCMe=NR) (R = c-C3H5) is consistent
with Me exchange (coalescence temperature, -15°). Exchange of terminal

and semi-bridging CO groups also occurs.

Me,
Mel Mel
Meo
Me, N . Me)
N N
; \

\/Ocs\ }4 z Co//_* Mn ———_co
—Mn "~ [ — CO _— M - ~._.' ™~
/s \ ~n~ \\5\ /\ N /// \\\\N’:;;

C
(e}

A new synthesis of (8) from Mn(CO)2(thf) (n~-CsHyMe) and Co(CO)-
(PMe3) (N-CsHg) in 76% yield avoids the use of Co(PMej3)2(n-CsHs) {27].
Complex (8) reacts with a wide variety of reagents with cleavage of the

Co-Mn bond (Scheme 1).

Group VII~—Pd,Pt Oxidative addition of BrHgMn(CO)g to PA(PPhj)y or
Pt (PPh3) 3 affords (OC) sMnPd [HgMn {CO) 5]Brj (PPh3), and (OC) sMnPtBr{PPh3) o,
respectively [30].

B:idging thiocarbonyl and semi-bridging CO ligands are found in
MPt (1-CS) (CO) 5 (PR3) 5 (n-CgHs) (M = Mn or Re, PRy = PMe,Ph or PMePhy) (9)
obtained from M(CO},({CS) (n-CgHg) and Pt{n-CyHy) (PR3) 5. Although the
solid~state structure is as shown, in solution both the CO and CS ligands
undergo bridge~terminal site exchange [AG# (CcS) 50 4 kJ mol™l1; the
CO group exchange is more facile than that of the CS ligand. Alkylation

of the CS group occurs on reaction with [Me30) [BF,], to give (10).

5 +
SMe

I : ]
Cc

C
7\

9%
AN
M Pt(PR3)2
O\

Mn Pt(PMesPh) 2
‘ (Co) o
(9) (10)
M PR3
Mn PMe,Ph, PMePhy
Re PMesPh
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Mn-Au The compounds Bu(CgHs)p(tht) (n = 1 or 3) react with [Mn(CO)s]
to give [Bu{Mn(CO)5};]  and [(CgFs)3BuMn(CO)s] , respectively, isolated

as cream ppn salts, which are 1:1 electrolytes in acetone [14].

Fe-Au The Fe-Au complex (I1), from AuCl(PPh3) and the solution
obtained from FeBr (CO)3{n-C3Hs) and zinc dust in Et;0 (48%), has an un-
usual geometry considered to consist of an[Au(PPh3H+'moiety located on an
edge between two equatorial CO groups in the trigonal bipyramidal [Fe(CO) 3~
(n-C3Hg)]™ unit [32]. This contrasts with the normal pseudo-octahedral
geometry found for FeBr(CO)3(n-C3Hsg), and has been rationalised in terms

of opposite polarities of the Fe-Au and Fe-Br bonds.

Ph3PAu

In solution there is only one species with a symmetrical allyl group {(on
the NMR timescale}. The apparently semi-bridging CO ligands result from
transition metal basicity and do not reflect direct interaction between
the Au and CO T system; the electron density of the Au+—Fe_ bond is
located mainly on Fe in d orbitals, which are stereochemically inactive.

Spectroscopic data are also consistent with a high negative charge on

iron.
Co-Rh The Co-Rh carbonyl (12) is formed in the following reactions:
70°
Co,(CO)g + Rhy,(CO) 15 + CO (50 atm) —
o
Coy(CO)g + [RhC1(CO),l, + CO (1 atm) 230, (0C) ,Co-Rh(CO) 3
70°
Co3Rh(CO) 1 + CO (50 atm) ——

(12)
and was identified from its IR spectrum and other physical properties.
In the absence of CO, (12} forms Co,Rh,(CO)12; above 100 atm CO, it is

in equilibrium with CoRh{CO)g (also not isolated) [33].
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Co-Ni Complexes CoNi(CO)y (L) (n-dienyl) {13) have been prepared from
[CO(CO)q]— and NiBr{(L) {(n-dienyl); migration of L from Ni to Co occurs.
In solution, these compounds exist as an isomeric mixture of species
(cis and trans) containing Ni{p=CQ),Co moieties together with the un-
bridged Co-Ni isomer. The effects of solvent, temperature and changes

in the various ligands were studied [34].

0o o o o
R Y 3\1]§§>fiff%%:E§EC5/ Ni Eégizfsgéo//L
o e Y

(13) cis-(13) trans~(13)

R L

H PEt3, PPhj, P{tol)s
P(CgHyF-p) 3 (13a}, P(CEH“CI-p)a, P(CgHy OMe=-p) 3
pph(o-tol)z, PPh{CgHyCl-p)g, PPhy{o-tol)
AsPhj
Me PCy,Ph
Interconversion of isomers of (I3a) is slow on the NMR timescale. The
non-bridged isomer is favoured at higher temperatures, in the solvent
series thf > xylene > hexane > CS;, and with n-CgHs rather than n-CgHyMe.
This form is also favoured by increasing the inductive electron-with-

drawing power of X in P(CgHyX-p) 3, and with smaller cone angles for L.

Co-Pd oxidative addition of HglCo(CO),l; to Pd{dppe)y afforded

(dppe) Pd [Co(CO) 4] THgCo (CO) 41 [30].

Co-Au Rapid replacement of tht in Au{CgFs),(tht) (n = 1 or 3) by

[Co(co) 4]~ gives cream [Au{Co{CO)y},} or yellow [{CgF5) 3auCO(COY 4],
respectively, as the ppn salts [14]. The latter reacts with PPhj or

P(OPh) 3(L) to give [{CgFs)3AuCo(CO)3{L)] . The high thermal stability

of the ppn salt (14) (dec. 105°) contrasts with that of [NEt,][Au{Co(CO)4l)z1,
which decomposes at -79° [35]. As expected, the Co-Au~Co unit in (14)

is exactly linear, with staggered CO groups which are bent towards the Au

atom.

References p. 196
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Rh-Ag Addition of Ag[PFgl to Rh({CO) (PPh3) (n~CsHg) gives yellow
[Ag{Rh(CO)(PPhg)(n-CSHS)}Z][PFSI, which contains a nearly linear trimethyl
sequence (Rh-Ag-Rh, 171.0°) [36]. This complex reacts as a stable source

4
of the reactive radical cation [Rh(CO) (PPh3) (n-CsHs)] .

Pd-Pt The strong v(MM) modes in [Mp(CNMe)gl2t (M = Pdy, PdPt and Ptj)
were found at 163, 160 and 153 cm™! in the Raman spectra; only the PdPt

complex exhibited a weak v(pPdpt) at 161 em~! in the IR spectrum [37].

Pt-Au The interaction of Pt(PPhj)j3 with AuR(PPhj) (R = Me or CgCls)
was reported [38] to give orange (PhjP),MePtAu(PPhj) and white (Phj3P) ;-
(CeCls) PtAu(PPhjy), respectively, although a later crystal structure study
[39] shows the latter not to have a Pt-Au bond; the CgClsAu(PPhj) moiety
has oxidatively added by cleavage of an ortho-C-Cl bond to give trans-
pPtCl{CygCly{Au(PPh3) }~2] (PPh3),. Tertiary phosphines react with these
complexes to displace the Au-bonded phosphine only; halogens react to

give PtX(R) (PPhj3), and AuX(PPhj).

Rare-earth complexes Several complexes of rare-earth elements con-
taining transition metals have been reported, although it would appear
that in derivatives containing organometallic carbonyls or nitrosyls,
the rare-earth metal acts as a Lewis acid towards the oxygen of the CO
or NO group. A series of adducts of Sm(CgHg) 3 with Cr(CO) ;(NO) (n-CsHs),
[Fe(NO) (n-CgHg)1,, [Cr(NO),(n-CgHs)1,, [Mn(CO)(NO) (n-CsHyMe)]l, and

Mn3 (NO), (n-CsHyMe) 3 has been studied spectroscopically, and the Lewis
basicity of the coordinated NO was found to be: terminal NO » uy-NO v
u3-NO {40}. A Yb-0-C-Co moiety is present in (n-CgMeg),YbCo(CO), (thf)
(15), obtained from Yb(OEt,) (n-CgMes), and Co,(CO)g [41], and similar
interactions may be present in (OC) gMSmCl; (M = Mn or Re), isolated from
reactions between [M(CO)SJ— and smClj [42].

¢~ Co(co) 3
-

/O

Yb
s )
(15)
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2. HETEROMETALLICS FROM CARBENE AND CARBYNE COMPLEXES

Interaction of Pt(cod), with the metal-carbon multiple bond in
M[C(OMe) Ph] (CO)5 (M = Cr, W) afforded (OC)sM[u~C(OMe)PhlPt(cod) [43].
Similar complexes (OC)gM[u-C(OMe)R]Pt(L), [M = Cr, Mo, R = Ph, L = PMey,
PMeyPh; M = W, R = Me, Ph, L = PMej] were obtained from Pt(n-CyHy) (PR3),
[prepared in situ from Pt(cod); + CoHy + PRjl. In (16), the asym-
metrically bridging carbene is closer to Pt. Ligand substitution re-
actions gave (Me3P) (OC)yM[u~C(OMe) Ph]Pt(PMe3), (M = Cr, W) and

1
(ButNC) 5 (OC) 3Cr [1-C (OMe) Ph] Pt (CNBu") (PMej) .

MeO R MeO ph
N /S N7
c
/// \\\ /// \\\
(L) (OC) yW ———— Pt(PMe3), (OC) ,Mn ML,
(16) (17)
L = CO L = PMeg ML
@ c-pn @ R=ta 2
Pt-wW 2.861(1) 2.825(1) Pt{cod)
Pt-u-C 2.04(1) 2.03(1) Ni(PMe3),
W-u-C 2.48(1) 2.37(1) Pd(PMe3) o
Pt(PMe3)2

Further examples of complexes of this type were obtained from
Cr[C(OMe) (CeHyR-p) 1 (CO) 5 (R = Me or CF3) and Pt(cod); solutions which
had been treated with C,H, and 2PR3, or from WIC(OMe) (CgHyR-p)](CO) 5 and

Pt(n-CyH,) (L), (L = PMej or PMe,Ph) {[44]. The complexes (OC)g-—

W(u-C(OMe) Mel Pt (PMeyPh) 5, (OC) 5Cr (u-COCHoCH,CHo) Pt (PMeoPh) 2 (16¢) and

(OC) sW(u-CPh,) Pt (PMe3) , (at -60°) were also described.  Complex (16c)

: f

is quite unstable in solution and reverts to the original Cr(COCH,CH,CHj) -
(CO) 5 within minutes; its formation contrasts with the Mn system, where
loss of hydrogen gives the C=CHCH,CH20 ligand. All these compounds were

stabilised by replacement of one CO on Cr or W by PMej. A structural

T 1
study of (Me3P)(OC)yW{u-C(OMe) (tol)] Pt(PMe 3); (16b) shows that in com-
parison with (162), there is tighter bonding in the dimetallacyclopane

ring.
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Extension of this reaction has occurred in several directions.
The Mn-M complexes (17) (M = Ni, Pd, Pt) were obtained from Mn[C(OMe)Ph]-
(CO) 2 (n-CsHs) and Ni(cod),, Pd(dba)2, or Pt(n~CpHy)3 in the presence of
PMe3, or Pt(cod), [45]. Substitution of the PMe3 ligand trans to the
u-carbene ligand by CNBult occurs readily. Two forms (red and yellow)
of (18), obtained from (OC)gMnMn(CCH,CHyCH20) (CO)y and Pt(n-CyHy) (PMes),,
differ in the orientation of various atom groups, and in the Mn-Pt bond

lengths, which vary by 0.032K.

yd

(OC) yMn =———— Pt (PMe3)

(18)
In contrast, the product (19) from MnI(COCH,CH,CH;) (CO), and
t . : .
Pt(n-CyHy) (PMeBu,) contains the carbene ligand terminally bonded to Pt
and trans to the p-I ligand; the tertiary phosphine is trans to the Mn-
t

Pt bond [46]. The cluster [Pt(u-~CO) (PMeBu;)]3 is also formed. Excess
PMe3 reacts with (19) to give (18) and MnI(CO)3{PMes),; complex (18)
was also produced, with MnI{(CO), (PMe3), in the reaction between MnI-

(COCH,CHCHjp) (CO)y and Pt(n-CpHy) (PMe3)y.

o
Mn ———— Pt
N 1 Y pMeBuE‘

(19)

Studies of the chemistry of the dimetallacyclopropane ring in the
M(u-CRR')M' complexes were initially directed towards the synthesis of
cationic p-alkylidyne complexes, which were characterised by subsequent
addition of nucleophiles such as LiCgHyMe-p or NaOEt [47]. However,
only low yields of the anticipated products were obtained. Isolaticn
of the intermediate salts [CrPt(u-CPh) (CO), (PMes) ] [BFy] and [WPt-

{p-C(tol) }(CO), (PMe3)3] [BF,] was followed by a study of their reactions
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f +

MeO R' + X _]

N / R30 l

c — c
(L) (0C) WM Pt(PMea)Z (L) (OC) yM Pt (PMej) 2

_ R R
R N 7
- c
(L) (OC) 4M Pt{PMes)

with alkoxide. This showed that a novel u-C(COZR)R' ligand was gener-

ated. In the Cr-Pt complex (20) studied crystallographically, this
ligand asymmetrically bridges the Cr-Pt bond; there is also a semi-
bridging CO group. Formation of the CO,Me group may occur by attack of
alkoxide on CO bonded to the cationic Cr or W centre, followed by mig-
ration of the ester group to the p-C. Alternatively, attack may occur
on a p-ketene moiety present in the cations, i.e. u—C(CE)R, as found in

the product from [M(CO)5] and Mn(C(tol)](CO)p(n-CsHs).

Ph COoMe
N7
c
AN

JPt(pMe3)
\\\c,'

0 (20)

(Me3P) (OC) 5Cr

The carbyne complex W[C(tol)](CO),(n-CsHs) is a prolific source
of complexes containing bridging alkylidyne (u-CR) ligands [48]. Mixed
metal complexes containing W with Cr, Mn, Re, Co, Rh, Ni, Pd or Pt have
been prepared (Scheme 2). The structure of the Cr-W derivative confirms
the general features indicated above, and also shows the presence of a
semi-bridging CO group.

Protonation of (21) with HBF4.Etp0 affords the salt (22) which
contains a bridging carbene ligand with an additional interaction of

one of the aryl C=C double bonds with tungsten, i.e. in the n3 mode [49].
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Me -—‘-{-
HBF,, .Et,0 H
(21 3 > ; e
KHB (CHMeEt) 3 !
(C5Hg) (OC) oW ~———— Co (CO) (C5H5)

(22)
tol H +
N 7
C

(CsHg) (OC) (PMe;Ph)W ———— Co(CO) (CsMeg)

R = Me

(23}

Rotation of the tolyl group about the u-C-C bond ceases (on the NMR time
scale) at -~70°. The complexed aryl group is displaced from tungsten by
addition of tertiary phosphines, e.g. (23), which exists as a mixture of
two diastereomers which interchange rapidly at room temperature, but not
at -50°,

These and related compounds react with alkynes to give heterometal
complexes containing u-C3 units formed by addition of the alkyne to the
p-alkylidyne ligand. Thus (24) reacts with CoPh; to give (25a), and
similar reactions of the W-Co complex (21, R = Me) with CyMe; and CyPh,
were also described [50]. The Fe~W complexes were formed from
Fe,W[u-C(tol) ] (u-CO) (CO) g(n-CgHg) .  The structure of (25d) suggests that
it might be regarded as the Fe(CO)j derivative of a (non-planar) tungsta-
cyclobutadiene ligand, again emphasising the isolobal relationship between
CH and W(CO),(n-CsHg). Two isomers of (25e) in solution correspond to
the presence of C(tol)CPhCPh and CPhC(tol)CPh bridges; formation of
intermediates with u-CPh and u-C(tol) could result in statistical scram-
bling of CR groups. Similarly, complex (22) reacts with CpMe; to give
(26) , in which the bridging ligand can be considered to be a p-vinyl-

carbene. The ready formation of (26) from (22) may be contrasted with
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(n-CsHs) (OC) oW

//R
C
< PR —[*
/L——~ ML, (CsHsg) (OC)W ——————— Co(CsMes)
\c/

\ i
R 0O
(25) (26)
R MLn
a Ph Rh{n-CoH7)
b Ph Co(n-CsMes)
c Me Co(n-CgMes)
d Me Fe(CO) 3
e Ph Fe(CO) 3
f CF3 Fe(CO) 3
g tol Fe(CO) 3

the much slower reaction of (21) with the alkyne to give (24), which
affords (26) on protonation [49].

Tungsten-carbyne complexes W[C(tol)](CO),(n-CsHg) or WBr[C(tol)l-
(CO)y react with the platinum(0) complexes Pt(n-C,Hy) (PR3), (R3 = Mej,
Me,Ph) to give (n-CgHg) (OC),W[u~C(tol)Pt(PR3), (27) and (OC)uBrgj—
[u~C(tol) ]Pt(PMej),, respectively [51]. As with other complexes of this
type, structural studies show that a dimetallacyclopropene ring is pres-
ent, with multiple bond character remaining in the W-C bond.

The W-Pt complex (27) exhibits some similarity to (21) in its
reactions [49]. Thus protonation affords the bridging carbene complex

(28), containing a semi-bridging CO group; the tolyl group in this

complex is rigid. Again, displacement of the aryl C=C double bond from
tungsten occurs on addition of PMe3 or CO to give (29); the latter
adduct slowly reverts to (28) on standing. Addition of hydride gives

(30), which exists in two interconverting isomers by virtue of the orient-

: . f !
ations of the CsHs and H ligands relative to the W(u-C)Pt plane.
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Me _] +
QO »
R 7
c C

:
HBF,, .Et,0 !
[ A

]
{(n-CgHg) (OC) oW Pt(PMe3) 2 {(n-CgHs) (OC)W Pt (PMej3) o
(27) C&
(28) 0
L
K [HB (CHMeEt) 3]
= p~-tolyl
R H +
N —} R\C/H
\\
(n-CgHjg) (OC) (L)W Pt (PMe3) » {(n—CgHs) (OC) oW Pt{PMe3) o
¢’ H
\\O
= CO or PMej
(29) (30}

Trimetallic compounds with W-M-W sequences (M = Ni, Pd or Pt)
(31) have been obtained from reactions between W[C(tol)l(CO),{n~-CsHg) and
Ni(cod),, PA{n2-C;Hyg) 3 or Pt{n-CoH,)3, respectively [52]. These
cbservations further extend the analcgy between the carbyne complexes
and alkynes, since Pt(n-CgHy) 3 is known to react with alkynes to form
Pt(n-CyRp) 5 [53]. Structural studies of the Ni and Pt compounds show
the W-M~W sequence is non-linear (M = Pt, 165.5°; M = Ni, 175°} and that
there is a semi-bridging CO group. In both cases, the M-W bonds are ca
0.28 shorter than expected for the appropriate single bonds, and may be
the result of electron delocalisation within the Ffused dimetallacyclo-

propene systems.

o] tol 40
c. c e’
/ \‘\ / \ \ / \‘
{n-CsHs) {(0C) W M- W{CO) {n-CsHg) Mn “——- Re (CO) ,,
\C e \ e
tol 0 ph/ *c\
(30 (32) ©

Treatment of the carbyne complex [Mn{CPh) (CO)5(n-CsHg)1 [BCLy)

with [Re(co)5]° affords the Mn-Re complex (32}, in which the heteromet-
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allic bond is bridged by a phenylketenyl group formed by combination of
the carbyne ligand and a CO group [54].

The mixed-metal carbyne complexes MRe(CO)qlC(tol)] (33, M = Cr,
W) react with PMej3 to give (34), in which the tertiary phosphine has
added to the carbyne ligand {55]. Excess PMej and vigorous conditions
result in substitution of two metal-bonded CO groups, first on Re, then

on W.

Ph PMe3
Ne”
\/ \/ / AN
{(tol)C] — W — Re — CO (OC) yM ————— Re (CO) 4,
/N /\ \ yd
u
0
(33) (34)

Complex (35) was obtained from [Me30] [BFy]) and (n-CgHg) (OC) -

én[u-C(OMe)(tol)]gt(PMe3)2; the latter was formed from Mn[C(OMe) (tol)]-
(CO)  (n~CsgHg) and Pt(n-C,H,) (PMej3),, as described above. Analogous
rhenium compounds were also made [47). Reactions of the cationic der-
ivatives with methoxide regenerated the neutral u-Cc(0OMe) (tol} complexes,
but no compounds containing u-C(CO,Me) (tol) ligands were formed, thus
contrasting with the Cr and W salts. The Mn-C distance in (35) is
consistent with its being a double bond; there is also a semi-bridging

CO.

tol _1+
oc c
P

\ / \ /PM63
Mn—-——'Pt\
@ N L7 PMej
o

0

(35)
Ready formation of Mn~Pt or Re-Pt complexes (36) containing
U-C(PR3) (tol) ligands occurs by addition of tertiary phosphine (PMej3 or
PMe,Ph) to the salts [MPt{u-C(tol)}(CO),(PR3)2(n-CsHs)] [BF4] (M = Mn or

= ! . .
Re; PR3 = PMe3 or PMejPh) (35) [56]. The Mn{p-C)Pt system in (36) is



+
tol PR3
\c Ve _I to}.\ . _- PR3
0
/ \ C\ / \ y Stel
M ———— Pt(PR3) 2 Mn ————— Pt\
C/ \\\ - \\\c/// PR3
c 11
(e] o) o]
(36) (37)

M = Mn or Re
PR3 = PMe3 or PMeyPh

significantly larger than that found in the dimetallacyclopropene pre-
cursor (35). Neutral complexes containing similar phosphonium ligands
{(37) were obtained from reactions between NaS(tol) and [MnPt{u-C(tol)}-
(CO)  (PR3) 2 (n-CgHg) ] [BF,] (PR3 = PMe3 or PMe,Ph). Formation of (37)
may proceed via an intermediate containing a u-C(SR) (tol) ligand which
undergoes exchange of SR and PR3 between carbon and platinum; such a
complex was isolated from the reaction of Nas(tol) and [RePt{u-C(tol)}-
(CO) , (PMe,Ph) 5 (n-CsHs) 1 [BF,], which afforded RePt [p-C(Stol) (tol)] (CO),-
(PMe,Ph) 5 (n-CsHs) .

Osmium carbyne complexes have been used as precursors to Os-M

(M = Cu, Ag or Au) bonds, with Os(Ctol)Cl(CO) (PPhj), reacting with Group

171

1
IB halides to form (38); the complex [Os(u—Ctol)Ag(OClO3)(CO)(MeCN)(PPh3)2]+

was also prepared from AgClOy. Reaction of HC1lO, with (38b) affords

0sC1(0C103) (CHtol) (CO) (PPhy) ; and AgCl [S7].

P o

~N

oc — Os/// M a Cu I

a1’ | Ny b ag cCl
P

(38)

3. CHEMISTRY OF p-ER, COMPLEXES

Group VI small amounts of the Cr-Mo and Cr-W complexes (39) have been
obtained by pyrolysis of bi- and tri-nuclear complexes, such as

cr [(u-PoMe,)M(CO) 515 (CO)y [58].
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Me, Me,
P As
~
(oC) y,Cr ——— M(CO)y (L) (0C)Mo ——— Fe(CO) 3
N C///
P I
Me, 0
(39) (40)
Cr-Mn Similar reactions of Crl[(p-PyMey)Mn{CO),(n-CgHg)1,(CO)y afforded
(oC) L,Cr(u—PMey_)zMn(CO) (n—C5H5) [58].
Mo,W - Fe Reaction of Fe(CO)3(n*-PhCH=CHCOMe) with Me,AsMo(CO)3(n-

CgHs) affords (40, L = CO); an intermediate (bza) (OC) zFe(u-AsMe;)Mo(CO) 2~
(PMe3) (n-CsHg) converts to (40, L = PMe3) on heating [59].

Three independent fluxional processes have been revealed by vari-
able temperature NMR studies of (40, L = CO), namely exchange of Me groups
(AG* 47.3 kJ mol™!), exchange of CO groups on Mo (AG* 47.7 kJ mol™}), and
exchange of CO groups between Mo and Fe (AG* 59.4 kJ mol™l). The same

rearrangement process probably accounts for the first two exchange react-

ions. Rapid exchange of axial and equatorial CO groups on Fe occurs
at -74°, Addition of PMe3 to the Mo centre is a second order process
[60] .

The As-bridged Mo-Fe or W-Fe complexes react with organometallic

arsines to give a range of products resulting from simple cleavage of

the M-M' bond, substitution and rearrangement reactions [61]. In all,
26 new complexes were obtained as indicated in Scheme 3. These react-
ions are in accord with the presence of Fe-+M' donor bonds. Subsequent

reactions of complexes (41, b-d) or (42c,d,g,h) with PMe3 resulted in
displacement of the organometallic arsine and cleavage of the M-M' bond
to form (44) (M = Mo and W, respectively). An unusual rearrangement
Me,
As
(Me3P) (OC) 3Fe M(CO) , (PMe3) (n-CgHs)

(44)



{OC) 3Fe

/KZZ\ T
~

W(CO) 2 (n-CsHzg) [Cr(cO) 3(n-CsHs) ]
\AS
Mes

(45)
occurred in the reacticn between (OC)yFe(p-AsMe;)W(CO);(n-CsHs) and
MesAsCr{CO) 3(n-CgHs); in the absence of solvent, complex (43} was

obtained, but in benzene/hexane, the ionic complex (45) was formed.

Mo-Ru Reactions of Ruz(CO)}» with Me,As[M] [M = Mo({CO)3{(n-CsHs),
W(CO) 3(n-CsHg), Fe(CO),(n=CsHg)] afforded the monosubstituted cluster
complexes Ruj(CO)yp(AsMe,[M]); excess organometallic arsine reacted

to give Ru3(CO)j;.p[AsMe;{Fe(CO),(n-CsHs) ] (n = 2 and 3). However,
the only example of a complex with an M-M' bond was obtained from the
mother liquors of the Mo reaction, which gave (n-CgHg) (OC) 3Mo(u-AsMey) -

-
Ru(co), (2%) [62].

Mo-Rh The Mo-Rh complex (46) was obtained from the reaction between
Mo{(CO) , (PMepLi) 3 and [RhClp(n-CsMes)ls; steric constraints result in a

folded MoPyRh ring, while it also has a semi-bridging CO group [63].

N/
Rh e Mo
\\// h
3
Me, Mejp
(46)

The complex is highly fluxional with only one type of CO or P-Me group.

1
Cr-Ni The complex (OC) Cr{u-PMe;),Ni(CO), was reported as a minor
component in the pyrolysis products from (OC) sCr(u-PoMey)Ni(CO)3 or

[Cr(CO) 5(u-PoMey) 1,Ni (CO) p [58].
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Mn-Fe The reaction of Mej;AsMn(CO), (PMe3) with Fe(CO)3(n"—PhCH=CHCOMe)
affords (Meg3P) (OC) 3Mn(u-AsMey)Fe(CO)y [59].

Cleavage of the Mn-Fe bond in (48) occurs with many P- and As-
donor ligands, with substitution at Mn, which may be cis or trans to the
Mn-As bond [64]. Thus with PClMe, and Me,NEMe, (E = P,As) both isomers

are formed, whereas AsClMe; gives only the trans form, together with the

ionic complex (49).

Me, Me, + Me, -
As As As
(oC) yMn Fe(CO)y (OC)an// Fe(CO)y (oC) 4Fe Mn({coO) 4C1
As
Me,
(48) (49)

Interaction of (48) with PyMe, gives (50), which has been used to make

complexes containing FeAsMnP,MP,MnAsFe chains (51), by reaction with

metal carbonyls [65].

Me,
As
PoMey \\
(48) ——m— MeyPMe,P (OC) ,Mn Fe(CO)u
(50)
[M] (CO) 5
Meo Me, Meo Me; Me; Mes
As P —P P —P As
/ AN / AN / AN
(OC) 4Fe Mn (CO) 4 M Mn (CO) g Fe(CO)y

(51)

M = Cxr(CO)y, Fe(NO),

Similar reactions of Mn-Fe complexes with organometallic arsines

gave trinuclear complexes with FeAsMnAsM' chains, which were obtained

cis and trans isomers [66,67].

The reaction with Me;AsMn(CO), (PMe3)

afforded both cis,cis and trans,trans (at Mn) isomers of (52c¢).
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cis and
trans at Mn

Me) Me,
As As
(48) + MepAs[M] ——— / \ / N\
(OC) yFe Mn(CO) 4 [M]
(52)
(52) M L or Ly
a Mo (CO) o (L) (n-CsgHs) CO, PMej
b W(CO) 5 (L) (n-CsHs) CO, PMej
c Mn (CO) 4 (PMe3)
d Fe(CO) (L) (n-CsHs) CO, PMej
e Co(CO) p(Ly) (co) (PMe3), (CO) [P(0OMe)3],
[p(oMe) 3], , (PMe3) [P(OMe)3],
(PMe3) o
Mn-Co

Reaction of (53) with PCiMe; affords the expected

(n—CgHs) (OC) oMn(p-AsMe,) Co (CO) 53(PC1Mey), which on hydrolysis gives a

tetranuclear complex with an MnAsCoPOPCoAsMn chain (54)

[65].
Mez
As
(OC)Mn ——— Co(CO) 4 (53)
{(n-CgHg)
Me) Mey Me, Me,
As\\\ P\\ //’P\\ As
(n-CsHs) (OC) pMn Co(CO) 4 o] Co (CO) 3
(54)

Mn(CO) 5 (n-CsHg)

Other tetranuclear complexes (55) were obtained by initial opening of

the Mn-Co bond in (53) with norbornadiene, followed by replacement of

the diene with two molecules of an organometallic arsine [68]:

Me,
As

As As
/N /SN N
{(n—CsHs) (OC) oMn {M]

Co (CO) 3

Me, Me,

[Mjco
(55)
M

Cr (CO) 2(n-CgHg)
Mo (CO) 2 (n-CgHg)
Fe (CO) (n-CsHs)

These reactions proceeded via a trinuclear intermediate in which the

M-M' bond was reformed, and addition of the second molecule of organo-



metallic arsine occurs by the normal nucleophilic opening of this bond.
Reactions of (53) with Me,;As[M] give the analogous trinuclear deriv-

atives (56) [67].

M
Meo Me,
As\ As €z (CO0) 2 (L) (n-CgHs)
(n~CsHsz) (OC) 5Mn Co(CO) 5 M Mo (C0} 7 (L) (n-CsHg)
W(CO) 5 (L) (n-CsH5)
(56) Fe(CO) (L) (n-CsHs)
L = CO or PMej
Fe-Co Recent studies of complex (57) have been concerned with

nucleophilic cleavage of the Fe-Co bond by Group V donor ligands.

Kinetic studies of the heterolytic Fe-Co bond cleavage reactions show

Me, Me,
As As
N 1 y
(oC)yFe ———— Co(CO) 3 (OC) 4 Fe Co(CO) 3
/
L
(57)

L = PCys, PBuj, PEtyPh, PEtPh,, PPhj, P(OMe)s, P{OCH,)3CEt, P(OPh)j,
AsPhj3, SbPhj

that the rates are closely first order in [L]. As the nucleophilicity
of L. increases, the reaction gradually changes from a concerted but
largely Ig mechanism, to one which is more associative (I} in char-
acter, i.e. attack at Co with concerted displacement of the Fe donor
atom [69].

As found with the Mn-Fe and Mn-Co complexes reactions of (57)
with Me,EX (X = Cl, NMe,; E = P, As) cleave the M-M' bond, with the
Group V ligand adding to cobalt [64,65]. Hydrolysis of the P-Cl bond
gives tetranuclear FeAsCoPOPCoAsFe complexes. Reactions of the PpMey
adduct with metal carbonyls gives compounds with FeAsCoPPCoAsFe chains.

Reactions of (57) were carried out with organometallic arsines;
as expected, cleavage of the Fe-Co bond resulted in substitution at

cobalt to give complexes (58) [66,67]:
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(57y +

M

MejyAs [M] —— (0C)yFe

Me,
As

Co(CO) 3

(58)
L, L, or Lg

Cr(co) (L) (n-CgHs)

Mo (CO) 3 (L) (n-CgHsg)
W{(CO0) 2 (L} (n-CgHs)
Mn (CO) 4 (L)

Re (CO) 3(L)

Fe(CO) (L3) (NO)

Fe (CO) (L) (n-CsHg)
Co(CO) 5 (Ly)

CO, PMej
CO, PMegs
CO, PMej
CO, PMe3, P{(OMe}g
CO, PMej

(CO) , (PMe3), (CO),[P(OMe) 3],
(CO) [P(OMe) 312

CO, PMej
(Co) (PMe3), (PMe3),, (PMej) [P(OMe);],
(CO) [P (OMe) 3], [P(OMe) 3],

In addition, the tetranuclear complex (59) was isolated from the reaction

with MeyAsMn(CO)s, probably via
(CO) yAsMe,Mn (CO) 5.

Mes
As

(oC) yFe Co(Co) 3

the intermediate formation of MejpAsMn-

Me,
As
////

Mn (CO) 4, Mn (CO) 5

~ .

Me,

(59)

Other tetranuclear complexes (60) and (61) were obtained by initial open-

ing of the M-M' bonds in (57) with norbornadiene, followed by replace-

ment of the diene with two molecules of the organometallic arsine [68].

Me,
A
(57) 24, )
(oC) ,Fe Co (CO) 3 (nbd)
Meo Meo
As As
—_—
(oC) yFe Co(C0) o Fe (CO) 5 (n-CsHs)
Me, Me, Me,
As As As
—_—
(n-CgHg) (OC) ;Fe Fe(CO) Co(Co) , Fe(CO) 5 (n-CsHs)

(60)



Me, Me o Meo
As As\ As
{0C) ,Fe Co(C0) 3/ M{CO) » (n—Cgﬁsi/ M{CO) 3 (n-CsHs)
(61) M = Cr, Mo

Similar reactions with {(OC)yFe(u-PMe;)Co(CO)3 and (Me3P) (OC) 3~
[
Fe{u-AsMe;) Co{CO) 3 have afforded complexes (62) {67]:

Meo Mep

E L M
(L) (OC) gFe Co(CO) 3 [M] P co Fe(CO) 2 (n-CsHgz)
Ww{co) 3{n-CsHs}
(62)

As DPMey Mo(CO)}3(n-CsgHg)
Mo (CO} 2 (PMe3) {n~CsHg)

Black-green (63) was obtained from a prolonged reaction (85°/4 d)
between MepAsFe(COQ)j,(n-CgHg) and Co(CO),{n-CsHs) [70]. The five-
membered ring has an envelope conformation; in the crystal structure

the metal atoms in the Fe(u-C0);Co system cannot be distinguished.

Me,

A {n-CsHs)
s—
(n-CgHg) / vo\C‘O
Fe l ~ X
(oc) \ Fe’C:-'.‘O
as ~ (n-CsHs)
Mej
(63)
Fe-Rh, Ir Several cationic complexes containing MFeM (M = Rh or Ir)

sequences (64) have been cbtained from reactions between Fe(PPhj) (CO) o~
{(n-CgHyR) (R = H or Me) and RhClj3.3H;0, [RhCl{cod),] or [Ir{cod)-

(solvent)]+ and subsequent transformations. A similar Fe-Rh compound

L = jcod, idppe

(69) P(OPh} 3, PMeyPh
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was obtained from Fe(SBut)(CO)z(n—C5H5) [70]. These cations are chiral,
and earlier NMR studies have suggested racemisation processes involving
solvent coordination [72]. The present paper describes rearrangement
reactions with coordinating solvents (Me,CO, MeNO,, MeCN, py or diglyme)
which result in cleavage of the M-M' bond. Addition of P(OMe); to
(64) gave a 1:1 adduct in which the phosphite is assumed to coordinate
to Rh. The IrFe, complex reacts with H, reversibly, perhaps by add-
ition to the iridium centre, but no pure complex was isolated. Several
reactions are summarised in Scheme 4.

Binuclear complexes (65) could be obtained from slow addition of
Fe(PPhj) (CO), (n-CsHs) to [Rh(L),(EtOH) J[SbFg] or [Rh(cod) (L)) [SbFg].

The propene-elimination route to M~M' bonded compounds has been
used to prepare red (66), containing an Fe-Rh-~Rh-Fe sequence, from
Fe (CO) ( (PHPh,) and [RhC1l(n-C3Hs)515. The metal core is bent at the Rh
atoms in a transoid fashion [Fe-Rh-rRh', 154.3(1)°] in the solid, although

both ciscid and transoid forms are present in solution [73].

o Ph,
— c/'/ P PR
(0C) 3Fe ~\\\¥E\ RN p 2
L ~~Rh ———Rh ,/\
Ifh \P/ \ /Fe(CO)3
2 C
ph, K
(66)

4. COMPLEXES CONTAINING M-M' BONDS BRIDGED BY HYDROCARBON LIGANDS

Nb-Fe So-called 'bent' metallocenes contain a wedge-shaped cavity
normally occupied by one, two or three ligands. Reaction between
Nb Fe
Y b Ne
C (¢}
¢}

(67}
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HNb(n-CsHg) o [prepared in situ from Nb(BHy) {n-CsHs), and NEt3] and

FeMe (CO) 5 (n-CsHs) affords red-brown (n-CsgHg)2HNb(u-CsHy)Fe(CO)z (67),

a further example of complexes of this type. Interestingly, the
hydride ligand [Nb-H 1.67(5)3] also appears to interact with the two CO

groups to prevent them bending towards Nb [74].

Mo-Fe Moderate yields of MoFe(CO)s(u-—na,ns-Cng) (68a) have been
obtained from Mo(CO)j;(diglyme) and Fe(CO)3(nk~C5H8) [751. As with the

Mo-Co complex, the Cg ring is fluxional.

ML, ML
a Mo(Co); Fe(CO) 3
b Mo(CO) 4 Co(n-CsHs)
¢ [Ru(co) 17 Fe(CO) 4
/ \ d [Rh{cod)]™ Fe(CO) 3
LM M'L e [Rhinbd}l* Fe(CO) 3
(68) £ [Rh(cO),1* Co(n-CgHs)
g [Rh(cod)]? Co (n-CsHs)
h [Rh{nbd)]*t Co(n-CsHs)
i [Ir{cod)]t Co{n-CsHs)

Group VI—Co Reaction of Mo(CO) ;(diglyme) with Co(n'*-CgHg) (n-CsHg)
affords dark red (68b), in which the Cg ring is fluxional; the Mo-Co
interaction is long, perhaps as a result of the steric requirements of
the bridging hydrocarbon [75]. The Co~Mo donor bond required by the 18e
rule also influences the Mo~CQ(trans) bond, which is shorter than the
other two bonds as a result of synergic 7 bonding. The CrCo and WHCo
complexes, obtained from similar reactions of Cr(CC)3(NCMe)3 and

W(CO) 3(dmf} 3, respectively, are analogous.

Reactions of Co,(CO)g with MC1{C;(CF3)2],(n~CsHs) afford the
p-alkyne complexes {69, L = CO), which are slowly converted to (70) at
30°. The latter contains a metallacyclopentadiene unit coordinated
to cobalt. Complex (69, L = CO) reacts with PEtj; to give the bis-u-

alkyne complex (69, L = PEt3); metallacycle formation does not occur.
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M Co(CO) 5 M f
L _ /
RC =CR L R
e A
= Co{CO
(69) 3 (70) o(COl,
Mn-Fe Bridging vinylidene ligands are present in complexes (71)

obtained from MnL{CO);(n-CsHs) and Fez (CO)g [77].

R,

Fe (CO)y
{ce) 2 \ / r! r2

c et S e .
i H COzMe
C

/ COpMe H

17 N\p2
(71) =CPh;
Mn~Ru The reaction between (72) and MnMe({CO)s affords the dihydro-

pentalenyl complex (73) by reactions involving loss cf HSiMes and SiMe, [78].

H
H

SiMes SiMeg

-

{0C) 2Ru — Mn(CO) 5 ){fl (0C),Fe = Ru — $iMey
o’/ {CO) 2
C SiMes
(8]
(73) (72} (74)
Fe-Ru The cyclooctatrienyl complex (72} reacts with Fep(CO}sa, acting

as a source of 'Fe(CO),' to give the Fe-Ru derivative (74) [78]. The
field desorption mass spectrum of FeRu(CO)s(ButN=CHCHnNBut) has been

reported [25].

+
Fe-Rh Addition of [Rh(L),]1  fL = {CO), cod, nbd] to Fe(CO)3(n*-CgHg)
gives the cationic derivatives (68c-e}, in which the y-CgHg and olefinic

ligands are fluxional ([79].
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Co-Rh, Ir The mixed-metal complexes (68 f-i) have been obtained by

: . +
reacting Co(n“—CSHg)(n-C5H5) with [Rh(L),] [L 2= (CO)5, cod or nbd] or

+ . .
[Ir(cod)] , respectively. The olefinic and u-CgHg ligands are fluxional
[75].

Co-Ni Several reactions lead to the Co-Ni complex (75); the corres-

ponding MeC,Ph derivative was also identified [80].

[Ni(n-CsHs) 12 (H-CpPhjy) + Co,(CO)g

Ph
Ni(n-CsHBg)y + [Co(CO) 3], (u-CoPhyp) C\
[Ni(n-CgHg) 15 (k~C2Phs) + [Co(CO) 3]p(e~CpPhy) | —— (OC)3Co — 7Ni-@

+ [Ni(co) (n-CsHs) ]

Ph
Co3Ni(CO) g(n-CgHg) + CpPhy

(75)
5. OTHER BRIDGING LIGANDS
Mn-Rh Irradiation of mixtures of Mn,(CO)jp and [Rhy(L),] [PFgl, (L =

2,5-dimethyl-2,5-diisocyanohexane) gives high yields of the dark green
tetranuclear complex (76) [82]. In contrast with {{Rhy(L),1,}%%, which
is photolabile, neither the Mn-Rh nor the Rh-Rh bonds in (76) are cleaved
on irradiation at 632.8 nm. This result is rationalised in terms of

a simple MO treatment of the central MnRhRhMn system.

¥k O

NC N N é\l l l
c cC
\/ \ / ,CL
(OC) sMn — Rh —— Rh — Mn(CO) g Ccl — Rh — Pd — C1
/' \ /\ /I l
cC CcC C C C
N N N N 0] N PPh2

/ —
o ¥ 5
(76) (77)

Rh-Pd Extension of the building concepts used for the construction

of A-frame complexes to the use of the unsymmetrical bridging ligand



PPhy (CsHyN-2) has resulted in the formation of some unusual complexes,
including (77). This was obtained by oxidative addition of PdCl,(cod)
to RhC1(CO) [PPh;y{(py) 1, [83]). The 3lp NMR spectrum allows unambiguous
location of the metal atoms; the complex was also structurally char-
acterised. The unprecedented oxidative addition reaction results from

the closeness of the two metal atoms in any intermediate complex.

6. MIXED-METAL COMPLEXES CONTAINING u-H LIGANDS

Brief references to (n-CsHg) (CO) 3V {u~H)Nb{CO} (n~CsHs) » and
! . . :
(n-CsHjs) 2 (OC)Nb (u-H) Cr(CO) 5 have been made, being obtained by irradiat-
ing mixtures of H3Nb(n-CsHg) o with V{CO}y(n-CgHg} or Cr(CO}g, respect-
ively [84].
+
The reactions between HoW(n-CcgHsg), and [HpIr(L),(EtOH)p] afford

green (78), containing bridging H and CgHy ligands [85]. The Rh-Ir

+
complex (79) is obtained from [Rh(MeOH),(dppe)] and mer-H3Ir(PEtg3); [86].

+
It reacts with CO to give [fac-HpIr{CO) (PEt3)3] . The orange-brown
complexes (80) obtained from HgIr(PEt3), and [Rh{u-Cl) (PR3)z}y (FR3 =
PEty or idppe) have catalytic activity in alkene hydrogenation, e.g.

hex~l-ene at room temperature and 5 atm H, [87].

+
H_] H +
@\ / P \ PEt3
@_ W\QH 7Ir\_ L \RhéH\Ir Z PEts —I

b
B L 7 PEty

(78) ) (79)
L = PEts, PMEzPh, PMEPh2

Rap\ - H\TEti‘
_ Rh /Ir<§
N }
R3P cl PEt3
(80)
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Two isomers (cis and trans at Pt} of (81) are formed in the react-
. +
ion between HgIr(PEt3), and trans-[PtR(MeOH) (PEt3},] (R = H or Ph);
transfer of PEt3 to Ir occurs [88]. In all of these complexes the

metal centres are bridged by H ligands. A related complex (n-CgHg),Mo-

PEt; PEtj +

R H EtgP H
~ tf// ~ _H _] ~ t/// \\\l . H _]

P
/P\ /:IE T~ PEt; N /I T PEt;
EtsP H PEty R " Pty
(81a) (81b)
R = H, Ph

(u=Hp)Cul(u~Ip)Culu~Hp)Mo(n-CgHg)», has been described briefly ([89].

7. HETEROBIMETALLIC REDUCTION OF CO

Studies of the reduction of CO by transition metal hydrides have
provided a number of complexes in which two metal centres interact or
cooperatively facilitate the reaction. The chemistry of CO hydrogen-
ation with Zr(n-~CgMes), complexes containing H and cO ligands has been
reviewed [90], as has catalysis of the same reaction by Zr-Mo, Zr-W and

Zr-Re systems [91].

Zr-Nb The orange zirconoxycarbene complex (82) is formed from

H2Zr (n-CsMes)  and NbR(CO) (n-CgHg), [R = H, Me, CH,Ph, CH,CgH,OMe-p,

Ph or CH,0ZrH(n-CsMeg),] at -78°; for R = H, two rotamers are present
in solution [92]. Hydride transfer from Zr to coordinated CO also

occurs in the reaction between HNb(CO) (n-CsHg) o and HZrCl(n-CgMeg)s, which

gives (83). Tautomerism of (82, R = H) to (84) occurs slowly at -80°;
Cp*
Cp .H H Cp H .
~N L7 d N7 e
Nb 0 - 21 — N 0 — 2p=ACP
7N N T N Ny
cp o o Cp c_
\g H

(82)



Cp
N * * . =
Nb=CHOZrCp; CppNbCH,0ZrCp, Cp* = (n-CsMes)

|

H Ccl H

(83) (84)

with CO, green (n-CgHg),(CO)NbCH0ZrH(n-CsMes), is formed. In the
presence of Hp or CpPhy, the alkyl-substituted carbene complexes
(n-CsHg) 5 (CH,R) Nb=CHOZrH (n-CsMes) , afford trans-HZr (OCH=CHR) (n-CsMes)
and H3Nb(n~CgHg), or HNb(n-C,Phjy) (n-CsHs),, respectively, probably by

insertion of the carbene into the Nb-alkyl bond, followed by rapid B-H

elimination. The relative migratory aptitudes are H >> Me > CH,CgH,OMe-p

> CHyPh. With €O, the following further reaction occurs:

(o]
=
/c* Py H
*
CpaNb + cpizr c=c/  ——+ Cp,Nb=CHOZrCpjs
~ ~N
H / R | |
H H H (o] H
N
SN
co H R
—_— CpoNb-CH,0ZrCp3
C o] H
] —
H R
Ti,Zr-Mo,W Direct attachment of a d° metal to the oxygen of a term-

inal CO is found in the product (85) from HMo(CO) 3(n-CsHs) and TiMe-
(n-CsMes) [n-CgMey, (=CHp) ] [93]. In (85), the v(CO) for the bridging CO
appears at 1623 cm-l; MO calculations suggest the bonding to involve
only the oxygen lone pair, with negligible T back-bonding to Ti. The

structural characterisation of (85) led the authors to suggest a sim-~

ilar structure for the product from the analogous reaction with ZrMe,-~

(n~CsHs) 5, which had been assigned the u-,nl,n? structure (86). This
Me
o)
e N
Cp,Ti /\ o

~N N

O =C — Mo, CpoZr Mo
/ \c | (co) 2
o [) Me

(85) (86)
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complex was first reported in 1978 [94], and a more detailed study by
Norten, Caulton and coworkers includes some aspects of its chemistry
{25]. 13¢c NMR studies show the existence of a u-CO-cO(t) exchange
(AG# 40.2 kJ mol™l). Reaction of CO with (86) gives the acetyl
derivative CpZZr(nz—Ac)Mo(CO)3Cp, also obtained from ZrMe(nz—COMe)~
(n-CgHg) , and HMo(CO) 3(n-CgHg); slow loss of CO then affords (87},

l,nﬂ—co group forms a

which was structurally characterised. The u-n
shorter Zr-0 bond [2.271(2)R] than Zr-Cc [2.343(3)&], while there is a
very short Mo-C bond [1.876(3)R&] to this ligand. The n2—OCMe group
appears intermediate between the acetyl (a) and oxycarbene (b) reson-

ance forms, and reacts with CF3CO,H to give EtOH, representing a stoi-

chiometric reduction of CO to EtOH.

Me Me
o Me 7 . /
o —cC cp o=cC 0 — C
N /N — /N
Cpy2r Mo 2r — Mo Zr Mo
A
\//c S (a) (5)
4
(87)

A second example of heterobimetallic transfer of H(D) is

25¢°
(n—CSHS)ZZr [C{O)Me]lMe + D2MO(n—C5H5)2 —_ Zr(OCDZC}I3) (Me) (Y]“C5H5)2

with the Mo(n-CsHsg), fragment being either solvated, or appearing as
Mo(CO) (n-CsHs)p or as Moy (CgHy)p(n-CgHg)p [96].  With HoW(n-CgHs),, the
product is (n-CsHs),MeZr (L-OCHMe)WH(n~CsHsg) o - The latter decomposes to
[CppZrMe] ;0 and Cp,W=CHMe, which rearranges to CpoW(n2-CyH,); the net
result is the reduction of CO to ethylene by coupling with a Me group.

The related phenyl complex, obtained similarly by the reaction:

Ph H  Ph u
N 70°/3 h
CpyWHy + Cp,Zr ﬂ-‘,0 — CpoW O — ZrCpy =l CppW =¢C R
N~ N7 ph
c o
\ # pn
h
3 (88)

decomposes on heating to the isolable phenylcarbene complex (88) [97,98].
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Zr-Re Reactions of the acetyl(methyl)zirconium complex with
HRe{n-CsHs5)» give the related complex (n-CsHg) oMeZr (n-OCHMe) Re (n~CsgHsg)

[e8j.

Zr-Co Interaction of H,yZr{n-CsMeg)s or {Zr(N,) (n-CsMes)plaNy with
Co{C0) p (n~CsHg) affords blue-green (89); in contrast with several other
metal carbonyls, a zirconoxycarbene complex is not formed. The two CO

groups are bridging [v(CO) 1737, 1683 cm~1], one in the u—n],n2 mode [99].

Nb systems Extension of these reactions to those between H3Nb{n-CgHg)
and several metal carbonyls in a quest for a system to convert CO to
hydrocarbons was successful only with Cr(cO)g, which afforded ethane

(10%) [100].

8. COORDINATION COMPOUNDS CONTAIKING M-M' BONDS

Addition of MnCl, to cis~Pt(NH3), (mtym), (Hmtym = l-methyl-thymine)
afforded (90) as a decahydrate [101]. This trinuclear cation contains
square-planar MnTI and PtIT if the M-M' interaction is ignored; how-
ever, the Mn-Pt separation [2.704(1)R] and the linear Pt-Mn-Pt array
suggest considerable interaction between the metal centres. In the sim-
ilar Pt,Ag complex, the silver has tetrahedral coordination, with Pt-Ag

2.849(13, 2.884(1)ﬂ, indicating weak M-M' interactions {102}.

Me
~N M M N--Ne
Xy Me e /// . g
A pu o, | .

07 n 0 0% N © " Cr —— oPrt
H3N / N/ AN _NH3 Priod‘ i oprt
S S MR- o e emmeeo - pe .-
H3N” / "\ / CNHz ;0 Mo )

N (o] e} N Pr l §§7OPrl
ﬁ@f r :
0
/N / Me Me \ N\Me
Me (91)
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A mixture of equimolecular amounts of Crz(OPri)G(NO)Z and Moj-
(OPri)S(NO)z exhibits !H NMR spectra consistent with the presence of the
nixed CrMo compound (91) as well as the Cr, and Mo, species. A mass
spectrum of the solid complex obtained after removal of solvent contains
weak [CrMo(OPr)g (NO)n]+ (n = 1 or 2) ions. All three complexes under-—

go intramolecular bridge-terminal exchange of opr™ groups.

9. SULPHUR-BRIDGED HETEROMETALLIC SYSTEMS

Miller and coworkers have reviewed the area of transition metal
thiometalates and their unique ligand properties, including the hetero-
metallic thicanions, many of which contain the four-membered M(u-S),M'
systems with metal-metal interactions [104]. These are of general
interest, and also relevant to the special problem of the Fe-Mo-S
clusters of bioclogical interest (see Part B).

Most of the studies reported during the last two years describe
compounds containing Moss‘ or wsﬁ' acting as ligands to other metals
to form complexes of the type L,MS,M'S, or L,MS,M'S,M"L; (Tables 3 and 4).
The structures of new MoS, derivatives of iron(II), copper(I) and
silver(I) have been determined using resonance Raman spectroscopy, where
the electronic transitions are localised in the MS)M'SpM system [105].

In the anion [Fe{(u-S)ZMO(S)(SCHZCHZS)}2]3”, the Mo atoms are five-
coordinate with a distorted square-planar geometry {[106]. The mixed
Mo-Ru systems S,Mo(u-S),Ru(bipy), and [Mo{(u-S)ZRu(bipy)2}2]2+ can be
reduced electrochemically; if methanol is present as a hydrogen source,
reduced species convert acetylene to ethane and ethylene [107].

The latest example of thiolate-bridged organometallic complexes
is [Pt{(u-SMe)ZTa(n—CSHS)Z}Z][PF6]2 (92), obtained from Ta(SMe), (n-CgHg) o

and PtCl, (NCPh), [108].

(92)



TABLE 3 Recent papers describing M(u-S)oM'and M[(u-S),M'], systems

M-M' Complexes Topic* Refer-
ence

Mo-Fe [SyMo (H-S) sFeX2]1%™ (X = C1,SPh) a,b [130]

[SpMo (U-S) pFeCly] 2™ b,c [131)

Mo-Ru 5,Mo{u-S) zRu(bipy) » a,d [10]

Mo,W-Fe [SoM{1-5) yFe (NO) 512~ a,b (Mo) {132)

[SyM(u-S) pFecl, 127 a,b (133}

[S;M(u-8) gFe(S5) 12~ a,b [134]

W-Fe SoW{u=s) pFe (bipy) 2 (2 polymorphs) a,c [135]

- - 2= [136,

Mo-Fep [Mo{ (u-S) sFeCly )] a,c 1371

[SpMo (u-§) yFe (u-S) pFe (SPh) 913~ a,c {138]

Mo-Ru, {Mo{ (u-5) gRu(bipy} 1,12 a,d [107]

Mo,W-Fej (m{ (u-8) pFecly}, 127 a,b (Mo) {137]

- {139

Mo,-Fe [{SzMO(Ll—S)z}zFE] 3 a,b,d l40i

W,-Fe [{s,W(p-8) 5 }»Fel™ (n = 2,3) a,d (141)

1{S,W(k-8) g} oFely]1%~ (L=py, dmf} a,b (dmf) [141]

Wy-Co [{S W (u-8) pJco) 2™ c,d,e {142}

Mo,W-Ni,Pd,Pt [SoM(1-S) oM (S9CNEL2) 1™ a,c [143]

W-Pt OzW(U-S) Pt (PPh3) 2 a [145)

SoW(u-S) pPtLy; (L = PEtj3,PPhj) a,b {145}

(Mo, W) ,-Ni,Pd, Pt 1{osM(u-8) p},M* 127 a,c 1143]

[{soM{u-8) p}M' 127 a,c,d (144}

» 146

Mo-Cu [SzMO(U"S) 2CU(CN}}2 a,b,f [1473

Mo-Cu, [Mo{ (-8} zCulcN) 35127 a,b [147]

(Ph3P) Cu (u=S) pMo (u-S) 2Cu(PPhy) 2 B,c [131)

* a gynthesis;

{cyclic voltammetxy);

References p. 196

b X-ray structure;

c spectra;

e MO calculations; £ ¥5Mo NMR.

d electrochemistry



192

TABLE 4 Structural studies of M(uy-S),M' apnd M[(u-S),M"], systems

M'M' Separation Refer-
(&) Complex ence
Mo-F 2.718, [NMey, ] 3 [{ (SCH,CH,S) (S) Mo (u-8) 5 }oF (106]
o-Fe 2.774(5) eyls >CHy Mo (u 2 }oFe]
2.731(3) [PPhy ], [SyMo (u=S) oFe(Ss) ] [134]
2.740(1) [NEt,] [ppn]; [{S;Mo (1-S) 5 }yFel.2dmf {140]
2.756(1) [NEt, ], [SoMo(u=S) sFe (SPh),] (130}
2,770,
2.781(2) [PPhy]; Mol (u-8) ;FeCl;}5] [137]
2.775 [NMe3 (CH,Ph) ] [PPhy] [SpMo (n-S) ;FeCl,] [iiéi
2.786(1) [NEty ], [SpMo(1=S) ;FeCl,] [130]
2.835(13) [ppn]j [SoMo (1-S) oFe (NO) 1 [132]
W-Fe 2.753(3) [PPhy ), [SoW (u-S) pFe(Ss) ] {134]
2.808 [NMe 3 (CH,Ph) ] [PPhy] {SoW (11-8) ;FeCly} {1331}
2.044(1) [PPhy ), [{S,W(u-S) 5} sFe(dmf) ] [141]
W-Pt 2.947 SpW(u=-S) ,Pt(PEt3) o [145]
Mo-Cu 2.624 {NPry ], [SpMo (u-8) pCu(CN) ] [146}
2.630(1) [PPhy] 5 [SoMo (u-S) ;Cu(CN) ] [147]
2.630 [NMe, ], [(NC)Cu(u-S) pMo (u-5) ,Cu (U~CN) y-catena] (147]
2.642(3)°% b
2.775E2;b (Ph3P) Cu? (u=-8) yMo (u=-S) ,Cu” (PPh3) 5 -0.8CH,CL; [148]

10. MIXED-METAL MOLECULES

There is increasing interest in high-dispersion multi-component
metal catalys*s, and a current view is that there is a direct inter-

action between the components in bimetallic clusters [109].

This view

is supported by a variety of studies of bimetallic molecules which have

found them to be "normal in an electronic, optical, bonding and probably

chemical sense”.

This quotation comes from the proceedings of a Royal

Society of Chemistry Faraday Symposium on 'Diatomic metals and metallic
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clusters' [110]. The application of metal vapour synthetic techniques
and matrix isolation studies have resulted in rapid advances in our
knowledge of these reactive molecules. A significant application is

to the synthesis of CrAg and CrAg; by cocondensation of two metals which
have low miscibility; other molecules discussed include CrMoj, CrjpMo,
MoNb, MoAg and MnAg. Combined matrix isolation and M&ssbauer studies
allowed identification of FeCo, FeNi and FeCu [111]. Gingerich [112] sum-
marised his extensive studies of stabilities of diatomic metals and
metal clusters, with bond energy determinations by the Knudsen cell

mass spectrometric method; a summary of many heterometallic molecules
is included, with a comparison with values calculated using empirical
valence bond [113] and atomic cell models [114]. Miedema described
refinements to the latter model and lists calculated dissociation
enthalpies for a wide range of heterodimetallic molecules [115]. Also
included are calculated electronic structures for AgAu using effective
core potentials [116].

Earlier applications of metal vapour syntheses have been summar-
ised [117]}. Selected reports during the last two years have included
mass spectrometric studies of vapours above various rare earth-noble
metal mixtures, with measurements of dissociation energies, e.g. YIr
454, ypt 470, LabPt 496 kJ mol‘l; calculated values (empirical valence
bond model) are 451, 316 and 423 kJ mol'l, respectively [118]. For YIr

and YAu, values of 638 and 483 kJ mol’1 have been determined

BHE 298)
[119]. Sequential deposition of Ti and Mo in poly(methylphenylsiloxane)
gives polymer~stabilised species identified by absorptions at 590 (Ti,),
460 (TiMo) and 418 nm (Mop) [120]. similar studies of NbMo showed this
species has four transitions between 551-590 nm; theoretical (EH) stud~
ies suggest a bond order of 5.5, with separation 2.30% and dissociation
energy 301 kJ mol™l [121)]. Codeposition of Ag with Mo, Mn or Cu in
argon matrices affords AgMo, AgMn or AgCu, tentatively identified by

spectroscopic studies. EH MO calculations provide satisfactory correl-

ations between observed and calculated electronic transitions: bond

References p. 196
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[¢ (yalemnd) 101}

[pST] - [T{BUdd)Ide(TO-M) ATCTOC (dUdé®H) ] «——  Z(Eydd) ("HZD-U)3d +  (YdloWd) "1ToaT 3d-a1
[est) so7108ds 284 «—— C(pod)IN + (SHSD-U)C(0D) 1034’ (SHED-U)E (0D) 1004 TN-34
(ve1) 00%3H + (SHSD-U)Z(0D)0D ~+—— (SHSO-U) (Eydd) Cewod + 6(0D)%ad 0)-24
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L
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Spuoq ,N-W pIOJJFE IJOU Op 3FPYI SUOTIORIY S ATAYL
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lengths (R) and dissociation energies (kJ mol"l) are AgMo, 3.00, 174.9;
AgMn, 2.80, “4; AgCu, 2.90, 138 {122]}. Russian workers have made
graphite layer compounds containing FeMo and FeW; MYssbaver and X-ray

spectrometry were used to characterise these products [123].

11. REACTIONS WHICH MAY INVOLVE DIRECT M-M' INTERACTIONS

A number of reactions have been found to proceed via intermediates
formed by the interaction of two metal centres, although a formal M-M' is
not necessarily invoked. One such is the production of acetone (95%)
in the reaction between Fej;{(CO)g and CoMej (PPh3) (n-CsHg) [124]}. Transfer
of ligands between the two metal centres affords a number of complexes,
including those with Fe-PPhjy, Fe-~CgHy and Co-CO links. A key reaction

is postulated:

CoMej (CO} (n-CsHg) + 2Fe(CO}g5 - Me,CO + ZFe(CO)q + Co(CO) » (n-CsHg)

Decomposition of mixtures of Mnj;(CO);g and Co,(CO)g, or of MnCo-
(CO) 9, on alumina afforded catalysts which converted (CO + Hp) to alkanes,
peaking at Cg; the manganese increases and stabilises the activity of
the cobalt system [125]. Conversion rates are: Co; 1.36 X 10”3,

(Mny + Cop) 4.9 x 10-3, Mnco 11.5 x 1073 mol co h~!} (g Co)—l, suggesting
the increased activity stems from an Mn-Co aggregate.

Intense ions [MMn(CO)n(C5H5)1+ {M = Fe, Mo, W; n = 2,3) in the
mass spectra of (n-CgHg) (OC)3MXCsHyMn(CO)3 (X = bond, CO, CHp or CH,CO)
suggest that it might be possible to prepare compounds such as [WMn{CO) 3~
(n-CgHsg) 1C1 [126].

Reactions between trans-MC1(CO) (PR3} (M = Rh, Ir} and rhodium(IIT)
or platinum(IV) complexes proceed rapidly by an oxidative addition-
reductive elimination sequence, involving (u-Cl), intermediates; these

are inner-sphere double electron transfer processes [149].

References p. 196
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