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The reactivity of some ruthenium and osmium carbenyl clusters towards unsaturated 
ands is described, 

Kq~oe~~: Cluster; Arene; Carbonyl; Ruthenium; Osmium 

1. Introduction 

The interaction of small organic molecules with transition metal clusters has 
received a great deal of attention over the last few decades. The reasons for this are 
manifold, but are largely derived from the observation that the structure and reactiv- 
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ity of organic fragments coordinated to clusters differ from those coordinated to 
mononuclear complexes and approach the properties observed for those Aemisorbed 
on a metal surface. Clearly, if an organic moiety can adopt a multicentre bonding 
site on a metal surface it cannot be accurately modelled by a single metal atom, 
whereas even the smallest cluster may act as a reasonable structural model. When 
accurate surface structures are obtained and compared with crystallographically 
determined cluster complexes it has been found that the ligand-cluster, adsorbate- 
surface interactions are remarkably similar. 

The incorporation of unsaturated organic molecules into transition metal clusters 
has been well met by the synthetic chemist. The organic molecules employed in these 
studies are often the same as those used in the organometallic chemistry of mono- 
nuclear complexes, e.g. alkenes, alkynes, allyls, cyclopentadienyls, arenes and a :;nst 
of other compounds with one or more unsaturated bonds. These types of com~o~~nd 
have been reviewed on numerous occasions and are even beginni to appear in 
text books [ 11. Our research group have directed their efforts towa the synthesis 
and characterisation of clusters with unsaturated carbocyclic molecules containing 
between four and eight carbon atoms. We have also prepared metallacycles, while 
other workers have focused their attention to heterocyclic rings. This article is not 
intended to be comprehensive; instead, we describe some recent results obtained 
from our laboratory and also hi ht some of the more unusual aspects of this work. 

mple substitution reactions 
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Scheme 1, The products obtained from the thermolysis of RUDER with cyclohexa-1,3=diene in octane. 

the one in which the C,-ring has undergone contraction to form a methylcyclopenta- 
dienyl ring, uiz. HRu6(C0)15($-C5H4Me). The cluster core consists of a tetrahedral 

been unable to establish the 
er, it is considered 

nism can be postulated (Scheme 2). 
The mechanism involves the initial dehydro enation of the cyclohexene to ;o 

cluster-stabilised cyclohexadienyl (C,H,) fra ment. At this stage transannular addi- 
tion followed by hydrogen transfer provide a plausible possibility. 
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Scheme 2. A possible mechanism for the ring contraction obscrvcd in the formation of NRIJ~(CO)~~($- 
C&I&Me). 



72 

3* Ionic coupling reactions 

Ionic coupling reactions have been used to synthesise a wide number of clusters, 
not just those with organic ligands, The introduction of arenes, principally benzene, 
has been greatly facilitated by the use of the dicationic metal fragment, [M($- 
C,H,)( MeCN)J2+ (M = Ru and OS), which reacts with a variety of dianionic cluster 
compounds to yield neutral clusters containing the benzene moiety plus one addi- 
tional metal atom [ 1 l-1 3). Other arenes, i.e. toluene, xylene and mesitylene, have 
also been introduced into clusters in this way. The first application of this technique 
was reported for the reaction with the pentanuclear dianion, [Ru5C(C0)rJ2-, 
affording the hexanuclear-carbide cluster, Ru&(CO)&~-C~H~), in almost quantita- 
tive yield (Scheme 3) [ 141. 

More recently we used the solvated palladium fragment, C Pd(rt”- 
C4Ph4)( Me2~Ob212 + , in conjunction with the cluster dianions, [Ru~C(CO)~~]~- and 

(CO),,]2- [ 1SJ Instead of obtaining the expected mixed-metal redox conden- 
ion products from these reactions, the homonuclear clusters Ru&(C~),,(~~- 
Ph,) and Ru6C(CO)15(~4-C4Ph4) were produced (Scheme 4). 
In these redox mediated ligand exchange reactions the palladium fragment is 

believed to cap a ruthenium face prior to the ligand exchange process. Owing to the 
steric bulk of the tetraphenylcyclobutadiene ligand it bonds to a basal ruthenium 
atom in the squareabased pyramidal pentaruthenium cluster Ru5C(CO)1J(~4-C~Ph4) 
which has an Ru-Ru connectivity of three (compared with the apical Ru-atom which 

is bonded ar 

S&sm@ 3. tsnic csuplin wittr an increase in cluster nuclearit). 
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[Pd(t14-C4Ph4)1(Me2C0)3]2+ 
c 

[ Pd(l14-C4Phn.)iMe2CO),]2+ 

Ph 

Ph 

968 A), Extended Huckel calculations were used to compare the structures 
rted moleeule with that of the related binary carbonyl-cluster, 

as found that the observed structural &a s (i.e. substitution of 
ligands by C,Ph,) result in a ction in the Ru-Ru 

reduced overlap population, and consequently a 
We have also applied this synthetic technique to other clusters. 

reaction of [Pd(+Z,Ph,)( MezCO)J2’ with the octahedral cluster [ 
results in the formation of the bicapped-tetrahedral cluster, 0s,(CO)l,(q4-C4Ph4) 
[ 161. The characterisation of this product is based entirely on spectroscopic data, 
and remains tentative. 

The USC of MeJNO as an oxidative deearbonylation reagent (removing coordinated 
<TO as C02) in stoiehiometric amounts has been well documented. It is generally 



used in combination with a coordinating solvent (typically acetonitrile) which is later 
displaced by a suitable ligand in a subsequent step. Alternatively, MeaN can be 
used in a non-coordinating solvent containing the appropriate ligand so that direct 
substitution takes place. 

For example, the reaction of OS~(JU~-H)~(CO)~~( MeCN)2 with cyclohexa-1,3=diene 
in CH2C12 at room temperature for 6 h, or the direct reaction of H~OS~(CO)~~ 
with Me3N0 in CH2C12 in the presence of cyclohexa-139diene gives sever:31 
products (Scheme 5) [ 13,18]. The four major compounds obtained include 
OS~(~-H)~(CO)~~(~~~-C~H~) (previously reported C 19lh O~,(CI-H)~(C~)~~(~~-C~H~)~ 
OS~(~-H)~(CO)~~(Y~-C~H~) and OS~(~-H)~(CO)~~(~~-C~H~). In a series of separate 
experiments we have further established that on heating OS~(~-H)~(CO),,(~~-C~H,) 
in hexane it undergoes conversion to compound OS,&-H)~(CO)~ 1 (y4-C6Hs), which 
in turn undergoes conversion to compound OS~(~~-H)~(CO),~($-C~H,), Clearly, the 
clusters, Qs4(lu-H)2(C0)12(q2-CgHBS, OS~(~-H)~(CO)&~=C~H~) and OS~(C~-H)~ 
(CO)10($-C6Ha), emerge as a closely related series. As a CO ligand is lost, additional 
electron-pair donation from the C,-ring is observed, paralleling the change from an 
rj2 to an q4 and then to an y6 bonding configuration. The conversion of the diene 
ligand to benzene necessitates not only the loss of a CO ligand, but also the 
concomitant cleavage of two C-H bonds and loss of Hz. 

The photochemistry of these derivatives has also been investigated. On irradiation 
in toluene and in the presence of cyclohexa-1,3-diene, the same range of derivatives 

s those obtained from the thermal route. Another activated cluster, 
, in a separate experiment, we have 
l L (q4-C,H,) is smoothly converted 
ons lead us to believe that the same 
r both the thermal and photolytic 

unsaturated intermediate com- 
with the appropriate substrate. 
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0s4(1.L-Hh(co)1D(r16-C6H6) 

i ii 

v v 

and 

The product; 0s,(p y) is commot9ly ijlXK%Ved wder all 
conditions studied. For this product to formed, the cyclohexa-1,3-di 

H bond formation, and also 

react iot9 

required 

a-bond formation, ‘This cluster does not appear 
formation of clusters 8s4(~i”H)2(c0)12(;~2g~6 

C(jHf3) and 0s,[,+M) (C0)&6-C6 instead, it appears to undergo conversion 
into a benzyne derivative [ 201. 

0s& H)2(C0)I&6-C6H6) undergoes further reaction with MeaN in the pres- 
ence of cyclohexa-1,3-diene to produce 0s4(C0)~(r14-C6HS)(1?~-C~H~) and 
G)s~(~H)~(CO)~(~~~-C~H~)(~~-C~H~). If benzene is used in the place of 
cyclohexa-1,3-diene a new product, tentatively chasacterised as OS~(CO)~(~~‘-C~H~)~, 
results in low yield (Scheme 6). 

It is known that the tetranuclear cobalt cluster CO~(C~)~(@-C~H~) readily 
undergoes arene exchange with Cc,H5Me, C6H4Me2 and C6H3Me3 621). In contrast, 
the face-capping benzene moieties found in clusters based on RuJ, 0~ and Ru6C 
units are far more resistant to exchange. We have attempted to carry out arene 



reactions with a wide range of clusters but with only very limited success 
wever, we have found that the tetraosmium cluster, OS&-H)~(CO)&~- 

CaH6), undergoes arene exchange 1231; by heating in toluene OS,&H)~ 
(CO)10(C6H5Me) is produced and on heating in octane in the presence of xylene 
0s,(~-H)2(CO)10(C,H~Mez) is formed. There is no evidence to suggest that these 
subs:,rutions are reversible. 

Ttle mechanism by which some of these conversions take place is of some interest. 
We tend to believe that, given the formation of OS,(~-H),(CO),,(~~-C,H,) involves 
both the hydrogenation and isomerisation of coordinated cyclohexa-1,3-diene and 
that the formation of @s~(~-H)~(CO),~($-~~H~) involves the dehydrogenation of 
the same diene, the reaction sequence requires both the presence of a “sacrificial” 
and a “benefactor” molecule of cyclohexs-1,3-diene and sug ests the mechanism 
shown in Scheme 7. 

A series of benzene clusters based on the square-pyramidal cluster, RuSC(CO)rS, 
have also been synthesised using a systematic approach involving the direct reaction 
of the cluster with cyclohexadiene and MeJNO (Scheme 8) [24]. Using two equiva- 
lents of Me3N0 the ), is produced. This cluster, 
which contains an es reaction with a further 

in dichloromethan ive two isomeric benzene 
6) II; in this latter com- 

turn atom on the base of the square pyramid. 
onversion of the diene to the benzene in this 
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Ru&(CO) 1 3(P&jH8) 

@C(CO) I# 3-c&@ 

reaction is believed to involve a cyelohexadienyl intermediate. The first step in the 
enation process may be envisa 
e cluster surface by the oxidat 

is followed by the oxidative addition of a C--H bond of th 
hydrido-hexadienyl cluster HRu~C(CO)~,(C,H,), in which the 
expected to lie over a trimetal face. The required second C- 
occur by an alternative ute since only one equivalent of M 
can speculate that this ond C-H cleavage is brought about by an initial cluster 
rearrangement, probabl a a square-pyramidal tg 1 bridged-butterfly interconversion. 
This type of interconversion is well documented for Ru&Z(CO)~~ upon reaction with 
small nucleophiks [2S], and will be elaborated shortly. Such an interconversion 
would generate an activated coordination site, providing the driving force for the 

bond cleavage, and h the formation of the bridged-butterfly 
2bkd2 :v2 :u12-GJ-M* lution of dihydrogen would result in 
uare-pyramidal Ru5C unit, and hence, Ru~C(CO)~~(~~-C~ 
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Upon mild thermolysis in hexane, Ru~C!CO)~~!~@~H~) I can be quantitatively 
and irreversibly converted into Ru~C(CO)&~-C~H,) II. A third isomer, in which 
the benzene bonds solely to the apical metal of the pyramid (III), can be produced 
via the intermediacy of a bridged butterfly complex (IV) up03 zucleophilic addition 
of Ru~C(CO)~~($-C~H~) II with CO in dichloromethane under ambient conditions 
(see Scheme 9). In this reaction, cleavage of an Ru-Ru bond along the apical-basal 
edge involving the ruthenium atom to which the benzene ring is attached has taken 
place. The new bridged butterfly cluster, Ru~C!CO)~&~-C~H~) IV, affords the apical- 
isomer on expulsion of the “additional” carbonyl moiety, on standing under Nz. On 
heating the apical-isomer III in hexane for a prolonged period conversion to the 
basal-isomer II occurs, 

The benzene-clusters Ru5C!CO)&&H6) I and Ru&(CC&(@- 
further with MebNO and cyclohexa-1,3-diene to yield the benzen 
Ru~C!C~)~~(~~-C~H~)!~~-C~H*) and Ru&!CO) -C,H,)(~z-C6 F&J [26]. Thus far 
it has not been possible to convert these benzen ene complexes into bis( benzene) 
derivatives, 

Reaction of Ru5C(CO)i5 with cyclohexa-1,4-diene, in an analogous method to 
that described above, results in the isolation of the Ru~C(CO)~&.&~H~-~,~) [27]. 
In this compound the 1*4-diene has retained its uncongugated form. In all other cases 

ing cyclohexa-1,4=diene, isomerisation the 1,3-diene takes place on coordi- 
The subsequent chemistry of RuSC(C 13(‘2-C6HB-1,4) is analogous to that 

described for the other isomer, A second cyclohexa-1,4=diene may also be introduced 
into the cluster and the diene li 
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Cyclopentadienyl rings may also be introduced into the cluster using MeaN in 
the presence of C5H6 yielding the biS(CSHS) complex, Ru~C(CO)~~($-C~H~)~ [ 281. 
A mono(C5HS) cluster, HRu~C(CO),~($C~H~), may be prepared but from an 
entirely different route [29]. This involves the reaction of Ru&(CO)~~ with NaC,H, 
followed by the addition of HBF4. The structure of the metal atom skeleton in 
Ru~C(CO)~~($-C~H~)~ remains unchanged from that of the starting material, 
whereas that of HRu,C(CO)~~(~~-C~H~) constitutes a bridged-butterfly arrangement 
(Scheme 10). 

Apart from the work carried out on the 0~ and RusC clusters, similar chemistry 
has also been developed for other cluster systems, in particular, based on Ru, [ 301 
and Ru& [ 311 cluster cores. 

5. Photolysis 

Photolysis has been used to prepare a range of tricobalt clusters in which photo- 
chemically reactive fragments are generated [ 321. However, photolysis has only been 
used with limited success in the preparation of ruthenium clusters 1331 although it 
has proved very useful in bringhlg about certain isomerisations and rearrangements. 

Scheme 10. The synthesis of cyclspcntadienyl derivatives of Ru,C(@O),,. iKeugenfs: (i) C4-W eq. 
Me,NQ; (li) NsCsHs followed by HB& 



Two systems which have been studkd by thermolysis in some depth include the 
pentaruthenium system (see above), and the triosmium system, OSJCO)~(&J~H~). 
111 Ru,C(C0)12(C,H,), three structural forms based on :he location of the benzene 
ligand about the central Ru& core have been identified, i.e. Ru~C(CO)&.&~H~) 
I, and two isomers of Ru5C(CO),,($-C,H,) in which the benzene bonds to either a 
basal (II) or the apical (III) ruthenium atom of the square-pyramid [34]. Heating 
I in hexane for 4 h results in quantitative conversion to II (Scheme 8). The prepara- 
tion of isomer III is less straightforward; it involves first the formation of the bridged- 
butterfly adduct, Ru~C(CO)~~($-C~H,), from II by the uptake of CO with the 
concomitant cleavage of the Ru-Ru bond connecting the ruthenium atom carrying 
the benzene ligand with the cluster apex, and then subsequent loss of CO to yield 
either II or III depending on the conditions employed. Heating III for 40 h in hexane 
results in its irreversible conversion to II. This thermolysis was monitored by infrared 
spectroscopy: at no stage during the process was the presence of I observed, thereby 
ruling out the possibility of the facial isomer being an intermediate, and hence the 
need to consider a second alternative. This isomerisation may be considered to occur 
virl a polyhedral rearrangement of the Rug square-pyramidal cage via a bridged- 
butterfly structure, a process which involves firstly Ru--Ru edge cleavage and then 
recombination (Scheme 11). The process involves cleavage of edge (a) ( Ru,~~~-Ru,,~~~~) 
to erate the intermediate with a brid d-butterfly structure and then the formation 

e (a’) to regenerate the (n re pyramidal structure. This pseudoro- 
the benzene from the @ apical III to 
mains attached to the same Ru-atom 

orrespond to a migration in the “real” sense. 
d evidence has been obtained for a mechanism 

h of course we are unable to differentiate between 

wed that as time 

-- 
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in solution, but clearly, since I is produced after the formation of II it cannot serve 
as the appropriate intermediate. However, the second mechanistic approach is proba- 
bly responsible, i.e. pseudorotation by Ru-Ru edge cleavage to bring about the 
correct rearrangement (Scheme 12). The thermal process is believed to proceed via 
the heterolytic bond fission pathway outlined above, whereas the photolytic process 
more probably proceeds vie homolytic fission and the formation of a diradical 
intermediate. Nevertheless, from the geometric standpoint the nature of the proposed 
intermediates IV and V must be similar. 

Photolysis of the triosmium-benzene cluster, 0s3(C0)&.+-CsHs) results in photo- 
isomerisation to the dihydrido-benzyne cluster, HzOs,(CO)9(~3-r)‘:~2:~1-C,H,) [ 351. 
The reverse process, however, has not been observed. Photolysis of the ruthenium 
analogue, Ru3(C0)&&H6), results in its slow decomposition. 

6. Chemical-induced migrations 

On reaction with alkynes, the benzene clusters, MJ(CO)&&HCI) (M = Ru, OS), 
afford compounds in which the benzene has undergone migration from a face- 
capping to a terminal site with the alkyne adopting a face-capping position. The 
only difference between the corresponding reactions of the ruthenium [36] and 
osmium [37] derivatives is that, in the case of the ruthenium complex, a carbonyl 
group inserts betwc;en the alkyne hgand and the metal atom carrying the benzene 
moiety. 

We have found that the reaction of the [2,2]paracyclophane cluster, RuJCO)~(~~- 
qZ:~2:q2-C16H16), towards alkynes is somewhat more complicated [38]. It reacts 
with diphenylacetylene under two sets of conditions (thermal and chemical activation) 

the same major product, RuJC 
1 reaction, two additional pra vduct 

2Pha ),-CO), are also obtained ( 

ids of compounds produced duri 
critically on the thermolysis time, with the dirutheni 
yields when th gest reaction period is employe 
clusters are anal us to the ones obtained from 
benzene reactio he dinuclear complex, Ru,(CO),( { p2-q1 :q2- 

highly unusual in that a ketone has been produced via a double CO-insertion 
reaction. While we do not fully understand the mechaniscn by which this process 

Scheme 82. Proposed mechanism for the photochemicat isomerisation of II to III. 
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Me3N0, CH2C12, C2F’h2 
q 

A. CH$&, CzPha 

Scheme 13. Produets from the reactions of Ru~(CQ)~(~~-C,,H,~) with diphenylacetylene. 

signids being due ta 
0 be incquivalent to its 

experiments carried out at 223 K 
J-l8 moiety, while signals CJ, 
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Fig. 1. The 360 MHz lH spectrum and ‘H 2-D EXSY spectrum of R~~e(e0),~(~(~-e~H~-l,4)2 obtained 
at 296 K. 

G, I, J, K and L are associated with the other ring. The observation that the spectrum 
of Ru~C(CO)~~(~~~-C~I~~-~,~)~ obtained at 296 K was broader than that obtsined at 

ests some exchange process. The XSY spectrum (f%. f 1 carried out at 
ests that the two cyclohexadiene ligands begin to tii&rgo Gte exe 

Cross-peaks are thus found between h and G, I3 and K, C and E, 1c-I and I, 
L, F and J. 

It therefore appears that, at 296 K, the system exhibits two-site exchange. For a 
system exhibiting first-order exchange between two sites in the same molecule, it is 
possible to relate cross and diagonal peak intensities derived from EXSY spectra to 



Scheme 14, The site exchange process in Ru~C(CO)~~(~&H~-~,~)~. The cyclohexa-1,4-diene ligands 
have been omitted with only their locations indicated on the scheme. 

the exchange rate at the temperature at which the experiment was carried out. 
Assuming this to be the case, the rate of exchange was calculated as 31& 5 s-l 
(Scheme 14). Furthar elevation of the temperature caused significant broadening, 
such that by 316 K all signals arising ft 3rn diene ring protons were broadened. By 
330 K there appeared to be just two broad signals forming; these gained an apparent 
doublet structure by 346 K. These signals are at cli values of 4.37 and 3.63 ppm, 
indicating that rapid rotation and flexing is also taking place. Residual underlying 
broadness made integration of these signals impossible, and further heating of the 
sample resulted in irreversible sample decomposition. 

. Summrrry 

of different synthetic methods commonly employed 
of mononuclear complexes may also be used to 

c cluster complexes. How ons are often more 
of the possibility of multi and flexible cluster 

itional, activatic%*l techniques fo 
he use se lasers E~&I microwaves [ 
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