Coordination Chemistry Reviews, 65 (1985) 219-284 219
Elsevier Science Publishers B.V., Amsterdam -~ Printed in The Netherlands

SELECTIVE METAL-LIGAND INTERACTIONS IN HETERO-
METALLIC TRANSITION METAL CLUSTERS

ENRICO SAPPA

Istitute di Chimica Generale ed Inorganica, Umiversita di Torino, Corso M. IYAzeglio 48, 10125
Torino (Italy)

ANTONIO TIRIPICCHIO

Istituto di Chimica Generale ed Inorganica, University di Parma, Via M.D’Azeglio 835, 43100
Parma (Iialy)

PIERRE BRAUNSTEIN

Laboratoire de Chimie de Coordination, UA 416 du CNRS, Institut Le Bel, Université Louis
Pasteur, 67070 Strasbourg (France)

(Received 31 July 1584}

CONTENTS
A Aimsof thereview . .. ... . . ittt i e e 219
B. Carbonyl and thiocarbonylligands . ............ ... .. ... . . 221
(i) Bondingmode(B) ......... . i i e 222
(i) Bondingmode(C) .. .. .. ... ... ... ... 231
(i) CO (CS) bridges on three or four “heterometals™ . . ... ... _ ... .. ... ... 235
C. Acetylidesandisonitriles .. .. ...... ...t inar i, 242
D. Metal carbynes, vinylidene and alkenylideneligands . ..................... 247
E Alkyneligands . . . ... .0ttt i i it e 251
F. Sulfurasabridgingligand . ... ... ... .. .. ... ... .. ... ... ... 257
G. Thiolate ligands . . .. . . ... ... i it it e e e s 261
H. Thephosphidoligands . . . . ... ... ... . i i it 263
I. The bridging hydrideligand .......... .. .. ... . i, 267
J. Examples of spectroscopic studies relevant to the cluster-surface analogy . .. .. ... 269
K. Some comments on the SEC rules, isolobal analogy. Metal cluster core isomerism . . 271
Acknowledgements . . ... ... ... .. e e 27
S 5 =2 1 L= 277

A. AIMS OF THE REVIEW

This article is not a comprehensive review, but rather a choice of examples
of selective metal-ligand interactions in transition metal clusters. A few
particularly significant bimetallic derivatives will also be considered; others

0010-8545 /85 /$23.10 © 1985 Elsevier Science Publishers B.V.
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have already been extensively discussed in the literature.

From the great variety of available candidates only the most common
ligands found on clusters have been taken into account. However, in some
instances, emphasis has been given to promising new developments rather
than to the bulk of well-known and hence repetitive examples. It is always
very difficult to choose from many examples, and some general criteria must
be followed; we considered that those listed below (not in order of impor-
tance) would correctly fulfil the purpose of this work.

A limited number of well-known ligands was chosen; these are generally
used as “assembling ligands™ (or cluster stabilizing ligands). Some of these
are “flexible ligands” allowing the study of reversible metal-metal bond
formation and the resulting reactivity of other cluster-bound ligands.
Metal-ligand interactions relevant to “model” studies on metal-surface
chemistry are reported.

Examples conducive to rationalization of the selective metal-ligand inter-
actions are particularly discussed. These could offer some help for rational
heterometallic cluster syntheses and provide a deeper insight into cluster
structures, reactivity and isomerism.

The increased interest in heterometallic cluster chemistry [1] has led, in the
last few years, to the synthesis of many complexes with ligands bridging or
capping [2] two or more transition metal atoms. The large number of
structures which are known allows a better assessment of the possible
selective metal-ligand interactions.

Interest in these is due to the following. Knowledge of the preferred
metal-ligand interactions can help preparative chemists in planning new
rational syntheses or improving reactions already known. An obvious prob-
lem for chemists interested in metal-metal bond synthesis is to find ap-
propriate reactions and suitable precursors. Generally, two main approaches
are followed, namely: M-M’ bond formation between mononuclear frag-
ments or nucleanty increase from bi- or poly-metallic systems with or
without the help of “assembling ligands” (via pyrolysis, redox condensation,
photochemistry).

The homo- and hetero-metallic clusters have been discussed as useful
models for the coordination of small molecules on metal centres [3], and
hence for surface chemistry of metals and alloys. Spectroscopic studies of
surfaces frequently show preference of the ligands for one of the possible
chemisorption sites, and sometimes ligand migration to the preferred site.

Quite recently, important breakthroughs in the knowledge of metal cluster
structures have been achieved. Cotton’s studies [4] on semi-bridging
carbonyls, Wade’s [5] and Mingos’s [6] work on the skeletal electron count
rules (SEC rules) and the development of the isolobal analogy [7] all
represent fundamental steps forward in this field of chemistry.
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A discussion of the relationship between the metal-metal distances and
the nature of the bridging ligands in bimetallic complexes has been pub-
lished [8}. This work is an attempt to show the potential of correct “han-
dling” of selective metal-ligand interactions in clusters. We provide a
number of Tables; the reader will be referred, as much as possible, to the
original literature, covered generally until the end of 1983. Also, since “one
drawing is worth ten thousand words’” [9], we shall make extensive use of
schemes and diagrams.

The bridging ligands considered in transition metal clusters will be: H,
CO and CS, carbynes, acetylides, alkynes (and derived ligands), isonitriles,
sulfur, SR, and PPh,. Only a few bimetallic examples will be considered, as
these have been extensively reviewed by Roberts and Geoffroy [10].

We will mainly take into account the solid state structures of the com-
plexes because of the easier availability of these and of the resulting accurate
determination of bonding distances and angles. However, some isomerism
and fluxionality (IR and NMR studies) problems will also be considered, as
well as some ligand exchange reactions. Solid state and solution data will be
compared (when available) and discussed. In some instances (e.g. for the CO
higand) the effects of lattice interactions in the solid state can be important
{11].

B. CARBONYL AND THIOCARBONYL LIGANDS

The CO ligand, as well as CS, is found cither terminally bound, or
bridging two, three or four metal centres. A variety of bonding modes is
possible; we will try to show that this depends—at least in part—on the
nature of the metals. We shall limit curselves to some examples and invite
the reader to consult a recent general review on bridging carbonyl systems
[11). |

Three different bonding modes can be found for the carbonyl ligand when
bridging two metals:
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Bonding modes (A) and (B) occur commonly in homo- and hetero-metallic
bi- and poly-nuclear complexes. Several recent examples have been reported
of the rarer bonding mode (C) especially in heterometallic complexes.

Bonding mode (A) is usually found in homometallic compounds when the
metals are in similar electronic situations. This is therefore out of the scope
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of this work. Nevertheless, two examples are worthy of mention because of
the rarity of carbonyl bridges in palladium bimetallic and cluster systems.
The clusters Pd, (p-CO)c(PBu3), (1) and Pd5(p1-CO)(p-CO)(PBuf),
[12] contain either doubly- or triply-bridging CO’s (mostly symmetric) which
probably contribute to the stabilization of the molecule. The structure of (1)
is shown below.
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The second example concerns the reversible Pd—Pd bond formation in the
bimetallic complex Pd ,Cl,(diars), [13], shown in Scheme 2.
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Scheme 2

(i) Bonding mode (B)

Bonding mode (B) is worthy of discussion for both homo- and hetero-
metallic compounds.

Homometallic examples include the well-known binuclear “non-sawhorse”
Fe,(CO)4(RC,R"), derivatives (complexes 2a). The two iron atoms have
different coordination environments; the asymmetry in the CO bridge (or
better “semibridge” [4]) is indicated by the following features: (a) M-C,
M’--C bond distances, and M—C/M'--C ratio [11]. (b) M—C—O angles. {c) IR
stretching frequencies for the CO’s. (d) *C NMR spectra when available.
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Comparable data for selected homo- and hetero-metallic binuclear com-
pounds are reported in Tables 1 and 2.
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In complexes of type 2a a considerable difference exists between the
environments of the two iron atoms; the semi-bridging CO’s apparently
“balance” this difference, acting as stabilizing ligands {4]. However, the
closely-related “sawhorse” structures (Zb) do not contain CO bridges [25],
even though in this case crystal lattice effects could play a role, as we are
dealing with solid-state structures [11]. This illustrates the care which should
be exercised when discussing asymmetric CO bridges, particularly in betero-
metallic compounds. Only isosubstituted complexes with related structures
should be compared.

Homobimetallic complexes in which the metal centres have different
oxidation or coordination numbers are good candidates for presenting

TABLE 1

“Semi-bridging” CO's in selected homobimetallic complexes

Complex M-M distance M-Cdistance M'-C/M-C +sM-C-O Ref.

(A) M’'-C distance ratio )

(A)

Fe,(CO)[C,(OH)Me], 2.493 1.736 1.43 168 14
2,484

Fe,(CO),(C,Ph,) 2.520(3) 1.727(13) 1.43 164.8(11) 15
2.472(13)

Fe, (COY(C,H,) 2.515(1) 1.779(7) 1.41 167.3(7) 16
2.508(4)

Fe,(CO)Ye(C1aHyg) 2.462(3) 1.753(21) 1.32 161.9%(28) 17

, 2.321(19)
Fe,(CO).(bipy) 2.611 1.80 1.32 160.5 4

237
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asymmetric or semi-bridging carbonyls. One example is the Pt' binuclear
complex Pt,Cl,(p-CO)(PPh;); (3) in which the Pt(1)-C and Pt(2)-C dis-
tances are 1.88(3) and 2.10(3) A, respectively [26].

Ph_&n /
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Cl Pt——-____PCt_ﬁo F{““H
ph—F
F'»h\Ph
3

An interesting example of a binuclear (18 + 16) electron complex contain-
ing unsymmetrical p-CS ligands 1s Cp{PMe,;)Co( u-CS),CoCp [27].

Heterobimetallic examples are Cp(CO)Mn( p-CO), Rh(CO)( HS‘QLM%) 4)
[18], Cp(COYCr(p-CO),Ni(CO)Cp (5) [19], (CO) ;Co p-CO)PAPY(C N) {
Ph—C(Me)=N-NHPh) (6) [20], (CO);Co(~CO),Rh(CO)PEts), (7) [21],
Cp(CO)Mo( 4-CO), PtH(PPh;), (8) [22], Cp(CO)Re(u-CO),Mo(Cp), (9) [23]
and (7%-CgMeg)(CO)Cr{u-CO)(p-CC4H , Me-4)W(CO),Cp (10) [24], shown
below:

o"‘_’
O\
=
Ta
Y
A9
[
o’o

/
d
5
0 0,
Py .* 0 ElgP .* P
r 3 ,/

/1 /C/ I‘,’ \ /
N—Pd £o 0—C ——RH Co
¢/ TS N e

C PEt, 0
c s
/ f
0 0
6 7
Cp=9-C;Hg;

Mulliple bonds, e.g., (=0, M=M, aromalic rings are generally not depicted in diagrams.
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Complex § was described as being formed by two 17-electron fragments
with very little polarity in the M—M’ bond: for this reason weakly semui-
bridging CO’s are found and the Cr—CQO parameters for both terminal and
semi-bridging CO’s are very close (Table 2). This complex is isoelectronic
and virtually isosteric with (Cp), Fe,(CO), [19].

It is well known that within any transition metal triad bridging CO’s are
more frequently found for the lighter metals (e.g., in the order Fe > Ru > Os).
In complexes 4—10 the shorter bond of the bridging CO’s involves the metal
belonging to the “lower” group (with the exception of 9), that is in the group
order VI, VII, VIII, and within the VIII group metals the order is Fe, Co, Ni.

This behaviour results from the electronic situation at the metals, and
represents a good example of selective interaction for (B) type CO’s.

Examples of bonding mode (B) in open and closed homotrimetallic
clusters are also worthy of mention. In the open clusters, e.g.
Fe,(CO),(C,Ph,), [28], Ru(CO)(Ci3Hyg) [29] and Ru(CO)(HC,Bu'),
[30] (complexes 11), the asymmetry of the bridging CO’s is relatively low and
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is due to the different coordination of the central vs. the two terminal metal
atoms. The main feature of these derivatives is the considerable “rigidity” of
the M,(p-CO), frame, found even in heterometallic complexes (see section
K).

Examples of closed clusters containing (B) bonded CO’s are
Fey(CO)g(C,H;S), [31], Fey(CO)g(HC;Me), [32] and Fe;(CO),(HC,Et),
[33]. In these complexes aiso the asymmetry of the CO ligand always
depends on the Effective Atomic Number (EAN) situation and on the
coordination around each metal centre.

Sometimes long metal-carbon (carbonyl) distances are found, and the
assignment of the bridging nature of the CQO’s is based mainly on the
M-C-0 angles and on the »(CO) stretching frequencies. These (wo parame-
ters display a close relationship, as shown in Table 3, where structural and
spectroscopic data are given for bridging CO’s in clusters.

When the M—C-0O angles open towards linearity an increase in the »{(CQO)
frequency (increase in the C—-O bond order) is observed.

Noteworthy are some nearly square-planar tetrametallic complexes sucb
as Fe,(CO);(NEt)(ONEt) (12) [37], Fe, (CO);(HC,Et), (13) [38],
Fe,(CO)yy[P(-p-tolyh)}, [46], Fe,Co,(CO)y(E), (E=S, PPh) (14) [47,48]
characterized by bridging and semi-bridging CO’s. Their presence is not
expected as similarly substituted metals are present. Interestingly, these
complexes are electronically unsaturated (62 electrons) and some of them
easily add another ligand (CO, PPh,) losing the bridging character of the
carbonyls [48].

\ Et o
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Heterometallic examples of bonding mode (B) have been found in
CpRhFe,(CO),, (15) [49], (Cp),Rh,Fe,(CO)y (16) [50], CpWPL, (p4-CCe-
H Me-4)CO),(PMePh,), (17) [51] and in Cothz(p-CO):,(CO)s(PPh:,)z
[52]:
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In all these derivatives the CO asymmetry is consistent with that observed
in the heterobimetallic ones; the shorter bonds are formed with the less
electron-rich metal. Synthetic methods for 17 and its derivatives are dis-

cussed in section D,

The CO-induced, reversible opening of the trinuclear cluster CpMnFe,
(p3-PPh)(CO); [53] was also shown to involve semi-bridging CO’s; this
reaction is represented in Scheme 3.
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(ii) Bonding mode (C}

This bonding mode is becoming more frequently found, especially in
bimetallic derivatives, although it is difficult to predict when homometallic
complexes will present this feature [54]. In complexes Mn,(CO)(Ph,-
PCH,PPh,), (18) [55] and (Cp),Mo,(CO), (19) [56], shown below, the
formally four-clectron donor CO [56] is lincarly bridging metals of the same
nature showing the same coordination environment.

/\‘-\___‘

{PRLP P{Ph)
m? 2 . c?\\ /D\
0 0 b C.‘.\ \\
¢’ ¢’ !/ TR,
0—c¢ Mn< oM —— £ —0 Mo “Ma
(o e e /
‘\D}E C
(PhLP.__-PPh), 0
18 e

However, recent LCAO-MO-SCF ab-initio calculations on the
Mn,(CO).(PH,), model system indicate that the bonding of the semi-bridg-
ing carbonyl ligand is best accounted for by a three-center two-electron
attractive interaction between the #* orbital of the semi-bridging ligand and
an occupied, in-phase combination of the metal 4 orbitals of appropriate
symmetry [57]. The linear geometry of the Mn-C-O unit and the rather
large Mn—Mn bond length are rationalized on the basis of the maximization
of this interaction, and the n*-CO ligand, having an electronic structure quite
similar to that of the u-CO ligand in the isoelectronic [(Cp)Fe(u-CO)(CO)],
system, should not be considered as a four-electron donating ligand [57].
Similarly, the view of CO ligands as four-electron donors in 19 has been
recently challenged [58]. Obviously, further investigations are needed in this
interesting area.

Mode (C) probably represents an efficient way of activating the CO bond
towards dissociation rather than towards nucleophilic attack at the carbon
atom. However, reaction with CH,N, appears to occur at this carbon [59]
(Scheme 4).
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Scheme 4
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Another example of CO reactivity has been reported; methyl migration to
the CO leads to a bridging acetyl group [60], as shown in Scheme 5.
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o \
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Related to the acetyl bonding mode in the previous compound is the
situation found in the cation [(Cp){CO),Fe(u-COCH;)Mo(CO),Cp)}* (20),
where the bridging acetyl 1s C-bonded to the iron and O-bonded to the
molybdenum [61]:
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Further heterobimetallic examples of interaction of the carbonyl oxygen
with the less electron-rich metal are (Cp),NbMo(CO);Cp (21) [62]
(Cp) W, Mo(p-CCsH Me-4),(CO)s (22) [63] and (Cp) WTi(CO),(p-
CCgH ,Me-4) [64].
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An extreme case worth mentioning is when the bimetallic structure is no
longer achieved through metal-metal bonding, but through a p, n° bridging
carbonyl, as in (Cp),Ti(THFYOCMo(CO),Cp (23) [65a]. (The first reported
such example was [V(THF) JV(CO)¢]; [65b].)

23

This can be explained by the presence of a “hard” (Cp),Ti* center,
forming an acid-base pair with the “harder” oxygen site of the carbonyl
ligand [65a].

Bonding mode (C) can be compared with the behaviour of bridging
acetylides and isonitriles on two metal centres (section C). Indeed, similari-
ties have been found in the coordination of the acetylides and CO to several
metal centers in clusters, these two ligands being isoelectronic [39,66].

o '
¢ ¢

M =M M Y

Scheme §

Indeed, the reactivity at carbon in (C} bound CO’s finds its counterpart in
the reactivity at C_ in the acetylides [66,67].

In Table 4 the bonding characteristics of some (C) bound CQ’s are
reported; noteworthy are the CO distances, generally shorter than for mode
(B).

Another example of CO’s apparently bound in mode (C) is found in the
anion [Zn{Fe(CO),},]*” (24) [68], containing a non-transition metal. In this
instance, however, the structural features have been interpreted as due to
steric rather than to electronic reasons. A discussion of the behaviour of
carbonyl ligands in other zinc-containing complexes is given in ref, 68.
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(iii) CO (CS) bridges on three or four “heterometals”.

For trimetallic clusters, as well as for the triangular faces of polyhedral
structures, Scheme 7 shows the bonding situations which have been found

for CO.
o 0
! ¢ !
AR /N S
N =g <A ="
(D) (E) (F)
.0 -0
ch M;::"tl: M (I:
_ XN |/
< I\ ]
(G) (H) (1)

Scheme 7

The bonding interactions (H) and (I} have been found only recently in
tetrametallic clusters. Bonding modes (D), (H) and (1) are also known for
CS.

The symmetrical mode (D) is out of the scope of this review but bonding
modes (E), (F) and (G) are of interest; for the last, only one example has
been reported, (Cp) ;Nb,(CO), (25) [69].

,D

To our knowledge, no heterometallic transition metal cluster showing this
feature has been reported. Mode (G) can be compared with the well-known
13, 7 bonding of the acetylides on three metals (section C).

Bonding mode (E), however, is well documented in several complexes.
Selected heterometallic examples are: PtCo,(CO)(PPh,) (26) [70],

[(CsMe;), Rh, Pt(p-H)Y(CO)5(PPhy)]* (27) [71], (Cp),Ni, Fe,(CO), (28) [72]
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and (C;Me;) ,Rh,Pt(CO), (29, orthorhombic modification) [73]. It is note-
worthy that, in complex 28, no evident reason for a tnply-bridging CO can
be found; a double bridge would better satisfy the EAN count for both iron
and nickel.

0 g 7+
AL S Ny
c-—-—-"\ 4:\5"/{‘—-*0-—0 F"‘—l: Rh——
. / \F;l/ \ \\\\F;l*"/'H
i }?'p Ny 0t N o,
26 27
] aes
N 0 \ Q

- E,; \' C\O Rh \D’%
| U
28 29

Examples of bonding mode (F) are the planar (Cp),M,M5(CQO)4(PR;),
clusters (M = Cr, Mo, W; M’ = Pd, Pt) (30, for M’ = Pd) [74,75]. Also, in
view of their relatively rare occurrence it is worth mentioning the semi-triply
bridging CO’s on a MFe, open face in (Cp),M,Fe,(CO) (S, (M = Cr, Mo)
(31, for M = Mo) [76,77].

30 31
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Some bonding characteristics (compared with those of some homometallic
derivatives) are given in Table §,

Like the doubly-bridging carbonyls (see above), relationships between the
asymmetry of the bridge and the IR stretching frequencies of the triply-
bridging CO’s can be obtained. For the homometallic examples (also re-
ported 1in Table 5) the asymmetry is due, as already discussed, to the
different coordination environments of the metals.

Isomers which differ by the bonding mode (B) or (F) of one carbonyl
ligand have been isolated in the solid state or characterized in solution, such
as (Cp); NiRu,(CO),(C,Ph,) (32a and 32b) [80] and Fe,(CO),,S(85) [147].

Ph Ph

\ g / c/D \ /Ph /
' /
C- -._
Q/RU/RUHN'MH Q F!u N'm‘ﬁ
32a 32b

Finally, a COQO-derived acyl group has been found coordinated to a
triangular face of the cluster in CpWQs,(CO),,[C(O)CH,C,H ,Me-4] (33)
[82]; originally the CO was a terminal or more probably a bridging ligand:

aO—0
%,

o

Z

o—0
o—n

33

The (serm)triply-bridging mode of CO and CO-derived ligands is relevant
to the study of the inleractions between small molecules and metal surfaces
[75,82].

Bonding modes (H) and (I} are still uncommon. Mode (H) has been found
only for the homometallic [HFe,(CO),;]™ anion (34) [83] and a comparable
bonding mode of CS has been reported in Os,(C0),,(CS)S (35) [84],
represented below:
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Several homo- and hetero-metallic butterfly clusters with C(carbide),
N(nitride), or u,, n*bound CH, COMe, COOMe, C=CHR (vinylidene)
ligands are known [85]. These are considered good examples for the activa-
tion and reduction of small molecules.

Only one example of mode (I) is known, {CsMe;),Co,(Cp),Mo,(CO),
(36) [86], clearly showing the ability of the CO ligand to keep together the
Co, and Mo, fragments (as illustrated also by the preparative method).
Bonding mode (I) is also found for CS in Fe,(CO),,(CS)S (37) [87], whose
structure is considerably different from that of 35.

0
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356 37

Related structures have also been found in the isopropenylalkyne-sub-
stituted heterometallic complexes {Cp),Ni,Fe,(CO)4(CsHg) (38) [79] and
(Cp),Ni,Ru,(CO)(C;Hy) (39) {88] both being “out of the plane, spiked
triangular” clusters.
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A type (F) triply-bridging CO is observed in 38 but not in 39. Moreover, a
square planar isomer of 38 is known [79). Further aspects of such cluster
- cores will be considered in section K.

Structural parameters for 36-39 are reported in Table 6.

C. ACETYLIDES AND ISONITRILES
The bonding of the acetylide ligand to two or three metal atoms (bonding

modes {J) and (K) respectively) is comparable with that of CO (bonding
modes {(C) and (G) respectively).

v
/R Cfcl
c~C F
) P
M 2 Y
() (K)
Scheme 9

Examples of (J) bonding mode include bimetallic complexes M, (CO) (-
C,R)(u-PPh;) (M = Fe (40) or Ru) [67] and Pt,[P(CsHy;)5],(n-CyPh),(p-
SiMe,) (41) [89], and the homometallic clusters Ru(CO)(Ph,PC,Bu')

o] Ph
\C /R 0! g
ck’l; ¢ c—¢
\Fe e ~.,F! yd o (C"H“);‘P“““Pt s d
o _—
C/ \P( AN c,/ \Si( \P(Cs"'u‘a
4 C - /
vl Ph Ph ‘\D phfc Me Ma

40 941
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(1, 1CyButY( s, 17-C, But X p-PPh ) (42) [90] and Ru 4(COYas{-PPhy )(pt, 1
C,Bu') (43) [91].

o~
(=il o

One example of an isonitrile bonded to two metals in a similar ivay has
been found in (Cp),Mo,(CO) ,(p,n*-CNPh) (44) [92].

Ph
e
O\C ~N" 0
/\40/ id
SN
C C
W d

44

The bonding mode (K) has been frequently found in homo- and hetero-
metallic clusters; homometallic examples are Ma( #-HYCO)y( p5,1°-C, But),
M = Ru (45) or Os [93], Ph,PAuRu:,(CO)g(,u,,'q 2.C,Bu') (46) [94), M,(p-
PPh,XCO)s(p3.7%-C,Pr'), M = Ru (47) or Os [95], and
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(Cp)Fey(CO),(p5,m°-C, Ph) (48) [44], which are represented below.
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47 48

Heterometallic examples are: (Cp)NiFe,(CO)¢(u5,7*-C,Bu') (49) [96] with a
7 bond involving nickel, and (Cp)WFe,(CO)4( pt4,7*-C,CH ;Me-4) [97].

But

i
r c‘
DY
49

Very rich chemistry has been found for the acetylide a-carbon both in
bimetallic complexes [67] and on homometallic clusters [98,99]. As observed
for the (C) bonded CO bridges, the (K) bonded acetylides can also react with
CH,N, to give addition at C, first and then at Cg with hydrogen transfer.
The complexes obtained in these reactions are Ru,(p-
PPh, {CQ)(CH,C,Pr') (80) and Ru,;(p-H) p-PPh,)(CQ),(CHC,Pr'CH,)
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(51) [100].
- H
0 pr! -
\‘3\ \‘c——c-—é e T
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c
s oC I o & C;"-'R//——ﬂx Y
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c ) D ~
! A 0
50 0 51 Ph Ph

Cluster reactivity has also been observed for 45 and 47 (reversible M—M
bond formation [101], isolobal substitution of AuPPh, for H [94]); in these
reactions the acetylide is found unaltered and probably has the effect of
increasing the stability of the cluster.

Comparable nitrile coordination on iron clusters has been reported by
Andrews and Kaesz [102).

Recently a six-electron donor isonitrile has been found on an iron cluster,
Fe,(CO)o(CNBu') (52) [103]. This situation can be compared with that of
the bridging carbonyl ligand in 25 [69].

3
0, /BU !0

\ /
/ Féj

{\

—re~——~c-0

52

Structural features for some complexes having acetylides with bonding
modes (J) and (K} are collected in Table 7.

R
X~ -~
/c ‘%CF #Lcﬁ/
~y e A}
M; A\ 41‘17
M2

Scheme 10
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Homo- and hetero-metallic examples of acetylides bonded to four or five
metals are also well known: Ru;(CO),5(-PPh, )14, 3*-C,Ph) (53) [106,107],
Ru 5(CO)y4(-PPh, )(p5,7-C,Ph) (54) [107], NiRu,(CO)s(is-PPh,),(psa,m-
C,Pr'), (55) [108]; (Cp)FeRuCo,(CO)o(p4,07°-C,Ph) [109] and
(Cp),Ni, Fe,(CO)s(p-PPh,)(p24,%>-C,Ph) (56) [110].
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Interestingly, cluster 54 is obtained reversibly from cluster 53 in the
presence of CO, a key role of the acetylide being prevention of demolition of

the cluster.

D. METAL CARBYNE, VINYLIDENE AND ALKENYLIDENE LIGANDS

As there is an isolobal relationship [7] between the C=C and M=C triple
bonds, the metal carbynes [111] can be considered to be ligands comparable
to the alkynes. On this basis one of the most interesting and rational
synthetic ways for obtaining heterometallic clusters has recently been devel-

oped by Stone-and coworkers [112].
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Obviously, the M=C triple bonds show electronic distribution and polarity
different to both symmetrically and unsymmetrically substituted C=C triple
bonds; hence, selective interaction with an heterometal M’ can occur,
depending on the nature of M and of M’.

One of the most extensively used metal carbynes is Fischer’s (Cp)(CO) W=
C-C,H ,Me-4 (complex A) [113].

(A

The reactivity of the complex A towards metals is comparable with that of
alkynes:

¢ P Me,Pn
M o+ @l — M-*——Iél B+ PHLXPMe,Ph), — (CaNC O W Pl
Ic" P Mg Ph
{1a) (1b} R
R
C o ° Ay
Mo B — (M1 A 4+ PULHPMePhl, —gm (CPXCO),W——— Pl WI(CO),(CP)
E c C r’!‘
]
(2a} {2t} R
Scheme 12

In the presence of pre-formed M’--M’ bonds, the following reactions have
been observed:

T
.C, /C\
M—M + || — Mj—_-n;f,m A + FeiCOly — (C013F9—\-—F9(C0]3
C C wiCpxCOY,
(3@ (3b)
R
{ CPICO); C
i 1
c i Micon \Asicor,
M3{C0)‘2 + I“ — “:0}3”\‘"’/ A+ Ha(coha — (C0)305<
¢ MICO), 03(COY,
(4a) (4b)

Scheme 13
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The bridging carbyne complexes resulting from reactions (1b) and (2b)
show, as expected, nucleophilic reactivity at C, as found for coordinated CO
and acetylides, and can further lead to complexes containing three different
transition metals:

R R
¢ ¢
7 7T\
Wer=M + M —  W—|—M
\M,/
Schema 14 (5b)

Finally, another reaction can be found, corresponding to the “coupling”
of alkynes, as in the following example:

R\ /R
c=c C/_C_ C/C o=
M+ c==c — 'M . Fe-‘,(CO)g + 2A —» (CDXCO)zw—""' W(CO]Z(CD)
FelCON,
(6a) {6b)

Scheme 15

For the above reasons, the metal carbynes have been shown to be very
useful “assembling ligands™ for the selective formation of heterometallic
complexes.

Several of the above complexes have cluster cores with three different
metals. Similar cluster frames can also be obtained by metal exchange
reactions [114]. In general, these metal-carbon arrangements are char-
acterized by a nearly symmetrical bonding of the “apical” carbon (bonding
mode L) despite the difference in the nature and substitution of the metals,
and in contrast with bonding modes (E) and (F) observed for CO.

E
£|_\_

N
(L)
Scheme 16

The p4-CR ligands on heterometallic bent chains may contribute to their
stabilization, as in (Cp)Pt,W,(p-CR),(z,-CRY(CO)¢ and (Cp),Pt W, (p,-
CR),{CO),(cod), (R = C;H Me-4) [115].

In the context of the carbyne ligands, it is interesting to note that in
Au, Ru;(p-H) 4,-COMeX(CO),(PPh,), [116] the capping u,-COMe spans
the Ru, face somewhat asymmetrically (Ru—C distances in the range
2.064(13)-2.103(13) A), whereas in Ru;{p-H);{ t;-CMe)(CO), the carbyne
ligand is more symmetrically bound (Ru-C distances in the range
2.078(12)-2.086(10) A) [117]. This reflects the electronic symmetry at the Ru
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centres in the latter case. Other examples of asymmetric bonding for the
p,-COMe ligand have been reported [118].

Alkenylidene ligands bridging two metals can also behave as assembling
ligands in the formation of heterometallic complexes [119]:

e )
H—C,
E : K:C" F‘B(Cp)

/N LT
(CPUC I F§——Fe(COXCP) + Co,p(CO% —3= ca;|— Co
Lo

S¢heme 17

Complexes comparable with (Cp)FeCo,(CO),(p-CO),(p,, 7-C=CH,)
(Scheme 17) are the heterometallic (Cp)NiM,( g-H)(CO), (g 4,9*-C=CHBuU')
(M = Ru (57); M = Os) [120] and the homometallic Ru ,(CO),o(p-PPh,)( p-
OR)(p4,7*-C=CHPr') (M = Ru, R = H (58)) [121].
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The bonding of the vinylidene ligands in the above clusters is closely
comparable to that of mode (H) for carbonyls.

The transformation of a vinyl ligand into a bridging vinylidene can
accompany cluster formation [122]:

H H
< |_H
g3 c/f(?
(C0)Fo ——ColCl; —Zpm tc0)35q\/—/‘l-;;;%e(coua
Scheme 18 Cattorn

The bonding interactions described in this section and elsewhere [66] are
particulariy relevant to the development of organic transformations at di-
and poly-metal centres [123].
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E. ALKYNE LIGANDS

Considerable variety in the bonding interactions of alkynes with two or
more metal centres has been found; these ligands have been extensively
studied, mainly for this reason [66].

We do not consider here the “classical” bonding mode (M), found either
in homo- or in hetero-bimetallic complexes and only rarely in clusters [124].
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Scheme 13
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In tnmetallic clusters, the bonding modes (N) and (O) are most frequently
found.

Rl
n:;/R R\c,:C/
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& )
(N) (O)

Gcheme 20

Bonding mode (N) (3,1 L) can be described as addition of a metal on a
face of the “tetrahedral” arrangement (M); it is comparable with the
bonding mode (G) for CO and (K} for the acetylides and has been found in
particular for iron, e.g. in Fe,(CO)4(C,Ph,) (59) [125].

o
=5
(CO), Fe:-\".‘-;'; Fa(CO3,

Fotco,
59

However, this bonding mode is rare for Ru or Os; in such clusters mainly
(K) bound acetylides are found, with C_, not bearing substituents.

Few heterometallic examples for this type of structure are known; among
these are (Cp),W,Fe(CO)([C,(CsH Me-4),] (60) [113], and
(Cp) W, Fe(CO)5(0) [C,(CsH Me-4),] [126]
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60

On the contrary, bonding mode (O) (it,,%°-)) is one of the most commonly
found either in homo- or hetero-metallic complexes; it can be easily rational-
ized by using the SEC rules [5] and is one of the best examples of selective
o—7 bonding.

The homometallic “ violet isomer” of Fe,(CO)(C,Ph,), (61) [28] de-
serves attention. This is, indeed, a rare example of two alkynes coordinated
to the same cluster and not interacting with each other.

0] Ph Ph 0
NN S
\ N/
—C e—.-.—Fe C—

61

Of particular interest is the considerable variety of heterometallic struc-
tures observed; those of (Cp),W,0s{CQ),[C,(CsH,Me-4),] (62) [113,127],
(CP)NiFeCo(CO) 5(PPh,)(C,Ph,) (63) [43], FeCo,(CO),(C,Et,) (64) [128],
RuCo,(CO)4(C,Ph,) (65) [129], (Cp),Ni,M(CO),{(C,Ph,} (M = Fe, Ru; 66
with M = Fe) [130], (Cp),Ru,Ni(CO),(C,Ph;) (32a) [80]
[(Cp)NiFe, (CO)((C,Ph,)]”™ (67) [131], (Cp)NiFeCo(CO)4[C,Ph(COOPr)]
(68) [132], (Cp),NiMoFe(CO),[C,Ph(COOPr')] (69) [132],
(Cp) W, Fe(CO)4[C,(CsH Me-4),] (70) [113, 127], Os,(CO}4(CH,)C, Ph;)
(71) [133], OsPt,(CO);(PPh,),(C,Me,) (72) [134] are shown below.

CeHaMe-p Cg,H.Me »

RN
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A number of complexes show the same trend, in that the = bond is
directed towards the less electron-rich metal:

Mo > Fe > Co > Ni
(@°)(d*)(d”}d™)

This may allow predictions for the synthesis of new heterometallic deriva-
tives.

The behaviour of 62 may be due to its synthetic origin; in 63 a semi-bridg-
ing CO accounts for the electronic situations of the metals. The related
complexes 64 and 65 differ by the orientation of the alkyne towards the
Co-Co bond. This could be related to the synthetic origin of 65, resulting
from the proton-induced fragmentation of {RuCoy(CO),o(gs, 7°-C,Ph,)]”
(73) in which the alkyne is parallel to the Co-Ru hinge bond of the butterfly
[129]. Because of the better = back-bonding capacity of Ru compared to Co,

: " I
.

such an arrangement could be preferred since hinge atoms are particularly
involved in back-bonding to the alkyne in such butterfly structures {135]. On
the other hand, wing-tip atoms accept electron donation from the alkyne. On
going from 73 to 65 the alkyne seems to retain the “memory” of its
orientation,
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Bonding mode (O) can also be found as a consequence of the nucleophlllc
reactivity of (K) type acetylide complexes discussed above, as in
HRu;(CO)y(PhC,CNBu') (74) and in Os;(CO)4(PPh,)-
[PhC2C(NHBu ¥XNHBu")] (75) [99] where the # bond is towards the metal
not H bridged and not P bridged, respectively.
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When the alkynes interact with four metals, the bonding modes (P), (Q)
and (R) shown in Scheme 21 are found. A detailed discussion of these can be

. ) S
R\c-—cff R c"cj _ " cﬁ"’c\
/| > AR M Mi—i—M
=M /
4 L/ /
P (Q R)

Scheme M

found elsewhere [66,85]. Bonding mode (P) has been found only for one
homometallic example [136], bonding modes ((Q) and (R), in particular the
former, are more frequent either in homometallic or in heterometallic
clusters, such as FeRu;(CO),,(C,Ph,) [137].

FeCo,(CO),[PhC, (H)Ph(C,Ph,) (76) [138], [RuCo;(CO),o(C,Ph;)]™ (73)
[129] and RuCo,;(CO)o(PPh,)}HC,Bu") (77) [139], are all characterized by
MCo, cores and bridging CO’s; for the reasons discussed above M (Fe or
Ru) is always in the cluster hinge.

Another heterometallic cluster Ru,Co,(C0O),4 (78) [140] provides an ex-
ample of “hetero site” reactivily under very mild conditions, which gives
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metal-specific reactions. Hydrogen reacts at the ruthenium atoms, giving
H,Ru,Co,(CO},, (79), whereas alkynes insert into the Co—Co bond forming
the butterfly complex Ru,Co,(C0O);{(C,R ;) (80 with R = Ph) [140].

An increasing number of examples is known for the bonding mode (R);
homometallic examples are M,(C0O),,(RC,R"), (M =Fe, R=H, R’ = Et,
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complex 13 [38]; M =Ru, R=Me, R’ =Ph [142]) and Ru  (CO);(p.-
PPh)(4,7°-C,Ph,) (81) [143]. Complexes M, (CO),(RC,R"), are 4 M-M
quasiplanar 62 e~ structures with two non-interacting alkynes on the same
cluster. When considering the phosphorus atom as a framework constituent,
81 is a square pyramidal cluster.

Lan L g T

Heterometallic examples are (Cp),Ni,Fe,(CO)4(C,Et;) (82) [72] and
(Cp).Ni,Ru;(CO)4(C,Ph,) (83) [42].

P Ph
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In these clusters nickel is o-bonded 10 ihe alkyne; these derivatives are
obtained from (Cp),Ni,(RC,R’) probably via cleavage of the Ni-Ni bond
[42). However, the alkyne apparently keeps the nickel atoms together, thus
allowing the formation of the hetero-tetrametallic or -pentametallic deriva-

fives.
F. SULFUR AS A BRIDGING LIGAND

A large number of sulfur-containing clusters is known [144,145]. Here we
will consider only a few examples, those showing greatest similarities with
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the CO, acetylide, p,-CR and alkyne chemistry.

Indeed one of the best known bonding modes for sulfur is (S), formally
similar to the bonding modes (D), (E) and (F) for CO and to the (L) mode of
the apical CR group.

HT\—M—;H
(S)

Scheme 22

However, when considering the electron donor properties of the sulfur
atom, closer similarities can be found between the (S) bonding mode for
sulfur and the (u,,%%|) bonding of the alkynes (bonding mode O). An
example is provided by (Cp),Ni,Fe(CO),(C,Ph,;) (66) [130] and
(Cp);Ni,Fe(CO),S (84) [146]

Ph Ph
AN / \
(—¢ 3
‘-\‘“‘NiQ\- ";—}Ni/ @"i4l>”i%
<5 Sz
TN T
0~ ~g 0~ C\D
c c
5 ¢
66 84

The complexes (Cp),Ru,Ni(CO),(C,Ph,) (32) and Fe,(CO),,S (85) [147]
are also comparable; they both show a u;- to p,~CO isomerism in solution.
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Important structural parameters for complexes with triply-bridging S
atoms arecollected in Table 8. Noteworthy are the shallow M—S—-M’ apical
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angles (about 70° against about 80° for apical CO and CR). These assem-
bling ligands should therefore lead to different distances and reactivities of
the metal--metal bonds they span. The sulfur may be found (S) coordinated
either on closed or open clusters as in H,Ru;(CO),S (86) and
B, Ru,(CO)4(SnCl,)CIS (87 [150].

An iron cluster with bridging sulfur and SO has also been reported [151].
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Heterometallic examples of up,-S bridges have been found in
(CP)4CryNiy(13-S),(1sS) [152] and (Cp);M,Fey(CO)g(p3-CO)y(ps-S),
(M = Cr, Mo (31)) [76,77], both showing a butterfly arrangement of the
metals, with sulfur atoms capping the wings. Another example is that of
(CsH Me), Mo, Fe;(CO) 4 (-CO) 5 (u5-S), (88) [149), showing a planar tri-
angulated metal atom arrangement, which is isomeric with the complex 31
(with C,H Me replacing Cp).

88

The fact that 31 and 88 are formed by the same reaction exemplifies the
possible occurrence of stable isomers of comparable energy (see also section
K).

Another example of considerable interest is (Cp),FeCoMoW(u,-S)(u-
AsMe, X(CO),, the first cluster obtained containing four different metals
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{114]. The presence of the p;-ligand stabilizing the FeCoMo ensemble of the
precursor allowed this synthesis.

Finally, as the alkynes frequently do, sulfur can also bridge four metal
atoms in a p, fashion, as in the square planar Fe,Co6,(CO);(14-S), (89)
[153].
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G. THIOLATE LIGANDS

From the various ligands used for their bridging properties and available
for “promoting” metal-metal bonding, we have chosen two groups fre-
quently found in clusters and considered to represent good examples of
flexible and usually inert bridges; these are the thiolate (SR) [154] and
#-phosphido bridges (discussed in section H).

These ligands can keep together two metal centres with or without the
presence of metal-metal bonds, and hence could allow the reversible clea-
vage of the M—-M and M-M’ bonds. This property is fundamental for
organometallic reactions and is relevant to the development of cluster-cata-
lyzed reactions.

This behaviour is due to the geometrical flexibility of the ligands, and, for
the thiolate, also to its electronic flexibility as it can contribute a different
number of electrons in different bonding situations.

For iridium derivatives many Ir{u-SR)Ir situations have been described
[155,156].

Rhodium complexes having one chlorine and one sulfur bridge of the type
shown below have now been structurally characterized [157)].

Rsp\gh/u\nh/ PRy
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Scheme 23
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Onxidative addition of one mole of CH,1 to Rh,( p-SBu'),(CO),(PMe,Ph),
allowed the isolation of a Rh-Rh"' complex [158] and related phosphite
complexes showed catalytic activity in the hydrogenation of olefins [159].

The remaining sulfur lone pair can be used for coordinating other metals
and indeed p,-SR groups are known, as for example in HFe;(CO)o(p4-SPr')
(90) [160] and related complexes [141].

Pr!
0 1 P
\C =) o
NN/
Ufc_'_._f"dfc'b:FE/H/ “--___c___o
™
rC c 0 c\
o ] 0
0 90

Stepwise rational cluster syntheses can therefore be envisaged.

Many homo-bimetallic thiolato-bridged complexes are known and their
chemistry well investigated. The synchronous addition of dihydrogen and
acetylene to dimetallic complexes dg—dg (Rh,, Ir;) or d,-d, (Fe;) has been
the subject of a recent theoretical study [161]. In the iridium derivatives,
insertion of alkyne and of hydrogen between the metals takes place with
reversible elimination of one bridging-SR group; the following sequence of
steps converts alkynes into alkenes [214]:
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The presence of SR bridges can also favor reactivity at two metal centres
[162), leading to metal-metal bond formation. Complexes Ir;(g-SBu'),(p-
C,F)(CO)4 (91) [163] and Ir;(u-SBu'),( p-CONCO) (PMe;), (92) [164] dis-
play “crown-like” structures:
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H. THE PHOSPHIDO LIGANDS

These ligands, which are usually considered inert (although recent reports
emphasize that this is not always true, particularly under catalytic conditions
[165]) are widespread in polymetallic systems. Interesting studies on the
synthesis and reactivity of hetero-metallic phosphido-bridged complexes can
be found in refs. 104 and 166.

The phosphido ligand is in most cases symmetrically bound to the metals,
although asymmetry may be found when the metals are different. This can
be shown, for example, in the following complexes which furthermore
illustrate the great flexibility of the u-PPh, group: (OC),Mn(pu-
PPh,)Pt{CO)(p-PPh,)Mn(CO), (93), (OC) Mn(u-PPh,)PtH( us-
PPh,),Mn(CO), (94) and (OC) Mn(p-PPh,)Pt(p-PPh,),Pt(pu-
PPh, )Mn(CQO), (95) [167].

The formal 3 e~ donor, neutral u-PPh, group may give rise to a wide
variety of M—P-M angles as shown in Table 9. The relationship between the
flexibility of this ligand and the **P NMR data is discussed in ref. 104.

The structure of M,(p,-C¢H ) p-PPh,),(CO),; (M = Ru, (96), Os) shows
the presence of an asymmetrically bridged CO, p., n°-bonded benzyne and
PPh, groups. For this ligand the asymmetry has been related either to the
presence of M—P (donor) and M—P (phosphido) bonds, or to the difference
in the groups trans to phosphorus [172].
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A
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TABLE 9

Correlations between the **P NMR data and the M-P-M angles in selected examples of

p-PPh, bound clusters

Complex 8PP *° ZM-P-M Ref,
(p-PFPh,) )
Homobimeiallic complexes
Fe,(CO)4(PPh,)C,Bu") 148.3 71.7 104
Fe,(CO)((PPh,)L" 123.0-198.5 69.8-75.6 104
Fe,(CO)4(PPh, X x-C(O)Me)(PPh , Me) 166.7-187.8 74.1(1) 170
Ru,(CO),(PPh,XC,Bu") 123.9 72.0 104
trans-Ru ,(CO)s(PPh,XC,Pri XPPh,C,Pr’) 127.0 73.4 104
Heterobimetallic complexes
{Cp)MnFe(CO);{ u-H)(PPh,) 176.7 - 169
(Cp)MnFe(CO), (PPh, X p-C(O)Me) 106.4 106.4(1} © 169
107.1(1)
Felr(CO);(PPh, XPPh,), 1141 81.62(7) 168
RuCo{CO),(PPh, PPh,) 170.3 75.5(1) 171a
RuCo(CO),(PPh,),(PPh,) 167.5 74.6(1) 171b
WOs{CO),(PPh, X PPh , Me)| s-PPh ,CH(OMe)) 79.1 76.14(8) 165
Homometallic clusters
Ru,(CO),(PPh, X C,Pri) ¢ —-51.8 92.8 95
Ru ;(CO),(PPh, XC,Pr) 1133 74.4 95
Ru ,(CO)¢(PPh,),(C, Bu'),(PPh,C,Bu') 152.5 79.9 90
121.8 75.9
Os,(CO)y(PPh,XC,Pr') ¢ -65.4 93.2 95
Heterome:allic clusters
RuCo, (CO)3(PPh,) 180.4 73.9(1) 171a
RuCo,(CO)4(PPh,)}HC,Bu') 222.0 69.84(3) 139
Mn, Pt{CO)4(PPh,), 161 74.31(9) 167
73.97(12)
Mn , Pt{CO);(HXPPh,), 124 76.87(15) 167
—84 ¢ 101.26(15)
-102 ¢ 101.30(15)
Mn , P1,{(CO)4(PPh,), 162 74.1(1) 167
273 71.8(1)
73.9(1)

® In ppm, downfield positive with respect to H,PQ,. ® L = Cl, CHC(NEt,)Ph,
CHC(NHCy)Ph, CC(Cy,Ph)Ph, C,Ph, C(NHCy}CH)Ph, C{CNMe(CH,),NMe)CPh,
C(CNBu')CPh, CH,C(Ph)NMe, minimum and maximum value. © Two independent mole-
cules. ¥ No M—M bond supported by the u-PPh, bridge.
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The versatility of this kind of ligand 1s also illustrated by the possibility of
being either in or out of the plane of the metals; an example is given by
Rh ,( u-PPh,);(CO) s (97) [173], in which both arrangements are present.
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Finally, the possible ortho-metallation of the phenyl rings should also be
taken into account and new complexes may result. In particular the un-
saturated HRu,(CO)4(PPh,) can be obtained, which is active in the homo-
geneous hydrogenation of alkynes [67,174). In the presence of hydrogen the
phenyl group can give benzene and leave a p;-PPh group on the cluster.
Related reactions have also been observed with the Ph,PCH,PPh, ligand,
the degradation of which can lead to a p,-PPh bridge [175]. Such bridges are
frequently found (e.g. refs. 47, 215); angles at P are in the range 77-79° and
*IP values span 274-330 ppm (downfield positive with respect to H,PO,).

“Strong” cluster frames are generally obtained when these ligands are
present; the same happens for the now quite widespread p,-PR clusters,
such as Ru,(CO),y(p,-PPh), (98) [176] and Ru(CO),s(,-PPh) (99) [177],
in which angles of about 90° at phosphorus are found. Related complexes
based on square-planar arrangements of metals have already been discussed
in section B (complexes 14).
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An unusual p,-P interaction has been reported in the complex
Ru (CO),,(u-PPh,)(p,-P) (100) [45). The phosphorus atom bonded to five
metals seems to be a very effective assembling ligand for this open arrange-
ment of metals.

0 100
Finally another example of *‘naked” phosphorus coordinated to many
metal atoms is found in the anionic cluster [RhgP(CO),,]1°~ (101) {178], in

which the P atom is asymmetrically encapsulated in a cubic antiprismatic
cavity.
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1. THE BRIDGING HYDRIDE LIGAND

Last in this ordering, but not least in importance, is the hydride ligand. Its
occurrence as an assembling ligand is rarer than that of the molecules or
atoms discussed above. Examples of this behaviour are HRczMn(CO)M
(102) [179]), as well as [(Cp)z(H)W( p-H)PY(Ph)}(PEt,),]" (103) and
[(Cp),W( ,u—H)th(Ph)(PEt3)] (104) [180], the W-— Pt interaction being con-
51derably stronger in the dihydride than in the related monohydride bndgcd
species. (In these examples the hydrogen atoms could not be located in the
X-ray analyses, and have been placed in the positions proposed by the
authors.)
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C c
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j / / H/ \‘h
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103 104

However, the presence of hydrides interacting with one or more (similar
or different) metal centres is of the highest importance in the following
fields: (a) 'H and *C NMR fluxional studies in solution; (b) “model”
studies for the chemisorption of the H, molecule; (c} homogeneous catalytic
applications; (d) synthesis of new heterometallic clusters (in particular the
gold-containing clusters, obtained via isolobal substitution of Au(L) for H
[181)).

Unfortunately, the X-ray location of this ligand is difficult and relatively
few neutron diffraction studies are available because of the cost, limited
access and difficulty in obtaining crystal specimens suitable for this tech-
nique.

Recent review articles on hydride complexes of the transition metals
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[182,183] and on crystallographic studies of transition metal hydride com-
plexes [184] have been published and provide an excellent coverage of the
field.

From the literature available, it appears that p-H 1s a commonly found
bonding mode. Three main structural features should be considered: the
dihedral angle between the cluster plane and the M—H-M plane; the M-H
distances (when available); and the M-H-M bond angle, which can be
indicative of the overlap type between the metals and hydrogen orbitals.
These features have recently becn discussed and can be consulted in the
literature [94,181-184]. Few examples of asymmetric hydride bnidges are
available; however there are sound indications that this ligand is sensitive Lo
several effects.

In 74 [99] (section E) an asymmetric bridge (Ru—-H = 1.67(5) and 1.75(5)
A) has been found, perhaps due to the different substitution of the two Ru
atoms. In (Cp),(COND( z-H)Fe(CO), (105) [185] the asymmetrical bridge
(Nb-H = 1.91(3) and Fe-H = 1.61(3)) involves two different metal centers
(even though in 27 [71] the bridge involving Rh and Pt is nearly symmetrical,
Rh-H = 1.747(1) and Pt-H = 1.750(1) A).

=) ———

105

Heterobimetallic complexes are good candidates for studying the prefer-
ential bonding mode of the H ligand, bridging as in the previous cases, or
terminal as in (Cp)(CO),;MoPtH(PPh,), (8) [22]. These situations are rele-
vant to the study of hydrogen transfer from one center to a neighbouring
center and have implications in homogeneous catalysis.

Also, in complexes 86 and 87 [150] the hydride bridge seems sensitive to
the cluster structural changes (from closed to open) and ligand substitution.
The structural parameters are: in 86 (closed cluster) Ru-H 1.67-1.5%(5) and
1.69-1.75(5) A, in 87 (open cluster) Ru—H 1.64-1.81(6) and 1.77-1.76(6) A
(the Ru-H-Ru angles are 124(3) and 114(3)° in 86 and 118(3) and 112(3)°
in 87). -
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Triply-bridging p,-H examples have also been reported, among which are
HFeCo,(CO)4[P(OMe),]; (106) [186] and HRu,(CO),,(PPh,}HC,Pr')
(107) [143]. In 106 (whose structure has been determined by both X-ray and
neutron diffraction methods) the hydrogen atom nearly symmetrically bridges
the three cobalt atoms (Co-H =1.728(3), 1.731(1) and 1.742(3) A) in a
position 0.978(3) A out of the plane of the three Co atoms on the side
opposite to the iron atom. In contrast in 107 the hydrogen asymmetrically
bridges a wing of the Ru, butterfly (Ru-H = 1.63, 1.91 and 2.04 A)
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For soluble complexes '"H NMR is a very useful technique allowing, in
particular, the study of dynamic processes. Furthermore, when the H ligand(s)
is (are) bonded to a metal center possessing a nuclear spin, very useful
information can be gained with the determination of the corresponding
coupling constants.

Extension of the NMR analyses to the solid state, looking at H, P, CO
and carbide resonances, would be of great importance and would better link
homogeneous cluster chemistry and surface chemistry.

J. EXAMPLES OF SPECTROSCOPIC STUDIES RELEVANT TO THE CLUSTER-
SURFACE ANALOGY

Carbonyl and hydride ligands in clusters can easily be investigated by
spectroscopy in solution; these ligands have also been studied but with
greater technical problems, when chemisorbed on surfaces. With the data
available a comparison between the molecular and surface science results is
difficult and limited to a few examples only [3].

Thus, the IR, 'H and *C NMR fluxionality studies or the *'P data in
solution are only indicative of what could happen on metal surfaces (e.g.,
chemisorption, splitting, isomerization, migration, and oligomerization of
ligands).

Recently, studies on low-temperature matrix-isolated species [188] and on
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species chemisorbed on well-defined metal crystal faces [189] have been
performed. With the help of >CO and "CO vibrational coupling, identifi-
cation of different adsorption sites in the incommensurate compression
structure of chemisorbed CO on Cu(111) [216] has been achieved recently.

On the other hand, C—C stretching vibrations for surface-bound organic
molecules have frequently been reported and assigned [190], whereas little
has been published for the same cluster-bound molecules [191]. Infrared and
Raman speciroscopic studies of some acetylenic compounds adsorbed on
zinc oxide have shown that acetylide and propargylic species are formed,
resulting from dissociative chemisorpion [192]. Related [R-CH,C=C}",
[R-CH=C=CH]™ and [R-C=C=CH,] fragmenis have also been found in
clusters.

The IR and Raman spectra of the acetylenic ligand in Os,(CO),(u-
COX u4,7%-C,H,) (108) have been analyzed and close analogies with elec-
tron energy loss spectra obtained from acetylene chemisorbed on Pt(111)
and Pd(111) crystal faces confirm that the adsorbed species have the same
hydrocarbon structure as the cluster-bound ligand (values of frequencies are
given) [193]).

108

Detailed infrared and Raman studies of HOs,;(CH=CH,)(C0),, and
H,0s,{C=CH, }(CO),; have aimed at defining the fingerprint patterns of the
coordinated hydrocarbon ligands. The olefinic groups are characterized by
»(CH) bands above 2980 cm ™! and a strong y(CH,) band between 8001000
cm™ ! whereas the low-wavenumber »(C=C) modes between 1310 and 1480
cm™" are only explicable in terms of 7 and ¢ bonding [194]. Related studies
have appeared [195].

*C NMR shift range studies of C, and C, cluster-bound hydrocarbon
fragments and assignment of the vibrational frequencies of the C,H, moie-
ties point to the rearrangement of acetylene to a p,, n’-vinylidene on
Ni(111) and Fe(110) surfaces [196].

A “cluster-centered” acetylene—vinylidene rearrangement has recently been
described by Bernhardt and Vahrenkamp {197).

Recent spectroscopic studies on the bridging methylene ligand in the
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metal cluster complexes Os,(p-H),(p-CH,)(CO),, and Oss(p-CH, ) -
CO)(CO),, have assigned the frequencies at ca. 2940 and 1430 cm ™' to the
symmetric C-H stretch and CH, deformation modes, respectively [191].
These are very close to the values reported for the same species postulated
on W(110) [198].

Studies of hydrocarbons chemisorbed on metal surfaces have implicated
methylidyne radicals. An EELS study of C,H, adsorbed on a Ni(111)
crystal surface provided evidence for an unsymfhetrically bridging CH
fragment [199], whereas a symmetrically bridging CMe unit has been pro-
posed for ethylene chemisorbed on Pt(111) [200]). Studies by e.g. Churchill et
al. [201), suggest that the bonding mode adopted by such a CX fragment on
the surface may be dependent upon the metal, the substituent on the
methylidyne, and the other molecules on the surface. Further study of metal
clusters should provide both model compounds for spectroscopic compari-
son with surface species and information about the factors influencing the
bonding.

Solid state IR studies on single crystals of Co,(CO);CR, M=C-R and.
M=C-NR, complexes have been reported. Spectroscopic parameters of
interest for carbyne complexes are: »(M=C) vibrations at ca. 1350 cm ™! (ca.
1150 cm™? for amino-carbyne), force constants of 6.0-7.50 mdyn A~! and
bond orders of 2.1 for M=C [202].

Spectroscopic studies on surfaces have also shown that, upon chemisorp-
tion, easy modification of ligands can occur, giving new species (e.g.,
transformation of CO to formyl, COOH and other functional groups; of
acetylene into vinylidene or methylene fragments [198]).

Related ligand modifications may happen on clusters, as a consequence of
the selective interaction between metals and ligands; a profound meodifica-
tion of the reactivity of the organic molecule may result. Formation of new
chemical bonds beiween the metals and the ligand-derived fragments will be
the driving force for this modification. Recently, C-0O or C=C bond scis-
sions have been observed on WOS; clusters [218].

To our knowledge no solution or solid state spectroscopic data on organic
ligands bound to heterometallic clusters have yet allowed a comparison to be
made with the properties of the same ligands on the corresponding alloys.

K. SOME COMMENTS ON THE SEC RULES AND ON THE ISOLOBAL ANALOGY.
METAL CLUSTER CORE ISOMERISM

Recent theoretical approaches to rationalize the structures of clusters have
bheen very useful for attempting their “planned syntheses”.

The skeletal pairs approach of Wade [5] and Mingos [6] and the isolobal
analogy [7] allow, at least formally, the “substitution” of building blocks
while maintaining the same overall geometry. This permits rationalization of
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the structural results and the correlation of apparently very different struc-
tures. The recent work of Stone and coworkers (Section D) [112] is based on
this approach and represents a further step in the rational synthesis of
clusters, originally developed by Vahrenkamp and coworkers, via the con-
densation of metal fragments “assisted” by ligands (see refs. 19, 114, 140,
153) as in the examples below [203].
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“Addition” reactions leading to stepwise synthesis of homometallic
osmium based clusters have also been recently reported [204].

In recent studies, metal carbonyl fragments have been considered to be
bridging “ligands™ in a series of clusters emphasizing the similarities be-
tween the structures in Scheme 26. In each of these molecules, the bridging
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Scheme 26

fragment i.e. PPh,, allyl, metal carbonyl, behaves formally as a neutral three
electron donor ligand bridging the linear L -» M—-M « L unit.

Finally, frame expansion and contraction reactions of alkyne-substituted
clusters also occur during the synthesis of new clusters [205] and may
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account for the observed “cluster frame” isomerism (Scheme 27).
“Isolobal substitution” reactions leading to new clusters are in consider-
able expansion, two examples being [181,213]):
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Finally, the structures of different clusters (all containing alkynes or
alkyne-derived ligands, but a different number of metals) can be rationalized
in terms of the isolobal analogy (scheme 29) [42]. However, the preparation
of these clusters does not result from a retrosynthetic pathway.

| |
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Ru'--'f; " =Ru : 'nu?Ru
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Examples of cluster core isomernism have been reported for heterometallic
clusters; “metal isomerism” is found in FeRu,{CO},,(RC,R’) clusters [137]
where iron is on a wingtip or, alternatively, in a hinge position. In the related
[RuCo4(CO}),4(C5Ph,)] ™ cluster (73), the Ru atom is found only in the hinge
position [129], probably because of its better wback-bonding ability towards
the alkyne. Protonation of this cluster results in RuCo,(CQO)¢(C,Ph,) (65)
[129] in which the alkyne is parallel to the RuCo bond as in the precursor,
whereas in the related FeCo,(CQO)4,C,Et, (64) it has been found parallel to
the Co-Co bond [128].

It is generally accepted that the tetrahedral, butterfly, lozenge, square
planar, and “spiked triangular” (“in plane” or “out of plane™) clusters are
correlated as shown below, by successive addition of two electrons:
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However, one situation of particular interest concerns the occurrence of
the same metal atoms and the same (or almost the same) ligands in different
structural types corresponding to the same formula.

This has been rarely encountered and the first heterometallic examples are
the (Cp), Mo, Fe, (CO),S, clusters (31 and 88). Thus the butterfly [77] and
planar [149] isomers may formally be constructed by combining the Mo, FeS
fragments in the two following ways:
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- Indeed, these two isomeric structures have been rationalized by consider-
ing the sulfur atoms as skeletal atoms [217].
Mass spectrometry studies [208] seem (o indicate that the following

scheme could be observed:
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Finally, as discussed previously (page 273, scheme 27) square-planar and
“spiked-triangular” isomers have been observed for alkyne clusters of identi-
cal composition. The selective interaction of the ligand with the metals is
particularly obvious here [79].

Tetrametallic Pt, Mo, cores of lozenge (5 M—M bonds) and spiked-trian-
gular (4 M-M bonds) structures have been found in
Pt, Mo, (Cp),(CO)s(PEt;), (109) [74b] and Pt;Mo,(Cp),(CO)¢(dppe) (110)
[209], respectively. Although the phosphine ligands are not the same, these
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two clusters are obviously related and have the same electron count. This
allows one to easily identify the importance of the steric changes when going
from two monodentate phosphines to a bidentate one. _

The presence of bidentate ligands also seems to favour a “spiked-tnangu-
lar” structure in Pd,Co,(CO),(dppm), (111) [209] and
Pd,Mn,(CO),(dppm), (112) [210] complexes, both showing an asymmetri-
cal triply-bridging CO.
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The possibility of observing structures based on the same type and
number of metals, but with different numbers of metal-metal bonds, is of
high catalytic relevance since it implies a significant change in the coordina-
tion spheres of the metals without affecting the electron count of the
complex.

The ability of bridging ligands to allow reversible metal-metal bond
breaking has already been discussed (sections G and H). A new example of
isomerism has been found, the two complexes having the same formula
Pt,(PPh,),;(PPh;),(Ph) (113 and 114). One consists of an “open” (2 M-M
bonds) triangular cluster [187a,b] and the other of a triangular arrangement
of metals with three long Pt—Pt separations [187b]. These show the same
type of terminal and bridging ligands and, obviously, the same overall
electron count but with differing electron densities at the metals.
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Because of the similar electron count between Pt—Pt and Ag—Rh units it is
interesting at this point to remember the structure of the
RhAg,(PPh,),(C,CFs) s (115) complex where the acetylides act as assem-
bling ligands [211]. The presence of metal centres with different electronic
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and coordination environments, with potentially vacant coordination sites,
in ligand-stabilized structures is of obvious interest for homogeneous cata-
lytic applications.
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