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Three-membered Metallocycles

S.P.Gubin

The results of structural and theoretical studies on cluster compounds with a framework in the form of a triangle made up of
metal atoms are examined, a systematic account is given of the types of three-membered metallocycles in which the number
of electrons is different from the "magic" number, and the causes of their stability are analysed. The influence of the ligand
shell and of the formation of multiple bonds on the stability of three-membered metallocycles is demonstrated.
The bibliography includes 169 references.
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I. INTRODUCTION The term cluster compounds is given to those metal com-
pounds whose molecules contain a framework of metal atoms

The chemistry of cluster compounds, a field undergoing at distances permitting a direct metal-metal interaction, sur-
vigorous development at the present time, λ is at the junction rounded by a framework of ligands; 2 the characteristics of
between a number of other fields of science: inorganic the electronic structure of two-centre metal—metal bonds of
chemistry, organoelemental chemistry, catalysis, biochemistry, different multiplicity have been investigated in detail in rela-
colloidal chemistry, the physics of ultradisperse systems, the tion to a series of dinuclear metal complexes3 (see also other
physics of surfaces, and electronic materials sciencet. communications'*"9). Cluster compounds are divided into

small (N = 3-12)#, 1 0 - 1 3 medium (N = 13-40), l l f - 1 5 large
(N = 41-100),1 6 and ultralarge or "giant" (N > 100). The

t i n the USSR two All-Union Discussion Seminars were framework in cluster molecules can consist of metal chains of
held on the chemistry and physics of cluster compounds different lengths and with different degrees of branching, 1 7" 1 9

(1979 and 1981) as well as the 1st All-Union Conference on the metallocycles,20 metalloskeletons,21 metallopolyhedra, as well
chemistry of clusters together with the 1st All-Union Seminar as combinations of the above structural elements. Cluster
on "clusters in catalysis" (1983). The proceedings of the
seminar and the conference have been published in special
issues of the journals Izv.Sirbir.Akad.Nauk SSSR, Ser.
Khim. (Bulletin of the Siberian Division of the USSR #Here and henceforth Ν represents the nuclearity of the
Academy of Sciences, Chemistry Series), 1982, Issue 4, No.9, cluster, i .e . the number of metal atoms constituting the
and Koord.Khim. (Coordination Chemistry), 1984, 10, No.5. framework of the cluster compound.
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compounds are characteristic of transition metals,2 2 lantha-
nides and actinides, 2 3 and the majority of non-transition
metals.2 1 < '2 5 Heterometallic cluster compounds containing
two, 2 7 ~ 3 0 t h r e e , 3 1 and more different kinds of metal atoms in
the molecular skeleton are being vigorously investigated.2 6

The metal framework in cluster compounds is as a rule coated
by a dense layer of ligands, both terminal and bridging?,
which may consist of individual atoms ( H , 3 2 > 3 3 Cl, Br, I, 3 1 *" 3 6

S, Se, Te 3 7>3 B), groups of atoms (CR, 3 9 EL "°), or molecules
(CO,"1 '1 1 2 NO," 3 olefins, arenes "1»-'47)) etc. Monoatomic
ligands (H, C, N, S, P, etc.) can sometimes be located within
the metallic framework surrounded on the outside by other
ligands. H 8~5 1 On the other hand, the so-called "ligand-free"
metal clusters can exist under specific specially created con-
ditions in both condensed and gas phases in the form of
ultradisperse metallic systems5 2·5 3 or "naked" cluster ions.21*

A profound analogy between cluster compounds of metals
and skeletal and polyhedral compounds of non-metallic ele-
ments such as boron, phosphorus, arsenic, etc. has been
noted.51* The principle of isolobal correspondence5 5 makes
it possible, for example, to "substitute" boron atoms in the
polyhedron by metal-containing groups with formation of
polyhedral metalloboranes56—compounds which occupy an
intermediate position between the skeletons of non-metallic
elements and cluster compounds of metals.

Analysis of the trends in the development of the chemistry
of cluster compounds permits the conclusion that for each
element in the Periodic System it is probably possible to
obtain molecular compounds with frameworks in the form of
chains, rings, skeletons, or polyhedra made up of atoms of
the given element. In other words, examination of the
geometrical structure, 5 7 electronic s t ructure, 5 8 ' 5 9 and the
energy relations60 of the known cluster compounds does not
reveal any fundamental factors prohibiting the formation, on
the basis of any element of the Periodic System, of molecular
compounds having the simplest structural elements specified
above. In this sense the chemistry of cluster compounds is
the "organic" chemistry of non-carbon elements.

The synthesis, 6 1 reactivity, 6 2 electrochemistry,63'61*
dynamics, 6 5 ' 6 6 and stereochemistry6 7 '6 8 of cluster compounds
of metals have been examined in a series of review articles.
It has been shown that the coordination of the ligands to
several metal centres in the cluster H as a rule differs signif-
icantly from the coordination of the same ligands in mono-
nuclear complexes. 69>7° In this connection the use of cluster
compounds and materials as catalysts, both homogeneous and
heterogeneous, constitutes one of the leading trends in
research into catalysis. 71~71· Clusters enter into the com-
position of a new class of biocatalysts—polynuclear oxidation-
reduction enzymes (ferredoxins, 7 5 ferritins, 7 6 etc.) and play
a key role in a series of most important biological processes,
such as oxidation,7 7 the fixation of atmospheric nitrogen,
e t c . 7 8 ' 7 9

§ In designating the bridging character of a bond, the
Greek letter μ is placed before the symbol representing the
given ligand; if the number of metal atoms to which the
ligand is bound is greater than two, numerical designations
are used, for example μ3-Η, μι,-PPh, etc.

11 Henceforth cluster compounds will be referred to for
brevity as "clusters" and in those cases where it will be
necessary to note the properties of clusters as representatives
of the class of coordination compounds, we shall employ the
term "complexes".

It has been established that, together with the cluster
compounds of metals, many solids (materials) without molecu-
lar structure also contain discrete cluster groups made up of
metal atoms separated from one another by non-metallic
elements (ligands). For example, cluster groups are the
principal structural elements of the so-called "Chevrel
phases", which are ultraconducting materials with high
critical fields; 8 0 ' 8 1 chains made up of metal atoms are the
principal structural element of quasi-one-dimensional con-
ducting materials;8 2 materials of the type "claspol" contain-
ing metal clusters in polymer matrices have been produced. 8 3

The intermediate position of cluster compounds between the
thoroughly investigated mononuclear and coordination com-
pounds, on the one hand, and compact metals, which have
been just as thoroughly investigated, on the other, and the
fact that they possess a set of properties differing from
both the former and the latter81* necessitates a vigorous
development of theoretical ideas concerning the nature of
the bonds in cluster molecules.8 5"9 2 However, despite con-
siderable advances, the questions of the electronic structure
of cluster compounds are actually the most controversial at
the present time+.

In order to deduce the general rules, extensive experi-
mental data are necessary; although the number of cluster
compounds which have been isolated and characterised is
fairly large, for many types of clusters, in particular those
of moderate and high nuclearity, only 1—2 examples are
known, as a rule comprising one metal and ligands of one
t y p e . 9 3

In contrast to this, cluster compounds having a framework
in the form of three-membered metallocycles are widely dis-
tributed , have been obtained for the majority of metals, and
have ligands of different types. Furthermore, in cluster
compounds with a high nuclearity most of the faces of the
polyhedra in the metal framework are triangular and three-
membered metallocycles can therefore model to some extent
the properties of more complex clusters. Within the frame-
work of the rule of skeletal electron pairs , 8 5 the triangle
made up of metal atoms is the principal structural element in
the group of polyhedra (the tetrahedron, the trigonal
bipyramid, etc.), each having 12 skeletal electrons and in
this sense, can be regarded as the nido-structure in relation
to the tetrahedron and the arachno-structure in relation to
the trigonal bipyramid.9"* Furthermore, a triangle made up
of metal atoms is the simplest element of close packing on the
surface of certain faces of metallic crystals; here there is
also a possibility of modelling properties, in particular in
problems of the interaction of adsorbed substrates with the
surfaces of metals. 9 5 ' 9 6

Accordingly, the possible relations between the structure
of cluster compounds, the number of cluster valence elec-
trons (CVE), the number and nature of the ligands, and the
position of the element in the Periodic System are analysed
in this review in relation to the widely distributed "simplest"
cluster molecules, having a framework made up of three-
membered metallocycles, which have been studied in detail.
The relevant conclusions are compared with the results of
quantum-chemical calculations on the electronic structures of
triangular clusters.

t A detailed critical examination of various approaches to
the description of the electronic structure of cluster com-
pounds has been carried out in the review of Yu.L.Slovokho-
tov and Yu.T.Struchkov (in this issue of the Journal).
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I I . THREE-MEMBERED METALLOCYCLES HAVING THE
"MAGIC" NUMBER OF VALENCE ELECTRONS

The electronic structure of triangular molecular systems
has been frequently investigated as the simplest case of
cluster interactions. The "magic" number of cluster valence
electrons for three-membered metallocycles is 48; here each
metal atom at the apex of the triangle assumes the 18-electron
configuration.

The absence of bridging ligands and a high symmetry make
the trinuclear cluster ruthenium and osmium carbonyls con-
venient reference compounds for structural, spectroscopic,
and theoretical studies on three-membered metallocycles.
The M3(CO)12 molecules, where Μ = Ru or Os, have the
structure of an equilateral triangle with D 3^ symmetry: 9 7 ' 9 8

each metal atom is linked to four terminal CO groups; two of
these are equatorial and are located in the plane of the ring,
while the other two are perpendicular to this plane (Fig . l ) .
The carbonyl groups are almost linear; the deviation of the
axial CO groups from linearity is appreciably greater than

for the equatorial groups, probably owing to the repulsion of
the oxygen atoms of the neighbouring ligands, whose
van der Waals radius is greater than that of carbon. The
M-C bond lengths also differ somewhat: the axial CO ligands
are in the trans -positions relative to one another and have
longer M—C bonds, while the equatorial CO groups are in
the trans-position relative to the metal-metal bond and, as
a consequence of the ττ-acceptance, they can shorten some-
what the M-C bond. Overall, 12 CO ligands are distributed
in such a way that the resulting ligand polyhedron is an
anticubo-octahedron (Fig. l b ) . *k

The selection rules for the Os3(CO)12 molecule (D3ft sym-
metry space group) predict two vibrational modes for the
metal-metal bond: Αχ (fully symmetrical vibration) and Ε
(doubly degenerate vibration). Analysis of the Raman
spectra of Os 3(CO) 1 2 in the low-frequency range (30-200
cm""1) showed" that, among the 12 frequencies active in the
Raman spectrum, the two most intense frequencies can be
assigned to v(M-M): A\ at 158 cm"1 and E' at 117 cm"1; the
contribution of the deformations of the M—C bond to the

Figure 1. The structure of three-membered metallocycles with 48 CVE and having no u3-ligands:
a) Os 3(CO) 1 2; K(Os-Os) = 2.877 A; i*(Os-C a x ) = 1.946 A; i?(Os-C e q ) = 1.912 A; 9 8 b) the anticubo-octahedron
as the ligand polyhedron of the M3(CO)12 molecule;9l> c) Rh 3(u-CO) 3(Cp) 3; R(Rh-Rh) = 2.62 X; R(Rh-Ccp) = 2.24 X;
R(Rh-Cco) = 2.00 X; 1 0 2 d) Mn 3(u-H) 3(CO) 1 2; R(Mn-Mn) = 3.111 A; R(Mn-H) = 1.72 A; R(Mn-C a x ) =1.854 X;
R(Mn-Ceq) =1.789 A; 1 0 1 e) Fe 3 ( M -CO) 2 (CO) l 0 ; 12° /) Os 3 (CO) a i (u-H)(H). 1 2 *
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potential energy of these vibrational modes has been esti-
mated at 20% (ΑΊ) and 50% ( £ ' ) . It is striking that calcu-
lation of the force constants for the Os-Os bond yielded two
very similar values: /"os-Os = ° · 9 1 x lO^dynA" 1 when
account is taken of the contribution of all the ligands and
/bs-Os = ° · 9 3 x 10~3dynA-1 when no account is taken of the
ligands. The analogous calculation for Ru 3(CO) 1 2 yielded
/Ru-Ru = ° · 8 2 x lO^dynA" 1 in full agreement with the
general tendency towards the weakening of the M-M bond on
moving along the Groups of the Periodic System from below
upwards. We may also note that v , / v , s /2, which agrees

well with the theory for the vibrations of the M3 triangle as
a whole without taking into account the interaction with the
ligands.

In the region of the stretching vibration frequencies of the
CO ligand (1800-2100 cm"1) the spectra of M3(CO)1 2, where
Μ = Ru or Os, show absorption bands due solely to the
terminal CO l igands;" on dissolution, only slight changes
take place in the positions and intensities of the CO vibration
bands, which indicates the preservation in solution of the
principal symmetry elements of these molecules, found for
crystalline specimens.

It is possible to detect rapid exchange processes in solu-
tions of the above compounds on the NMR time scale, but the
rates of these processes for ruthenium and osmium carbonyls
differ very significantly. At 10 °C the 1 3C NMR spectrum
of a solution of Os3(CO)1 2 consists of two lines (due to the
axial and equatorial CO ligands) with a 1: 1 intensity ratio
and corresponds to a structure of this compound in the
crystal with D3h symmetry. On heating, the above signals
are broadened; the coalescence point is at ~70 °C; at
100 °C a single broad signal corresponding to the positional
exchange of the CO ligands (axial-equatorial) is observed.1 0 C

It is striking that in Ru3(CO)1 2 solutions this type of
exchange is observed over the entire experimental tempera-
ture range down to -100 °C. Several hypotheses concern-
ing the mechanism of the exchange process have been put
forward. 6 5 ' 6 6

Table 1. Three-membered homoelemental metallocycles with-
out u3-ligands (48 CVE).

Μη 3(μ-Η)3(ΟΟ) 1 2

Το 3 (μ-Η) 3 (00) ι 2

[Re3^-H) 2 (CO) 2

1 2 ^-

Re^-HMCOMPyh

Fe3(M-CO)2(CO)oER3(E = Ρ, As)
Fe 3 ^-CO) 2 (CO) 7 L 3 (L = PR3; P(OR) 3 )
Ru 3 (CO), 2

Ru3(CO)10L2
Ru3(μ-GeMe2)3(CO),
Os,
Os3

OS3

Rh.

CO),S
CO)uP(OMe)3
μ-Η)(0Ο),,(Η)
μ-εθ)3(Ορ)3

[101]
[57]
[57]
112]
116
118
119

[103. 120]
121]
122
123]
[97]
[57]
[57]
[98]

[104]
[124]
[102]

structural characteristics in which the metal-containing frag-
ments are linked to one another by metal-metal bonds. In
all the remaining cases there is a certain number of bridging
ligands in the ring. Typical examples of the cluster struc-
tures listed in Table 1 are illustrated in Fig. l .

The hydride Mn3(u~H)3(CO)1 2 has a structure closest to
the M3(CO)12 structures, where Μ = Ru or Os. Six axial
and six equatorial CO ligands are linked to the equilateral
triangle of Mn atoms. m The difference consists only in the
fact that three bridging hydrogen atoms are located along the
metal-metal bonds in the plane of the triangle*. The rho-
dium compound Rh 3(u-CO) 3(Cp) 3 is less symmetrical, although
it does possess an idealised threefold symmetry axis; the
bridging CO ligands and n 5 -C 5 H s groups are located on differ-
ent sides relative to the equilateral Rh3 tr iangle. 1 0 2 In the
equilateral triangle of Fe atoms in the Fe 3(CO) 1 2 molecule, one
metal atom has the same geometry (two axial and two equato-
rial CO ligands) as the metal atoms in M3(CO)1 2, where Μ =Ru
or Os. However, the other two metal atoms are linked by
strongly asymmetric bridges made up of CO ligands. 1 0 3

Despite this, the CO ligands are close packed on the surface
of the Fe3 ring and form an idealised cubo-octahedron.6 6

Table 2. Three-membered heteroelemental metallocycles
without M3-ligands (48 CVE).

Formula

[MnFe 2 ^-CO) 2 (CO),o]-
[MnOs2(CO),2]-
[TcFe 2 ^-CO) 2 (CO) 1 0 ]-
[ReFe2№-CO)2(CO)1 0]-
[ReOs2(CO),2]-
Re 2 Ru(H) 2 (CO) 1 2

MoRh2 (μ-CO) 2 (CO) 5 (n5-C5Me5) j
FeRu 2(CO), 2

FeOs 2(CO), 2

Ρε 2 θ5(μ-ΰΟ) 2 (ΟΟ), 0

Ρβ 2 Οο(μ-ΰΟ) 2 (00) 7 ΰρ
Ρβ 2 Ρ1ι(μ-0Ο) 2 (00) 7 ΰρ
FeRh 2(μ-CO)2(CO) 4(Cp) 2

RuOs 2(CO) 1 2

Ru2Os(CO),2

Co 2Os(u-CO)(CO), 0

Refs.

[46]
[46]
[26]
[26]
[46]
[26]
[148]
[26]
[26]
TJ-fill^°J
[26]
[26]
[46]
[46]
[26]
[26]
[26]

The O S 3 ( C O ) H ( M - H ) ( H ) cluster is the least symmetrical
among those examined above. One axial CO group has been
replaced by the Η ligand, while the second hydrogen atom is
of the bridging type and is located in the equatorial plane.
The corresponding Os—Os distance is greater by 0.112 A
than the lengths of the other two Os—Os bonds.10t*

Tables 1—4 list the main types of the homo- and hetero-
element and three-membered metallocycles, each containing
48 CVE. Evidently, the ruthenium and osmium carbonyls
examined above are in essence compounds with identical

# The lengthening of the Mn-Mn bond is typical of clusters
where no bridging groups other than μ-Η are present along
the edge.



Russian Chemical Reviews, 54 (4), 1985 309

Many stable 48-electron three-membered metallocycles are
centred on one or two sides on various u3-ligands (Tables 3
and 4) in which the key atom can be both a carbon atom and
the atoms of other elements. The structures of the most
typical compounds of this type are presented in Figs. 2 and 3.

A series of clusters with a M3-CR ligand are illustrated
in Fig.2a by means of the two most typical examples. In the
CO 3 (CO) 9 (M 3 -CCH 3 ) cluster an sp 3-hybridised carbon atom is
located above the three cobalt atoms of the equilateral Co3

triangle; the three cobalt atoms are linked to it via single
Co-C bonds directed at a 60° angle relative to the plane of
the triangle. The tetrahedral environment of the carbon
atom is somewhat distorted because the Co—C—Co angles are
on average only -80°. All the atoms are electronically and
coordinatively saturated, so that the Co3(CO)9CR cluster
group is always diamagnetic.105

The formation of the frontier orbitals of the Co3(CO)9(u3-
CH) cluster from the orbitals of the Co3(CO)9 and CH frag-
ments is shown schematically in Fig.4, the scheme having

been taken from Schilling and Hoffman. The frontier
orbitals of the planar Co3(CO)9 fragment with C3V symmetry
have been obtained by adding three electrons to the frontier
molecular orbitals of the Fe3(CO)9 fragment; it is assumed
that this does not entail significant changes in the electronic
structure except for the alteration of the order of the
orbitals with 2ax and la2 symmetry, which have similar ener-
gies. The three orbitals of the CH group are hybridised in
such a way that one-low-lying orbital, having an electron
pair, is directed towards the side opposite to that of the
C—Η bond, while the other two orbitals, which are degenerate

p-type orbitals, are perpendicular to the C-H bond and have
one electron. It is striking that the orbital with ax symmetry,
which is unsuitable for bonding to the group located over the
centre of the ring, becomes the highest occupied orbital in
the cluster.

Figure 3. The structure of three-membered metallocycles
with 48 CVE each having two u3-ligands: a) Co3(Cp)3.
.(U3-CO)(MJ-E) U 3 ' U l t [E = O: R(Co-Co) = 2.37 A,
R(Co-Cco) = 1-78 A, R(Co-O) = 2.00 A; E = S:
R(Co-Co) = 2.452 A]; b) Fe3(CO)9(u3-As)2;1 1 5 R(Fe-Fe)
2.62 A; R(Fe-C) = 1.80 X; R(Fe-As) = 2.348 X.

Figure 2. The structure of three membered metallocycles with 48 CVE each having one u3-ligand:
a) Co 3(M 3-CCH 3)(CO) 9; 3 9 K ( C O - C O ) = 2.467 X; K ( C o - C a p i c ) = 1.90 X; K(Co-C C o) = 1.80 X; R(C -CH3) = 1.53 X;
b) R U 3 ( C O ) 3 ( U - H ) 3 ( M 3 - C C H 3 ) ; 1 2 7 K ( R U - R U ) = 2.842 X; K(Ru-C a p ic) = 2.083 X; K(Ru-H) = 1.72 X;
c) Mn3(|i-NO)3(Cp)3(M3-NO); l o e i?(Mn-Mn) = 2.506 X; i?(Mn-Nn3) = 1.929 X; R(Mn-Nu) = 1.848 X;
d) FeCo2(CO)9(u3-E) 5 7 [E = S-.R(M-M) = 2.55 X, R(M-E) 2.16A; Ε = Se: R(M-M) = 2.58 A, R(M-E) = 2.29 X;

Χ X
( ) 9 ( u 3 ) [ () , ( ) ; (M

Ε = Te: Λ(Μ-Μ) = 2.60 Χ, β(Μ-Ε) = 2.47 X]; e) Fe3(CO)9(|i-H)(u3-SC3H7-iso);
R(Fe-S) = 2.143 X; K(Fe-H) = 1.80 X.

R(Fe-Fe) = 2.657 A;
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Many compounds with the (CO)9Co3C fragment, linked to
various groups R such as H, halogen, alkyl, arylalkyl,
halogenoalkyl, alkoxy, etc., as well as organometallic and
other analogous groups are known.1*0 The "organic chemis-
try" of the u3-C atom linked to the Co3(CO)9 fragment has
been studied in detail. 3 9 Tables 3 and 4 show that the U3-C
bridges are widely distributed in the chemistry of three-
membered metallocycles. Fig. 2 illustrates the structure of
the R u 3 ( C O ) 9 ^ - H ) 3 ^ 3 - C C H 3 ) cluster, whose composition
differs from that of the cobalt cluster examined above by the
presence of three bridging hydrogen atoms; the latter are
not located in the plane of the Ru3 ring, as happens, for
example, in the structure of the hydride Μη 3(μ-Η 3(0Ο) 1 2,
but deviate in the direction opposite to that of the side of
the metallocycle centred on the M 3 -CCH 3 group. The mole-
cule has approximately the C 3 V symmetry. 1 0 7

Co 2Fe(CO) 9U 3-X), where X = S, Se, or Te, are isotypical;
the molecules have approximately the C 3 V symmetry, and one
of the sides of the Co2Fe ring is centred on the X group;
the ring is in essence an equalateral triangle. The differ-
ences in the Μ—Μ bond length are within the limits of the
accuracy of the method, which is not surprising bearing in
mind that the covalent radii of the Fe and Co atoms are
virtually identical (1.165 and 1.162 A) . 1 0 9 > 1 1 0 Fig.2 shows
that the metal—metal distances depend on the nature of the
chalogen and increase with the increase of the radius or the
μ3-Χ group. We may note that the chalcogen atom in the
μ3-arrangement provides only four electrons for the forma-
tion of bonds with the metal atoms; it retains a free electron
pair located in an orbital directed to the "outside" at right
angles to the plane of the ring. It can be detected experi-
mentally: such clusters behave like the usual two-electron-
donating ligands and are capable, for example, of substituting
the CO group in chromium carbonyl with formation of a deriv-
ative of the usual type—cyclo-FeCo 2 (CO) 9 U 3 -S.Cr(CO) 5 ]. m

Table 3. Three-membered homo- and hetero-elemental metal-
locycles each having one u3-ligand (48 CVE).

Οο: !(Γ.Ο)9(μ,-Β·ΝΕ13)
Όο3(μ-Ο0) : !(0ϋ)ο(μ9-Α1)
Co3(CO),(Mr,-CR)
Fe3Ui-CO)3(CphU«3-CR)
FeWPt^-CO) (CO) 5 (PMe 2 Ph 2 ) 2 (Cp) ^ 3 - C R )

Os3(CO)9Ui-H)30«3-CCH3)

Fc2Ni(CO)7(Cp)'(M3-CCH2CH3)
Co2W(CO),(Cp) (μ3-ΟΟ0Η4ΟΗ3)

Λ\η3(μ-ΝΟ).ι(Ορ)3(μ3-ΝΟ)

Fe2Cr (μ-0Ο) 2 (CO) 9 (μ3-ΡΟ6Η5)

Ο53(μ-Η)2(00)β(μ35)
Ρε0ο2(0Ο)9(μ3-5)
FeCo2(CO)9^3-S-Cr(CO)5]
~ •--• Ί-ΗΧμ,-βΡ)

Ηιι3(0Ο)9(μ-Η)2(μ3-Τε)
Ρΰ€ο2(ΟΟ)9(μ3-Τε)
Re3(M-H)3(CO)9(M3-SBu-t)

Rets.

[10]
[101

jl 28
[125
[126]
[46]

[127]
[26]

[130]
[1291
[1251
[131]
[132]

[133. 134]
[108]
[1351

[129]
[26]

[1361
[129]
[57]
[57]
[111]
[46]

[129]
[57]

[1291
[57]

[137]

Clusters with NO ligands are so far comparatively rare
(see, for example, Feltham and Enemark1*3). Fig.2c
illustrates the structure of the compound Mn3(u-NO)3(Cp)3.
. (μ 3 -ΝΟ). 1 0 8 The molecule has the C 3 V symmetry; in its
base is located the equalateral Mn3 triangle, each side of
which is spanned by a bridging NO group which is not
located in the plane of the ring: the deviation of the NO
group from the plane of the ring is ~47°. On the opposite
side, the ring is centred on the μ3-ΝΟ ligand. The planar
Cp rings deviate from the plane of the triangle by an angle
of -17° towards the side opposite to that of the μ-ΝΟ ligands.
Overall, this arrangement results in a fairly close symmetri-
cal packing of the ligands around the Mn3 triangle.

The centering of the three- and four-carbon faces in
clusters with a high nuclearity on chalocogenide ligands is
very common; three-membered metallocycles with μ3-οηβ1-
cogenide ligands are therefore of special interest. Fig.2d
presents the structures of the most typical representatives
of these compounds. The structure of the clusters

Table 4. Three-membered homo- and hetero-elemental metal-
locycles each having two μ3-ligands (48 CVE).

Fc3(CO),(n,-CO)fo3-NSi(CH,)3]
Co3(Cp)3№,-CO)[^-NSi(CH,)3]

Co3(Cp)3(M3-CO)(m-N-N = (

Νί..0ο(0ρ)3(μ3-0Ο)2
Νί 2 Ηε(0ρ) 2 (0Ο) 3 (μ 3 -0Ο) 2

[ N i 2 M n ( C p ) 2 ( C O ) 3 ^ 3 C O ) 2 ] -
Co 3(Cp) 3^ 3-CN(C 2H 5)2]2

Οο3(Ορ)3(μ3-ΝΟ)2

Fe3(CO)^3-SnFc(CO) 2(Cp)fe

[46]
[133]
[46]
[46]

fl 38]
[114]
[113]
[26]
[26]
[26]

[126]
[126]
[43]
[Π5]
[57]

In contrast to this, the μ3-SR group (where R is an organic
substituent) provides five electrons for the formation of bonds
with metal atoms. Fig.2e illustrates the structure of the
cluster compound Fe 3 (CO) 9 ^-H)^ 3 -SC 3 H 7 - i so) ; the Fe
atoms form an almost equilateral triangle, the bridging
hydride being directed to the side opposite to that of the
μ3-βΗ group and linking symmetrically two Fe atoms. 1 1 2

The centering of the three-membered rings on the μ3-η^-
ands on two sides renders the ligand shells in such cluster
molecules more compact and probably increases their stability.
Examples of triangular clusters with two μ 3-ligands are
presented in Table 4; certain structures are illustrated in
Fig.3.

The centering of the triangular face on μ 3 -ΰθ ligands is
frequently observed in cluster compounds with high nuclear-
ity; such examples are encountered much more rarely among
the triangular clusters considered in this review. A rare
structurally characterised example of the coordination of the
oxygen atom as a μ3-ligand, which provides four electrons
for the formation of bonds with metal atoms, occurs in the
Οο 3Ορ 3(μ 3-00)(μ 3-0) cluster. Owing to the small radius of
the oxygen atom, the principal Co—O, Co—Co, and Co—Ceo
bond lengths in the molecule are somewhat shortened. 1 1 3
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This can be seen fairly clearly from a comparison of the cor-
responding distances in the isoelectronic and isostructural
cluster Co 3Cp 3(u 3-CO)(u 3-S), η " in which the Co-Co bond
length is greater almost by 0.1 A.

Figure 4. The frontier orbitals of the Co3(CO)9(u3-CH)
cluster. 1 0 6

Finally in the last of the structures considered (Fig. 3b),
namely that of the Fe3(CO)9(M3-As)2 cluster, each of the two
arsenic atoms behaves as a three-electron ligand and the Fe3

triangle is centred on them on two s ides. 1 1 5

Thus three-membered metallocycles, each having 48 CVE,
are fairly common; the homometallic compounds are char-
acteristic of transition elements with the d7— d 9 electronic
configuration; in heterometallic clusters the range of ele-
ments is wider—they can incorporate P t ( d 1 0 ) , W, or Cr(d6).
The metal framework in cluster compounds of this type can
be surrounded by ligands differing significantly in both their
electronic and steric properties. The majority of the cluster
compounds presented in Tables 1-4 possess π-acceptor linear
carbonyl ligands; together with these, π-donor ligands are
also present, namely ligands such as S, Cp, Sr, NR, etc.,
as well as ligands incapable of additional π-interaction with
the metal framework, of the type of CR, B-NEt3, etc.

It is noteworthy that Tables 1-4 list clusters without CO
ligands, for example, Co3Cp3^3-NO)2 and Rh 3Cp 3[u 3-CN.
.(C2H5)2]2» as well as the Ir 3 (PF 3 ) 9 (u 3 -P) cluster in which
there are no M—C bonds at all. A definite preference for

either ligands or metals in the formation of compounds of this
type should probably not be expected. The existence of a
large number of cluster compounds with carbonyl ligands,
which have been synthesised and investigated, is not due to
their special properties but apparently arises because in the
initial stages of the development in this field metal carbonyls
were most often employed as the starting compounds in the
synthesis of clusters.

Table 5. Three-membered metallocycles each having 49 CVE.

Co (COW.n.-S)
G J , ( C O ) 9 ( M , - S I · )
Ni,(Cp>;[M:,-NC:iCIT.O-0
C C O P R

[109]
fii(H
[I.19]
[46]
[57]

[III]

Figure 5. The structure of the Co3(CO)9(u3-E) clusters; l t w '
Ε = S: R(Co-Co) = 2.64 A, R(Co-E) = 2.14 A; E = Se:
R(Co-Co) = 2.62 A, R(Co-E) = 2.28 A.

I I I . TRIANGULAR CLUSTERS WITH AN EXCESS OF VALENCE
ELECTRONS

Several examples of entirely stable structurally character-
ised triangular metallocycles containing more than the magic
number of valence electrons are known. Examples of such
compounds are presented in Table 5. It is striking that
they all have at least one M3-ligand.

In the first place we shall consider paramagnetic compounds,
each having 49 CVE. The structure of the Co3(CO)9( u3-E)
clusters, where Ε = S or Se 1 0 9 > 1 1 0 (Fig.5), is based, like
that of the diamagnetic 48-electron analogues Co,Fe(CO)9.
.(μ 3-Ε), where Ε = S or Se, on an equilateral triangle made
up of metal atoms and centred on an apical chalcogenide lig-
and in accordance with a tetrahedral motif. The molecules
have the idealised C 3 V symmetry. The larger radius of the
selenium atom compared with that of the sulphur atom
increases the Co-Ε distance, but hardly affects the length
of the Co-Co bond. However, it has been noted 1 1 0 that the
metal—metal distances in the 49-electron clusters are greater
(by 0.08 A for Ε = S and 0.04 A for Ε = Se) than in the iso-
structural 48-electron clusters Co2Fe(CO)9(M3-E), where
Ε = S or Se. Consequently the appearance of an unpaired
electron entails an appreciable increase of the metal-metal
bond length. It has been concluded1 1 0 that the highest
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half-filled MO in the C O 3 ( C O ) 9 ( M 3 - E ) cluster, where Ε = S or
Se, has a strongly antibonding character in relation to the
metal—metal bonds of the Co3 triangle.

Figure 6. Diagram illustrating the interaction of the orbitals
in the formation of the Co3(CO)9(p3-S) cluster.1 0 1"

Fig.6 illustrates a scheme for the construction of the
frontier molecular orbitals of the C O 3 ( C O ) 9 ( M 3 - S ) cluster from
the orbitals of the [Co3(CO)9]

 2 +and S2~ fragments. l 0 6 The
low-lying fully occupied ρ orbitals of the S2~ group interact
strongly with the le orbitals of the [Co 3(CO) 9] 2 + fragment
and conversely the la x and a2 orbitals hardly undergo a
change in their positions on formation of the cluster.
Apparently the unpaired electron is located in the a2 orbital
of the cluster, which is antibonding in relation to the metal-
metal bonds (Fig.6). Calculations have shown that, when

an electron enters this orbital, the overlap populations
between the cobalt atoms diminish by a factor greater than 2,
which in fact leads to the observed increase of the metal-
metal distance.

More detailed experimental information about the nature
and spatial orientation of this orbital has been obtained from
EPR spectra; n 0 the spectra of both solutions of the Co3(CO)9.
.(μ3-Ε) clusters, where Ε = S or Se, and the single crystals
of the diamagnetic isostructural compounds FeCo2(CO)9(M3-E),
containing 0.5% of the isomorphous paramagnetic Co3(CO)9.
.(μ3-Ε) clusters, have been investigated. The EPR spec-
trum of a single crystal with Ε = Se consists of 22 lines due
to the hyperfine interactions of the unpaired electron with
the three 59Co nuclei (J = 7/2). Detailed analysis of the EPR
spectra 1 1 0 showed that the unpaired electron is located in the
non-degenerate antibonding MO disposed in the plane of the
Co3 triangle and made up predominantly of the ZdXz orbitals
of the Co atom without an appreciable contribution by the s
orbitals. The hyperfine splitting constant [A u ] = 77.0 G
calculated on this basis is in good agreement with the experi-
mental value [Αλ1] = 74.3 G. The hyperfine splitting con-
stant for the C O 3 ( C O ) 9 ( M 3 - S ) cluster is smaller by only 2%,
i.e. [A u ] = 72.8 G, than for the selenium compound, which
undoubtedly demonstrates yet again the strongly antibonding
character of the a2 orbital and its location in the plane of the
ring orthogonally in relation to the s, p, and d orbitals of
the apical chalcogen atom.

The compound Cp3Ni3(u3-S)2

 159 having 53 CVE also belongs to
the group of paramagnetic triangular clusters. Here the
Ni-Ni distances have been increased to 2.80 A. The stability
of the cluster is determined by the density of the ligand
packing and the two u3-S bridges spanning the metal atoms.
The same causes are apparently responsible for the stability
of the analogous cobalt cluster Co 3Cp 3(u 3-S) 2, which has
three electrons less; the Co...Co distances have likewise
been increased, to 2.687 A. u<*

If the M3-bridges spanning the metal atoms to form a tri-
angle cannot be formed for one reason or another under the
conditions of the synthesis, the presence of 50 CVE in the
molecule leads to the rupture of one Μ—Μ bond and the con-
version of the framework of the cluster from a metallocycle
into a metallochain; as a rule, this is not a linear chain but
a "wedge" with the angle at the central atom in the range
80—100°; as it were, a slightly open triangle is obtained.
A detailed discussion of such molecules is outside the frame-
work of this review.

Figure 7. The structure of clusters each having 46 CVE: a) Rh 3(u-CO) 2(CO) 2(Cp) 2;
R(Rh-Rh) = 2.65 A; R(Rh-Pt) = 2.65 A; c) Cr2Co(Cp)2(CO)2[M-SC(CH3)3](M3-S)2;

1 < t 3

R(Cr-Co) = 2.59 A; R(Co-S) = 2.20 A; R(Cr-S M 3 ) = 2.30 A.

b) Rh2Pt(u-CO)2(CO)(Cp)2(PPh3); l l t2

R(Cr-Cr) = 2.62 A;
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IV. STABLE THREE-MEMBERED METALLOCYCLES WITH A
DEFICIENCY OF VALENCE ELECTRONS

Analysis of structurally characterised triangular clusters
has shown that three-membered metallocycles with less than
48 CVE are encountered no more rarely than clusters with
the magic number of CVE. In order to discover the cause of
the stability of such compounds, we shall examine in greater
detail their abundance and the characteristics of their struc-
ture.

1. Three-Mem be red Metallocycles having 46 CVE

Table 6 presents examples of triangular clusters, each
having 46 CVE. The homoelemental compounds are repre-
sented by rhodium clusters, but most of the compounds are
heterometallic clusters each containing two metal atoms with
the d7—d9 configuration and one Pt atom. In all cases the
molecules contain bulky phosphine or Cp ligands together
with the CO groups.

Table 6. Homo- and hetero-elemental three-membered
metallocycles each having 46 CVE.

Formula

Rh 3(M-PPh 2) 3(CO) 5

R h 3 ^ - P P h 2 ) 3 ( C O ) 3 ( P P h 3 ) 2

[Rh 3 ( M -CO) 2 (CO) 2 (Cp) 2 ]-
Mo 2 Fe(Cp) 2 (CO) 8

Cr2Co(Cp)2(CO)2(M-SCMe3) (M3-S)2

PtFeW(CO) 6 ^ 3 -CR) (Cp) (PEt3)
Pt2W[M-C(OMe)Ph](CO6[P(t-Bu)2)Me]3

PtFe 2 (CO) 8 (PR 3 ) 2

PlFe 2 (CO) 9 (PR 3 )
PtFe 2(CO) 8COD
PtCo2.(CO)7L2

PlRu 2(CO) s(diphos)
PtOs 2 (CO) 7 (PMePh 2 ) 3

P t R h 2 ^ - c O ) 2 ( C O D ) (η5-Ο5Με5)2

PίRe 2 (μ-H) 2 (CO) 9 (PRh 3 )
AuRe 2 ^-H)(CO) 9 (PPh 3 )
P t R h 2 ^ - C O ) (μ3-ΟΟ) (PPh 3) (η5-Ο5Με5)2

Refs.

[140]
[141]
[144]
[26]

[143]
[125]
[57]

[125]
[145]
[125]

[46, 146]
[125]
[26]
[26]

[142]
[26]
[26]

[142]

The cluster species [Rh3(u-CO)2(CO)2Cp2] and Rh2Pt.
.(M~CO)2(CO)Cp2(PPh3) can be regarded as the products of
the addition of the isoelectronic groups [Rh(CO)2]~ and
Pt(CO)PPh3 to the double bond of the dimer Cp2Rh2(u-CO)2

(Figs.7a and 7b). Both structures have definite features in
common: the CO bridging ligands are not in the same plane
with the rhodium atoms in both cases and are inclined in the
direction of the third metal atom, so that, for example, the
angle between the Rh(l)-Rh(2)—C(5) plane and the plane of
the ring is 77.5°; an analogous situation has been observed
in a Pt cluster (Fig. 7).

Formally the same result, i .e. the presence of 46 CVE, can
be achieved when the framework of the cluster contains one
metal atom with the d8—d9 configuration and two metal atoms
with the d 6 configuration, the structure of one such compound
being illustrated in Fig. 7c. This is also a product of addi-
tion, in this instance of the Co(CO)2 fragment, to a dimeric
chromium complex; it is believed11*3 that the high exchange
interaction parameter (-2J = 530 cm"1) is satisfactorily cor-
related with the shortening of the Cr-Cr distance (2.617 A).11*3

Fig. 7c shows that the Cr2Co triangle is surround by a shell
of adjoining ligands; whereby a more complete shielding of

the metallic framework against the possible (under the condi-
tions of synthesis) attachment of additional ligands is appa-
rently achieved.

We may note that the appearance of the 47th electron in the
cluster Cr2Fe(u-SCMe3)(|i3-S)2(CO)3 with an analogous com-
position leads to a significant "loosening" of one Fe—Cr bond
in the triangle (the distances are 2.726 and 3.010 A respec-
tively). 1 6 0

Furthermore, 46-electron clusters can also be achieved
when the triangle contains two Pt atoms and one W atom57 and
also three different atoms (Pt, Fe, and W). 1 2 5 The number
of such combinations is likely to become fairly large in the
future.

2. Three-Membered Metallocycles having HU CVE

The decrease of the number of CVE in triangular cluster
compounds is achieved in two ways—by a gradual accumula-
tion in the framework of atoms of elements lying to the right
or to the left of metals with the d 8 electronic configuration.
The homoelemental cluster compounds each containing 44 CVE
are represented by the Pd and Pt as well as Ir triangular
metallocycles (Table 7). The 42-electron triangles con-
sidered in the next subsection, are typical for the first two
elements; sometimes the reversible addition of yet another
two-electron ligand with formation of 44-electron three-mem-
bered metallocycles is possible. 1 6 1 The very fact of the
existence of the equilibrium of the type Qi,2cv"E + L ̂  ζ
shows that the number of CVE is not the only factor deter-
mining the stability of cluster compounds of this type.

Table 7. Homo- and hetero-elemental three-membered metal-
locycles each having 44 CVE.

Formula

C r 2 F e ^ - O R ) 2 ( C O ) 4 ( C p ) 2

Mo 2 Pt(CO) 4 (Cp) 2 (PPh 3 ) 2

[ΐΓ3(Η)6(μ-Η){Ρ(Ο6Η,,)3}3Ρν3]
2+

Pi 2 Fe(CO) 5 [P(OPh) 3 ] 3

Pt 2 Ru(CO) 5 (PR 3 H
Pt,Rii(CO) 4 (PR 3 ) 4

Pt 2 Os(CO) 5 (PR 3 )3
Pt,Cr№-C(OMe)Pii](CO)6(PR3)2

Pt 2Whi-C(OMe)Ph](CO) 6(PR 3) 2

[Pt 3 | cO) 3 ( l i-CO) 3 ] 2 -
Pd 3 [CNC(CH 3 ) 3 №-SCM 2

P d 3 ^ - C O ) 3 ( P P r i 3 ) 4

Refs.

[149]
[125]
[57]
[57]
[147]
[26]
[26]
[150]
[150]
[57]
[571

[57, 46]
[46]

Heterometallic triangular clusters are presented in Table 7.
A characteristic example of such compounds is the Pt2W.
.[M-C(OMe)Ph])CO)6tP(t-Bu)2Me]2 cluster, whose structure
is illustrated in Fig.8a' The Pt2W triangle is equilateral;
the planar carbene ligand lies in a plane perpendicular to
that of the Pt2W ring and passing through the W atom and the
centre of the Pt-Pt bond; the CO ligands are of the semi-
bridging type with markedly different distances to the Pt and
W atoms; overall, the metallic framework of the cluster is
strongly shielded against external influences by virtue of the
branched ligand environment.



314 Russian Chemical Reviews, 54 (4), 1985

If is of interest to compare the structures of two clusters—
FeCr2(M-OR)2(COK(Cp)2 and FePt2(CO)5[P(OPh)3 (Figs.8b
and 8c). Both compounds contain the electronically satu-
rated FeiCO)* group symmetrically linked to the corre-
sponding bimetallic fragments. Evidently, formally the same
result (44 CVE) can be achieved via two significantly differ-
ent pathways. The qualitative schemes for the distribution
of electrons among the MO in the clusters indicated have been
examined by Eremenko et al. 1 " 9 and Johnson and Benfield9''
respectively. The fact that both the Fe atom in the Fe(CO)i»
group and the Μ—Μ bonds opposite it are strongly sterically
shielded owing to the close packing of branched ligands,
which is clearly seen from a projection of the structure of the
cluster illustrated in Fig.8d, is striking.

One must note that, although the majority of the triangular
metallocycles presented in Table 7 contain CO groups as lig-
ands, there exists an example of a cluster compound without
CO ligands, namely Pd3[CNC(CH3)3]5(SO2)2

 1 5 5 as well as a
cluster which altogether lacks M-C bonds, namely {lr3(H)6.
. (M-H)[P(C 6 H u ) 3 ] 3 Py 3 } 2 + . 5 7

3. Three-Membered Metallocycles having H2 CVE

Table 8 presents examples of cluster compounds which each
have 42 CVE; evidently these compounds can be divided into
two groups—the cluster compounds of Group VI and VII
transition elements and the larger group of platinum, pal-
ladium, and rhodium compounds. Fig.9 illustrates the
structures of some of the cluster compounds having 42 CVE
each.

The cluster cation [Mo 3(Cp) 3(u-S) 2(u 3-S)]+ is very com-
pact; one side of the Mo3 triangle is shielded by the M3-S
ligand, while the other is shielded by three u-S groups,

which deviate markedly from the plane of the ring; from
the outside, each Mo atom is coordinated to a planar Cp
ring (Fig.9a). On the other hand, the formation of a stable
42-electron platinum cluster apparently does not require the
complete shielding of the metallic triangle by a close-packed
ligand shell; it is sufficient that the bulky substituents
should prevent the mutual approach of the two Pt 3 rings,
along the three-fold axis passing through the centre of the
ring, to distances sufficient for the formation of prismatic
structures with weak metal—metal bonds between the rings.

Table 8. Three-membered metallocycles each having 42 CVE.

Formula

rW3(k-O)yOAc)6(H2O)3]<+
[Mo3(M-S)3^3-S)(Cp)3]+
P W H - C N C (CH 3) 3ICNC ( C H S ) 3 ] 3

Pt 3 ^-CO) 3 (PR 3 ) S

Pt3 [μ-C (OCH3) C6H4CH3], (CO) s

Ρ^μ-C (OCH3) C6H5MP (CH3) 3 ] $

Pt3(H)dP(Bu-rper),]3
Pd3(μ-CO)3(PPh3)3

Rh3№-H)3[P(OCH3)3]6

Refs.

[151]
[152]
[1563
[154]
[46]

[157]
[1571
[153]
[46]

[158]

A typical example of such compounds is illustrated in
Fig. 9c. Each platinum atom has one terminal CO ligand and
is linked to its neighbours by a bridging carbene ligand; the
carbene ligands are almost planar and each such plane is

Figure 8. The structure of clusters each having 44 CVE: a) Pt2W[(i-C(OCH3)C6H5](M-CO)2(CO\{P[C(CH3)3]2CH3}2;
150

R(Pt-Pt) = 2.63 A; ft(Pt-W) = 2.83 A; R(Pt-Cco) = 1-87 A; R(W-Cco) = 2.43 A; a-(Pt-C-O) = 148°;
<b) Pt 2Fe(CO)5[P(OC 6H 5) 3] 3; 5 7 K(Pt-Pt) = 2.63 A; R(Pt-Fe) = 2.57 A; c) Cr2Fe[u-OC(CH3)3]2(CO) l f(Cp)2;

1 1 > 9

Jl(Cr-Cr) = 2.64 A; H(Cr-Fe) = 2.70 A; d) projection along the Cr-Cr axis.
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perpendicular to that of the Pt 3 ring and passes through the
centre of the Pt-Pt bond.

The only 42-electron rhodium cluster listed in Table 8 is
an example of a compound in which the electronically unsatu-
rated metallic triangle is fully shielded by highly branched
ligands (Fig.9b). The Rh-Rh distance is increased owing
to the presence of the bridging hydrogen atoms.

One must note that, among the three-membered metallo-
cycles listed in Table 8, there are many examples of com-
pounds without M—C bonds: here we encounter for the first
time triangular clusters having only typical acido-ligands,
which are characteristic of "inorganic" complexes. As an
example, we shall consider the Re3(u-Cl)3Cl9 cluster, whose
structure is illustrated in Fig.9d. Evidently the Re-Re
distances are greatly diminished compared with, for example,
the length of this bond in Re 2(CO) 1 0 (3.02 A). It has been
suggested that multiple M—IVI bonds are present in this and
analogous compounds.1 6 2

It is striking that the chloride ligands in the above cluster
compounds, like the carbonyl groups in compounds of the
type M3(CO)1 2, where Μ = R u o r O s , give rise to a close-
packed configuration and a ligand polyhedron analogous to
that shown in Fig.l with the sole difference that the central
hexagon has been rotated by an angle of 60° relative to the
axis passing through the centre of the Re3 triangle.

The question whether three-membered metallocycles having
less than 42 CVE can exist should apparently be answered
in the affirmative. The organometallic compound Re 3(CH 3) 9,
containing 30 CVE and the product of the addition to the
latter of phosphine ligands, namely Re3(CH3)9(PEt2Ph)3,
which has 36 CVE, are known. 1 6 3

Thus the following conclusions characterising the relation
between the structure and the number of CVE in triangular
cluster compounds can be drawn from the data examined
above:

1. Stable three-membered cluster compounds of transition
metals with the db-d10 configuration and 48, 46, 44, 42, or
fewer CVE are known. The close packing of the bulky
ligands on the surface of the metallic framework, which
results in the shielding of the M-M bond against the influ-
ence of external agents, becomes increasingly pronounced
with decrease of the number of CVE.

2. No specific ligand preference in the formation of tri-
angular cluster compounds has been discovered; among the
examples listed in Tables 1-8, ligands of virtually all known
types are encountered.

3. The smaller the number of CVE in the compound, the
shorter the M-M bond; this conclusion is valid for metals
with the d6—d7 configuration but does not extend to the
triangular Pd and Pt clusters.

4. In the cluster compounds with 49 CVE the unpaired
electron is located in a highly antibonding (in relation to the
Μ—Μ bond of the metallic framework) non-degenerate MO.
Such compounds have at least one M3-bridging ligand, which
maintains the metal atoms at short distances from one
another.

5. In cluster compounds with 50 CVE a second electron
enters the antibonding non-degenerate MO, which leads to
the rupture of one metal-metal bond; the triangle is opened
and the metallic framework assumes the form of a bent chain
made up of three metal atoms.

6. In a cluster having 53 CVE all three Ni...Ni bonds are
greatly extended compared with the normal Ni-Ni distance.
The stability of such a cluster is determined by the close
packing of the ligands in the presence of two u3-S bridges
spanning the metal atoms.

7. The presence in the cluster framework of each Pt, Pd,
and Au atom as a rule reduces the number of CVE by two.
A typical number of CVE in the triangle of Pt or Pd atoms
is 42 (sometimes 44). In the presence of a greater number

Figure 9. The structure of clusters each having 42 CVE: a) [Mo3(u-S)3(|i3-S)(Cp)3] + ; 1 5 6

K(Mo-Mo) = 2.81 Ά; J?(Mo-Su) = 2.29 A; K(Mo-Su.3) = 2.31 A; b) Rh 3 (M-H) 3 [P(OCH 3 ) 3 ] 5 ; 1 5 8 R(Rh-Rh) = 2.82
c)Pt3[u-C(OCH3)C6HltCH3-p]3(CO)3;

157 fl(Pt-Pt) = 2.62 A; d) [Re 3(u-Cl) 3Cl 9] 3-; R(Re-Re) = 2.47 A. 1 5 1
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of CVE the homometallic triangle made up of Pt or Pd atoms
is open.

V. THE ELECTRONIC STRUCTURE OF THREE-MEMBERED
METALLOCYCLES

In the formation of a metallocycle with a framework in the
form of a regular triangle the three transition metal atoms
each provide nine orbitals (5d + Is + 3p), which results in a
set of 27 MO (Fig. 10); three of these (a'2 and e') have
unduly high energies and are unsuitable for bonding.161*
Consequently in the metallic triangles there are only 24
cluster valence molecular orbitals (CVMO). In the three-
membered metallocycles considered this set of MO is occupied
in different ways by the electrons provided by the metal
atoms and the ligands.

5s •" ~—~

— η ΰθ

Μ Μ M

Figure 10 A qualitative scheme for the interaction of the AO
of metals in the formation of a ligand-free M3 triangle;161*
the changes occurring on formation of the anion
[Pt 3 (CO) 6 ] 2 ~ are shown on the right.

In the cluster compounds with 48 CVE all 24 CVMO are
occupied, while in compounds of other types the situation is
more complex. When the metallic triangle of the framework
interacts with ligands (for example, with CO ligands) the
cluster MO made up of the s and ρ ΑΟ undergo the greatest
changes. Although the relative order in which the individual
d orbitals are arranged changes somewhat on interaction with
ligands (Figs. 10 and 11), these changes are comparatively
small, probably owing to the relatively small integrals,
i.e. [S] £0.1, for the overlap of the d orbitals of the metal
with the orbitals of ligands such as the CO group. 1 6 5 Cal-
culations have shown that the entire set of 27 MO of triangu-
lar clusters can be divided into four main groups, boundaries
between which are approximate and vary as a function of the
nature of the metals and the ligands. The molecular orbitals
with the lowest energies are used mainly for bonding with
the ligands because the combination of three s and nine ρ
orbitals has the symmetry and directional properties suitable
for bonding with ligands. The remaining five d orbitals
form a set of MO having similar energies (the d block),
through which the direct metal-metal interaction takes place.
Next follow the so-called frontier orbitals, both HOMO and
LUMO. Finally the antibonding orbitals with the highest
energy belong to the fourth group.

This subdivision can be seen clearly in relation to the MO
obtained as a result of EHM calculations for the Ru 3(CO) 1 2

molecule (Fig. 11). 1 6 S Examination of the character of the
frontier orbitals of greatest importance for chemistry led to
the conclusion that 48-electron metallocycles of the type of
M3(CO)12 with D3ft symmetry are "inorganic" analogues of
cyclopropane;1 0 6 this analogy does not apply solely to the
topological correspondence of the structures and the nature
of the frontier orbitals; it is more profound and embraces
also chemical behaviour: the similarity of M3(CO)12 to cyclo-
propane in the ring opening and closure reactions has been
established in relation to Os 3 (CO) 1 2 . 1 6 7

The M3(CO)12 clusters can be constructed by combining
three octahedral M(CO)n fragments; the frontier orbitals
of such fragments are illustrated in Fig. 12. Two hybrid
frontier orbitals of the ax and b2 types, analogous to the σ
and ρ orbitals of methylene, are located over a low-lying
weakly split level mostly corresponding to the t2g level in
octahedral complexes. The FeiCO)^ and CH2 fragments are
isolobal and each has at least one pair of electrons in the
two frontier orbitals indicated. The formation of the
frontier orbitals of Fe 3(CO) 1 2 by combining the orbitals of
the three Fe(CO)i» groups, analogous to the formation of the
orbitals of cyclopropane from those of the three CH2 groups,

is illustrated in Fig. 12. Evidently the orbitals of the
t2g level interact weakly with one another, forming the
orbitals of the cluster d block, while the ax and b 2 orbitals
give rise to a set of MO of the Walsh type. The difference
from cyclopropane consists in the fact that both in the initial
Fe(CO)^ fragments and in the Fe 3(CO) 1 2 cluster the orbitals
of the ax type have a higher energy than the b 2 orbitals,
while in the cyclopropane the opposite situation obtains.
It is believed106 that this order in the arrangement of the
orbitals is confirmed by the results of the investigation of
the electronic and photoelectron spectra of M3(CO)1 2,
where Μ = Ru or O s , 5 9 indicating the non-degenerate char-
acter of the HOMO in these compounds.

An analogous set of frontier orbitals of another 48-electron
metallocycle, namely Co3(CO)9(u3-CH), is obtained by com-
bining the orbitals of the Co3(CO)9 and CH fragments (Fig.4).
It can be assumed that in other 48-electron triangular
cluster compounds the qualitative scheme for the arrangement
of the MO and their occupation by electrons is the same as
for the molecules examined above. Information about the
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character of the LUMO in such systems has been obtained in
studies of the EPR spectra of certain 49-electron compounds
presented in Table 5. Unfortunately there are as yet no
experimental data which would permit the estimation of the
energy gap between the HOMO and LUMO. The entry of a
second electron into the LUMO results in the rupture of one
metal-metal bond in the triangle.

Thus the scheme for the electronic structure of 48-electron
triangular clusters put forward in a number of studies
explains satisfactorily the existing experimental data. From
this scheme, it follows without a doubt that triangular clus-
ter compounds in which the number of CVE is greater than
48 should have greatly "loosened" metal-metal bonds up to an
appreciable weakening of the direct interaction between the
metal atoms. The stability of such cluster compounds is
determined mainly by the u3-ligands which span the metallic
triangle. For example, there are 53 CVE in the Ni3(u3-S)2.
.(Cp) 3 cluster; the Ni-Ni bond length in this cluster is
2.80 X, 1 5 9 which is greater by 0.4 X than in the compound
Ni 3(u 3-CO) 2(Cp 3) with an analogous structure, 5 7 which has
4 CVE less [i?(Ni-Ni) = 2.39 X]; the five excess electrons
in the Ni3(|i3-S)3(Cp)3 cluster occupy three antibonding
orbitals, while the weak Ni...Ni bonding is determined mainly
by the exchange interaction involving the single unpaired
electron (Meff

 = I · 7 UB^·

The data examined in Section II show that three-membered
metallocycles with 48 CVE are characteristic of metals with
the d8 configuration or one close to it. However, clusters
with fewer CVE are just as common; they can be divided
into two groups—three-membered metallocycles made up of
the atoms of the metal at the beginning of the transition
series and triangles made up of the atoms of platinum group
metals. It is striking that sometimes formally the same
number of CVE can be attained by a different pathway—by
introducing platinum metals or Group VI metals (Cr, Mo, and

W). However, the electronic structure of the metallic frame-
work in such cluster compounds is different. In platinum
metallocycles the Pt-Pt distances (2.65-2.79 X) differ little
from the metal-metal distance in metallic platinum (2.77 X),
while in triangles made up of Group VI metal atoms the
metal-metal distances are significantly shortened.

It might have been supposed that multiple metal-metal
bonds are formed in triangles made up of atoms of metals
having the d 6 or lower configuration, particularly since the
existence of multiple bonds in dinuclear compounds of the
same metals is a well established fact. For example, the
results of quantum-calculations for model Cr, Mo, Ru, and
Rh dimers, in which the metal atoms are linked by four
identical planar bridges (O2CH) located in pairs in mutually
perpendicular planes and shielding fairly densely the space
between the metal atoms, have been described; 3 the real
molecules can each have in addition two two-electron axial
ligands L. In the rhodium dimer each metal atom has a
filled electron shell (taking into account the two electrons
from the axial ligands L). The metal—metal bond orders
are unity. In the isostructural ruthenium dimers there are
two fewer electrons, while in the chromium and molybdenum
dimers there are six fewer electrons. The rigid configura-
tion of the dimers makes it impossible to attach additional
ligands and make good from outside this electron deficit.
The 18-electron shell in each metal atom in these compounds
is therefore produced as a result of the formation of metal-
metal multiple bonds; the bond multiplicity is 2 in the
ruthenium dimer and 4 in the chromium and molybdenum
dimers. In terms of the chosen coordinate system, 3 in the
rhodium dimer the HOMO with 2b lU symmetry is at the same
time the antibonding 5 * orbital in relation to the metal-metal
5-bond; when it is filled with electrons, the δ-bond is
ruptured and, conversely, a decrease of the number of
electrons in this orbital leads to the appearance of a 6 -bond

xy
yz
ζ2

n,P>s

a'2(xz,6*)

ν ' e" (t/z)

(xy)
e"(xy)
e'(xz,6)

\
\
\

a',(z*,e')

antibonding

frontier

CO

6?-block

Ru(C0)i4

16, 26, π ligand-metal

Figure 11. The formation of the molecular orbitals of Ru 3(CO) 1 2 from the MO of the RuiCO),» fragment;
HOMO = xz and LUMO = π*, ζ for the Ru(CO)4 fragment; the coordinate system for the Ru(CO\ fragment
is shown on the r i g h t . 1 6 5
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between the metal atoms on moving along the above series of
dimers from right to left; the same considerations are
applicable to the π orbital which follows the 6 * orbital (see
Cotton and Walton3, pp.366-382).

One cannot rule out the possibility of a similar approach to
the consideration of the electronic structures of three-mem-
bered metallocycles. The decrease of the number of intrinsic
d electrons in the metal atoms and the impossibility of making
good this deficit by attaching ligands should result in the
occurrence of additional interaction between the AO of the
metals with formation of multiple bonds.

Among electron-deficient clusters, quantum-chemical
calculations have been made mainly for the Re3 metallocycle;59

they agree well with the hypothesis that multiple bonds are
present in this and similar compounds. For example, the
results of EHM calculations for the (Re 3Cl 1 2) 3~ ion led the
authors 1 6 6 to the conclusion that the two-centre bonds
between the rhenium atoms can be described as double bonds.

Thus there are grounds for the assumption that, for the
majority of the compounds listed in Tables 6—8 subject to the
condition that the normal geometry of the framework and of
the ligand environment is conserved, a decrease of the
number of CVE compared with 48 for metals to the left of the
iron group in the Periodic System can involve the formation
of metal—metal multiple bonds in the metallocycle.

The normal multiplicity of each metal-metal bond (q) in
a three-membered metallocycle can be calculated from the
formula

54 — η

6

where 54 is the maximum number of electrons when all the
27 MO of the trinuclear cluster are occupied, η the number
of CVE in the given three-membered metallocycle, and 6 the
number of electrons capable of being accommodated in the
three residual vacant CVMO in clusters with a filled shell
having 48 CVE and a metal—metal bond multiplicity of
unity.

Thus in the presence of 46 CVE the multiplicity of each
metal—metal bond is 1 + 1/3, when all the bonds are equalised,
or two Μ—Μ bonds have a multiplicity of unity and a third a
multiplicity of two. This situation obtains, for example,
in the 46-electron cluster Os 3(u-H) 2(CO) 1 0, where the bond
between the two Os atoms spanned by two u-H bridges has
a multiplicity of 2, while the other two bonds have a multi-
plicity of unity; see also Cotton. 1 6 2

From general considerations, it is understandable that the
decrease of the bond lengths with increasing multiplity of
the metal—metal bond in trinuclear metallocycles should be
relatively smaller than in dimers. The difference between

f »

0
c

Fe

C
0

\
-Ve -ΙΌ;

.!•>

Figure 12. The group orbitals of the Fe(CO)i» and CH2 fragments; the formation of the MO of the Fe 3(CO) 1 2

molecule (idealised geometry with D 3 ^ symmetry) from the orbitals of the Fe(CO)H fragments is shown on the
right-hand s ide . 1 0 6
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the lengths of bonds of different multiplicity probably
becomes increasingly less appreciable with increasing
nuclearity of the clusters.

It follows from the calculated and experimental results pre-
sented above that triangular clusters based on platinum and
palladium with a deficiency of electrons are as a rule coor-
dination unsaturated and it would appear that they could
combine with one or two more ligands in order to build up
their electron shell to a stable state, but this does not occur
in reality. In other words a triangle of Pt or Pd atoms can
combine with a smaller number of ligands than the triangles
made up of atoms of the other metals examined above.
Furthermore, in heterometallic triangles each Pt or Pd atom
reduces the total number of two-electron ligands by unity.

36 36'

connection with the weakly bonding character of these MO,
an appreciable decrease of the metal—metal distances does
not as a rule occur.

The ability of platinum triangles to be coordinated to one
another with formation of prismatic structures of different
lengths, which are characterised by a weak interaction
between the rings (the Pt-Pt bond length is greater than
3 A) has been explained by the presence of orbitals of this
type.

—0O0—

Thus comparison of the structures and numbers of CVE in
a wide range of three-membered metallocycles permits the
conclusion that the magic number of 48 CVE for triangular
clusters means merely that in the presence of a large number
of CVE, the triangular structure of the framework with
short metal—metal bonds cannot be retained; on the other
hand, experience has shown that, when the number of CVE
is reduced, the extent by which it differs from the magic
number for triangular clusters can vary within fairly broad
limits.

7t

7ί

26
(dsp2)

Pt VU

7t

PIKC2 J'o3

Figure 13. A qualitative scheme for the π-interactions in
three-membered metallocycles with participation of platinum.'

o^-co

Figure 14. The structure of the Nb3(M3-CO) (CO) 6(Cp) 3

cluster. 1 6 a

It has come to be assumed that the energy of one of the
ρ orbitals of the Pt or Pd atoms is unduly high and the
orbital cannot participate in the formation of a bond with
the ligand. Three such orbitals, extended along an axis
perpendicular to the plane of the M3 ring form as a rule in
such cases the set of three MO illustrated schematically in
Fig.l3. 9 1 f It is believed that these orbitals should have
energies within the energy gap between the HOMO and LUMO
for clusters with a filled electron shell. The changes occur-
ring in the region of the frontier orbitals in the regular
transition from Fe3 to Pt 3 clusters are shown schematically
in Fig. 13. As a result of this interaction, one of the π MO
becomes weakly bonding and two others become weakly anti-
bonding.

This qualitative scheme agrees in the main with the results
of an EHM calculation for the planar dianion [Pt 3(CO) 6] 2~,
which are presented in Fig. 10. Evidently all the 15 MO of
the d block are occupied and the two excess electrons are in
the a'l orbital, which has predominantly the π£ο character.
The unoccupied non-bonding orbitals of the e" set are in
essence the almost unchanged ρ orbitals of the M3 framework;
calculations have shown that, in compounds with 42 CVE, all
the orbitals having the ρ character (α\ + e") are unoccu-
pied. 1 8 "

Thus an additional interaction of the π type also occurs
in triangles based on platinum and its analogues, however,
it does not involve the d orbitals, as in the previous case,
but the MO made up of orbitals of the ρ type. However, in

On the other hand, one should note that in the chemistry of
cluster compounds there is apparently no rigid specification
whatsoever of the numbers of CVE for particular types of
metals and ligands. It was noted above that, as one moves
to the left along the Periodic System and the number of elec-
trons in the valence shell of the metal atom falls, the number
of CVE in the corresponding triangular compound differs to
an increasing extent from the magic number. However, the
Cp3Nb3(CO)7 triangular niobium cluster with 48 CVE has
been obtained, its structure being shown in Fig. 14. 1 6 8 For
this compound to have 48 CVE, the seventh CO group must
supply six electrons for the formation of bonds with the metal
atoms and for this to happen it must be located parallel to the
plane of the Nb3 ring. Fig. 14 shows that this condition is
fulfilled with adequate precision. The stretching vibration
frequency of the seventh CO group is then displaced so much
(to 1330 cm"1) that in this case one can apparently envisage
two ligands (C and O) weakly interacting with one another
on the surface of the metallocycle. Consequently, if the
ligand environment, occupying almost the same volume around
the M3 ring, can supply a greater number of electrons, a
configuration with a filled electron shell obtains even for an
element such as niobium, which has only five d electrons.

The same picture has been observed for the cluster com-
pounds of metals having a filled d shell. Although triangular
Pd and Pt clusters having 48 CVE have not so far been
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obtained, one may quote an example from the chemistry of
tetrahedral clusters. The magic number for the tetrahedron
is 60 CVE; the majority of tetrahedral Pd and Pt compounds
have, like the corresponding triangles, a significantly smaller
number of CVE, but the Pd l t(u-CO)6(PBu3)^ cluster with a
tetrahedral structure of the framework has 60 CVE.1 6 9

In the formation of each given cluster compound there
probably exist limited possibilities for the selection of ligands;
a tendency is observed towards the construction of the most
compact molecule with a preferential filling of the space
around the metallic framework. Since the metallic framework
itself is fairly stable, for example, in the form of ultradis-
perse metallic particles, 5 2 the electronic requirements which
must be met by the ligand in the formation of a cluster on its
basis are not rigorous, permitting deviations from the magic
numbers. The number of examples in which the number of
CVE differs from the magic number will apparently increase
in the future as experimental data accumulate, particularly
for cluster compounds with a high nuclearity.
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