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Abstract

Osmium forms more neutral binary carbonyls than any other metal; before 1987,
nine were known with one to eight osmium atoms. There were, however, no
tetranuclear binary carbonyls of osmium known before this date. This review
describes the synthesis of Os, (CQO),, (1), 0s,(CO);5 (2) and O5,(CO),, (3) along
with various derivatives of these clusters. Addition of Qs(CQO); to Os;(CO),(CsH1,),
in hexane affords 2 in good vield. The crystal structure of 2 reveals it to have an
unusual planar structure with short (2.775 A) and long (2.998 A) peripheral Os—Os
bonds (the hinge Os—Os bond length of 2.948 A is more typical of an Os—Os single
bond). The unusual metal-metal bond lengths are rationalized in terms of three-
center, two-electron metal-metal bonds so that the short bonds have a bond order
of 1.5 and the long bonds an order of 0.5. In this way each osmium atom achieves
an 18-electron configuration. Several clusters with essentially the same arrangement
of metal atoms have also been synthesized (e.g., 0s,(CO) (PMe;) 4), (7°-
CsMe;)IrOs,(CO),,). The variable temperature *C NMR spectra of 2 and 4
indicate that rapid CO-exchange in the equatorial plane occurs in these compounds.
Other 62-electron clusters prepared in this study were Os (p-HYCO),4,(SnMe,) (8)
and Os,(p-H),(CO),3(PMe,) (9); whereas 8 has a planar metal skeleton, 9 adopts
the more common butterfly arrangement. For these clusters, the planar configura-
tion is adopted when at least one of the metal atoms in the hinge position has four
terminal ligands. Refluxing 2 in hexane yields Os,(CO), (1), which as expected
from polyhedral skeletal electron pair theory has a tetrahedral metal core. Evidence
is presented which indicates that in solution the carbonyl ligands in 1 undergo
exchange on the infrared time scale. Treatment of 2 in CH,CI; at 0°C with CO (1
atm) gives Os,(CO) (3) in essentially quantitative yield. The crystal structure of 3
reveals it to have a cyclobutane-like Os, core; the Os-Os bonds are long and range
in length from 2.979 to 3.000 A. In solution at room temperature, 3 readily
decomposes to give mainly Os;(CO),,. The much greater stability of the trinuclear
cluster suggests that the metal-metal bonding in this cluster should be described in
terms of a centrally directed molecular orbital plus edge-bridging molecular orbitals,
rather than in terms of two-center, two-electron metal-metal bonds. The structures

0022-328X./90/303.50 © 1990 Elsevier Seauoia S.A.



388

Table 1

The neutral binary carbonyls of osmium known before 1987

Formula Structure Ref.
Os(CO)4 trigonal bipyramidal (D) 1
Os,(CO), single carbonyl bridge (C,,) © 2
Os,(COY,, triangular Os, (Dy),) 3
Os5(CO)4 trigonal bipyramidal Os 4
Os5(COYyy “bow-tie” Oss s
054 (COY g capped trigonal blpyramxdal Os, 6
Os,(COY 5, planar, * raft-like” 096 7
0s5,(CO) 4, capped octahedral Os, 9
Os3(CO) 14 bicapped octahedral Osy ¢

“ Probable structure. ” Probable structure based on the structures of Os(CO),, _ [P(OMe);], (x =1-4)
[18.81]. © B.F.G. Johnson, personal communication.

of 0s,(CO),(L) (L = PF,, PMe,, P(OCH,),CMe, CNBu') have been determined.
Only the PF, dernivative has a puckered square arrangement of metal atoms (with
long Os-0Os bonds) like 3; the other derivatives have a spiked triangular arrange-
ment of metal atoms. The Os-Os bond lengths in the latter clusters range from
2.849 10 2.938 A. From this study it i1s concluded that it is the electronic properties
of L that dictate which structure a cluster of the type Os (CO),(L.) adopts. The
nonrigid properties of 3 and the Os,(CO),s(L) clusters are also briefly discussed.

Introduction

Osmium forms more neutral binary carbonyls than any other transition metal.
Before 1987 the known binary carbonyls of osmium were Os(CO)4 [1]. Os,(CO),
[2]. 055(CO),; [3], Os5(CO), [4]. O85(COY, [5], O5,(CO)y [6], Os4(COY, (previ-
ously thought to be Os.(CO),,) [7.8], Os,(CO),; [9]. and Os(CO)., [10]. The
structures of these carbonyls are given in Table 1.

The first reported preparation of pentacarbonylosmium was that of Hieber and
Stallmann in 1943 [11] *. Their best synthesis was the dry reaction of OsQ, with
carbon monoxide (300 atm) at 300 ° C which gave quantitative yields of the carbonyl
(eq. 1). With the exception of some notable work by Calderazzo and L’Eplattenier

0s0, + 9 CO — Os(CO)s + 4 CO, (1)

in 1967-68 [13], the chemistry of Os(CO); has received little attention until recently
{14]. The structure of Os(CO), is described below.

The first report of the genuine preparation of Os,(CO), was by Moss and
Graham in 1970 [15]; they made the compound by the ultraviolet irradiation of
pentacarbonylosmium in heptane at —40°C (eq. 2). Unlike Fe,(CO),, Os,(CO), is

0s(CO)s ——— 0s,(CO), (2)

40C

soluble in hydrocarbon solvents. It readily decomposes in solution to give Os,(CO),,.

* For a historical description of the discovery of the simple metal carbonyls see ref. 12.
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The structure of Os,(CO), has not been determined but it is believed to contain a
single bridging carbonyl ligand [2].

Dodecacarbonyltriosmium, Os,;(CO),,, is the common carbonyl of osmium. It is
a bright yellow, air-stable crystalline solid that is readily prepared, in near quantita-
tive yield, by the treatment of OsO, in methanol with CO (100 atm) at 150°C.
When originally prepared by Hieber and Stallmann, it was believed to be Os,(CO),
[11]. The correct formulation was provided by the crystal structure carried out by
Corey and Dahl in 1961 [16]. The solid-state structure of Os;(CO),, has approxi-
mate D;, symmetry and consists of a triangular Os; unit with six axial and six
equatorial CO ligands (i.e., no bridging carbonyls). The chemistry of Os;(CO),; is
extensive and has recently been reviewed by Deeming [17].

The synthesis and study of the higher-nuclearity carbonyl clusters of osmium is
almost entirely due to the work of the group of Lewis and Johnson. In a landmark
paper for cluster chemistry, published in 1975, they described the pyrolysis of
Os,(CO),, in vacuum at 210 °C or above to give a host of higher-nuclearity binary
carbonyl (and carbido, carbonyl) clusters of osmium (eq. 3) [10].

Os;(CO)y; R 210°C

Os5(CO)16 + 084 (CO),4 + Os,(CO),; + Os5(CO),5 + OssC(CO), 5 + OszC(CO),,
3)

The other known binary carbonyls with five or more osmium atoms, Os;(CO), and
Os¢(CO),,, can be prepared by the careful carbonylation of Os¢(CO),; under
different conditions [8]. An improved synthesis of Os (CO),; has subsequently been
reported [7]. The synthesis and reactivity of the higher-nuclearity clusters of osmium
(and other metals) has recently been reviewed by Vargas and Nicholls [18].

There were, however, no tetranuclear binary carbonyls of osmium known prior to
1987. It occurred to us many years ago that these compounds might be prepared by
the addition of Os(CO); to a suitably activated derivative of Os;(CO),,. The rest of
this review is concerned with our studies in this area.

Os(CO), and (OC),0s0s(CO),(GeCl,)(Cl)

Heating Os,(CO),, in hexane under 200 atm of CO at 280°C results in an
equilibrium mixture that contains ~ 60% Os(CQ). after 48 h [19]). We can confirm
an earlier report [8] that there is no detectable conversion of Os;(CO),, to Os(CO)4
if a temperature of 220°C or below is used. Our preparation of Os(CO); is
reminiscent of Hieber’s original synthesis described above [11].

The forcing conditions necessary to break the metal-metal bonds in Os,(CO);,
may be compared with the corresponding reactions for Fe,(CO),, and Ru;(CO),,.
The iron cluster is converted into Fe(CO); under 1 atm of CO at room temperature
[20], whereas for Ru,(CO),, there is ~100% conversion to Ru(CO)s when it is
treated with 200 atm of carbon monoxide at 150°C [19,21]. Although the mecha-
nisms of the reactions of CO with Ru;(CO),, and Os;(CQO),, are unknown, these
reactions can probably be taken as a dramatic illustration of the increase in
metal-metal bond strength on going to the transition metal in the chemical group
that is lower in the periodic table [22].
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Fig. 1. Molecular structure of (OC)s0sOs(CO);(GeCl, )(C).

When pure, Os(CO); melts at 2°C and is stable in solution under nitrogen at
room temperature, but it slowly reverts back to Os,(CO),;, at 80°C. This is in
marked contrast to Ru(CO), which decomposes to Ru,(C0O),, in solution at room
temperature with a half life of about 2 h, in the dark [19]. It is often found that
carbonyl complexes of second row transition metals are more labile than the
corresponding complexes of the first and third row transition metals [23] (Fe(CO)4
is, of course, stable in solution at room temperature).

Both the structures of Os(CO); [1] and Ru(CO)4 [24] have now been determined
by electron diffraction. As indicated by infrared spectroscopy [13] both compounds
have trigonal bipyramidal configurations. The metal-carbon bond lengths in both
molecules are almost identical (Ru-C 1.952(3) A, Os-C 1.955(4) A) and, further-
more, there is little or no difference between the axial and equatorial metal—carbon
distances. There is also no significant difference in the axial and equatorial Fe-C
lengths 1n Fe(CO); as revealed by the most recent low temperature X-ray diffrac-
tion study [25].

In the initial stages of our investigation of the chemistry of Os(CO),, we
discovered that it was able to act as a two-electron donor ligand. Thus the reaction
of Os(CO)5 and GeCl, at 60 ° C did not produce the expected Os(CO),(GeCl W C1),
in an analogous fashion to the reaction of Fe(CO); with GeCl, [26], but rather
(0C)080s(CO);(GeCl, )(CI) [27]. The crystal structure determination revealed that
the 18-electron compound Os(CO), acts as two-electron donor ligand to the
16-electron fragment Os(CO),(GeCl;}Cl) via an unbridged. donor-acceptor
metal-metal bond (Fig. 1). This is believed to be the first report where a neutral
18-electron complex had been shown to behave in this manner. The Os-Os bond
lengths of the three independent molecules in the unit cell are 2.916(2). 2.927(2). and
2.931(1) A.

We have subsequently shown that Os(CO),(PMe,), and related compounds,
readily act as two-electron donor ligands to give complexes with unbridged,
donor-acceptor bonds; some examples are (Me,P)}OC),OsM(CO); (M = Cr, Mo,
W), (Me,P)(OC),OsRe(CO),(Br). and (n>-CsMes)}(OC),IrW(CO); [28]. Neutral
complexes with unbridged, dative metal-metal bonds are still exceedingly rare [29]
although there are numerous examples of compounds with formal dative metal-metal
bonds bridged by ligands [30], or supported by other metal-metal bonds in clusters
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Fig. 2. Molecular structure of Os,(CO),5 (2).

[31]. That Os(CO); and Os(CO),(PMe,) were able to act as ligands strongly
suggested that this property could be used in cluster synthesis.

Os4(CO) 5

As described below, Os(CO),(PMe,) [32] readily displaces acetonitrile from
0s5(C0O),,(CH;CN) [33] to give [(Me;PY0OC),0s]0s,(CO),, [34]. Pentacarbonyl-
osmium does not react with the acetonitrile derivative, but it does displace cyclooc-
tene from Os;(CO),o(cyclooctene),, a more lightly stabilized derivative of Os;(CO),,
first prepared by Tachikawa and Shapley [35]. The crystal structure of the product
showed it to be Os,(CO);s (2), the first tetranuclear, binary carbonyl of osmium
(Fig. 2) [36]. The metal framework in 2 consists of a planar, “kite-like” Os, unit
with adjacent short (2.775(1) A) and long (2.998(1) A) Os—Os bonds (Table 2). The
hinge Os—Os bond length at 2.948(1) A, although somewhat long, is more typical for
an Os—Os single bond. (In Os;(CO),,, the average Os—Os bond length is 2.877(3) A
[3].) We had previously observed this unusual arrangement in Os,(CO),,(PMe,)
and rationalized it in terms of three-center, two-electron metal--metal bonds [34,37];
this is shown for 2 in Scheme 1. In this way the short Os-Os bonds are assigned a
bond order of 1.5 and the long Os-Os bonds an order of 0.5, and each osmium
atom achieves an 18-electron configuration.
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-0s(CO)4

Scheme 1

Many years ago Pauling proposed a simple equation for calculating the bond
order of a bond given its length [38]; this is shown in eq. 4 where d(n) is the

d(n)=d, — 0.60 log(n) (4)

distance of the bond in question, 4, is the length of a single bond of the same type,
and 7 is the bond order. If one assumes a value of 2.88 A for a single Os—Os bond
(the value found in Os,;(CO),, [3]), then application of Pauling’s relationship to 2
yields a bond order of 0.6 for the long Os—Os bonds and an order of 1.5 for the
short Os-Os bonds. These bond orders are therefore consistent with the interpreta-
tion of the bonding in 2 shown in Scheme 1.

It is pointed out here that there have been recent reports in the literature of
planar tetranuclear clusters in which there are long metal-metal bonds that are not
adjacent (i.e, in 0s,(CO),(p-O0,CCF), [39], Ru,(CO);3(u-PPh,), and
Ru ,(CO),,(p-PPh,), [40]). There are also a number of higher-nuclearity osmium
clusters that contain short Os—QOs bonds [4,6,41]. It is not, at present, apparent why
the Os—Os bonds should have these unusual lengths, or if the bonding concepts used
for 2 can be applied to these molecules.

Planar tetranuclear clusters were, until recently, quite rare (a number of planar
clusters related to 2 are described below). The butterfly and tetrahedral arrangement
of metal atoms are the common geometries observed for such clusters [42]. The
butterfly configuration is the common structure found for 62-electron clusters; it is
the structure that is the most consistent with polyhedral skeletal electron pair theory
(PSEPT) [43] (cluster 2 is a 62-electron cluster). Prior to 1986 the only planar
tetranuclear clusters without bridging ligands reported were [Re,(CO),4]>~ [44] and
HOs,Re(CO),s [45]. The metal-metal bond lengths in these clusters do not,
however, show the same variation as those in 2. Planar tetranuclear osmium clusters
with bridging ligands include Os,(u-S)CO),; [46] and Cl,SnOs,(p-CH,)(CO),,
[47] (SnCl, may be considered as isolobal with Os(CO),).

One of the fascinating properties of metal carbonyl clusters is their stereochem-
ical nonrigidity [48,49] and the tetranuclear osmium carbonyls are no exception.
Variable temperature >C NMR spectra of Os,(CO),s in solution below 0°C are
shown in Fig. 3 [50]. Because of the unusual bonding in this cluster, care must be
taken when assigning resonances in a specific region of the spectrum as due to
carbonyls of a certain type (i.., axial or equatorial). For example, some of the
carbonyl signals in the '*C NMR spectrum of Os,(CO),,(PMe;) have unusual
chemical shifts [34]. However, by analogy to the spectra of most Os; clusters [51,52]
and the spectrum of Os,(CO),,(PMe,), the two signals (each of intensity 4)
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downfield of & 180 are assigned to axial carbonyls whereas the singlet (of intensity
7) to high field of § 175 is assigned to the equatorial carbonyl ligands.

The spectrum at —56°C is interpreted in terms of 2 with the same structure as
found in the solid state, but with a rapid all-equatorial, merry-go-round CO-ex-
change taking place in the molecule, as shown in Scheme 2. This is consistent with
the non-rigidity found in Os,(CO),,(PMe,) described below. The spectrum of 2 at
—119°C indicates that this exchange is beginning to slow down on the NMR time
scale. The low activation barrier for the exchange may indicate that the intermediate
with the bridging carbonyls (2i) is not much higher in energy than the ground state
structure of 2. Note that in 2i all the Os~Os bonds are considered as two-center.
two-electron metal—metal bonds. In the spectrum at —6° C there is evidence for a
further fluxional process since the signal at the lowest field, which is assigned to the
axial carbonyls on the wingtip osmium atoms, is broadened along with the signal
assigned to the equatorial carbonyls. A mechanism that accounts for this observa-
tion is a three-fold twist mechanism at the wingtip osmium atoms that exchanges an
axial and the equatorial carbonyl ligands attached to these osmium atoms. We have
proposed this type of rearrangement to account for some nonrigid processes that
occur in the Os,(CO),,_  [P(OMe),], (x = 1-5) clusters [52.53].

°
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Fig. 3. Variable temperature '>C NMR spectra of 2 (in CHFCl, /CD,Cl, except spectrum at ~6° C:
CH,Cl, /CD,Cl,; *CO-enriched 2; 100.6 MHz operating frequency).

Derivatives of Os,(CO),s without bridging hydride ligands

A number of derivatives of 2 and a related heteronuclear cluster have been
prepared. The methods of preparation of these clusters are summarized in eqs. 5-8
[34,36,50].

[(Me;P)(OC),0s] 0s,(CO),; + Me;NO

0s,(CO),4(PMe;) (5)
0s(CO)4(PMe;) + Os5(CO)1o( CH;CN),” (4)
0s,(CO)13(PMe,) + P(OMe); — Os,(CO),3(PMe; ) [P(OMe);] (6)
(5)
0s,(CO),;5(CNBu') + Me;NO — 0s,(CO),,(CNBu') (7
(6)
08,(C0O)10(CyHyy ), + (1°-CsMes JIr(CO), — (1°-CsMes )IrOs, (CO), (8)

(7)

The structures of the clusters 4-7 all have similar planar Os, (or Os,lIr) cores
with long and short peripheral metal-metal bonds as found for 2 (Table 2). This
indicates that the unusual bonding present in these compounds is an intrinsic
property of the metal unit and cannot be attributed to the trans influences of the
ligands or to packing effects.

Of these clusters, only for 4 have the dynamic properties of the molecule in
solution been investigated (the clusters Os,(CO),(PMe,) (n=13, 14, 15) were
prepared before their binary carbonyl analogues [34]). Variable temperature C
NMR spectra of 4 are shown in Fig. 4. As can be seen from the figure, the spectrum
at —115°C consists of four signals of intensity two (the signal at § 202 is a doublet
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Fig. 4. Variable temperature '?C NMR spectra of 4 (conditions as in Fig. 3). In the spectrum at —26°C

there is a broad singlet at ~190 ppm and the signal at 191.6 ppm has lost intensity due to the onset of a
second fluxional process.

due to phosphorus coupling) assigned to the axial carbonyls, and six signals of
intensity one assigned to the equatorial carbonyls. The spectrum is consistent with
the solid state structure (where the PMe, ligand occupies the equatorial site on
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Os(2) that is adjacent to Os(1)) and indicates that, unlike 2, the carbonyls in 4 are
rigid at this temperature. Two of the signals attributed to axial carbonyls (namely
those at § 211.9 and 171.9) and one attributed to an equatorial carbonyl (at § 192.2)
come in unusual regions of the spectrum for resonances due to these types of
carbonyl ligands in most osmium clusters [51,52]: this is probably indicative of the
unusual bonding in these clusters.

On warming the solution of 4 to —26 °C, eight of the signals coalesce in pairs to
give four singlets. (One of the singlets, due to the coalescence of the two axial
signals is, however, still broad at this temperature.) This behavior can be interpreted
in terms of a mechanism that involves formation of a symmetric intermediate
similar to that proposed for 2 (i.e., 2i). Two possibilities of how the molecule can
attain the intermediate form are shown in Schemes 3 and 4. We initially favored the
mechanism in Scheme 3 since it involved essentially only one step. However, in view
of the subsequent studies on the fluxionality exhibited by 2, the two-step process in
Scheme 4 now appears to be more likely. This latter mechanism also has the
advantage that it does not require that any metal-metal bonds be broken. It is also
pointed out that the carbonyl exchange is extremely rapid at —26°C: the rate
constant necessary to cause coalescence of the two axial carbonyl signals (which are
separated by about 4000 Hz) is 8.8 X 10° s,
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Derivatives of Os (CO),s with bridging hydride ligands

Treatment of Os,(CO),, (described below) in solution with the Group [V
hydrides EHR ; (E = Si, Ge, Sn; R = Me, Ph) readily affords the clusters Os,(p-
HX}CO),,(ER ;) [54]. The structure of Os,(p-H)(CO),,(SnMe;) (8) shows it too has
a planar Os, skeleton (Fig. 5). Once again, there is a significant variation in the
peripheral Os—Os bond lengths (Table 2). Surprisingly, calculations with the HY -
DEX program of Orpen [55] indicate that the hydride ligand bridges the short
(2.807 /Qk) Os(1)-0s(2) bond rather than the long (3.050 A) Os(2)-0s(3) bond. This
location of the hydride ligand has been subsequently confirmed by 'H and '“C
NMR studies.

The '*C NMR spectra of 8 and its SiMe,Ph analogue indicate that the carbonyls
in these clusters are rigid in solution even at 80°C. The *C NMR spectrum of 8
also indicated that the long Os(2)-0s(3) bond should be regarded as a
donor—acceptor bond (it is observed in other molecules that the '*C chemical shifts
of carbonyl ligands frans to dative metal-metal bonds appear at unusually high
fields [27,28,56]). This in turn led to the formulation shown below as a description
of the bonding in 8.

SDS‘(COM (SnMej)

05 {CO),
The cluster Os ,(p-H),(CO),;;(PMe;) (9) was one of the major products isolated

Fig. 5. Molecular structure of Os,(p-H}CO}),4(SnMe;) (8).
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by the addition of Me;NO to a solution of Os;(p-H),(CO),o and Os(CO),(PMe;)
(eq. 9) [57].

Os; (p-H),(CO);, + Os(CO),(PMe;) M&,

Os 4 (p-H),(CO),5(PMe; ) + other products  (9)
9)

The X-ray structure of 9 revealed it to have a butterfly Os, framework (Fig. 6). It
is believed that the hydride ligands bridge the Os(2)-Os(3) bond and the hinge,
Os(1)-0s(3), bond. The >C NMR spectrum of 9 in solution at 0°C indicates the
carbonyls are rigid. The rigidity of the carbonyls in the hydride bridged clusters 8
and 9 is therefore in dramatic contrast to the non-rigidity exhibited by the carbonyls
in the unbridged clusters 2 and 4. The presence of the hydride ligands probably
prevents the equatorial CO exchange from occurring with a low activation energy.

A survey of 62-electron Os, clusters with only terminal ligands, or with terminal
ligands and bridging hydrides, discloses that clusters that adopt a planar arrange-
ment have at least one metal atom in a hinge position with four terminal ligands. In
the nonplanar, butterfly clusters both hinge atoms have only three terminal ligands.
The hinge atoms in each case can be considered as having pseudo-octahedral
coordination [57].
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Fig. 6. Molecular structure of Os (p-H),(CO),3(PMe;) (9).
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Os,4(CO)4,4

Refluxing a hexane solution of QOs,(CO),; with a nitrogen purge readily affords
0s,(CO),, (1) in good yield (eq. 10) [58].

0s,(CO);s “%—ljni}* 0s5,(CO),4 (10)
(1)

The structure of Os,(CO),, is shown in Fig. 7. As can be seen from the figure,
the Os, core in 1 is approximately tetrahedral as expected from PSEPT [44]
although the Os—Os distances within the core do show significant variation (Table
2). There are four weak semibridging carbonyl interactions in the molecule that
involve a carbonyl of an Os(CO), unit interacting with an osmium atom of an
Os(CO), group.

Tetrahedral clusters with 14 carbonyl ligands are exceedingly rare and had been
predicted to be unstable [59]. Shriver and co-workers have, however, reported the
synthesis of [Fe;M(p-CO),(CO),,]*” (M =Cr, Mo, W) in 1984 [60]. To our
knowledge, these are the only other tetrahedral clusters with 14 carbonyl sub-
stituents reported in the literature.

The '*C NMR spectrum of 1 in CHFCl, /CD,Cl, consists of a sharp singlet even
at —130°C, that is, there is no detectable broadening due to exchange at this
temperature. For two sites undergoing fast exchange, the rate constant required to
observe a detectable broadening (of 0.5 Hz) due to exchange is given by 7(Ar)”,
where Av is the chemical shift difference between the two signals when the molecule
is rigid [61]. The chemical shift difference between signals due to axial and
equatorial carbonyl groups in Os(CO), units of rigid osmium clusters is usually at

Fig. 7. Molecular structure of Os,(CO),, (1). A crystallographic twofold axis passes through the center
of the Os(1)-0s(1B) and Os(2)-0s(2B) bonds.
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Fig. 8. Carbonyl stretching region of the infrared spectra of 1, Fe;(CO);,, and 3 (all samples in hexane).

least 10 ppm, or ~ 1000 Hz at an operating frequency of 100.6 MHz [51,52]. For
example, this shift separation is 11.9 ppm in Os,;(CO),, [62] (consider also the BC
NMR spectrum of 2 shown in Fig. 3). If the chemical shift range of the carbonyl
resonances in 1 in the absence of exchange is also at least 1000 Hz then the sharp
singlet observed in the spectrum at —130° C suggests the carbonyls are undergoing
exchange with a rate constant of at least 3 X 10° s~' at this temperature. If it is
further assumed that the rate constant doubles with every ten degree rise in
temperature, then a minimum rate constant of ~ 2 X 10" 57! is estimated for the
exchange at 30°C. This is a rate constant approaching that necessary to cause
detectable broadening of infrared absorptions [63]. From the uncertainty principle
[64], a rate constant necessary to cause a broadening of 5 cm ! and thus coalesce
two infrared peaks separated by this frequency is approximately 9.4 x 10" s~ 1.

There is evidence in the infrared spectrum of 1 in hexane for broadening due to
exchange. The spectrum in the carbonyl stretching region consists of two broad
absorptions plus a third even broader absorption that is barely detectable above the
base line (Fig. 8). This is far fewer CO stretches than is predicted by group theory
for 1: twelve infrared-active carbonyl stretches are predicted for 1 with C,, symme-
try (all CO ligands terminal) whereas for the more symmetric form with a carbonyl
bridging two opposite edges of a regular tetrahedron (i.e., D,, Os,(p-CO),(CO)1;)
five infrared-active CO absorptions are predicted. The half-width of the two intense
CO-stretches in the spectrum of 1 is 14.5 cm™' whereas for the corresponding
absorptions of Os,(CO);, under the same conditions it is 5 cm™! (see Fig. 8).
Furthermore, preliminary studies show that as a methylcyclohexane solution of 1 1s
cooled to —90°C the major bands in the infrared spectrum split and other bands
appear from the base line. This is consistent with a CO exchange that is slowed on
the infrared time scale. Further studies are, however, needed to substantiate this
proposal.
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The infrared spectrum of 1 in the CO stretching region shows remarkable
similarity to that of Fe,(CO),, (Fig. 8). The structure of Fe,;(CO),, in solution has
been a subject of debate for many years [65]. Cotton and Hunter have proposed that
Fe;(CO),, adopts a continuum of structures in solution and that this is responsible
for the broadness of the infrared absorptions [66]. This interpretation has, however,
been recently questioned [67]. It may be that in solution the carbonyls in Fe;(CO),,
also exchange on the infrared time scale. Consistent with this view is that the *C
NMR spectrum of Fe;(CO),; in solution consists of a sharp singlet at —150°C
[66]. In iron complexes that contain both bridging and terminal carbonyl ligands
and that are also rigid in solution, the *C NMR signals due to the bridging
carbonyls are typically 50 ppm downfield from the signals due to the terminal
carbonyls [68]. Furthermore, in the '"C NMR spectrum of Fe;(CO),. in the solid
state at —93°C (where CO exchange is slow) the signals span the range 198.3 to
238.8 ppm (i.e., 40.5 ppm) [69]. This suggests that if in solution Fe,(CO),, has
bridging carbonyls that exchange with terminal carbonyls then they do so with a
rate of at least 3 X 10° s™' at —150°C! * Dynamic rearrangement observable on
the infrared time scale has also been recently reported for some (n*-diene)Fe(CO),
complexes {70]. It may be that this phenomenon can be observed in other types of
organometallic complexes and studies with this purpose in mind are planned.

Os,(CO),3(PMe;)

The only derivative of Os,(CO),, we have prepared so far is Os,(CO),;(PMe;)
(10). This cluster was synthesized by the pyrolysis or the ultraviolet irradiation of
0s5,4(C0O),,(PMe;) in hexane [34]. The structure of 10 also has a pseudo-tetrahedral
core with metal-metal bond lengths similar to those in 1 (Table 2); the phosphine
ligand is bound to an osmium atom that has three carbonyl ligands.

The '*C NMR spectrum of 10 in CHFCl,/CD,Cl, consists of a sharp singlet at
0°C that broadens almost to the base line in the spectrum at —125°C. This
indicates that, in contrast to 1, the CO-exchange is becoming slow on the NMR
time scale at —125°C. The infrared spectrum in the CO-stretching region of 10 in
hexane (at room temperature) consists of five, relatively sharp absorptions [34].

Os (CO) 6

Treatment of Os,(CO),5; in CH,Cl, at 0°C with an atmosphere of carbon
monoxide causes essentially quantitative conversion to Os,(CO),, (3) [71]. The
structure of 3 shows it to be a metal carbonyl analogue of cyclobutane (Fig. 9); the
CH, and Os(CO), fragments are, of course, isolobal [72]. The dihedral angle
between the Os(1)-0s(2)-0s(3) and Os(1)-0s(3)-0s(4) planes in 3 is 158.9° (in
cyclobutane the angle is ~ 145° [73]). The metal-metal bonds in 3 are remarkably
long for Os-Os singie bonds: Os(1)-0s(2) 2.997(1) A, Os(1)-Os(4) 2.985(1) A,
Os(2)-0s(3) 2.979(1) A, Os(3)-0s(4) 3.000(1) A. Once again, these bond lengths
should be compared with the average Os—Os bond length of 2.877(3) A in 0s,(CO),,
(3.

* Calculation based on an operating frequency of 25 MHz.
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Fig. 9. Molecular structure of Os,(CO)4 (3).

The long Os-Os bonds in 3 indicate they are weak. Use of the bond order
relationship of Pauling (described above) vields a bond order of 0.6 for an Os—-Os
bond of length 2.997 A. In agreement with the view that the metal-metal bonds are
weak, 3 decomposes when stirred in hexane (under nitrogen) at room temperature to
give mainly Os;(CO), plus traces of Os,(CO),s after 30 h (eq. 11). (It is probable

25°C
0s,4(CO)ye “hexane’ 0s3(CO);; + 0s,(CO);s (11)

(trace)

that 3 was the unidentified intermediate Moss and Graham observed in the
decomposition of Os,(CQO), in heptane [2].)

The metal-metal bonds in Os;(CO),, are usually regarded as two-center two-
electron bonds [74]. If this were the case it would be expected that 3 would be more
stable than Os,(CO),, since in 3 the angles about each osmium atom approach the
90 ° required for octahedral coordination. But 3 is thermodynamically unstable with
respect 10 Os;(CO),,. This suggests that the most important component of the
metal-metal bonding in the trinuclear cluster is the occupancy of a molecular
orbital located in the center of the metal triangle. Such a molecular orbital can be
considered the result of an overlap of an atomic orbital on each osmium atom
directed to the middle of the cluster as shown below. There are several theoretical

o’ )
Ve
O J

studies that indicate that the bonding in trinuclear, metal carbonyl clusters should
be described in terms of a central molecular orbital, plus edge-bridging molecular
orbitals {75]. The longer distance from the osmium atoms to the center of the cluster
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in 3 compared to that in Os;(CO),, (~ 2.11 Avs. ~1.66 A, respectively) does not
allow for the good overlap of the centrally-directed atomic orbitals in 3. The
bonding would therefore be mainly through the edge-bridging molecular orbitals.

In hexane, 3 exhibits six infrared active CO stretches which indicate it has a
puckered ( D, ) rather than planar (D,,) configuration in solution as well as in the
solid state (Fig. 8). The '>C NMR spectrum of 3 ('*CO enriched) in CH,Cl,/CD,Cl,
consists of two signals of equal intensity at § 168.6 (assigned to the equatorial
carbonyls) and 8 176.6 (assigned to the axial carbonyls). These signals remain sharp
in the spectrum at —95°C which probably indicates there is rapid exchange
between the various puckered configurations of 3 such that the inner and outer axial
carbonyls are rendered equivalent on the NMR time scale [71].

When the reaction of 2 with '*CO in CD,Cl, was monitored by '*C NMR
spectroscopy, the spectrum after 4 h showed that the labelled carbon monoxide was
equally distributed between the axial and equatorial sites in the product. This
suggests that either the initial addition of CO to 2 is non-stereospecific or the
addition is stereospecific but there is axial-equatorial carbonyl exchange that
although slow on the NMR time scale, is fast on the time scale of the experiment.

Derivatives of the type Os (CO),s(L)

We have prepared and structurally characterized the following clusters of this
type: Os5,(CO)s(PMe;) (11) [34], Os,(CO)s[P(OCH,),CMe] (12) [76],
Os,(CO),5(CNBu') (13) [77], and Os,(CO),s(PF;) (14) [76]. The first cluster was
prepared by the addition of Os(CO),(PMe;) to either Osy(CO),;(CH,CN) or
Os,(u-H),(CO),, [34]. The other three clusters were prepared by the reaction of the
appropriate noncarbonyl ligand with Os(CO),; in solution at or below 0°C.

Whereas the PF; derivative has the cyclobutane-like geometry found for 3 the
other derivatives have the so-called spiked triangular configuration in which the
spike metal-metal bond is a dative metal-metal bond. Interestingly, the phosphorus
ligand is trans to this bond in 11 and 12, whereas in 13 the CNBu' group is cis to
the dative metal-metal bond. The structures of 12, 13, and 14 are shown in Fig. 10

Fig. 10. Molecular structure of Os,(CO),s[P(OCH,),CMe] (12).
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Fig. 11. Molecular structure of Os,(CO);5(CNBu') (13).

to 12, respectively. The cone angles [78] of P(OCH,),CMe (8 101°) and PMe, (4
118°) span that of PF; (6 104°) so that it is doubtful that the difference in the
structure of 14 compared to that of 12 and 13 can be attributed to steric reasons. It
is well known that the electronic properties of PF, are similar to those of carbon
monoxide [79]. It is therefore concluded that it is the electronic properties of L that
dictate which geometry, puckered square or spiked triangle, clusters of the type
Os,(CO),5(L) adopt.

Cluster 14 is a fragile molecule that rapidly decomposes in solution above 0°C.
Once again the metal-metal bonds in the molecule are long for Os—Os single bonds:
the lengths range from 2.977(2) A to 3.005(2) A (Table 2). The dihedral angle
between the Os(1)-0s(2)-0s(3) and Os(1)-0s(3)-0s(4) planes is 151.7°. The 13C
NMR spectrum of 14 in CHFCl,,/CD,Cl, indicates it is rigid in solution between
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Fig. 12. Molecular structure of Os,(CO)5(PF;) (14).
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—122 and —55°C except that, as in 3, an axial carbonyl is equivalent to its rrans
partner, presumably due to rapid ring inversion.

The C NMR spectrum of 13 in CHFCl,/CD,Cl, at —108°C exhibits 15
carbonyl resonances consistent with the solid-state structure with the CNBu' ligand
locked to one side of the Os, plane, that is, the rotation about the Os—QOs dative
bond is restricted. It is believed that this is due to steric interactions between both
the 1socyanide ligand and the carbonyl trans to this ligand, and the vicinal carbonyl
on Os(4). As the temperature of the sample is raised to —48°C eight of the signals
coalesce in pairs in agreement with the rapid oscillation of the CNBu' ligand about
the metal plane. Models show that the interaction of the isocyanide ligand and the
vicinal carbonyl on Os(4) is so severe that it is doubtful that there is completely free
rotation about the Os(1)-0s(2) bond at ordinary temperatures.

The solution *C NMR spectra of the spiked triangular clusters 11 [34] and 13
[77] between —60°C and room temperature undergo changes that are similar to
those in the spectra of Os,{CO);;(PR;) (R = organic group) clusters [52,80]: sets of
signals associated with the Os;(CO),, unit collapse to the base line at different
rates. The mode of the first collapse is consistent with a terminal-bridge, merry-go-
round CO exchange in the axial plane that passes through Os(2) and Os(4) and is cis
perpendicular to Os(CO),(L) or PR;; this is illustrated in Scheme 5 (L' =
Os(CO)4(L) or PR;).

At higher temperatures than those at which the first process occurs, further
signals collapse to the base line consistent with merry-go-round CO exchanges
occurring in the two other planes in the tetranuclear clusters, that is, in those planes
passing through Os(3) and Os(4), and Os(2) and Os(3). In the Os,(CO),;(PR;)
derivatives the exchange in the latter plane apparently does not occur presumably
because the bulky PR, group is prevented from entering an axial site for steric
reasons [52]. In 11 and 13 some of the carbonyls of the Os(CO),(L) moiety also take
part in the exchange in the Os(2)-0s(3) axial plane as shown in Scheme 6 (for 11,
position 2 is occupied by PMe,; the other positions labelled 1-3 in both 11 and 13
are occupied by CO).

When this process occurs in 11 it results in isomerization since the PMe; is in a
site cis to the Os—Os dative bond upon completion of the exchange. Weak peaks are
present in the spectrum of 11 at low temperatures which may indicate the presence
of small amounts of a second isomer. From Scheme 6, it can be seen that for 13 the
carbonyl trans to the isocyanide substituent does not take part in the exchange.
Consistent with this mechanism is that one signal remains sharp in the spectrum
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even at room temperature, whereas all the other signals have completely collapsed to
the base line.

Conclusions

The clusters Os,(CO),4 (1), Os,4(CO);5 (2), and Os,(CO), (3) are the missing
links between Os,(CO),, and the higher nuclearity clusters of osmium. Further-
more, the clusters 1-3, and Os,(CO), (PMe;) (n=13, 14, 15) represent the first
report of conversion of a 62-electron cluster to a 64-, and also to a 60-electron
cluster (Fig. 13) [42]. Although the number of metal-metal bonds in these tetra-
nuclear clusters is as predicted from PSEPT ([43], the variation in the metal-metal
bond lengths in the individual clusters cannot be explained by the theory in its
present state. The theory also cannot rationalize the different structures of
0s,(C0O),5(PF;) and Os,(CO),5[P(OCH,);CMe], or of 0Os,(CO),(PMe;) and
Os 4(1-H),(CO),3(PMe,) (Fig. 13).
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Fig. 13. The metal skeletons in 1, 2,9, 3 and 11.

Extended Hiickel molecular orbital calculations that take into account relativistic
effects are in progress in an attempt to provide further insight into the bonding in
these molecules. We are also actively investigating the chemistry of these remarkable
compounds.

Acknowledgements

I dedicate this article to my first chemistry teacher, Mr. George Spinoza. I would
like to thank the members of my research group both past and present for their
enthusiastic support. In particular, I thank Dr. Victor Johnston and Dr. Lillian
Martin who did most of the work described in this review. I also wish to
acknowledge the invaluable contribution of Professor Fred Einstein to all aspects of
the X-ray crystallography described above.

Finally 1 am grateful to the Natural Sciences and Engineering Research Council
of Canada for financial support.



409

References

1
2
3
4

S

6
7

10
11
12

13
14
15

16
17

18
19
20
21
22
23

24
25

26
27

28

29

30

J. Huang, K. Hedberg and R.K. Pomeroy, Organometallics, 7 (1988) 2049.

J.R. Moss and W.A.G. Graham, J. Chem. Soc. Dalton Trans., (1977) 95.

M.R. Churchill and B.G. DeBoer, Inorg. Chem., 16 (1977) 878.

C.R. Eady, B.F.G. Johnson, J. Lewis, B.E. Reichert and G.M. Sheldrick, J. Chem. Soc. Chem.
Commun., (1976) 271.

D.H. Farrar, B.F.G. Johnson, J. Lewis, P.R. Raithby and M.J. Rosales, J. Chem. Soc. Dalton Trans.,
(1982) 2051.

R. Mason, K.M. Thomas and D.M.P. Mingos, J. Am. Chem. Soc., 95 (1973) 3802.

R.J. Goudsmit, J.C, Jeffrey, B.F.G. Johnson, J. Lewis, R.C.S. McQueen, A.J. Sanders and J.-C. Liy, J.
Chem. Soc. Chem. Commun., (1986) 24.

J.N. Nicholls, D.H. Farrar, P.F. Jackson, B.F.G. Johnson and J. Lewis, J. Chem. Soc. Dalton Trans.,
(1982) 1395.

C.R. Eady, B.F.G. Johnson, J. Lewis, R. Mason, P.B. Hitchcock and K.M. Thomas, J. Chem. Soc.
Chem. Commun., (1977) 385.

C.R. Eady, B.F.G. Johnson and J. Lewis, J. Chem. Soc. Dalton Trans., (1975) 2606.

W. Hieber and H. Stallmann, Z. Elektrochem., 49 (1943) 288.

F. Calderazzo, R. Ercoli and G. Natta in 1. Wender and P. Pino (Eds.), Organic Synthesis via Metal
Carbonyls Vol. 1, Wiley, New York, 1968, p. 1.

F. Calderazzo and F. I’Eplattenier, Inorg. Chem., 6 (1967) 1220; F. L’Eplattenier and F. Calderazzo,
ibid., 7 (1968) 1290.

For example: G.-Y. Kiel, J. Takats and F.-W. Grevels, J. Am. Chem. Soc., 109 (1987) 2227; R.J.
Trautman, D.C. Gross and P.C. Ford, ibid., 107 (1985) 2355.

J.R. Moss and W.A.G. Graham, J. Chem. Soc. Chem. Commun., (1970) 835.

E.R. Corey and L.F. Dahl, J. Am. Chem. Soc., 83 (1961) 2203; Inorg. Chem., 1 {1962) 521.

A.J. Deeming, Adv. Organomet. Chem., 26 (1986) 1. See also: R.D. Adams and J.P. Selegue, in G.
Wilkinson, F.G.A. Stone, E'W. Abel (Eds.), Comprehensive Organometallic Chemistry, Pergamon,
Oxford 1982, Vol. 4, p. 967.

M.D. Vargas and J.N. Nicholls, Adv. Inorg. Chem. Radiochem., 30 (1986) 123.

P. Rushman, G.N. van Buuren, M. Shiralian and R K. Pomeroy, Organometallics, 2 (1983) 693.

S.L. Yang, C.S. Li and C.H. Cheng, J. Chem. Soc. Chem. Commun., (1987) 1872.

R.K. Pomeroy, Ph.D. Thesis, University of Alberta, 1972.

J.A. Connor, Top. Curr. Chem., 71 (1977) 71.

J.D. Atwood, Inorganic and Organometallic Reactions Mechanisms, Brooks/Cole Monterey, Cali-
fornia, 1985, p. 108.

J. Huang, K. Hedberg, H.B. Davis and R.K. Pomeroy, to be published.

Unpublished results quoted by D.F. Shriver and K.H. Whitmire in G. Wilkinson, F.G.A. Stone and
E.W. Abel (Eds.), Comprehensive Organometallic Chemistry, Pergamon, Oxford, 1982, Vol. 4, p. 245.
R. Kummer and W.A.G. Graham, Incrg. Chem., 7 (1968) 1208.

F.W_B. Einstein, R K. Pomeroy, P. Rushman and A,C, Willis, J. Chem, Soc. Chem. Commun., (1983)
854.

H.B. Davis, F.W.B. Einstein, P.G. Glavina, T. Jones, R.K. Pomeroy and P. Rushman, Organome-
tallics, 8 (1989) 1030; F.W.B. Einstein, T. Jones, R.K. Pomeroy and P. Rushman, J. Am. Chem. Soc.,
106 (1984) 2707. F.W.B. Einstein, M.C. Jennings, R. Krentz, R K. Pomeroy, P. Rushman and A.C.
Willis, Inorg. Chem., 26 (1987) 1341; F.W.B. Einstein, R.K. Pomeroy, P. Rushman and A.C. Willis,
Organometallics, 3 (1985) 250.

A.A. Del Paggio, E.L. Muetterties, D.M. Heinekey, V.W. Day and C.S. Day, Organometallics, 5
(1986) 575; R. Usen, J. Forniés, P. Espinet, C. Fortuno, M. Tomas and A.J. Welch, J. Chem. Soc.
Dalton Trans., (1988) 3005.

Some recent examples: L. Gelmini and D.W. Stephan, Organometallics, 7 (1988) 849; T.A. Wark and
D.W. Stephan, Inorg. Chem., 26 (1987) 363; G.B. Jacobson, B.L. Shaw and M. Thornton-Pett, J.
Chem. Soc. Dalton Trans., (1987) 2751; F.A. Cotton and R. Poli, Inorg. Chem., 26 (1987) 590; P.J.
Hay, R.R. Ryan, K.V. Salazar, D.A. Wrobleski and A.P. Sattelberger, J. Am. Chem. Soc., 108 (1986)
313; G.S. White and D.W. Stephan, Inorg. Chem., 24 (1985) 1499; T.S. Targos, R.P. Rosen, R.R.
Whittle and G.L. Geoffrey, ibid., 24 (1985) 1375; W.C. Mercer, R.R. Whittle, E.W. Burkhardt and
G.L. Geoffrey, Organometallics, 4 (1985) 68.



410

31

32
33
34
35
36
37
38

39

40

41

43

44
45
46
47

48

49

50
51

52
53
54
55
56
57
58
59

60
61

62
63
64
65
66
67
68
69
70

71

G.R. Jehn, B.F.G. Johnson and J. Lewis, J. Organomet. Chem., 181 (1979) 143; M.I. Bruce and M.L.
Williams, ibid., 282 (1985) Cl11; B.F.G. Johnson, R.A. Kamarudin, F.J. Lahoz. J. Lewis and P.R.
Raithby, J. Chem. Soc. Dalton Trans., (1988) 1205.

L.R. Martin, F.W.B. Einstein and R.K. Pomeroy. Inorg. Chem., 24 (1985) 2777.

B.F.G. Johnson, J. Lewis and D.A. Pippard, J. Chem. Soc. Dalton Trans., (1981) 407.

L.R. Martin, F.W.B. Einstein and R.K. Pomeroy, Organometallics, 7 (1988) 294.

M. Tachikawa and J.R. Shapley, J. Organomet. Chem., 124 (1977) C19.

V.J. Johnston, F.W.B. Einstein and R.K. Pomeroy, J. Am. Chem. Soc.. 109 (1987) 7220.

L.R. Martin, F.W.B. Einstein and R.K. Pomeroy, J. Am. Chem. Soc., 108 (1986) 338.

L.C. Pauling, The Nature of the Chemical Bond, 3rd edit., Cornell University Press, Ithaca, NY, 1960.
p. 400.

M.P. Diebold, S.R. Drake, B.F.G. Johnson. J. Lewis. M. McPartlin and H. Powell, J. Chem. Soc.
Chem. Commun., (1988) 1358.

G. Hogarth, J A, Phillips, F. van Gastel. N.J. Taylor, T.B. Marder and A.J. Cartv. }. Chem. Soc.
Chem. Commun., (1988) 1570,

For example: R.D. Adams and 1.T. Horvath, J. Am. Chem. Soc.. 106 (1984) 1869; R.D. Adams. D.F.
Foust and P. Mathur, Organometallics, 2 (1983) 990.

E. Sappa. A. Tiripicchie, A.J. Carty and G.E. Toogood, Prog. Inorg. Chem., 35 (1987) 437.

K. Wade in B.F.G. Johnson (Ed.), Transition Metal Clusters, Wiley, Chicester, England. 1980, p. 193:
D.M.P. Mingos, Acc. Chem. Res., 17 (1984) 311; B.F.G. Johnson and R.E. Benfield. Top. Stereo-
chem., 12 (1981) 253.

M.R. Churchill and R. Bau, Inorg. Chem., 7 (1968) 2606.

M.R. Churchill and F.J. Hollander, Inorg. Chem., 16 (1977) 2493.

R.D. Adams, 1.T. Horvath, B.E. Segmiiller and L.-W. Yang, Organometallics. 2 (1983) 1301.

N. Viswanathan, E.D. Morrison, G.L. Geoffroy, S.J. Geib and A.L. Rheingold. Inorg. Chem.. 25
(1986) 3100.

E. Band and E.L. Muetterties, Chem. Rev., 78 (1978) 639: G.L. Geoffroy, Acc. Chem. Res., 13 (1980)
469; B.F.G. Johnson and R.E. Benfield in B.F.G. Johnson (Ed.), Transition Metal Clusters. Wiley,
Chicester, England, 1980, p. 471.

B.E. Mann in G. Wilkinson, F.G.A. Stone and EW. Abel (Eds.). Comprehensive Organometallic
Chemistry, Pergamon, Oxford, 1982, Vol. 3, p. 89.

F.W.B. Einstein, V.J. Johnston, A.K. Ma, and R.K. Pomeroy, to be published.

B.E. Mann and B.F. Taylor. '*C NMR Data for Organometallic Compounds, Academic Press, New
York, 1981, p. 176; S. Aime, D. Osella, L. Milone and E. Rosenberg, J. Organomet. Chem.. 213 (1981)
207.

R.F. Alex and R.K. Pomeroy, Organometallics, 6 (1987) 2437.

R.F. Alex and R.K. Pomeroy, J. Organomet. Chem., 284 (1985) 379.

C.-Y. Lu, F.W.B. Einstein, V.J. Johnston and R.K. Pomeroy, Inorg. Chem.. in press.

A.G. Orpen, J. Chem. Soc. Dalton Trans., (1980) 2509.

M.M. Fleming, R.K. Pomeroy and P. Rushman, J. Organomet. Chem., 273 (1984) C33.

L.R. Martin, F.W.B. Einstein and R.K. Pomeroy, Inorg. Chem., 27 (1988) 2986.

V.J. Johnston, F.W.B. Einstein and R.K. Pomeroy, Organometallics, 7 (1988) 1867.

R.J. Doedens and L.F. Dahl, J. Am. Chem. Soc.. 88 (1966) 4847; D.M.P. Mingos, Inorg. Chem., 21
(1982) 464; D.G. Evans and D.M.P. Mingos, Organometallics, 2 (1983) 435.

C.P. Horwitz, EM. Holt and D.F. Shriver, Inorg. Chem., 23 (1984) 2491,

A. Forster, B.F.G. Johnson, J. Lewis, T.W. Matheson. B.H. Robinson and W.G. Jackson, J. Chem.
Soc. Chem. Commun., (1974) 1042.

J. Sandsudm, Dynamic NMR Spectroscopy, Academic Press, New York, 1982, p. 18,

E.L. Muetterties, Inorg. Chem.. 4 (1965) 769; B. Cohen and S. Weiss. J. Phys. Chem., 87 (1983) 3606.
R.S. Drago, Physical Methods in Chemistry, Saunders. Philadelphia, 1977, p. 86.

Ref. 25, p. 260 and ref. therein.

F.A. Cotton and D.L. Hunter, Inorg. Chim. Acta, 11 (1974) L9.

N. Binsted, J. Evans, G.N. Greaves and R.J. Price, J. Chem. Soc. Chem. Commun., {1987) 1330.
Ref. 51, p. 172.

B.E. Hanson, E.C. Lisic, J.T. Petty and G.A. lannaconne, Inorg. Chem., 25 (1986) 4062.

F.-W. Grevels, J. Jacke, W.E. Klotzbiicher, C. Kriiger, K. Seevogel and Y.-H. Tsay, Angew. Chem.
Int. Ed. Engl., 26 (1987) 885.

V.J. Johnston, F.W.B. Einstein and R.K. Pomeroy, J. Am. Chem. Soc., 109 (1987} 8111.



72
73
74

75

76
77
78
79
80
81

411

R. Hoffmann, Angew. Chem. Int. Ed. Engl., 21 (1982) 711.

A.C. Legon, Chem. Rev., 80 (1980) 231.

For example: F.A. Cotton and G. Wilkinson, Advanced Inorganic Chemistry, 4th edit.; Wiley, New
York, 1980; p. 1083; K. Wade in B.F.G. Johnson (Ed.), Transition Metal Clusters, Wiley, Chicester,
England, 1980, p. 211; D.H. Farrar and R.J. Goudsmit in M. Moskovits (Ed.), Metal Clusters, Wiley,
New York, 1986, p. 41.

J.W. Lauher, J. Am. Chem. Soc., 100 (1978) 5305; B. Delley, M.C. Manning, D.E. Ellis, J. Berkowitz
and W.C. Trogler, Inorg. Chem., 21 (1982) 2247 and ref. therein.

V.J. Johnston, F.W.B. Einstein and R.K. Pomeroy, to be published.

F.W.B. Einstein, V.J. Johnston, A. K. Ma and R.K. Pomeroy, Organometallics, in press.

C.A. Tolman, Chem. Rev., 77 (1977) 313.

J.F. Nixon, Adv. Inorg. Radiochem., 29 (1985) 41.

B.F.G. Johnson, J. Lewis, B.E. Reichert and K.T. Schorpp, J. Chem. Soc. Dalton Trans., (1976) 1403.
R.J. Goudsmit, B.F.G. Johnson, J. Lewis, P.R. Raithby and K.H. Whitmire, J. Chem. Soc. Chem.
Commun., (1982) 640.



