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Abstract

Recent developments in the chemistry of all-carbon ligands and related molecules include

the synthests and reactions of mono-. bi- and pely-nuclear complexes containing C., C; and
Cy ligands, as well as of substituted derivatives of allenylidene (:C = C - CH,} and butatrieayli-

dene (:C -C

- -- CH,) ligands. The work of the Adelaide group on the pentanuclesr ruthe-
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nivm cluster carbonyl containing o reactive O, hgand and on the synthesis. chemistry and
electrochemistry ol a varicky of complexes containing €, and Cy ligands, is described. #0 1997
Blsevier Scienve 5. AL

1. Introduction

Of the three familiar forms of carbon, namely diamond tsp'). eraphite tspy and
the fullerenes (sp”). only the latter {in the forms ol C. Can Cyy) are known for
their ability for multiple addition of transition metal fragments, In C,,,. this occurs
at the € € double bonds which are found at the junctions of the six-membered
rings. Fxamples of these fullerene metsd complexes mclude O, MPEL)L
(M N Pd ooy PO [1] and Co) PUPPh,)L Y, 2],

There are also many other, more reactive, Torms of carbon which have been
studied [3} The simplest carbon molecule. C,lois tound 10 carbon-rich stars. in
comets  and in the oxidising flames  of hydrocurbons  {Bunsen  burners},
Spectroscopists hanve long studied this melecule, which has become known for the
many dilferent electronic states which are available, However. it is also extremely
reactive. and reactions employving it have been being hmited to the generation of
Cy tand other C, moleculesy in o carbon are and condensing the vapours at liquid
nitrogen temperatures 4]

There is much current nterest in long unsaturated carbon chains 1 view of their
supposed potential in the manufacture of ¢lectronic devices (nano technelogy. molee-
ular engineering and non-lincar optics) [ 5], One method of stabilising C, chains hus
heen 1o cap the ends with silyl groups or transition metals, when more or less sfeble
compounds car be isolated, The commenly available routes of chain lengthening
by coupling {Cadion Chodkiewicr. Lglinton Glaser or Hay reactions) hive been
used to goad elfect by Gladysz and coworkers [6]. who have succeeded in iso-
lating complexes containing chans o up o 24 carbon atoms capped by
Re{NOMPPh O p* groups at cach end.

2. €, complexes

Our interest in these molecules was spurked by our carlier studies of metal aectvhde
complexes. In these, the HOMO extends 10 Oy making 1t susceptible to attack by
clectrophiles. particutarly the proton. to form vinyiidenes. the simplest unsaturated
carbene [7]. The question arises: what is the effect on their chemistry of having a
second transitton metal on the C, frapment? The presence of two metad units
separated only by a C =C triple bond might be expected to confer unique propertics
on the resuiting complexes, some resulting from the formation of a stronghy bonded
MO;M systemy of which the HOMOs show strong M C bonding and some ¢ O
antibonding character [§].

This 1s not the place to give a comprehensive survey of the chemistry of complexes
of the type LM C=C M1, Suflice 11 ta sav, however, that very fow studies of



M Bruce  Coordinasior Chepnestry Reviens 66 ¢ 10?2, 9 jly g1

the reactivity of such species have been reported. Of considerable interest in this
regard is the sclective double insertion of socvanides into the Pd € bonds of
compiexes contaming the Pd C=C Pd unit and the successive multiplc insertions
{living polymerisation} found with the corresponding heteronucicar Pd C=(C Pt
systems |9]. Others have used these complexes as building blocks for metal cluster
synthesis [18]. and Akita’s group has proneered a detailed study of the chemisiry of
manganese. iron, and ruthenmum derivatives [11].

A seeond feature of mierest s the varving nature of the €, bridge as a fuaction
of the metal hgand caps. Examples of the three forms AL B and € have heen solated
and crystallographically charactensed:

M C=C M M C C M M=C-C-M
A B C

This series represents o sequentinl oxidation of the MLC, system. System A iy
represented by the complexes [ MX{PR,1LLu-Cp (M Pd or Pu X Cl or |
R Mec. Et or Buy [12]. System B is found in {BuiSi0),Ta € - C - TatOSiBu!);,
[13]). while the first example of system C wax the complex (Bu'O),W=
C C=W({OBuY, [14]).

One of our approaches o the synihesis of complexes containing the €. ligund
took advantage of the Faciie cleavage reactions undergone by itertiary phosphines
when attached 1o metal carbonyl clusters. particularly those of the group ¥ metals,
Many studies §15] have shown that the ease of cleavage of the P C bonds in these
ligands when attached 1o rathenium closter carbonyls increases in the order:

P--Cispy-P Cisphy>P- Cisp'y

We reasoned that such reactions applied to complexes of the commerciatly avail-
able hgand Ph,P ¢ =C PPh, (dppa) might afford complexes of C, by cleavage of
the P C{sp) boids. As the P ¢ € P chann is lincar. this ligand cannot form chelate
complexes (as can dppe or ois-dppeel. However, in the case of the tungsten thiocuarbi-
male complex WICOWS,ONEL SR -CL{ PP, (L), where coordination of the
C=Crnple bond before the PPh, groups occurred, the usual bending at the carbon
atoms resulted o conformation whereby the two P atoms could chelate i second
metal ligand Tragment. ax found i MCO{L)y (M Cr. Mo or W) or bridge a
Co Co bond. in Costp-1 HECO), [16]. Only two cases are known where the dppa
Higand itselt bridges metal metal bonds. with third row transition metal atoms in
Res(p-tH i p-dppa{CON [17] and TrWin-dppad(n-CORCO),Cp (18]

With clustier carbonyis such os Ru OO, the expected behaviour would be to
form novel complexes containing one cluster moiety attached to each P oatom. [
cleavage of u P Cisp) bond vecurred, then the resulting ligands might react further
vig the C—C tiple boad to give cluster build-up.

This expectation was fulfilled in practice and the sodium benzophenone ketyl-
catalysed reaction [ 19] between the two reactants afforded the dppa-bridged Jicluster
complex 1 in high yield. Simple pyrolysis then gave the black pentanuclear cluster
Rusdug-CaPPh i (p-PPECO . (2): the sixth ruthenium  was  recovered  as
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Ru,{CO);, [20]. Only one of the P C{sp) bonds in the original dppa ligand has
been cleaved and much effort and time was spent trying to discover conditions under
which the second such bond would be broken. Much of the rich chemistry of 2 that
resulted has already been described in an earlier account {21].

RufC Ol
Ph, (0C)/3RU Ru{CO,
p—CE==C—FP
Phy
{OC1RY Ru{C
1
HU{CO), {
Pl
tOC)Ry

Some of these results, for example, the reaction with pyridine, which afforded 3
f22]. or with buta-1,3-diene, which gave 4 [23]. indicated that several complexes
which either contained the C, ligand, or were formed via putative C, complexes,
could indeed be obtained. Unfortunately, none was isolated in yields high enough
to make further investigation of their chemistry worthwhile.

The solution to this problem was found in the reaction of 2 with dimethyl disuifide,

RUECOI tpylz

{OC}aRu \
{0033

Ru-—»—_._

{OChe th

(3}

Pth

Ru {CO)a

Hz H
(CO) (€0 £ Gy

——Ru e CH
PhyP—"", §~ Py 4
gy I )
\ - .Jic He
{OC) Ry b \?U{Coia
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a reaction which is remarkably complex while at the same tme being unusually
clean. During the reaction, 2 is converted via a series of intermediate complexes to
the unprecedented cyclic cluster 5. which contains the €, ligand sitting on top of
the bent pentagonal array of five metal atoms [24]). Several complexes are formed
sequentially in the conversion; opening of the Rug core of 2 occurs before cleavage
of the P C, bend. Fortunately for further studies, 5 can be obtained in an overall
yield of about 80% from 2. thus enabling gram quantitics to be obtained from
Ru,(COY,, over a period of three days. Furthermore. as shown by the crystal
structure determination, the sterically demuanding PPh, and SMe ligands have their
substituents dirceted to the other side of the metal array, thus allowing unhindered
approach of other reagents to the C, fragment, which is the centre of reaction in
this molecule. Related compounds have been obtained from a similar sequence of
reactions using Cy(PBu,)y: although enabling an casier study of the "¢ NMR
parameters of the €, ligands, none have given crystals suitable for X-ray structural
studics [25].

Commg
// N\.(CO),
Lt

(GC);Ru
RU= :-;,7"‘ A
E(:)C}z/r %%U(COJZ

Ru i
mes? < Con g e
2

{5

Cluster 5 is small encugh to be studied by extended Hiickel MO methoeds: initial
calculations were carried out on the simplified system containing PH, and SH ligands
{261, but recently more sophisticated studies of the real molecule have been carried
out {27]. Both approaches give essentially the same result and show that the two
carbon atoms carry substantial negative charges and so should enter into reactions
as nucleophiles. At the same time, there is also significant electron density on the
bridging $*Me group and it would be expected that conversion to a p, bridging
mode would occur. The chemistry of 5 has amply confirmed these expectations.

3. Some reactions of Ru (u-C)(p-SMe),{(a-PPh,},(CO},, (5)
3.1, Dihpdrogen

Reactions of 8 with dihydrogen result in insertion of one of the carbons into the
H H bond to give the vinylidene complex 6 [26]. In this complex closure of the
Ru: ring to a skeleton with three fused Ruy triangles has occurred to regenerute
the cluster core found in the precursor 2. while the SMe groups have adopted the
), bridging mode.

Further reaction of 6 with Fe,(CO), afforded the heterometallic complex 7, which
at the ume of its discovery, contained the first example of a p,-CCH, ligand [28].
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CH=CH,

3.2 Olefins and dienes

In reacitons between 5 and terminal oletins, tnsertion of one of the carbon atoms
into the terminal C H bonds gives the vinylvinylidene derivatives 8 shown, whose
structures are closely related to that of 6 [26,29]. Note that this reaction accurs
even with cthene. The complexes show an interesting fluxionality by which the
vinylidene ligand moves from one Ru, face to the opposite ope. with concomitant
changes in the remainder of the molecule.

With cyclopenta-1,3-diene. the unusual product 9 was obtained [ 30]. I1s lormation
is rationalised on the basis of addition of one carbon to a C-—C double bond.
followed by ring-opening. It is not clear at what stage the second malecuie of
cyclopentadiene adds on, 1., wiether | eatalyses the usual dimernisation of cyclopen-
tadiene. which then adds to the C; ligand, or whether a second molecule of cyclopen-
tadiene regets with an intermediate lormed from 5 and cyclopentadhene itselt,

With butu-1.3-diene. cycloaddition to the €, ligand 0 § gives un unusual somer
of benzene. namely cyciohex-1-en-4-yvne, which is stabilised by interacuion with the
cluster in 1} In the same way as alkynes do with other polynuclear systems [31].
Complex 4 obtuined from 1 and buta-1.3-dicne also contains this ligand.

230 Alkynes

In reactions with l-alkynes. carbon carbon bond formation is preferred over
insertion into the € H bond. Consequentlv. both terminal and non-terminal alkynes
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give similar complexes. although the structure of the final product is determined by
the steric bulk of the substituents on the acctylenic carbons. Thus. HC=CPh gave
11, in which a double bond of the resulting €, ligand is coordinated to one of the
Ru atoms. the cluster retaining the open pentagonal geometry of 5. In contrast, a
simnilar reaction with C,Ph; gave 12, in which the double bond does not coordinate
and an extra Ru Ru bond is formed m electronic compensation [32]. Complexes of
these structural types are formed from a runge of alkynes [31].

Ph

AN
Com
(OC}z /

H

h,P /
PN S
{CCiRy u 2

Me\S/ (GGl \

(11} Me

Other minor products have been iselated from these reactions or by subsequent
carbonylation or thermal degradation [31]. Notable among these are 13, in which
CO has inserted into an Ru € bond derived from the alkyne, 14. in which an SMe
group has migrated to the alkyoe, and 15, where both reactions have occurred. In
several products. the presence of p-SMe groups is in accord with the theoretical
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Me
/ \‘ /_.'::nnu(coyz

{OC}zﬂu( h =i} ——— PPz
{CO52

cxpectations outlined above: it seems that the w, to pi transformations may be
reversible and thus generate “vacant” coordination sites for {urther reactions.

Ru(CO] 2
\ Pth
Phy Pc::"__" _R”(CO’
(OCDz \ {CO)
o= C
\C __,_,c___ c/ ™ Ssitde,
i
/C\ H
hesSi H
(13}
CoPh
Me S
8 RU{CO)
—— c '___\ ,__.7 z

, \ Ph
tomy—\— = R“ﬁ

{OC)Rues Ru{CO)
2 \l\p/ rs
SMe  Phg {14}

The question of multiple addition to one carbon of the C, frugment to give
branched chain derivatives is of relevance 1o the postulated intermediacy of C,
fragments in the chain lengtheming process which must occur in Fischer Tropsch
chemistry. In the case of 1 4-diphenylbuta-1.3-diyne. the first-formed product has
the structural type anticipated from the results described above. Addition of a second
molecule of the diyne 10 the same carbon affords 16, containing an unusual ten-
carbon branched chain [31].
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A notable structural feature of many of the products mentioned above is the close
association of one of the carbons of the C, ligand with four of the five Ru atoms.
resembling the square base of cluster carbides such as Ru,C{CQ0},;. The second
carbon atom is the one which enters inte the reactions with the various substrates
to give ligands which others have considered to be alkylated alkyiidynes [33].

3.4 Reactions with CO and related ligands

The reaction between & and CO results in both addition to give another Ru,
cluster (17} and excision of an Ru{CO}; tfragment to give the Ru, derivative 18
f34]. In the former. fragmentation of the cluster gives Ru, and Ru, cores linked by
the C, unit. The latter is electron-rich (50e} as often found with PPh,-bridged
systents [35.36] and this is manifested by elongation of the Ru Ru bonds to ca.
3.1 A. In the Ru, complex, cnly two Ru Ru bonds are formally present: three
tautomeric forms can be written and theoretical calculations suggest that it is the
C, fragment which plays the predominant impertant role in holding the moelecule
together [34].

With CNBu', addition to the cluster results in expansion of the metal framework.,
which has the effect of pulling one of the carbon atoms down into the pentagon
{37]. The resulting geometry (19) 15 of a planar tetraco-ordinate carbon atom,
although the weak interaction with one of the Ru atoms suggests an alternative
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PPh2 HU(COIa

NV \Ae

(OC);,RU

{OC}ZRU

\ / ICO)z

th
(18}

structure in which the €, unit behaves as a4 4e donor. On heating, 19 loses CO to
give 4 Bu'NC derivative of §,

oc iF?OJ'z
St 1
thP\/ ;:"""(13
{OC)Rd Me ™\ | RUICO)
2 """--_______-RU/—/" 2
/ co?\ CNBU
hz
{18)

4. Higher nuclearity clusters tfrom Ru(p-C,H{p-She).{pu-PPh,),(C(OQ),,

The chemistry of 5 15 not limited to reactions with organic substrates. With metal
carbonyls and related complexes. the formation of higher nuclearity clusiers with
novel geometries 18 found. Thus. with Ru(CO},,. the hexa- and hepta-nuclear
clusters 20 and 21 are formed. With FetC(),. the heterometallie clusters 22 and 23
with similar geometnes are formed. although there is disorder in two of the metal
aloms in 22 [31.38]. The latier reactions show that the extra metal atoms are
incorporated into the onginal cluster. rather than being mvolved m stmple bridging
Or capping reactions.

With Co,{CO,. two complexes are obtained contwiming cither two (243 or four
Co atoms {25} 1 the latter, it can be seen that the carbon atoms can interact with
a total of eight metal aioms. the resulting metal cores being related to the well-
known metal carbide complexes typified by Fe C{CO), 5. but contammmg a turther
interaction between the two carbon atoms [31.38]. [t is interesting that many
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(00)3
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M = Ru (20), Fe {22)
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A oy,

M = Ru {21}, Fe (23}

1in

attempts to induce the clusier carbides (o enter inte carbon element bond forming
reactions huve been unsuccesstul. although there seems to be no reason why the

resulting complexes would not be stable,

——
Me Ru~— ppp,
€Oz

(24)

An unusual feature of one of the products {26} obtained from 5 and NiCp. is the
disorder found in the positions of the Ni and C atoms only [31]. One interpretation
is that the bonding arrays in the two isomers can be represented as shown in 26a
and 26b. These isomers are related to the p-ntin'- and pm*bonding of alkynes
found in binuclear metal complexes. the two forms reflecting diflerences between
open {square: electron rich) and closed (tetrahedral: eleciron precise) C,M, clusters.
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The second product (27) has a structure related to those of the other complexes
mentioned above.

{OC),Ry

(26) Phy

Cpiii NiCp
cZ
\ VN

Ru

(26a;

CphNi,,

“""\“‘-c_c/

A ~

%Ru-——__ -8y
—_

Ru

NG

{26b)

These complexes are formed by using the €, ligand to facilitate the build-up of
the heterometallic cluster: some of the geometries are reminiscent of structures used
to construct roofs of buildings. If this analogy 1s pursued, the C, unit can be seen
to act as the “collar™ of the resulting structure.
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“p, _co
0o SN
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Pl [ R O
e e —PPh,
e 5 Ru 2
fOCPZ\S’“M (coy,
Me
(27)

5. Complexes from ethyne

Another approach to complexes containing two-carbon fragments 1s {rom ethyne.
We have studied the reactions of ethyne with activated ruthenium clusier carbonyls
and in addition to novel trimers stabilised by the cluster framework, we have
characterised a number of complexes of varying nuclearity which contain € =CH,
HC=CH or :C--CH; ligands [39]. In addition to the simple alkyne and hydrido-
ethynyl complexes  previously  described by  Italian  workers [40]. namely
Ru,(p-CLH H{p-COHCO), (28) and Ru(p-111{p,-C,H H{COY, 129, the reaction
with RuyCOj o NCMe), attords the tetranuclear cluster Ru{p,-CoHHCO),, (30).
the pentanuclear vinylidene cluster Rug{u,-C ~CH,3CO),< (31} and the hexanuclear
bis-vinylidene cluster Rug{p,-CCH;1,{CO,, (32). Theorctical caleulations have
shown that the ready conversion of the alkyne to the hydrido-alkynyt (28529} is
facilitated by an orbital that allows easy migration of the H atom from carbon to
the cluster at the same time as a €O ligand 15 lost.

{CO);
Ru
A&
c

(OCJaRuT-/vRU(COh

28y ©
H
CTC\/
/ \__/}Tu(cms
[{ulef 2103
Al <nué i
29) {CO3

We were interested to examine the deprotonation of these systems. However,
although loss of the cluster-bound proton is readily achieved by treatment with base,
giving the amon [Ruy{u,-C.H){CO)] . we find that reaction with K-Selectride
{K[BHBu3]). which we have previously used as an cflicient generator of anionic
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(00)3
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<00)3 (31)

Hp
c

00 /7

RUFRU(COh
H2C — c // -~

.
N

RRU{CO}G

Ry

(O 32)

species from cluster hydrides. instead results in addition of hydride 1o the C, lipand
to regenerate cthyne in the anion [Ruxfp-H ) (u,-C.HHCO)] . Derivatisation
of this anion is achieved by treatment with AuClH{PPh). which afforded
AuRu;(p-H Hp-CoHLHCO), (33). together with the digeld vinylidene cluster
AuRus(py-COHLHCO), (34). Hnusually, the former complex gives two types of
crystals. one red. the other vellow, Structural studies show that the differences anise
from different AuRu; cluster cores, either butterfly (in vellow 33a) or tetrubedrad
{in red 33b} [39]. These changes may be considered as a change in attachment of
the Au(PPh,} group from o, to p,. and are similar to the somers of
AuRuCECO U NOY PEL) [41.

6. Complexes confaining (, ligands
6.1 Cycomplexes from PPh,C=CC=CPPhH,

Exiension of the approach used to generaie 5 1o complexes containing the tigand
Ph,PC = CC =CPPh, resulted in much more facile cleavage of both P Cesp) bonds,
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\ {COls

OCKR __/_jﬁ)nutcma
u
T\

HC=——CH

{PhyP}Au

{33a) yeliow

{34)

simple heating in an nert solvent being sufficient to afford complexes contaming
C, hgands. In this way the ron (35) and ruthenium complexes {36) were obianed
[42]. The chemstry of these seems to be that of two acetylide complexes joined by
a shortened C C single bond [1.371(8) A (Fe). 1.417(8) A {Ru)]. cach unit appa-
rently acting independently and there being no cooperative bonding or tendencey to
engage all four carbon atoms in bonding to a suitably sized cluster. A related system
is found in the anion [{FedCO)}a1.05-C) . which was obtained from
[Feafpa-CCOWCO)] ™ and triflic anhydride 143).

However. reaction of 36 with H, has afforded an Ru. devivative (37). while

PheP £ eic0n

(OC);Fe S D

(OC)3Fe""‘-—_ Pth
(35)
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(36) Pingp~—RH(COY3

sequential treatment with H ‘H° (electronically equivalent to the addition of H,}
afforded a novel example of the bis-vinylidene ligand :C~ CHCH -C: in 38 [31].
These products are different front those expected on the basis of chemistry directly
related to that of a simple py-alkvay]l dervative. but resolution of this anomaly
awaits further study.
3"1\

Ru{CO)

i
C-—'c--..c.——"'c"—-——._..Ru(CO}s

w7

{OCHRYD
P___'.. Ru{CO};

(CChR

(37 Ph

/ﬂu<0013 __RaH
O+ Ay
{OC);RY //)CH——CH/ A\RU(CO};
Ph N__ =C ~ B
T (OCHRY

(€O Phe
{38;

6.2 Divavd and divadivi complexes from hura-1.3-divae

The first complex containing a bridging €, hgand was deseribed back in 1957
[44]. while more detsiled studies were reported by Hagihara and coworkers in the
F970s [45]. Since that time, sporadic investigations have been reported by several
groups. usually as a result of extension of alkyne reactions 1o diynes. This chemistry
is Lthe subject of a review [46] und will not be considered further here.

Recently. we have found that reactions of buta-1.3-diyne with transition metal
halides in the presence of a tertiary amine atfords good yields of the diyny] complexes
39 147]. These reactions can be extended to cover metils of groups 610 and the
complexes are generally obtained in good to excelient yields. The acetylenic proton
can be readily repiaced by a variety of other groups. In the context of this aceount.
we note that a second application of this synthetic route to complexes 39 allows the
syntheses of complexes 40 containing the same or dificrent metal ligand combina-
tions linked by the € unit.

Further reactions of these and retated complexes enable the complexation of the
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CplCOM—C=C—C=C—H
B8 M=M,W. n=3 M=Fe, n=2
Cp{CORW—C=C—C=C—MWC0}.Cp
(40) M = Mo, W, n =3, M=Fe, n=2

C=C triple bond to ynophilic fragments such as Co,{CO), or | Mo(CO,Upia [see
41]. Where there 1s a choice, the Co, fragment is found attached to the least sterically
hindered € = triple bond [48]). When the Mo,. W, or MoW complexes are used.
incorporation of the terminal C atoms into a trimetal cluster oceurs with concomitant
elecironic rearrangement along the C; chain [see 42a- ¢]. No doubi this 15 the result
of the extra bulk of the M{CO};Cp groups [48]. An example of the latter arrangement
wias previously described in the complex 1Co{CO(p-CHAC=C) (431 [49] and
the replacement of Co{C()), units by solobal metal higand fragments. such as
M{CO),Cp, 15 also known [30].
Co{OChW-
Cae

(O

Co ML
{00}300// "

T

C—C=C—~C

/ N\ oicon
3
\V/

Co
{COM

LM

(428} ML, = ML, = Mo{CO)Cp

{420} ML, = ML', = W{CO),Cp

{42¢) ML, = Mo{CO}:Cp. ML’y = W{CO)Cp
(43) ML, = ML, = CoiCOJs

The 1-alkyne character of 39-W is also reflected in its reactions with ruthenmium
curbonyl clusters. Under mild conditions, reaction of Ruy{CO), 4 NCMe), guve the
py-alkyne complex 44, which on gentle heating 15 smoothly converted to 45 by
migration of the H atom from the acetylenic carbon to the Ru;, cluster [39]. This
can be considered 1o be another example of a C, complex in which the all-carbon
ligand 1s g-bonded to the W atom and o. n-bonded 1o the cluster. A similar product
{46} was obtained from Ru {p-dppmi}{CQ),, this cluster is unusual in existing as
isomers {shown} which differ m respect of the relative orientations of the p-dppm
and C,W ligands.



1% U Briee  Coordination Clompisery Reviews 166 0 JuLZr ol 1y
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(44)
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RU{CO),

{45)

CpiOGHW. _WI(CO),Cp
PO e RU(COl; TU(CO} c :
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RU{CO), fOC]QRU‘_RU{COJz
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Phy P\_/ PPh, £h, P\/ £Ph,

N/

Ru(CO,

o]
(ocreﬁ?%\c;?u(cmz

N P
c
ki
c

\
W(CO);Cp

Complex 44 reacts with yoophilic reagents to form novel heterometallic clusters
mcorporating the entering metal atomi{s} in the two M, clusters which are coordi-
nated fo the O higand. Thus, with FetCO).. addition of one iron atom {faund
disordered over three sites) gives 47: while reaction with Ruy(C(),, gives the ana-
fogous RusW complex 48, With CoCOl, two Co atoms are similarly incorpurated
in 49, but m this cose. the cluster-bound H wdom migrates to the € chain to give
DO CHO =0 heand [39).
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{0012, W(CO}Cp
(c) E 3'“—50/
,
¢~

e

c
e I\ con
Ru

(Oclama/L—Ru{CO)g

{47) M° Fe/Ru=0.52/048
M3 0.14/0.86
e 0.31/0.68

{ag)y M = M® = M® = Ru

(QT)MY /RU(COh
r
(00155?‘ *'--‘:‘c
"

/

CH
5

c\
Cp(oe:),w-é- "Au{C O,

N

ColCON

{49) M* Co/Ru = 0.86/0.14
M° 0.14/0.86

Further reactions of 44 with an excess of 39-W gives the unusual complex 56 {51].
This contains an open Ru, W array which supports an organometailic hgand formed
by addition of the second molecule of 39-W and concomitant incorporation of two
CO molecules. Detatled nvestipation of the structure shows that the W C{61)
separation is rather short and consistent with a carbenic interaction, as also suggested
by the clectron count. Compared with other ruthenium cluster complexes containing
alkynes, this reaction is also unusual mm that 1t is the non-complexed C=C tnple
bond which is involved m the ligand-lorming reaction.

C .0
Cp(OO}gw.Hc_h // ""'--....?,
==
\cé,/fc\
[ Ru{C O
(OC\)zﬁ PP, ‘U( ta
gLt RUICO)e
W /
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6.3, Electrochemistry of the M,C, system

The electronic properties of the C, chamn are inferesting. Formally. at least. three
arrangements can be cnvisaged:

M C=C-C=C-M M C-C=C-C M M=C-C=(C-C=M
D E F

which represent a progressive oxidation of the M, chain. These systems have
obvious similarities to those found for M., units {A. B and C, above). Indeed.
both Gladysz {52] and Lapinte [53) have described the one- and two-clectron
oxidations of C,-linked metal ligand systems which have been explained in terms of
oxidations of D te E via a radical intermediate. In the case of the iron complex. the
Maossbauer data are not in agreement with this interpretation but favour oxidation
of the metal centres. In contrast, the bis-rhenium complexes are converted into a
cumulenic svstem on oxidation, as shown by an X-ray structural determination.
The complex {Ru(PPh;},Cpjapu-Cs) {51) was first reported as a product of
reactions between [Ruf NCMe){PPh,).Cp)' and Li,C, [54]. This complex 1s renmark-
able in that X-ray structure determinations revealed that the compound crystallises
i at least two rotameric forms. While in selution. only one form (cisoid § appears
to be present, heating of a solution in tetrahvdrofuran and rapid crystallisation gives

the transoid 1semer [55].
L
é #_aPPhy

¥ -RU—C=C—C=C—Ru

PhyP- /

L

L = PPhs {51); PMe; (52}

More importantly, we considered that the relative ease of oxidation of organoru-
thenium systems to the +4 oxdation state might provide the opportunity to obtain
more highly oxidised forms of 51, although we also fuvoured the electronic structure
involving not only the two metal atoms, but also the unsaturated carbon chain.
Electrochemical studies revealed that reversible oxidation to the + 3 state occurred,
which was followed by a partially irreversible oxidation to the + 4 cation [56]. This
has been interpreted as showing a series of oxidations of the RuC,Ru chain from
ncutral B through dicationic E to tetracationic F, with odd-electron intermediates
whose valence bond representutions necessanly Involve several tautomeric forms
(Scheme 1}, Theoretical calculations show that the two HOMOs are considerably
scparated from lower energy orbitals and that they involve the six atoms Ru,Cy:
oxidation involves loss of electrons from these orbitals. ie. the cations are not metal-
centred. Differences from the related iron system are at present unexplained. Not
surprisingly, the mixed complex 52. in which one of the PPh, ligands has been
replaced by PMe,. behaves similarly, although it is oxidised more easily.

Spectroclectrochemical studies (with Stephen Best in Melbourne and Graham
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PR,

{.

PPhy
......‘Hu—C—C—'C—C—Ru/
PhyP"

mxP {(51}-D

PP, +
ﬂ "‘:_,—-'Pphs

Rumm=CE=CrmC =C=ny

PPhy 2+
| é £ PPy
wrmnt” R b~

PraP 51 -E

4+

PhaP""'7 o ;[
Praf (51" -F

Scheme 1.
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Heath in Canberra) have given usetul structural information. supporting the assign-
ment of structures {o the €, chain as indicated in structures D, E and F [57].
While the electrochemistry revealed the accessibilty of an unprecedented five
oxidation states for this system. the synthests and isolation of each of these presents
a challenge which has only been met so far in the cases of the newtral complex and
the ~1 and +2 cations. The latter arc obtained by Ag ™ oxidation of the neutral
complex forange), which gives the green monocation and deep blue dication. The
trications cun be generated clectrotytically at - 50 €. at which temperature they
are stable for several hours. Unfortunately, no crystals suitable for @ structural
investigation of the MO, M systems in these cations have yet been obtained {58).

6.4, Reaction of tetracvanvethene with {Rut PPhy ,Cplyr - Cy) £ 31

The reactivity of 51 has been little explored: approach 1o the bridging carbon
atoms is hindered by the PPh;y groups. However, the reaction of tetracvanoeethene
with 51 affords red 53. a reaction rationalised by initial {24 2)-cycloaddition of the
clectron-deficient olefin to ene of the C=C triple bonds. The resulting cyclobutenyl
underwent ring-opening followed by intramolecular displucement of a PPh; ligand
10 give the enyl complex. Similar chemistry has been described earlier for monoacetyl-
wde complexes [39]. In solution, 53 exists in equilibrium with the unusual yellow
tetranuclear comiplex 54, m which a ON groop from one molecule of 53 displuces
the coordinaied ¢ C double bond 1w a second molecule. forming the ten-membered
eyelic system shown [55].

{RufPPhg}]
ON c
NC—-C \\ éy/
[o] -—C/

iPh 3P)RUL/\\C(CN}2
=

(53}
{{PhyPIRY]
\
™ CN
\\\C [Rul—N=C C/
T e~ C(CN}»
/ \
C—¢q c—C
(NC)C \\G—CEN——[H/U) c
/ A
NC c
{RuiPPh;)

(54) iRl - RUPPh;ICP
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7. Butatrienylidenes
74 Mononuclear compleses

By analogy with l-atkynes. coordination of buta-1,3-diyne to a transition metud
centre would be expected to result in a 1,2-H shift to give the ethynylvinylidene
ligand, :C—CHC =CH. However, a 1,4-H shift is also possible. to give the butatrien-
vlidene ligand, :C=C € -CH;. Both molecuies have almost the same stability, by
ab Initio calcutations [60f. Direct reactions between [Ru(thf)(PPh,).Cp]” and
buta-1.3-divne have given a cationie species. which Irom its reactions s thought to
be the butatrienylidene cation 55 [61].

Deprotonation of the cation results in formation of a diynyl complex, whose
extreme reactivity contrasts with that found for the complexes described above, In
anr, almost immediate conversion to the acetylethynyl complex 56 1s found, although
this probably proceeds by reaction with traces of water [34].

+ HDO e T _ e
1[Ru]=C=C=C=CHg] - ljpy=c=c=¢ ——= [By—C=C—C
OH
{55} {56}

[Ru] = Ru{PPhy),Cp

Addition of other nucleophiles to 55 has given a variety of products i Scheme 23
mvolving formation of new C-element bonds. Thus, the reaction of N-methylpyrrole
gives 57, formed by attack on the heterocyelic nucleus, with migration of the proton
to the CH, group. [n turn. deprotopation of 57 with butyilithium gave 58. Simitar
behaviour s found with other nucleophiles contamming reactive H atoms, such as
NHPh,. which gives §9. Aprotic nucleophiles. such as PPh;, also add to C, to ghve
60, which can be lurther protonated 1o the dication 61,

This behaviour bears out theoretical studies of the reactivity of the carbons in
this and related unsaturated carbenes. which are expected to be alternately electron-
poor and electron-rich as one moves out from the metal centre. In the case of
acetylides, this has been amply demonstrated by the highly nucleophilic nature of
Cy. which is readily attacked by electrophiles such us H™L R, ArNy e |71

In the case of the butatrienyhidene, we were intrigued to find that cyvdloaddition
oceurred to suitable 1.3-dipolar molecules with the formation of cyelic systems,
Thus., in the reaction with aryl imines. nittal eleetrophilic attack on Oy (by the

CHAr group) is followed by € C bond formation between € and the N-bonded
aromatic ring, (o give g novel synthests of substituted quinolines 62 (Scheme 3y [62].
The two H atoms required to be lost for aromatisation to oceur are taken up by u
second molecule of the mmine to give an equivalent of the corresponding benzylamine.

Exploring the scope of this reaction further, we found that the presence of clectron-
withdrawing substituents on the N-aryl group resulted in the reaction taking a
different course, namely a formal [2 - 2]-cycloaddition of the imine to the C, C,
double bond. followed by ring-opening. 10 give the enamine complexes 63 [62].
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7.2. A cluster-bound butatrienylidene

We have ulso been zble to make the first structurally characterised complexes
containing butatrienylidene. These were formed from cluster 5 and C{SiMe,),, via
a desilylation which occurred during the reaction. The resuiting complex 64 is
obtained as two geometrical 1somers, which have similar IR w(CO) spectra to that
of the crystallographically characterised parent compound (65) obtained by a fur-
ther, designed (rather than fortuitous!) desilylation. Carbonylation resuits in a
rearrangement to give a spiked-rectangular cluster (66) now containing two p-SMe
groups with the butatrienylidene interacting with all five Ru atoms [63]. We surmise
that formation of the tnenyhdene ligand occurs by coupling of the €, ligand in §
with the partially desilylated vinyhdene [:C -=CH {S1M¢,)] formed during the reaction.

7502 HC
__________.....-- u 2
MeS AU(CO)
pth SMe c\h / 3
(CO)2 ¥ RU{CO) cO / S&
..---""' 2
S (oc; —_— (00)2 ay— e
©C T f R=H b ~(CO
: N"““ R Hole)
-_— L.
\\ o0k~
ﬁ Me
R
—— (64) R = SiMe, (66)
OH7HO
L~ (65) R = H

8. C, complexes

As found for the rhenium complexes of Gladysz [52] and the iron systems of
Lapinte [64). oxidative coupling of the diyne in 39-Mo or 39-W affords good yields
of the stable C,; complexes 67-Mo, and 67-W,, respectively [56]. Interestingly.
oxidation of a stoichiometric mixture of 39-Mo and 39-W affords the mixed complex
67-MoW in over 80% yield, neither of the homonuelear complexes being detected.
These compounds have been characterised by appropriate '*C resonances for the
carbons of the Cy chain, which are found between & 30 115, The C=C groups are
reactive towards Co{CO){u-dppm}, complexation eccurring at the least hindered
C=C riple bond, ie. the second onc out from the metal, to give 68,

9. Prognosis

It is evident from these few results that all-carbon molecules complexed to metai—
ligand fragments have an extensive and e¢xciting chemistry. Much more work needs
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ColOCHM—C=C=C = 0= CE= 0= C=C—MICO)HLCP

(87}M=M'=MO,W:M=MO,M=W

C,W{COMCP
Cp{OCHW., c®
Cxe 2C”
~ —~E
%C_\C\
{OC)G0 CalCOl,
thp--..___‘_____..- Pth
(68)

1o be done. for we have only just seratched the surfuee of this arca. In Muture woik.
we shail be trving to obtain complexes containing these hgands m further differing
modes of attachment. lor these in turn will exhibit differing modes of reactivity. A
persistent challenge s the syathesis of odd-carbon ligands. which while avaliable in
prnciple by estabhished reactions. remain clusive. That success can be achieved s
shown by the dirhenium complex |Re{NOM PP Cp* ) (0-C ) of Gladyse, which
readily takes up a third metal atom [65]. and the moelybdenum and tungsien
complexes of Templetonr [660]: success depends on a suitable choice of supporting lig-
ands. An alternative approach o a cyelic O complex s that of Selegue. who has
made the tri-iren complex 69 by displacainent of chlonde from the trichlorocyclo-
propenium  cation  {67]. A cumaulenic  five-carbon  chain s Teund
M (OO n-CaClatin-C O C C CrfRetNOMPPhOCPH|BE ] [68]

FelCO),Cp +

Cp{OCkLFe Fe{COLCp
{69}

We note that at Jeast four metal atoms scem to be necessary o fully coordinate
a Oy chain. The five-atom cluster 70 has been obtained trom the reaction of
CodCOY with Rugdp -PhC.C=CPhCO),, [69]): 1t s interesting that a related
Os, cluster forms only the complex 71. the third-row metal framework resisting the
wicarparation ol the Co atoms [70].
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