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CLUSTER CHEMISTRY

Earl L. Muetterties
Department of Chemistry, University of California and lLawrence Berkeley

taboratory, Berkeley, California 94720

Metal cluster chemistry is one of the most rapidly developing areas of
inorganic and organometallic chemistry. Prior to 1960 only a few metal
clusters were well characterized. However, shortly after the early
development of boron cluster chemistry, the field of metal cluster chemistry
began to grow at a very rapid rate and a structural and a qualitative
theoretical understanding of clusters came quickly. Analyzed here is the
chemistry and the general significance of clusters with particular emphasis

on the cluster research within my group. The importance of coordinately

unsaturated, very reactive metal clusters is the major subject of discussion.

Introduction

The first metal cluster reported in the literature probably was TagCliy.7H20,
compositionally deseribed In 1907 [1}. Structural characterization of a
metal cluster did not come until the midcentury when an X-ray study [21 was
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made of aqueous Nbgll z and TagXyz aggregates and when a two-dimensional
X-ray crystallographic analysis [3] was completed for MogClg(0OH) 4 1400 and
MogClyz-2H0. At this time, the class of metal halide clusters is modest in
size; representabtive examples are listed in Table I. Metal carbonyl clusters,
presently the largest class of metal clusters, were not defined until

relatively late in the twentieth century. First reported was Fea{C0)iy

whose fine structural details were not resolved until much later because of



exploded in the sixties and seventies through the efforts of many and
especially those of the research groups of Chini, Lewis and Johnson, and
Dahl. Size éf these carbonyl clusters now has the impressive range of from
three to thirty-eight, the latter probably a number that has been exceeded
or will soon be exéeeded by the time ﬁhis article is in primt. A representa-
tive 1list of carbonyl clusters is given in Table II. Cage clusters with an
atom or atoms within the metal cluster polyhedron are also known for a wide
Eange of atoms including hydrogen, carbon, sulfur, phosphorus, antimony and
transition metals (Table I1I1). There are clusters that contain no halide or
carbonyl ligands but their number is presently so small that description by
class is unrealistic. Examples include Nig(ﬂsﬁcsﬁs)qﬁq5 CQq(ﬁSECSH5)qH33

Niy {CNR) 7, Nie{‘nSECsHs]s3 Niy (CNR) s (n®~RC2R) 3, Ptz(CNR)s9 gold and copper
clusters like Aug(PR3)52+ and CugHg(PR3)g, the MoyHg, cubane cluster in
[CsHsMo (CO) 3Hg ] Moy and Rthg[?{OCHg)g]e {8]. The third major class of metal
clusters comprises the éaked cluster ions, a class largely derived from the
post transition elements of Groups II1I, IV, V and VI [10]. These naked
cluster ions; which have no peripheral ligands, are illustrated by the
listing in Table IV. Dinuclear metal complexes are excluded from the cluster
group by definition but their chemistry, particularly the chemistry associated
with the metal-metal bond, is obviously relevant to cluster chemistry and,

in fact, study\of these dinuclear systems is important to the complete
develcpmentiand understanding of metal clustef chemistry. The dinuclear
species may have single or multiple metal bonds of widely varying Eondv
distances and bond strengths which is selectively illustrated in Tables V

and VI, Table VI lists metal-metal bond distances for a sat.of dinuclear
manganese complexes having on the basis of electron count asformal bond

order of one. For the set illustrated, the bond distance range is ~2.5 to



ngz [127. ?actors that increase the bond distance are increased formal
oxidation state of the manganese atoms and large steric bulk in the ligand.
In clusters, bridging ligands affect the separation of the metal centers.
Metal-metal bond distances generally are.shorter and longer where carbon
monoxide and hydride hydrogen atoms, fespectivelyg are bridging ligands than
for unbridged separations. Doubly and triply hydride hydrogen atom bridged
metal-metal bonds typically are substantially shorter than unbridged
separations,

There is a beauty and an order to clusters and cluster structures that
provide sufficient aesthetic and intellectual content for justification of
wolecular metal cluster research be it theory, structure analysis or
exploratory synthesis. As to the future scientific and technological wvalues
of metal clusters, they probably will lie in areas not anticipated today.
The very difficulty in this type of prediction is a strong point in favor
of an unfettered prosecution of fundamental and explovatory research in
molecular metal clusters. From a contemporary view, I have been interested
in the relationships between molecular metal clusters and metal surfaces
with respect to chemisorption and catalytic processes. A detailed analysis
of clusters and surfaces has been conmpleted using the surface chemisorption
state as the surface reference point [8]. There are similarities between
clusters and surfaces especially in the context of structure and stereo—
chemistry for the molecule or molecular fragment interaction with surface
metal atoms and peripheral cluster metal atoms and also in thermochemistry,
i.e., average metal-metal and metal-ligand bond energiles. Similarities are
enhanced if the comparison is made between the larger metal clusters and
small metal particles rather than between small clusters andafiat metal

single crystals; this 1s especially notable in the context of the mechanistic



features of ligand migration processes [8,13]. However, significant
variances are evident [8}--variances that arise from obvious differences
between molecular clusters and metal surfaces and differences that should
affect chemistry in a significant fashion.

I see the most fundamental differences between clusters and surfaces
in the context of the coordination features of the peripheral (surface)
metal atoms [8]. The metal-metal coordination number of the peripheral
metal atoms In molecular clusters ranges from two in Bmétom clusters to four
in octahedral clusters to six in Pt3g(CO)ys>~ whereas the coordination number
for flat metal surfaces is typically in the range of nine to six although
it is as low as four for the (100) face of a body-centered cubic metal
structure [8]. Metal-ligand coordination numbers for peripheral metal
atoms in clusters are typically much larger than for the surface atoms in
metals on which chemisorbed molecules or molecular fragments are present
[8]: The metal-ligand coordination numbers are four in 0s3;(C0) 12, three in
Ir,{(C0) 12, three in 0sg(C0)1s, and an average of ~1.16 in Pts(C0)ys®~ in
sharévcontrast to the surface metal«iigand coordination numbers which
generally are less than one. Obviously, the disparity in values for these
two types of coordination numbers decreases as molecular cluster size
increases and metal particle size decreases and the crude analogy should be
more useful for the large cluster-small metal‘particle comparisons. The
features of the largest structurally.established [14] molecular cluster,
Ptgs(co)wzm9 nicely illustrate this point since this cluster has cubo-
octahedral form with exposed faces of (111) and (100) characterg For
comparison, vapor deposition of platinum metal tends to yield cubo-octahedral
crystals again with (111) and (100) faces although typically the crystals
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prepared in this fashion are larger (~501) than the Ptzs cluster [15].
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Most molecular metal clusters are coordinately saturated and do not
display the high reactivity of metal surfaces which even with chemisorbed
molecules or molecular species do not have coordinately saturated surface
metal atoms especially if the metal surface crystallography is relatively
flat and close-packed in character. These electronic features alone can
-lead to substantive differences in the stereochemistry of the bound molecule
or molecular fragment. For example, methylene (CH,) 1igandé in molecular
dinuclear or cluster species always have the stereochemical arrangement

shown in 1 with the CH, plane normal to the M-M vector. However, a

@

configuration like 1 appears to be less stable than 2 for a relatively bare

[~

Ni(111) surface because of optimal Ni-H interactions in % where the CH,
plane contains the M-M vector. These assessments are based on FHMO calcula-~
tions for the surface case [16]. Interestingly, the energy difference
between % and % falls as other molecules, e.g., carbon monoxide, are added
to the surface, i.e., as the degree of surface coordination saturation

increases. Similar considerations prevaill for the methylidyne (CH) species

on nickel(111l): the pervasive configuration, 3, found for methylidyne

LR oM]
IS

based clusters like HCCo3(C00)g is found by calculaticon to be less stable
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than % {16] and ultrahigh vacuum spectroscopic studies suggest that for chemi-
sorbed CH on Ni(11l1l) the C-H vector is tipped from the surface normal [17].
Tn cluster chemistry, there is an established example of a py-n’-CH ligand:
The cluster, HFe, (CH)(CO),2, has a CH ligand bound through both the C and HA
atoms to a butterfly array of dron atoms (Figure l)»{lB} {see later discussionja'

Also, Shustorovich and Baetzold [19] have noted the greater stability of 5

IR =

with respect to 6 for a Pty bare "cluster™ complex with an acetylene ligand;

[

form g is the invariant one {8] for molecular dinuclear metal acetylene
@@mplegegg

Carbon~hydrogen-metal bonding interactions as depicted in g and 4 are
not generated from coordinately saturated metal complexes but are from
coordinately unsaturated metal clusters and also mononuclear metal complexes.
For example, protonation of {n%adiene}Fe(?Xgig complexes must vield an

intermediate l6-electron complex §n3%ally1)Fe{PX3)3+ species which transforms

then to a more stable 18-electron complex of structural form 7 with a

§ o

multicenter Fe~H-C bond [20,21]. Similarly, in (CH3)HOs3(C0):1¢, a conventional
symmetrical €Hj bridging ligand, as found in the trimethyl aluminum dimer,

8, would yield a coordinately unsaturated complex. In fact, this methyl-osmiunm
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cluster has an unsymmetrically bridging methyl ligand, amalogous to 7 and

partially shown in 9, whereby a higher degree of coordination saturation is

D

achieved [22]. Facile scission of carbon-hydrogen bonds occurs in molecular
coordination complexes only i1f the complex is coordinately unsaturated as in
the ubiquitous ortho metatation reaction of aryl phosphine or phosphite metal
complexes that are coordinately unsaturated and in coordinately unsaturéted
trialkylphosphine metal complexes like Fe[P(CH3)3], which transforms to
HFe[n2—CH2P(CH3) 2] [P(CH3) 313 [21].

As another example of a strikingly different electronic and stereo-
chemical mode of binding for a molecule between the cluste: and surface
regimes consider the case of the benzene molecule. Presently, the stereo-
chemical mode of benzene binding on a flat closempacke& surface is not
rigorously established. Our ultrahigh vacuum studies of the Ni(111l)-CgHg
state have established that benzene chemisorption on this surface is
associative or molecular in character; no C~H or C-C bonds are broken at
25-100°C [23]. Also, the data are most consistent with a configuration in
which the benzene molecule is in a plane above and parallel to the (111)
surface [23]. Because of the variance in the Ni-Ni and C-C bond distances,
there can be no precise registry of the carbon and the nickel atoms. Our
EHMO analyses [16] suggest that Ni-H interactionms are also important for
this surface hydrocarbon binding and we note that there can be nearly perfect

registry of the benzene hydrogen atoms with nickel atoms in the (111)
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surface plane. No such multi-metal atom interaction with an arométic molecule
is in fact known for a molecular metal cluster. All arene complexes of metal
clusters have the arene bound in an n° fashion with a single cluster metal
atom. Examples of seven and eight member rings bound to three metal atcms in
an n’ and n® fashion regpectively, are established e.g., Ruy{CO)q[us;~SC{CH3) 3]~
(UQMU?NC7H7) and Nig(CG)3(CF3C§CCF3)(pgmﬂsmcsﬂg) [24,25}. 1Interestingly,
RCCoa(CO)g(nemcsHe) with benzene bound to a single cobalt atom reacts with
CsHg to yield RCCOg(CO)g(Ugmnsmceﬂa) with the cyclooctatetraene bound to three
metal atoms [26]. We are presently seeking W, ~arene cluster chemistry through
the use of coordinately unsaturated molecules and of clusters with polydentate
ether ligands where the ether oxygen atoms are bound at axial coordination
sites of a cluster triangular face. Benzene is known to rveact with the
coordinately unsaturated clusters, Hp033(C0)1¢ and with 0s3(C0)19{NCCH3), to
give a ¢ bound (to two osmium atoms) and T bound {(to one oswmium stom) benzyne
ligand as shown in Figure 2 [27,28] a type of surface reaction that may be
operating with the more electropositive metals.

For the veasons cited above, T see the virtually unknown area of
coordinately unsaturated molecular metal clusters to be a major and exciting
new area of cluster chemistry. Firstly, the enchanced reactivity of such
clusters will generate a broad and diverse cluster chemistry. Some such
clusters should be reactive catalysts or catalyst precursors and will
present a new phase of catalytic chemistry. Secondly, this new aspect of
cluster chemistry should yield bettervstructural models, albeit still crude
models, of chemisorbed metal surface statés than do saturated metal clusters,
Thirdly, new vistas of cluster chemistry should be evident. For these
reasons, my research is directed to the synthesis of coordinately unsaturatoed

clusters and T describe below preliminary results of this research. Also,
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I note further compelling arguments for the elaboration of coordinately
unsaturated cluster synthesis and chemistry. In coordinately saturated
clusters, the metal-metal average bond energies are comparable to or less

than the metal-ligand average bond energies. Consequently, the chemistry of
these clusters is often based‘on a first step that comprises metal-metal

bond breaking and a chemistyy that may be based on mononuclear metal
complexes; for surfaces, the very process of chemisorption reduces the surface
metal atom metal-metal bond order but rarely leads to generation to the
formation of mononuclear metal fragments. Fragmentation reactions should

be less significant for coordinately unsaturated metal clusters.

Synthesis tactics

One direct approach to the generation of coordinately unsaturated
clusters is synthesis of saturated complexes in which labile ligands are
present. For example, the replacement of carbonyl ligands in metal carbonyl
clusters by weak field ligands like acetonitrile yields complexes that are
reactive because of facile acetonitrile ligand dissociation. However, to
form a cluster in which there are reactive sites at more tﬁan one metal
~ site--to fully exploit the reactive potential of a cluster--a multi-
substituted cluster must be prepared. -Only two classes are known. One is
0s3(C0) ;1 o(NCCH3)2 [29] or 0s53(C0)9(0lefin), [29] which are reactive and
have substantial synthesis value and have the weak field ligands associated
with different metal atoms. The other is Fez{(PCgH3)2(C0) »{NCCH3), which
is highly reactive but with both acetronitrile ligands bound to the same
iron atom [30]. We seek metal complexes in which at least three coordination

sites, ideally a set normal to a triangular metal face, are occupiled by a
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weak field ligend like unitrile, an ether or a ketone. To date, this synthetic
tack has not‘been extensively examined.
In an alternative synthetic approach, we have attempted the generation
of clusters that are de facto coordinately unsaturated. Here we have had
some success with dinuclear and trinuclear rhodium complexes that possess

yvery high reactivit et an impressive resistance to fragmentation,
y

The polynuclear rhodium hydrides

Reaction of n’~C3HsRh[P(OR) 3], with hydrogen largely vields a class of
reactive polynuclear rhodium hydride complexes of the form {HRh[P(OR)g}g}n
with n = 2 or 3 [31-34]. With the phosphite substituent, R, either methyl
or ethyl, the nuclearity, n, is three and with R isopropyl, the nuclearity
is two. All essentially have l6-electron square planar metal coordination
sites. The dimer consists of an essentially coplanar set of rhodium,
hydrogen and phosphorus atoms (Figure 3). An edge-bridged set of three
square planar Rh coordination spheres is found in the trimer as shown in
Figure 4 for the crystallographically established {HRh[P(OCH3):],}3 complex.

The chewistry of these polynuclear rhodium hydrides is vather surprising.
Although addition of excess phosphite ligand iz an explicably fast and
irreversible generation of the very stable mononuclear HRh[P(OR}:1; complex
{31-341, carbon monoxide reacts in a rather_uﬁexpgcted fashion [33] to
reversibly generate a series of polynuclear metal complexes; e.g., the

A %
dimer reacts as in equations (1) and (2). Hydrogen reacts instantly with

. ,
The structures of the carbonyl complexes are not established but an X-ray

crystallographic study of the monocarbonyl has been dnitiated. The dicarbonyl
derivative is not very stable and reverts tc the wmonccarbonyl when the CO

atmosphere ls removed.
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PN :
{HRh[P(OR) 3]2}2 + CO == P\Rh«cmxth (1)
P \o/ p
H
H H
P P
g:;ghf:g:zghgzz + CO === 0C%§Rh<1825Rh;: 4 (2)
Ny P \a/ P

the polynuclear hydrides to form not mononuclear H3zRh[P(OR) 3], complexes but

rather polynuclear rhodium polyhydrides, equations (3) and (4).

H, + {HRA[P(OR);],}, —= HyRhy[P(OR) 3], (3)

Hy + {HRh[P(OR)3]l2}s —> HsRh3[P(OR)3]e (%)

Nuclear magnetic resonance studies of these polynuclear polyhydrides have
established for the dimer the tris(hydrido) bridged‘dimer structure
illustrated in Figure 5.

Both the trimeric and dimeric rhodium hydrides are very active olefin
hydrogenation catalysts. Turnover rates at 20°C are between 1 and 100 per
second. Reaction of the complexes with olefins is slow and complex whereas
the reaction with hydrogen as noted above is virtually instantaneous.

Hence the polyhydride is the first key intermediate in the catalytic cycle
for the dimeric {HRh{P(Q”i“CgH7)3}2}2 species. The tetrahydride is a
fluxional structure, and a key intermediate form implicated by DNMR studies

is 10 (see Figure 6). This is the structure that is presumed to interact

10

Azes

with the olefin in the completion of the catalytic cycle shown dn Figure 7.

Thus, this dinuclear species shows the elements of effective hydrogen
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addition to one metal atom and olefin addition to a second, contiguous metal
atom—~the first demonstrated example in a polynuclear complex wherein
catalytic chemistry involving different metal atoms occurs. Analogous
‘chemistry is evident in the {HRh[P(OCH3)§}2}3 catalyzed olefin hydrogenation
reactions.

Acetylene hydrogenation to cis-olefins is also catalyzed bj the
{HRh{P(OR)a}g}X complexes. Rates are substantillay lower than for olefin
hydrogenation yet if these complexes are presented with a mixture of olefin,
acetylene, and hydrogen only the acetylene hydrogenation to cis-olefin
reaction is observed. The reason a selective hydrogenation of acetylenes
to olefins occursiis that acetylene competes more effectively for the
dimeric or trimeric {HRhZP(OR)g]Z}X complex than does‘hydrogene Unlike
the olefin hydrogenation cycle, the acetylene hydrogenation cycle comprises’
a first step of acetylene complexation followed by a relatively slow step
of hydrogen addition, hydrogen migration or clefin displacement. The
acetylene complex intermediates can and have been isolated. Crystallographic
studies are noﬁ completed>jat but solution state NMR studies of the dimeric
complex clearly establish this intermediate to be H{RCH=CR)Rh, [P(0-i-C3H,) 3],
with the vinyl ligand sigma bound to one rhodium atom and pi bound to the

other [35].

Unsaturated carbidic carbon centers in clusters

Another class of reactive metal clusters that we have sought is a

. . g #®
carbide metal cluster in which the carbidic carbon atom™ has a significant

%
A carbidic carbon in a cluster is defined as a carbon atom that is bonded

(within bonding distance) only to cluster framework atoms [9].
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chemical reactivity. Previously, metal carbilde clusters had been distinguished
by a lack of reactivity centered on the carbide carbon atom. This lack of
reactivity is understandable for the cage [9] carbide clusters that have a
coovrdinately saturated carbon atom fully shielded (enclosed) by a polyhedron
of metal atoms because reaction at the carbide site must be preceded by some
type of éluster fragmentation, Peripheral carbide clusters have a partially
exposed carbide carbon atom [9] and bear some negative charge and consequently
should be directly subject to electrophilic attack. However, no such
pervipheral carbide reactian is documented [9]; for example, the exposed
carbide carbon atom in FesC(CO0):s is not protonated by strong acids [36].
Until our i@aemt synthesis efforts, the lowest coordination number for a
carbidic carbon atom in a molecular metal cluster was five as in the
aforementioned FegC(C0),5 [37]. The significance of low-coordinate cazbidié.
carbon atoms in molecular metal clusters is their formal relevance to surface
carbidic carbon atoms which are unlikely to have a metal atom coordination
number greater than four and which have been shown to be very reactive
intermediates in Fischer-Tropsch synthesis reactions [38]. These surface
carbides, formed from dissociative chemisorption of €0 on relatively eiectrgm
positive metals like iron, react with hydrogen at room temperatures to yield
hydrocarbons [39,40].

We have prepared recently [18] twerclustefs with four-coordinate carbide
carbon atoms, {HFQQ(QQWC)(COjizmj and {F%4<B4“C)<CO)122ME in which the carbide
carbon atoms nestles into a butterfly array of four iron atoms as in
Figure 8. Protonation of the latter cluster instantaneously ylelds the
former cluster and additdion of a second equivalent of acid instantaneocusly
leads to protonation of the carbidic carbon atom to form HFe, (N*~CH) (CO) 12

a cluster 1o which the CH hydrogen atom bridge bonds between the carbon
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atom and one of the wing iron atoms in a three center C-H~Fe bonding array
(Figure 1). This neatly illustrates the potential high reactivity of low-
coordinate and exposed carbidic carbon atoms in metal clusters. In addition,
the methyne derivative points to an important bonding and structural point
for CH fragments on metal surfaces. Unlike the nlmCH ligands in the
coordinately saturated clusters like HCCo3(CO)¢ [41], the CH group may
interact through both the carbon and the hydrogen atoms with surface metal
atoms in the surface case and also with cluster metal atoms in nominally
unsaturated vegimes., All these very recent experimental results with clusters
are fully consistent with this petential and with projectdions presented
earlier in this discussion. It is dimportant to note that in the very crude
surface-~cluster analogy that comparisons for the diverse aspects of cluster
framework structure, the stereochemistry of ligand binding, ligand migration
process, and of chemistry it is unlikely that a single cluster will exhibit
close similarities to a surface chemisorption state for all these aspects.
Rather a collage of clusters and their properties must be selected with due

consideration of coordination principles and of metal surface features of

crystallography and of surface composition.
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Table 1

Molecular Metal Halide Clustersa

Cluster

: Cluster Cluster Form
Size

3 ResClya ™ Equilateral triangle
(arene)gTagcig+ Triangle

6 ﬁ35611g2% Octahedron
NbgClyy Octahedron
TagClys (OH3) sz+ Octahedron
TasMoC112(0H2)53+ Octahedron
Nbglyy Octahedron
Zrglys Octahedron
.235C1123+ Octahedron
PreClyn Octahedron

25ee references [4]~[6] for general reviews of clusters of this type.



Table IX

Metal Carbonyl Clusters™

29

Clgi;ir Clustex Cluster Form
3 053(C0) ;2 Fguilateral triangle
4 Ir,(COY,»p Regular tetrahedron
5 0s5(C0) 15 Trigonal bipyramid
6 @OS(CQ}ngm Regular octahedron
th(CO)lzzm Dy~trigonal prism
7 Rh7(CO)153m Capped octahedron
8 Nig(PRYs{CO) g Cube
9 ?tg(CO)182& Stacked trigonal prisms
12 Pt12(C0O) 212" Stacked trigonal prisms
13 Rhy3(C0),5H32" Dggwhexagonal close~packed
14 Rhys (CO)os ™ Cyy-body-centered cubic
15 Pty5(C0)ap2"~ Stacked trigonal prisms
i7 Rhg782(€0)323m Rh centered set of four
staggered Rh, squares
19 FC;g(CO)gggm Py centered sets of staggered
pentagons capped by platinum
atoms at each end
26 Ptgs(C@)xzw Dyp-hexagonal close-packed
38 Ptss(CO)g§2“ 0, ~face~centered pubic-cubo~

h
sctahedron

85ee reference [8] for a general review of

carbonyl clusters,



Table III

Moleculay Cage Clusters®
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"Outer” ‘
Cluster Cage Atom  Cluster Cluster Form
Size
6 H HNbgl;y Nbg octahedron
C RugC(CO) 17 Rug octahedron
¢ RhgC(CO) 1527 Rhg trigonal prism
N Rth(CO);gzw Rhg trigonal prism
8 C CosC(CO) 142" Cog square antiprism
Au Aug(PR3) ¢ Tt D, Aug polyhedron
9 P RhgP(CO) ;%" C,y-rhodium capped Rhu square antiprism~-
RhgP square antiprismatic unit
1z Rh Rh;g(CQ)ggH32u Hexagonal close-packed with Rhj,Rh core of
Dy, symmetry (reflected cubo-octahedron)
13 Eh Rhi14(COY2s"*™ C,y-pentacapped cube (body-centered
cubic) with RhgRh central core
16 Rh, 28 Rh378,(C0)323~  Four staggered Rhy squares (Rh,SRhyRhRh,SRhy)
separated by S or Rh atoms--RhsS square
antiprismatic units
17 2Pt Ptlg(CO)gzgm End capped set of three staggered Ptg
pentagons (PtPtsPtPrsPtPrsPt) separated
by Pt atoms--Pt;¢Pt pentagonal anti-
prismatic units
23 Ptgb ths(CO)xzw D;p-hexagonal ciosewpackedc with central
, and enclosed Pty unit
32 ?tsd Ptgg(CO)qum Op,~face centered cubic with central and

enclosed Pig octahedron

85ee references [8] and [9] for a general review of these clusters.

bEnclosed Pty equilateral triangle.

“Number of carbonyl ligands is not established.

d
Contains an enclosed Pts regular octahedron.
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Table 1V

Naked Cluster Iensa

Cl;;;zr Cluster Ion Cluster Form

4 Phy T;~tetrahedron
T€g2+ Square plane
Hgggm Square plane
Biy>~ Square plane

5 Bis3t Dyp~trigonal bipyramid
Sng?” Dyp~trigonal bipyramid
Pbs?” Dyp~trigonal bipyramid

6 Ta5%+ Trigonal prism

7 Sb73+ C,y~capped octahedron
Pby "~ Cyy~capped octahedron

8 Big?t Square antiprism

9 BigSt Dyp~tricapped trigonal prism
Sno™” C,v-capped square antiprism
Pbe ™~ C,y—capped square antiprism
Geg?™ - Tricapped trigonal prism
Gegga ~C,y-capped square antiprism

8cee rveferences [8] and [10] for general review of these clusters.



Table V

Dinuclear Metal Complexes
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Complex Bond Order M-M Bond Distance
Mnp (CO) 10 2.93%
(CsHs) 2Cr2(CO) g 3.28"
(CsHs)2Cx2 (CO) 4 [P(OCH3) 3]2 3.34°
(CsHs) 2Mo2(CO) 6 3,249
(CsHs)2Cr2(CO)n 2.22 (ave)®
(CsHs)2Mo (€O 2.45%

Moo [N(CH3) 216 2.21 (ave)®
RezCly [P(C2H5) 314 2,230
[Re2Clg]?” 2,241
[MopClg]"™ 2.149

[Mog (CH3) 1™ 4 2.15%

(a) L. F. Dahl and R, E., Rundle, Acta Cryst., 16 (1963) 419. (b) F. A.
Cotton, D. M. Collins, R. D. Adams, J. Am. Chem. Soc., 96 (1974) 749.

(¢) L-T. Goh, M. J. D'Aniello Jr., S. Slater, E. L. Muetterties, I.
Tavanaiepour, M. I. Chang, M. F. Frederick and V. W. Day, Inorg. Chem., 18
(1979) 192. (d) F. A. Cottom, D. M. Collins, R. D. Adaus, Inorg. Chem.,
13 (1974) 1086. (e) N. D. Curtis and W. M. Butler, J. Organomet. Chen.,
155 (1978) 131. (f) R. Klinger, W. Butler and N. D. Curtis, J. Am. Chen.
Soc., 100 (1978) 5034. (g) M. H. Chrisholm, F. A. Cotton, B. A. Frenz,

W. W. Reichert, L. W. Shire and B. R. Stults, J. Am. Chem. Soc., 98 (1976}
4469, (h) F. A. Cotton, B. A. Frenz, J. R. Ebner and R. Aa Walton, Inorg.
Chem., 15 (1976) 1630. (i) F. A. Cotton,and C. B. Harris, Inorg. Chem., 4

(1965) 330. {j) F. A, Cotton and J. V. Brenic, Inorg. Chem., & (19569)

h

7. (k) F. A. Cotton, J. M. Troup, D. H. Williamson and G. Wilkinson,

J. Am. Chem. Soc., 96 (1974) 3824.



Table VI
Variation in Metal-Metal Bond Distances in "Singly Bonded"

Dinuclear Metal Complexes--The Manganese Sysi:e.ma

Complex . Mn-Mn Distance-A d*
Min-Ma [Mn (¢) 1P 2.74 a’
Mna (COY 1 2.92 a’
Mnz (€CO) g (Uz~N2Cells) 2 3.23 a’
Mnp (COY g (1281 (Cels)2 ]2 2.87 a°
M (CO)y (CsHig) o (M-CH2) 2.78 4
M (€0) 2 (NO) 2 (n®~CsHs) 2 2.57 a°

8gee reference [12].
bValue adjusted for a coordination number of 12.

“There are two bridging ligands but their identities were not established

in the crystallographic studies.



Figure 1
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Skeletal framework in the cluster HFeg<ﬂ2“CH)(CO)12 with the

CH ligand bound through both the carbon and hydrogen atoms to
iron atoms. The position of the bridging hydride ligand is not
established yet. Hydrogen atom exchange between CH and Fe#ﬁ
sites occurs in this moiecule and the three structures
illustrated here might represent part of the hydrogen atom

(CH and Fe,H) migration process [18}.






Figure 2
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Benzene reacts with Hy0s3(C0);o or 0s3(C0) 16(NCCH3)2 to form
HzOsz(CO)ngHggA As 1llustrated above, the CgH, unit dis ¢

bound to two osmium atoms and T bound to the third [27,28].






Figure 3
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Illustrated is the skeletal structure of HyRh, [P(0-i-C3Hy) 3]s
which has a near coplanar array of hydridic hydrogen atoms,
the two rhodium atoms, and the four phosphorus atoms. Each
rhodium atom has an effective dsmsquare planar electronic

and structural environment [32,34].
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Figure 4
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A representation of the structure of H3Rh3[P(OCH3)3lg. The
three rhodium atoms describe a nearly equilateral triangle and
each edge 1s bridged by a hydrogen atom. Individual rhodium

atoms have a near square planar coordination environment,

H2RhP, [33].
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Figure 5

The catalytic intermediate HuRh2[P(0-i-C3H7) 3]y has the
structure illustrated above with three bridging hydride

iigands [31].
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Figure 6
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The tetrahydride Hthz[P(O“i“CgH?)glg is a fluxional
molecule. DNMR studies suggest that the structure shown in
the center of the drawing above is an intermediate in the
intramolecular exchange process. This intermediate structure
is proposed to react with olefins in the olefin hyérggenation

eycle illustrated in Figure 7.
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Figure 7 Representation of the catalytic eycle for the olefin

hydrogenation cycle catalyzed by HaRhz [P(0-1-C3H7) 3]s [31].
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Figure 8
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The probable skeletal array for the related carbide cluster
fons [HFey (1y~C)(CO)127] and [Fey (uy=C)(C0);2*7] [18). The

position of the hydride ligand in the former cluster has not

been established.
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