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ABSTRACT

- T - ‘. . \

A series of chiral organotraisition metal clusters of the type

(PhCECCOZCHMe,)MMf where & = CpNi and M' = CpHo(CO)Z, Co(CO)3 or CpNi

\ - .
have been treated with Fe,,(CO)9 fo give clusters of the general formula

(RC=CR MM'Fe(CO)3. These clusters are predicted to adopt a square

1) .

yramidal geometry and this has been confirmed by k-fay crystallographic
) »
- . . - - . "
studies. In the case of M' = CpNi or Co(QQ)a, the Fe(CO)3 molety caps

the basal plane whereas when M' = CpMo(CO) ., it is this moiet§~which

serves as the capping vertex. The former arrapgement leads to all the
/ ’ r .
metals obeying the eighteen electron rule while id the latter the Fe

and Mo atoms possess electron counts of 17 and 19 respectively.

These trimetallic-~alkyne clusters have been shown ro exhibit

fluxional behaviour. This behaviour has been explained in cerms of an

alkyne rotation relative :5 the triangle of metals., When M' = CpNi,
the cluster has been shown to undergo racemisation while when
ﬂ::i CpMo(CO)2 orICo(é0)3, the clusters exhibir interconversion'of
diastereomers thus demonstrating the fluxional process to be intramoie—
cular. The mechanism of isomerisation of’these M3C2 clusters is compared
to those predicted by theoretical caleulations and also is shown to ke
related to that of the- analogous CSHS+ cation.

A series of synthetic manipulations carried out on the cluster
sys:emlC03(CO)9CR where R = COECHMez, led to 2 variety of mixed metal

clusters being obrained. Treatment with Cp,Ni, [CpNi(CO) T, or

[CpHo(CO)S], resulted in replacement or modification of one, two or all

[
[N
[N
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three of the original Co(CO)3 vertices. The problems of emploving

CpZNi as a reagent in-clustg; synthesis are also demonstrated.

Reaction of these tetrahedral M;CB clusters with Fe2(00)9 yielded not

-

only :hé expected sduq;e bas@d pyramidal systems but‘in one case a

r e . .
molecule adoptﬂhg a closo trigonal bipyramidal. structure. This latter

. geom2try has been confirmed by X-ray-crystallography. * The concept of
isélobality has been used gﬁ compare the structure of'this molecule
with the previously knowm Fe&CR clusters of similar geometry. Quali-

ative holecﬁlar orbital arguments are presented to ratiocnalise the
substitution and addifion rea;cibns-éf metal vertiees to the tetra=

=’ hedral clusters.
A .o

. _ ) _ +
The geometry of the acylium cation Qp3(CO)9CCO- has been

13

examired by "“TC NMR and evidence is outlined~fdr a tilted configuratien

. » 7 0 . - ) @
of the CCO ligand. A stable hexafluorophosphate salt of CpHoCo,(CO)BCCO
has been obtained by the addition of'HPFs,to a solution of
CpMoCoo(CO)SCCOOCHMe7 in propionic anhydride. The presence of the

acylium cation has been confirmed by its treatment wich various

nucleophiles resulting in formation of the appropriate derivatives. .

iv
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CHAPTER 1
INTRODUCTION

1.1 General
Transition metal cluster chemistry has been one of the most
widely studied areas of inorganic chemistry for the past ten years. This
considerable attention is perhaps exemplified in the large number of
.- - . . 1-11
review articles which have appeared on the subject recently. These

reviews have covered the areas of synthesis, structure and reactivity of
metal clusters. The interest in clusters is not restricted only to
academics; indusctrialists have explored their possible use as catalysts.
1)
The concept of polynuclear metallic species is not a novel one.

Werner in fact was the first to propose their existence. He viewed these
complexes as ones not containing metal-metal bonds but as mononuclear
species joined together by sharing one or more ligands. It was with the
employment of X-ray crystallography that the existence of the first
mecal cluster containing metal-metal bonds was confirmed. Brosset in

. 4+ ; - .
1946 showed the structure M06C18 to be an octahedron of Mo atoms, with
Mo-Mo distances indicative of direct bonding. This report and a similar
one on Ta6C11&-7H70 still did not stimulate great interest in this area
of chemistry. It was not until the early 1960s with the discovery of
. 3= .. - ' . .
the Re3C117 cluster that the field of metal cluster chemistry began to

be explored in earnest. Now metal clusters containing three to six mertal

atoms are quite common and larger clusters containing up to 38 metal atoms

-~
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. 12,13
have been characterized.

Cot;en has defined metal clusters as a gfoup of two or more metal

atoms in which there are substantial and direct bonds between the metal

atoms.12 Alternatively, a cluster hds been called a discrete molecular

. -

species in which three or more metal atoms interact (bond) to form
] 14 :
triangular or polyhedral arrays. Atoms other than metals may be

N -

contained within the cluster framework. They include oxygen, phosphorus,
sulfur, carbon and nitrogen. In some cases thev may not only be
contained within the cluster framework but may become encapsulated within

iz.

-

Two basic types of transition metal clusters exist. There are

those derived from transition metal carbonyls and those of the transition
9

metal halide type. The two types are not really related to each other.
Those belonging to the former group include not only those based on the
formula MY(CO)vn (x = 2 chrough 38) but clusters containing ligands such

as hydrides, alkyls, olefins, acetvlenes and phosphines. It is this type
L 4

of cluster which contains interstitial atoms such as H, C, P. In metal

carbonyl clusters the metals possess formal oxidation sctates of zero or
negative values. Bonding in these svstems utilizes all nine valence:

orbitals on the meral i.e,, (1 x s, 3 xp, 5x d). Ia terms of reactiviety,

4
metal carbon¥l clusters seem to undergo more reactions than those of the

Al

metal halide type. A great majority of the metal carbonyl clusters are
»
formed by Group VIII metals.
Mezal halide clusters consist mainly of second and third row

transition metals found in Groups Va, VIa and VIIa. Initially they were

studied ro a greater extent, possibly due to their relationship with



Al

metal-metal triple and qu&druple bond complexes. In contrast to metal

carbonyl clusters, the metals in halide tvpe clusters are found in the

/.
. . - . e
+2 and +3 oxidation state. Examples of clusters include Mo Cl.

678 ?
4+ 2+ 2+ 3= .
W6C18 , Nb6C119 , Ta63r12 and Re3C11, -+ In the first two clusters,

the halide ions bridge the faces of the octahedron of metals, while in
the next two the halide bridges the edgeé cf thé octahedron. Bonding in
metal halide clusters primarily involfés the nd orbitals with small -
contributions from the s-and p orbitals. fhis differs from metal carbonyl
clusters. The reason for the difference is that when a mecal is lonized
the energy difference between the d orbitals and the suter s and D
orbitals increases. Perhaps the only similaricy between the two cluster
t¥pes is the prevalence of clusters containing the heavier metal'atomsu
This 5ay be explained by the greater tendency for metal-metal bondin
which 1s necessary for cluster formation, for the neavier elements.

There are other types of metal clusters which are known but these
Lwe Lypes seem rto be the longest known and bes:c studied. In both cases
presented apove, the core of metal atoms is enveloped bv a set of ligands
wihich play some part in stabilizing che cluster. An interesting greoup of
metal clusters are the so called naked clusters which include species

4= . 3+ 15,16

N C.3 - - .
such as Sn9 and Bi,~ Of the transition metals only the Group

[ ]

Ila
metals and Zr and Hf are not found in clusters. The Group Ib metals exist
as clusters but not of the carbonyl or halide tvpe. Theyv are stabilized

by d%nor ligands coordinated through N, P or S.
1.2 Synthetic Routes to Metal Carbonyl Clusters

One of the major goals of laboratories investigating metal cluster

chemistry nas been the development of logical, controlled methods
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-

of synthesis. Primarily, this has involved mixed metal clusters, 2s routes
to the small homometallic carbonyl clusters are already well established.

The "latter usually involve heating a solution of the metal salt under a

high pressure CO atmosphere.17

b

o .
e o 125°C, 50 Aem. CO

RuCl, nH, MeOR

—-RuB(CO)12

- - "
Routes to higher nuclearity homometallgﬁ clusters simply iavelve the
-

pyrolysis of lower nuclearity metal carbonyls. The best known example

of this,t}pe of synthetic technique is one emploving 053(C0)1- as the

2

-

. .4 1
starting material.

483K
————

0s4(CO), , 0s5(C0) ¢ + 0. (COY g + 05.(CO),, + 0sg(COY,q

“ - BO% 10% 2%
Early mixed cluster syntheses were no more imaginative. They

involved placing tdbgether 2 couple of different metal carbonyl species,

allowing them to react via thermolvsis or photolvsis and finally

separating the mixture of products which had been, formed. Thiq/tyge of

route was plagued with many problems, such as low vields, poor

-
reproducibility and difficulties in product separation. Photolysis or

thermolysis most probably results in the formation of coordinatively
unsaturated species. These species, which are generated by loss of CO
or metal-metal bond cleavage from the starting materials, then react
with the starting material to vield products. An example of this tvpe
19,20

.

of reaction is the folleowing:

Ru,(CO). . + Fe(co), ~10%s 28 o 20(CO).. + FeRu (CO). . + E_FeRu.(CO)
Y3t 12 T OReRg FEQRUINY g T TERUH LU g T BT eRus L) 5



Two of the more successful routes to mixed metal clusters have
their origins in organic chemistry. The first involves attack of a
metal carbonyl anion on 2 di- or polynuclear carbonyl complex accompanied
by subsequent loss of carbonyl ligands. In this regard the reaction
resembles a nucleophilic displacement. Examples also exist where the
metal carbonyl anions react with metal hzlide complexes with displace-

-
ment of halide, however these lead mostly to binuclear complexes. The
first known mixed metal cluster FeCo3(C0)l, was prepared by Chini and
s . . 21 .
hils co-workers emploving metal carbonyl anionms. A major advantage
f
of this route is, since the reaction products in most cases are anions,
they may be precipitated out of solution by addition of salts containing
. . . . . s - o+
large cations such as bis(triphenylphosphoranylidine)ammonium (PPN )
. . + . ..

and tetraphenylarsonium (Ph&As ). These usually give crvstals which
are sultable for X-rayv diffraction purposes. Problems arise in this
technique if the metal carbonyl anion is a strong reducing agent or if
the neutral carbonyl complex is easilv reduced. Therefore, a redox
reaction rather than a condemsation of the two fragments occurs.
Another drawback is that the reactions proceed much better with mononuclear
than with polynuclear carbonvl anions. This occurs because polyvnuclear
anions can be considered softer nucleophiles as the negative charge is
more delocalised. Examples of clusters obtained from the treatment of
readily available simple metal carbonvls with metal carbonvl anions

22-24
are shown below:

0.5h.
THF

- A, 3h.
CO(CO)Q + Ru3(C0)12 TEF

- A -
nn(cs}s + szNiz(CO)z = szﬂnNiz(CO)S

RuBCo(CO);3
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6 .
” . . L THE o HZFeRuZOS(CO)13+ R
,Fe(CO)4 +.Ru203(co)12+ Ruosz(co)lz ._’_+__.,.. \
’ : 2.H.0
T3 H.FeRuOs., (CO)
. 2 2 13

A coﬁmon reaction in organic éhemistry to synthesize cyclopropane
.+ rings inmvolves addition of a carbene Eo‘an alkene. The other majér route
to d;xed clusge:s resemﬁleS'this reaction greatly. It involves addition

of a.metal complex to a coordinatively-unsaturated di- or polynuclear .

complex.‘ The metal complex is coordinatively unsaturated due to the

presence of metal-metal multiple bonds. The merai-mectal multiple bond

may be found in an isolable molecule or can be generated in situ by

elimination of carbonyl ligands. Advantages of this route include

miidness of reaction conditions and good vields of products. Chemical

reactions below indicate a few of the mixed clusters that have been
25-27 ’

-

prepared via this synthetic pathway.
} P - H P
H,05,(C0) 4 + (RyP),Pr(C,H,) dz.tos3(C0)10(PR3)2
G0, (CO) , + 2e(2R,), ~ Cp,Pedlo, (CO), (2R,), &
* - * -
Cp,Rh,(CO), + Ni(cop), ~ Cp,NiRh,(CO) ,COD

. * y - . - Y -
In a similar vein, it has long been realised by organic chemists
- . . ; . . 28
that the dimerisation of acetylenes might vield tetrahedrane. Theyv
have investigated the reaction of Co,)(CO)8 with alkvnes and found it to
. ; 29
vield tetrahedral clusters of the tvpe ROCOCO,(CO)G. It was later

realised that additions of alkynes to other well characterised metal-

-

metal triple bonded species provides an excellent route to a variety of

30,31 s . .
tetrahedral systems. '~ Closely related to this reaction is the work

- Do . _ 10,11
of Stone and his co-workers emploving metal carbyne complexes LWMECR. ’

These carbyne complexes were found to behave very similarly to alkyvnes

~ ) . }
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and Fhis.hasiled to a tremendous variety . of mixed clusters being
characterised. Some of these results ére seen in Figure 1.

Other methods of mixed metal cluster synthesis are known, these
include céndensation and metal exchange reactions. The former involwes
two species reacting ‘together to form a metal-metal bond with
concomitant elimination of a small molecule sucg as Hz or CH&. These
usually involve the reaction of two metal hydrides or a metal hvdride
andrmecal alkyl. In metal exchange reactions, a known pelynuclear metal
‘comp1e¥ is reacted with a monpnuclear metal'comple£. The hoped for
result is replacement of a metal fragment on the original polynuclear
complex by the reactant mononuclear‘ﬁgtal complex.

One can therefore see the steady progression in the area of_-
cluster syntheses. It has advanced from the age of- serendipity inzo

the era of logical, controlled methods with some degree of mechanistic

undersganding. &

1.3 Bonding in Meral Clusters

In cluster chemistry, as_wich'both organic and inorganic chemiscry,
the number of electrons aséociated-with 3 group of atoms aetermines how
these atoms arrange themselves in space. éalence Shell Electron Pair
Repulsion (VSEPR) ctheory allows for the prediction of molecular
geometries in main group molecules based on the number of electron pairs
associated with the central atom of the moleéule.

Organometallic chemistry has long been dominated by the "Effective
Atomic Number" (EAN) Rule or the 18e rule as it is better known.--
According to this concept, transition metals in low oxidation staces

- -

can use all nine (1 x s, 3 x p, 5 x d) valence orbitals for bonding. A
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majority of mononuclear organometallic compounds conform to this rule.

Ekceptions are found in the early transition metals as well as the two late

L

transition metal groups, the Ni and Cu triads. In these metals the p.
orbitals are found at higher energy levels which makes them less avail;
able for bonding. As a resuit of this, 16 and lie configuraticons
are common. . |

The EAN rule hag been quite Sucéessiul in accounting for the
behaviour of many catalytic intermediates and the idea of 16 electron
to 18 electron intercﬁnversions is quite well established.34 Therefore,
organo-transition metal complexes in which the central metal is assigned
a 16 electron configuration are regarded as coordinatively unsatura&ed.
In contrast, a metal possessing an 18 electron configuration could not
function as a catalytic centre without either losing or migrating a

-
ligand or decreasing the hapticity of a poly-hapto substituent so as
. 35 )
to generate a vacant site.
'Following this definition, complexes such as (RCECR)Coﬁ(CO}é,-

W

1, whose structure has been shown to be a tetrahedron would be regarded
- .
L. . . 36 . . .
as being coordinatively saturated. One could assign eighteen electrons
to each meral centre via nine\Walence electrons for the metal, six
= N . A - . . -
electrons from the three caroonxl_llganas and three electrons from the
metal-metal and metal-carbon bonds. In additicn one can see that each
carbon atom has achieved the stable octet configuration of the nearest
noble gas. However, in spite of this coordinatively saturaced
configuration, these complexes are highly reactive even under mild
conditions. Clearly a different concept is needed to explain this

behaviour.

; Figure 2 illustrates a series of metal carbonvls. Typically
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£6r the mono- through tetrametallic complexes % through Q one can assign
18 electron configurations for each metal. This type of approach is
based on valence.bond.theory. The skeletal bonding elecgfons are
assigngd,to localised 2-centre-2 electron meta}-meLaI bonds. However,
as one moves to higher nucleariéy clu;ters the localised bonding model
becomes inadequate. This is exemplified by the hexanuclear ciusters
OSG(CO)ls'z and Rue(CO)lsz_ 8. One would expect an octahedral cluster
to possess 84 electroms, with 24 of them assigned to the 12 metal-metal
bonds aloqg the polﬁhedral edges. 056(00518 has an electron count of
84, According to the 1ocaiised bonding approach it should possess an
octahedral geometry. It does not; instggd the structure it adopts is
that of a mono—capped trigonal bipyramid. Uging\ghe normal e*ectron
counting formalism, one would place 18 1/3 electrons on each Ru atom
in Ru6(C0)182_ﬂ Rué(CO)lsz_ has 86 electrons associated with it, two
more than that predicted for an octahedral cluster by the localised
bonding approach, vet in spite of this apparent excess of electrons
it is found to have an octahedral geometry. Similarly, the isolectronic
olecule Rhe(CO)le is also an octahedron. 'T%erefore, octahedral clugters
should have 86 valence electrons rather than 84. In an apparent paradox
these seemingly electron rich clusters may have their geometries
rationalized by being considered electron deficient.

Most conceptions of bonding in molecules are based on the Lewis
theory that all bonded atoms be held toéether by at leasE\Bpé pair of

37 7 R
electrons.”’ + Electron deficilent molecules are those which do not
possess enough electrons to form 2-electron bonds between adjacent atoms.

-
An example of such a svstem is BBHG “which+has 26 valence electrons



(12 of which are needed to form the six exo—skeletal.B-H‘bonds), le;ving
only 14 electrons, i.e., ? electron pairs with which to bond together
~ the six boren atoms in the c¢luster. );}ﬁce an ogtahedron has 12 edges,
12 electron pairs would be required to bond the borons in a Lewis'tybe
fashion. Hi#torically, molecules of this type have been termed
elecctron deficient.38 Nevertheless, in molecular orbital terms no
such problem exists since, from a basis set of gp, P and P, atomic
orbitals (AQ) on each b;ron, one can readily construct an energy level
scheme with seven strongly bonded molecular orbitals (MO) as is seen
in Figure 3.39
. Each skeletal §Pron contributes three atomic orbitals, a
radially oriented sp hybrid and pair of tangentially oriented p

.orbitals. The remairing sp hybrid is used in formation of the B-E

S
exoskeletal bond. King has proposed these systems be termed globally

delocalised as opposed to edge localised.40 . Hence the octahedral
cluster BﬁHsz- has seven skeletal glectron pairs and is globally
delocalised while the Eluster Colg (cubane) has twelve skeletal
electrons and is edge localised. An edg; localised structure is
possible for cubane because each CH fragment may contribute 3 electrons
for skeletal bonding as opposed to 2 electrons for a BH fragment.
Returning to the case of Rus(CO)f;, Q, it has been shown in an
imporcant paper by Mingos that a paralleli;m exists between symmetry-
adapted linear combinations of p and sp hvbridized orbitals of the
boranes and those derivable from d orbitals of meral carbonyl fragments.

Some of these are.shown in Figure 4 and thev provide a solid basis for

the electron counting schemes initially proposed by Wade and further

- »

41
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Figure 4:
Symmetry Adapted Linear Combinations of Orbitals Derived from BH and

. M(CO)3 Fragments
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developed by Mingos for boranes, carboranes, main group and transitiom

o

metal clusters.

This electron counting scheme has becomé& better known as the

. )
polyhedral skeletal electron pair approach (PSEP):’2 aslt provides a

-~ -

simple method to account for the structures of clus;er compounds via
correlation between polyhedral shape of a cluster and the total numbe;
of skelefal\sleccrons. The general conclusions which hgve emerged
from PSEP ha&e had a profound vet simplifving effect on the view of
clusters.

As has been previously indicated, the bonding in the six vercex

36H6' molecule is already visualised as involving seven globallv

delocalised electron pairs. Indeed it has been shown that each of the

" .
3 H_ =~ systems gives rise to n bonding M.0.'s for the BE bonds and
o i C 2= Ll
o+l skeletal bonding M.0.'s. Therefore Dnh“ should be characterised
" (23

by¥ peolvhedral electron councs of 4n+2. Some typical geometries and the

57

electron counts associated with them are presenﬁed in Figure 5.

For transition metal clusters cne must take into considerarion the

£illing of the d-orbitals. Thev will have 10n more electrons than the

boranes, so they willzbe characterised by electﬁ%n_counts of lén+2,

As a corollary, cne can invert this reasoning so as to state a given

nunber of skeletal electron pairs zssociated with a particular

molecular gecmetry. Typically, clusters possessing 14 skeleral electrons
.

are predicted to be based on the octahedron. This is indeed exemplified

by the borznes B, H.~ , B_H_(:3 H *7Y and 3 P (5 6-) shown in

’ 676 7 5709 1Q &

Figure 6. These melecules may all be considered to be based on the

same deltahedron but with zero, one and two unoccupied vertices. These
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have been termed closo (closed cage), nido (nest)‘and arachno (cobdgb%
molecules, resgectiveiy. Nido molecules are derived from closo
molecules by removing the BH unit of highest connectivity, while
arachno result via loss of two adjacent BH vertices from a2 closo molecule.
Boranes adopt  deltahedra, rather than the 3 connected
polyhedra adopted by alicyclic carbon compounds, because each BH frag-
ment has only two electrons for skeletzl bonding. A deltahedron is a
convex polvhedreon ¢f maximum compactness, i.e., all the faces are
triangular. These deltahedral structures maximize the number of nearest
neighbouf boron atcms, thus encouraging the most effective delocalisation
"of the boron skeletal electron pairs.

. . 2
The number of skeletal electron pairs associated with nido,
LA -

nﬁq and arachno, Bn51 melecules are n+l and a+3 respectivelv. One
s Y

B
would imagine that the more open structures adepted by these molecules
would imply that electron density is being positioned in regions of

. Y . .
space not proximate te the nucleil. Such 1s not really the case sirnce

in the neutral boranes the open faces are stitched up by bridging

protons as in 9. These extra hvdrogens are involved in skeletal bonding

N

/
Hg
/// ‘l\ . @® Sridging H's
HB
@ — .
\\\1
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as they lie on the same spherical surface as the skeletal boron atoms.

Even though each apical boreom atom has 2 terminal hydrogens in B,H

5710 only

one of these is located outside the spherical surface.
An easier method to determine the polyhedral geometry of a
cluster other thanm to count the total number of electrons associated

with the cluster is to classify the cluster vertices as being n
48,49

< . . .
electron donors to the cluster skeleton. This would simplify

electron counting for both mixed mecal.and larger clusters. In the
case of a2 main group fragment such as CH, which possesses 3 valencé
electrons, 2 electrons are needed for formation of the exo-skeletal
CH bond, thus it contributes 3 electroms for cluster bonding.

Similarly, a BH unit would serve as a two electron donor. For both
CH and BH units, 3 A0's are supplied for skeletal bonding.

In transition metal clusters the problem is somewhat more

. . 2- . .
complicated. £ one takes Rue’(‘CO)]_8 which possesses 86 valence
electrons and assigns 18 electron pairs te the 18 metal-carbon bonds,
36 A0's and 25 electron pairs would remain for skeletal tonding.
Applying this reasoning would allocate some electrons into antibtonding
orbitals, which would cause a destabilization in the cluster frame=
work. Clearly, since no distortion or instability in the structure is
observed, another approach is necessarv. To simplifv the boading, 3
electron pairs on each metal are assigned to non-bonding orbitals
along with the 3 electron pairs necessary for metal carbon bonding.
Ve

For Rué(CO)18 this leaves 7 elaectron pairs and 18 a0's zo describe

the skelectal bonding; with this method all the skeletal electron®pairs

will be accommodated in bonding MO's. The existence of these three
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non-bonding pairs are seen in cases where 2 metal carbonyl group caps
the face of a polyhedral cluster, e.g., 056(00)15' Iﬁ this example
the_Os(C0)3 group can use its 3 AO0's Yo interacglwith a2 lone pair on

. each Os of the face it is capping. Therefore, for an organometallic
unit, the number of electrons a‘cluster fragment contribu;es to skelectal
bonding is equal to the number of electrons left iﬁ the three AQ's
required for skeletal bonding, after electrons are assigned to the six
valence shell orbitals for 1£gand bonding. In Table 1 are listed a

variety of metal cluster fragments and the number of electrons they

donate to the cluster skeleton.

Table 1 - Number of Skeletal Bonding Electrons Contributed

by Various Metal Cluster Vertices

~

Valence e Transition Metal(M) M(CO)2 M(CO)3 M(CO)a CpM CpM(éO}2
6 Cr, Mo, W -2 0 1 -1 3
7 Mn, Tc, Re -1 1 3 0 4
8 Fe, Ru, Os 0 2 4 1 5
~ 9 Co, Rh, Ir 1 3 5 2 6
10 Ni, Pd, Pt 2 "4 6 3 -

In conclusion PSEP aceecunts very well for the structures of 4

/4

through 7 atom clusters, but inevitably with larce clusters the model

will tend to break down as the central core becomes more like a close

. 50 : . -
packed metal fragment. There are, however, examples of larger vertex
clusters which scill behave according to the concepts of PSEP. The

9
cluscer Rhg?(CO)ql' %p does not satisfyv the E.A.N. rule but is well

accounted for by PSEP. It hds 130 valence electrons and subtraction '
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of 9 x 12 = 108 electroni_for the exo-skeletal ligands leaves 11 electron
pai;k\for cluster bonding. The structure the molecule should adopt is
that of a 10 vertex deltahedron, viz. a dicapped square antipriém but

"

with a vertex missing. This structural prediction has been confirmed

crystallographically.51

The application of PSEP to various clusters which are then

categorized as being closo, nido or arachno molecules is shown in Table 2

Table 2 - Electron Counting in Clusters

Total Valence Exo-Skeletal Cluster Shape
Electrons Electrons Electrons
7o
Rué(CO)lS“ . 86 6 x 12 14 closo~cctahedron
FeS(CO)lsc | 74 5 x 12 14 nido-cctahedron
o I .
Feﬁ(CO)l,C' 62 4 ox 12 14 arachno-octahedron
-l_ -.,-) - 7 ;7 - Ll
OSS(Cd’lS 72 5% 12 12 closo-tbp
Co, (CO) 60 4 x 12 12 nido—tbp
4 12
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An alternative bonding scheme for metal clusters has been proposed

by Lacher.>? Through the use of extended-Hiickel calculations on bare

metal clusters, the bonding capabilities and resulting gepmetries'of
clusters can be rationalizedvia the number of cluster valence moiécular
orbitals. These calculati;ns reveal that ;he molecular orbitals of a
cluster may be divided into two classes, the highlying aé;ibonding orbitals
(BELAO) and cluster valence molecular‘orbitals (CVMO). The latter are of
suitable energy Eo Ee used for both metal-ligand and metal-metal bonding.

Each cluster of a given size and geometry has a particu}ar number of CVMO's
associarted with it. The predictions are solely for clusters coéprised of
transition metal fragments; if a cluster contains a main group fragments
which has replaced 2 transicion metal fragment this will reduce the
requirements for cluster valence electéons along with that for atomic and

molecular orbitals by 10 and 5 respectively. A few examples of the bonding

capabilities of various metal clusters are shown in Table 3.
3

Table 3 - Bonding Capabilities in Metal Clusters

Geometry N 9N CVE CVI HLAO Example
tetrahedron 4 36. 60 30 & Co&(CO)12
tetrahadron 4 31 50 25 ) C03(CO)9CR
tetrahedron 4 26 40 20 6 Coz(CG)scsz
trigonal bipvramid 5 435 72 36 . g OSS(CO)IG
trigenal bipvramid 3 40 62 31 9 Fe;(COJIECR- .
trigonal bipyramid 5 33 52 26 9 Fe3(CO)9C2R2
square based pvramid 5 45 74 37 8 FeS(CO)ISC
square based pvramid 5 40 ‘64 32 8 CpNiFeCoz(CO)gCR
square based pyramid 5 35 34 27 8

szN'zFe(CO)Bczﬂz
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There are a few differences ‘between the geometries predicted by

Lauher and those of PSEP. For example, for a metal cluster te adopt a

closo-pentagonal bipyramid geometry, one would need 100 cluster valence
electrons, which would go inte SO_CVMO fo account for both metal-ligand

and metal-metal bonding. Lauher's calculations show that only 49 CVMO

-

are needed. A significant interaction occurs between the 2 atoms

<

oceupying the -axial positions. This results in one of the orbitals

becoming anti-bonding; if an elongation between these two atoms occurs

the CVMO number becomes 50.

Another zanomaly bhetween chéttwo rules occurs fer the molecule
ﬁFeA(CO)l3-. Via PSEP theory, this molgcule (which possesses 60 valence
electrons) would be counsidered a nido—trigonallbipyramid. From

Lauher's calculations it possesses 31 CWMO, cherefore it would be

-

considered to be an electron deficient butterfly. In order to become

electron precise it would have to react with a suitable additional ligand
- )

or one of the existing ligands could bind in an unusual fashion. This

latter possibility is observed in HFea(CO)13 as cne of the carbenvls

is coordinating to another Fe atom via its oxvgen. In this manner the

. . s 53 -
€O ligand is behaving as a four electron donor.

Other metheds have been emploved to predict the structures of

metal clusters. Recently an electron counting theory based on Euler's

-

w
S

theorem and the EAN rule has been developed. The more advanced methods

. . . . 55 . ’ e . .
include SCF-Xa-SW calculations. While these methods might provide a

better understanding of the electronic structure of the clusters on
whlch they were carried out, both PSEP and Lauher's method have the

.
advantages of being simpler and more widely applicable.
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To conclude, the current picture of -metal clusters reveals that

for a low nuclearity cluster with a high ligand-to—metal ratio the E.A.N.
rule applies and one can assign each transition meral 18 electrons in
M . ¥

localised bonds. As the ligand-to-metal ratio decreases, one sees a
gradual increase in the delocalisation of electron density within the
cluster framework; this behaviour parallels that observed in borane,
carborane and main -group cluster chemistry. Finally, with eveh larger
clusters_of‘ﬁransition metal atoms, the regions of delocalised electron
density are seen to. merge almost into a coaventional metallic structure
in the centre of the'cluster while the ligands merely coat the molecular
periphery; the relationship to surface chemiscry thus becomes more
pronounced. Molecular orbital studies have analysed the changes invelved
in ﬂro;eedﬁng gradua}ly'from tri-metallic systems to large muiti—metallic
cluscer§.56 A very nice example of the gfad&al transition from a cluster
to a conventional metal is provided by the tetra-capped closo-octahedral
cluster OleC(CO)z&Z-, %%,'for which the relationship to the face-

. . . . 57
centred cubic unit cell is readily apparent.

Os

-

O .
GE) Face Bridging Os
®

c
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1.4. The Bfidge Between Inorganic and Organic Chemistry — Isolobalify
- [

Much of the-underst@nding of cluste;’sPemistry has resulted by
drawing analogies between it and otﬁer discipligzgﬁgg-zﬁéﬁistry- * Most
synthetic routes to mixed metal clusﬁers have their origins in classical
orgghic chemistry and the structure of many:clusters can be ascertained
employing the same principles applied to borané chemistry. It is clear
that there must be some siﬁilariéy between transition metal f;agments
and BH, CH unf%s etc,

One can draw a parallel between the BHE unit, which presents
three orbitals and two electrons, and the Fe(Cd)3 moiety which likewise
donates three orbitals and two electrons to the cluster. The Fe(CO)3
unit has a df—gpa nybrid pointing along the 3-fold axis away from the CO

Z
ligands, which is similar to the radially orientated 3sp hybrid of the
BE unit. In addition the two dp hybrid orbitals on the'metal can be
considered to be counterparts of the two tangentially oriented p atomic
orbitals, (see Figure 7). Of course, the BH uﬁic is in total a2 four
electron system pith four orbitals: Two exo-skeletal electrons are
contained in one of the oFbitals allowing for formation of the BH fbond.

The Fe(CO)3 moiety is a l4'electron svstem which has tJelve xo-skeletal

electrons to forma ¢ and = bond between the iron and each of the three

carbonyl 1i§ands. Indeed rhe interchangeability of BH and Fe(CO)3 units

58,59

has been demonstrated in work by Fehlner. The.series of compounds

F 3 [ = !, .
Ban+&[.e(CO)3]S_n exists for n 5, 4 and 3. These Fe(CO)3 substituted

molecules adopt the same square pvramidal geometrry of BSHQ as typified by

60
B&HSFe(CO)B.




Figure 7:

The Isolobal Moieties BH and Fe(CO)3
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f one replaces the three CO .ligands on Fe byv. a Cp— and keeps

8 . . . . + . '
the d° configuration but assigns it to Co , vou then have CpCo. One
could also classify a CpCo unit as donating 3 orbitals and two electrons
to a cluster. Indeed, its interchangeability with BHE units has.been

,62

; . 6
demonstrated by Grimes and Hawthorne on the closo carborane

-

CéBsﬁlo, and the series CanHn+2(CpC?)8-n forn =8, 7, 6, 5 exists.
Cne sees that the interchangeability of BE units applies to closq as
well as nido svstems. There are a large number of boranes and carboranes
in which BH or CH units have been substituced by an extensive range of
both main group and transition mecal dnits.63

The traﬁsitign metal units Fe(COjB and CpCo are not strictly
isoelectronic with the BH fragment, as the metal orbitals which are
donated to the cluster have\cansiderable d chatactef:. The term which

.

describes the relationship between the metal and BH fragments is isolobal.



It implies that the nudber, symmetry properties, extent in space and
energies of the frpntie: orbitals -of theée dnits‘are similar. The
'isolobal.épalogy,has been skillfully explsited by Hoffmann and his
associate56 ~68 in pointing out the siﬁilarities between organometallic
chemistry and organic chemistry. <

One can see the other.isoiobal rélétionships which are
possib%e by regarding. the M(CO)3 unit as a fragment derived from an
octahedral M(Cb)e species. ‘The orbitals the M(CO)3 unit provides for

)

cluster bonding are directed towards the area in' which the missing CO

-

ligands were previously found. Emploving this treatment, the Mn(CO)5

unit can be viewed as being isolobal with a methvl radical; thev each

provide a singie orbital cdhtaining ;ne electrop. Therefore, when
Mn(C0)5 dimerizes t§ form an(CO)IO this could be viewed as the all-
organometallic version of ethane. Also the compound combining the two
isolobal fragments is also known, i.e., (CO)SMnCHB.
In addition to drawing parallels between organometallic.
chemistry ﬁnd prg;nic chemistry, the isolobality principle can alsc be
useful in understanding_bonding'in clusters. An example of its utility
in this area is the case of the M(CO)& fragment, when M = Fe, Ru, Os.
In Tagle L this fragment was predicted by PSEP as donating four electrons'
for cluéter bondigg. If one then takes a look at the simplest cluster
formed by ;his fragment, M3(CO)1:, one would have a total of nine atomic
orbitals and twelve skeletal electroms. It is clear that not all of the

electrons could go into bonding orbitals so cne would expect some

instability or distortion in the MB(CO)17 molecule. 'However, none is

4

seen, so an alternative appreach must be emploved. 3By taking the .‘I(CO)a



s

\

unit as being derived by reméving 2 eis €O ligands from M(CO)6 » one is
left with a fragment providing 2 electrons and 2 orbitals. Thus the

. I-‘e(CO)__,+ unit isolobal with methylene and one can consider M3(C0)12 to

be an organometallic cyclopropane.

Likewise a parallel may be drawn between the,Co(CO)3 moiecy

-

and a CH fragment, they both provide 3 orbitals and 3 electrons to a

cluster. The Co.(CO)3 fragment is derived by removing 3 facial €O
ligands from an octahedral M(CO)6 complex. The similarity of these
two fragments is evidenced by the existence of the whole series ranging
from orgaric to inerganic tetrahedrane, i.e.,‘C&Ra, C3R3C0(C0?3,~
CzRZCoz(CO)G, CRCo,(CO) 4 and Co, (CO),,. |

The derivation of the M(CO)S, M(CO)A and M(CO)3 fragments from
an M(CO)6 complex is shown in Figure 8.

One can extend the isolobal analogy to include many other
fragments throuéh a few more ﬁimple observatioﬁs and manipulati;ns qf

b

electronic structure. For example, if a Hn(CO)S fragment is isolobal

with a methyl radical, so will be the cwo-congeneric fragmgnts, viz.,
Tc(CO)5 and Re(CO)S. Also the five ligands need not be carbonvls, they
could be phosphines, chlorides,‘etp. Removal.of an electron from the
d7 HLsfragmeqt makes Cr(CO)S isolobal with CH3+ while additich‘of an
electron results in Fe(CO)5 being isoiobal with CHé_."It'follows then
that Fe(C0)5+ Qould be isolobal'pith the mechyl radical.
In addition the metal fragments need not be derived froéh

4

octahedral ML6 fragments. The other most_common seometry adépted by

organometallic compounds is square planar. The square planar geometry

1s related to the octahedral complex by removal to infinity of the zwo
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trans ligands. This affects the electronic structure of the metal so
as to lower the metal d22 atomic orbital in energy to a point where it

is of the same energy as the non-bonding metal t. set in an octahedral

2g
complex. Omne can then see a relationship between the a MLs and

2
T-shaped dn+" MI.3 and between the 4" ML4 and the angular shaped dm-2 ML,

fragments. This would make PtCl3— and ﬂPhBP)ZPt isolo§al with CH3+ and
CH2 respectively.

Not only is & Co(CO), isolobal with a CE unit, but so is the
ds CpCr(CO)2 unit. If one replaces the Cp_ ligand by 3‘carbonyl ligands,
ome is left with Cr(CO)g . Cr(CO), is isolobal with Ci, , which would

' _ 2 2
nake Cr(CO)S+ isolobal with CH3'+. Two deprotonations transform CH =

3 to
CH and one can see the isolobal relationship between it and CpCr(CO)z.
The fact that CpCr(CQ), is isolobal with CE is somewhat puzzling as it is
essentially a MLS fragment 'with only a single frontie: orbital available.
However two of the naon-bonding czg metal orbitais are oﬁ T pseudosymmetry
and can therefore act as frontier orbitals.

The isolobal principle is not a one-to-one mapping. Thus far,

its primary use in both organometallic and specificallyv cluster chemistry
~has been to rationalize the complex structures these molecules adopt in
terms of their much simpler organic analoéues: Te a lesser extent it has
been emploved in determipning possible svnthetic routes féz\clusters. In
this vein, it might be possible to construct cluSters via é buildup of
metal fragments with the target being clusters whose isolobal analogues
have precedent in organic chemistry. Through knowing the frontier
orbitals, i.e., the highest occupied molecular orbitai (EOMO) and

lowest unoccupied molecular orbizal (LUMO) of a particular fragment,

one might be able to predict the possible products of a reaction,
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However, there is no guarantee that molecules predicted to exist will be

both thermodynamically stable and kinerically inert. A prime example

2,

where E = C, Si, Ge, Sn, Pb. One would expect ethylene analogues to

of the frontier orbitals of a fragment being similar exists for ER

exist for the remaining elements, yet it has only been recently that

. : s . 69
silaethylenes have been obtained in a stable form.

Examples of some key isolobal relationships are presented in

Table 4. N

Table 4 -~ Summary of Basic Isolobal Relationships

Cr,Mo,W Mn,Re,Te Fe,Ru,0s Co,Rh,Ir Ni,Pd,Pt
. 5 7 7 9, 9
Ci d” CoMLy a’ M a’ cpL, ¢’ ML, d” CoML
. 6 6 8 8 10
CH, d M, & cpL, 4, d° CpML e,
CH > CpML, g’ M, a’ cp d° MLy a® cpn
BH . ad L as CpM ato M,

1.5 Applications of Transition Metal Clusters

A major thrust of organometallic chemistrv is geared toward
the development of novel catalysts. In particular, much activity has
been directed towards the search for an efficient homogenedus Fischer-
Tropsch catalyst. There are many examples of organometallic complexes
employved as catﬁlysts. They include olefin hyvdrogenations using
Wilkinson's catalyst, (¢3P)3Rh61, polyvmerization of ethylene by
titanium alkyls, hydroformvlations emploving HCo(CO)& and acetfé acid
svnthesis via Ith(CO)z-. 70 All these cases represent homogeneous

systems; in contrast heterogeneous catalvsis is preferred by induscryv

for the reasons of efficiency and ease of product separation. Ou the



other hand homogeneous catalysis presents Some advantages such as milder
conditions of temperature and pressﬁre, in some cases a higher degree of
selectivity and the reactions can be more easily studied to yield
‘mechanistic information.

Over the past several vears a great deal of étteption has been
focussed on metal clusters which wmay be viewed as a'briage betweén the
intensively studied homogeneous wmonometallic systems and the less wéll
understood reactions oécurring on surfaces.71 Catalvtic research on
metal clusters is still at a developmental stage as more ewmphasis has
been placed on understanding the synthesis, structure and reactivity
of metal clusters.- The analogy bétween clusters and metal surfaces
has arisen because of the observation thét the structure of larger metal
clusters 1s more reminiscent of close packed metals than that of

boranes. This had led to the misconception that clusters possess the

“b

same'properties as mgtals. In fact clusters do not have metal properties.
This is quite evident in the smaller 4 to 6 atom clus;ers.

The comparison between a2 cluster and a metal surface is best
made as that of a polvhedral core of metals w%th ligands coating the
molecular periphery versus a metal surface with a similar set‘of ligands
adsorbed at the surface. This comparison is one of the advantages of‘
studying catalysis with clusters. The other benefits are that cluscers
may be able to generate reactive mononuclear fragments possessiné
catalytic activity through the scission of metal-metal bonds. Also, they

L]

may allow the possibility of unique catalytic transformations to be

-
-

. . . ; . .. 7
carried out in which more than one metal atom site participactes.



Metal clusterg have been found to catalyze a wide range'of
reactions, however, due to the éomplicated nature of the catalytic
reactioﬁcycles,it-is difficult to prove the catalyst is actually
the cluster. Today there is still no real unequivocal example of
catalysis by a cluster compound.Yé Even when the clustef is recovered
intact there is no evidence to suggest that the integrity .of the
cluster has been maintained throughout the reaction. In a majority
of ghe cases the catalytic species is believed to be a highly reactive
mononuclear entity generated under the reaction conditioms. The

current challenge for researchers is the determination of the -nuclearity.
Ide;lly, theyfwould be isolable, but spectroscopic detection mavy have to
suffice.

So far the reactions studied by ciuscgr catalysis have not
provided increased activity and selectivity compared to mononuclear
s¥stems. Perhaps increased activity and enhanced selectivity may be
possible by using combinations of different metals. The other
possibilicy islthat clusters nged to be designed which are cocrdinatively
unsaturated; these should have higher catalytic activity. Anocher area
in which metal clusters may find utility is as stoichiometric reagents

-
in organic synthesis. There are few examples in this relatively virginal

.

field. The bestlknown is the use of a C°2(C0)6 molety to protect an
alkyne 1inkage.75
1.6 Statement of Problem

The goal of this research was to develop rcutes to four-or five—

vertex mixed clusters by carrying out synthetic manipulations on existing

cluster systems. The theoretical underpinnings upon which these svyntheses
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fluxionality ahd bonding.

35.

:

are based include Hoffmann's isolobalitf principle and the poiyhedral
skeletal electrom pair bonding model. In addition to the synthetic
work, it was hoped that one could draw correlationé between metal

clusters and their existing borane analogues in the areas of reactivity,

-

o



CHAPTER II

SYNTHESES AND STRUCTURES OF TRIMETALLIC ALKYNE CLUSTERS

.
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2.1 Introduction
The first known organometallic cﬁmpound wgs Zeise's salt
K[Cl3Pt(Czﬁ£)]. When 1ts structure was fina}ly elucidaced, it seémed
‘-a naturél progression fo; chemists to move from olefins to alkynes in

. searEh df ligands which cogld be complexed to metal centres. Alkynes.
are more versatile than olefins as they offer greaﬁer bonding possi-
bilities due zo the presence of two orthegonal = svstems. In mononuclear
metal compléxes they bond in a similar hanne; as do:olefiné, e.g., they .
serve as two—electron dogérs. The alkyne can be found either perpendicular

to the metal-ligand plane e.s., C13P;(RCECR)‘ or lving in the metal-ligand

plane, e.g., (PhBP)gPt(RCECR).Is In the former case the alkvne behaves

(3

a4s a2 7 donor while in the latter there is evidence for the bonding to be
described in terms of two metal-carbon - bonds. In cluster chemistry
only a few examples exist where an alkyne functions as a simple two

-
/

electron'donor, e.8., Ru3(CO)l1(RCECPPh7), which bonds via P.

~1

The most commen bonding mode for acetvlenes is bridging two,
three or four metal centres emploving beth of its filled 7 orbitals.

As the two pairs of = e lie perpendicular to each otiher, this tvpe of

bonding interaction is verv difficul:z to achieve in mononuclear metal

[ Sl

complexes. In this vein, the alkvne is serving as a four electron domor.

The most common alkyne complexes of this tvpe are those resulting from
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" the reactions with binuclear metal-metal triple bonded species such as

Co (CO)G’ Cpowo (CO),.zg’30 The position of the two metal atoms is such

P .
that lt/éllows for overlap WIth both w-orbitals of the. alkyne.

Stryctural data on these species however, indicate ‘that some degree of

ehybridization occurs.78 Thus, the bonding can be v1ewed as in olv1ng

\

3 L
an sp h}brldlzablon about each carbon atom with stromg sigma bén to

the two metal éentres. The length of the carbon-carbon bond in the

complexed alkyne is consistent with a single bond, vet some degree of

S unsaturation must still exist as there HWave been studies in which the

alkyne has been protonazed.

5 _ 4s one moves to tri- and tetrametallic alkvne complexes the

- concept of localised bonding begins to break down and a delocalised
. - A
bonding interpretation is preferred. The common‘bonding modes of

alkynes to di-, tri- and tetrametallic complexes are shown in Figure 9.
I one includes the carbon atoms of the alkyne as cluster
-4
- vertices, there is a plethora of clusters derived from the addiction of
alkynes to polymerallic species. Most of these are of the homometallic
variety., The field of alkvne-metal clusters has been widely investi-

Y
gated in many laboratories and has recently been the subject of a

. . 8 . : ;
comprehensive review. To cate the maximum number of _metal atems to

. . , .. . 80 !
which an alkyne can bond and remain inctacr is four.
- Early svntheses uSually involved substiturion of carbonvls by

the alkvne initiated either thermally or photochemically. However,
with these techniques it was difficult to step at simple substitutien

and .instead alkyne oligomerization was normally observed. Recent

&
synthetic routes have involved the displacement of weakly coordinated

-
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Some Typical Bonding Modes of Alkynes in Clusters



ligands from clusters or the generation of unsaturated clusters by

employing Me3NO,a.reagenc known to remove carbonyls by generating CO2

and Me3N. The nature of the alkyne dictates the type of complex

observed from the reaction with mecal clusters. Typically, symmetrical

»

alkyrnes coordinate without rearrangement, alkyl substituted alkynes

s . . . ' . 8l .
coordinate but then isomerize to allyl or allenyl ligands, terminal

1

"
alkynes split into hydrides and multi-bound acecylidess’ and phosphido

.. s e . . .. 83
alkynes split into bridging phosphido groups and multi-bound acetvlides.

Naturally, the nature of the product is also dependent upon the identicy

.

of the metal carbonyl and on the reaction conditions emploved.

The\ifjgrest in complexing alkwvnes to metal centres comes from

"

attempts to "activate" the alkvne. By "activation" dhe means the

enhancement of chemical reactivity. In the case of alkvmes, one of the
measures of activation is the increase in the carbon-carbon bond length.
alkyne complexes, bond order reduction seems to increase 2s the number

of interacting metal atoms is increased. A reaction of cﬁnsiderable
importagce 1s the reduction of alkynes by hyvdrogenation., However, cnly
t .
a few alkyne-metal complexes have turned out to be successful in
accomplishing this transformation.
Another rel3ction @hich has stimulated investigation of metal-
alkyne complexes is the trimerization of alkynes leading to substituted
benzenes. In the absence of catalvsts this reaccion proceeds onl} az

high temperatures and in low vields. The best known catalvsts for this.

reaction are mononuclear complexes such as CpCo(CO), and intermediates

r

. . . ' S4
in the reaction sequence are believed to be alkyvne-metal clusters.

Binuclear metal alkyne complexes are alsd known to catalvze the

In
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trimerization process. The reaction is believed to proceed by linkinhg
of alkyne units on the binuclear metal centres.i Binuclear complexes
containing more than one alkyne unit have been characterlzed X—rav

crystallograpnlcally, thus giving credence to the proposed reaction

85 . .
mechanisz. .When this reaction is carrled out in the presence of

carbon monotlde, a variety of products are obtained 1nc1ud1ng cvclxc

86 . .
ketones, quinones and metallocvcllc compouﬁds. - o

- - tut

This chaprer reports the svnthesis of chiral heterotrimetallic

alkyne clusters via buildup of mononuclear metal fragments. The
- -

structure of these clustershave been determined andare compared with
known trimetallic alkyne complexes. A model involving a delocalised
bonding scheme is used to rationalise not only the svnthetic rouces

s .

but also the structures.

.

-

[ 28]

+2 Svnthesils of Eeterotrimetallic Alkyme Clusters

Some trimetallic-alkyne clusters were originally found among the
mixtures of products arising from the thermolvses of mononuclear carbonvl
C . . - - . .
derivatives and alkynes. More recently several rational rottes

have been developed to this tvpe of cluster. The most obvious one-is
: ) .

addition of an alkyne to 2 mecal triangle with concomitant elimination
- _ ‘ L. 88 .

of carbom monoxide, hydrogen or scme weakly bound ligand. A second

mecthod involves the coupling of two metal-carbyne fragments in the

- < 3%
presence oIf”another metal carbonyl. Examples of these two routes are

indicated below:

R.C
) 272 -
(C!-'.3Cz\')2053(CO)1 _— (RC:CR)OS3(CO)10

I .Hg¢
C6"6’"3

0
-



RuB(CO)

ZCp(Cb)ZWECR 12 (RCECR)CpZWZRu(CO)i ..
. i toluene;80° ) : -

' The route chosen to be -explored inr this work involwves the
expansion of preformed M2C° tetrahedrél‘clusters. Before one can

discuss.the.rationale and chemistry of this route it would be valuable

to discuss the syntheses of the tetrahedral precursors.

As mentioned in Section 1.2, tetréhedral précursoré of the

Eyée M2C2 are readily available. However, ;hésé com;;unds are homo-

metallic rather than heterome;allic.and the latter is a requirement in
the eventual goal of prodqcing‘§ chirél cluster. For_examp}e, one één
reduce tbe symmetry of (RCECR)M2 (Czﬁ) to CS by using an unsymﬁetricéi
alkyne and then to Cl by using two.different metals (RCECR‘)MH';. This
molécule is.noﬁ chiral and one needs a'proberfcr chirality.‘ Emploving
the ‘i1sopropyvl ester of phenylp%opiolic acid as the alkyne pr?vidés a
pair of diastereotopic methyl groups which can only be equilibrated

via a process which racemizes the cluster.

5
R R R
c Cc - c
Mé Me H Mé M H
‘< e
R EEE—
M M M m’ M M

.
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The flrst cluster to be syntheSLzed was (Cphl) (PhC CC02CHWe ), m}

ThlS 1s not a heterometalllc complex but the partlcular reasons for the

-
.

choxce of this cluscer will be developec later in thlS section.
Binuclear nickel alkyne clusters of this type ‘have been synthesized by
many groups.gp_ In this reaction Cp7N1 and 1sopropvl phenvl prOplolate

were *efluted together'in toluene. The product 1is belleved to result

from generation of a metél—metal.;riple-bond'across which the acetylene

adds. Other routes to this cluster usually involve che use of (CpNi(CO) 1.,
. ¥ ’ -

2 reagent known to underge facile decarbonvlaticn to yield the nickel-

_nickel triple bonded dimer. Co ‘1 has the advantages of being a less

. expensive reagent and alsc that any unreacted Cp731 may oe sublimed

from the producc, which is a dark green oil., . The problems of emploving
Cp,Ni as a2 cluster reageat are its poor solubility in orgcanic solvents
2 w b &

and "the side reactioms it undergoes when other metal carbonvls are

1. . s e q . \ ;
present. ’ The "H NMR sgpectrum of %{ shows a singlet due to the c¥elo-

~pentadienyl resonance at $5.31 and a doubler due to the methyl resonance

of the isopropvl group at &1.24.

r

The next cluster synthesized was cpﬁxino(co);(?hcsccoqpﬁnev), }é

oy’ refluxing Cp,Ni and [CpMo(CO)3]7 in the presence of the alkvne ester
in toluene. The reaction is-believed to proceed first via rupture of
the molybdenun dimer and disproportionation of Cp,Ni leading to the
formation of two organometallic radical specles. There is literature

; - . - .. 81 . > Sl
precgdent rfor generation of these moleties. Recombination of thesa .
species could lead to the mixed metal dimers, many of which are known

s 92 . . ; L. . ,
centalning molvbdenunm. Continued hearting would lead to formation of
the mixed metal-metal triple bond to be followed by addition of rthe

’



P

) acetylene. - Alternatively the product may result from inifial_formation
- of the'dimoindenum cluéﬁer,CpéMéo(CO)a(RCER'), followed by substitution
of a CpMo(CO)2 vertex with CpNi. The,lH NMR spectfum of this compound

.reveals two’'resonances attributed to cyclopentadienyl groups at §5.24 and

85.14 respectively. By comparison with other compounds ‘produced in this

- study, it is believed that the high frequency resonance can be assigned to
‘the cyclopentadienyl group bonded to Ni while the low frequency resonance
corresponds to the one bonded to Mo. This molecule is chiral and one does
see the expected pair of doublets due to the diastereotopic methvl groups.

. . ~ L. ez ; . : .
an interesting feature is observed in the -infrared spectrum of the compound.
In addition to bands which can be attributed to terminal CO stretches, a

' ~ -1 s e e . .
strong band is observed at 1857 cm ~. This is indicatrive

of asemi-bridging CO similar to that observed by Cotton in his study on
. 30 . e
‘di-molybdenum alkvne complexes. The occurence of the semi-bridging
CO may serve to alleviate steric crowding in the cluster.

The final cluster, CpNiCo(CO)B(PhCECCOqCHMeo), 135, is the major
product from the reaction of Cp,Ni and Co,,(CO)8 in the presence of the
alkvne. Most probably this cluster arises by initial formation of the
qu(CO)é-alkyne adduct, followed by replacement of a Co(CO)3 unit by a
CpNi fragment. There are two other reports in the literature on the
synthesis of CoNi-alkvne clusters. THe first involves a route similar
to the one above except that [CpNi(CO)], is emploved as a source of

.2 36 . :
CpNi fragments; the second report describes two routes to the cluster;

viz., treatment of the dinickel cluster with Co..,(CO)8 oxr treatment of the

. . - . , ’ : .
dicobalr cluster with Cp,NL. This study also reports the X-ray

y = iz ' L. o R
structure of the diphenylacetylene cluster. The "E NMR spectrum of 1.
y
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exhibits a singlet §5.31 due to a cyclopentadienyl group on Ni and a

doublet at §1.29 for the methyl groups of isopropyl phenylpropiolate.

o
Since %é is a chiral cluster, one would expect to_see a pair of doublets

in the Me region in the IH NMR spectrum as was observed in l4. However,

one must go from a 1.879T field (80 MHz for protons) zo 2 9.395T field

(400 MHz for lH) to- observe this pattern and even then the doublets
’ s : . ’

overlap. - The IR 'spectrum reveals only bands associated with terminal é
-

carbonyl stretches. This is expected if the structure of 15 is similar
to thar for cpNiCo(CO)3(PhCECPh) which shows nc semi-bridging carbonyl
interactions.

The tetrahedral clusters %% through %ﬁ possess 12 skeletal

electrons-and_cheir bonding can be viewed in two wavs, e.g., emploving
lpcaltsed or delocalised models. 1In the former description one would

have an elect}on pair along each of the six edges of the tetrahedron.
Adopting this view, one would regard these molecules as being coordinatively

saturated, a point supported by the stidies of Muetterties in which
L]

Cp,N1,(PhC=CPh) and Coq(CO)6(PhCECPh) were examined as possible

: . 36 . . . . ] o .
hyvdrogenation catalvsts. However, 1f onme regards the six electron pairs
as being delocalised, then according to Wade's Rules, these clusters

would be considered to be nido trigonal bipyramids. Photoelectron and.
nuclear quadrupole resonance data on che isostructural clusters RCCOB(CO)Q,

which also possess 12 skeletal electrons, support the idea of electron
. . §4,95 - \ - 2- .
delocalisation.” ’ In addition, the structure of Fe_,;(CO)13 , which
can also be regarded as a nido-trigonal bipvramid, reveals a triply
bridging carbonvl capping a triangular face.of the tetrahedral arrange-

e 96 . , . . . . :
ment of irons. This could be viewed as serving the same purpose as

e
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oA

Bridging hydrogens in nido-boranes. With this vacant site on the-ghrfade"
of the polyhedron, tetrahedral clusters can be thought of as being
codrdinatively unsaturated\_ Therefore, one would expect both high
reactivity and MMR fluionality in these tetrahedral cl@sters. The la;tef
has been ébsgrved in previous studies in this 1aboratory.97

In order to test the hypothesis of high teactivity in these
systems, clusters i3 through As were treated with Fez(CO)g. The
anticipated result was the additién of an Fe(CO)3 unit to the parent cluster
leadingrto chiral trimetallic-alkvne clusters. Fe2(00)9 is a reagent
which is known to deliver an Fe(CO)é moiety to tetrahedral clusters,98’99
bringiné.fbout expgnsion to the square based pyramidal geomerry as shown

below;

— 5
M e
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These molecules'are:chiral if H(i)%M(Z)'or-R(l)ﬁR(Z) or if there is an
asymmetrical arrangement of ligands such as a semi—Bridging carbonyl;

of éourée, an intrin§ically chiral substituegt, such ai.Q+)—menthyl;
would obviously make the cluster non-superiﬁposable-on its mirror igage;
The interest in chiral clustgés is in the hﬁpe they may-find a use in

asymmetric synthesis. Mono-metallic systems:with chiral ligands such

e . . »
as DIOP are aurrently employed in this area.100

’ ‘The chiral clusters %2 through %ﬁ were cha}acterisea by 1H.NMR
spectroscopy, IR spectroscopy, high resolution mass spectromerry and
X-ray crystallography. A more detailed discussion of the structuré of
these molecules is found in Section 2.3. These clusters were obtained
from the treatment of the tetrahedral clusters 13 to 15 wic Fez(CO)9
in heptane (§ee Figure .10).

Of the tetrahedral precursors, only %2 was achiral, byt uéon
treatment with Fe,(C0)y, the product szxizre(co)BFPhcsccoz‘cmiez), 16
1s chiral. 1In the lH NMR spectrum one observes a pair of singlets at
§5.24 and $5.08 in the cyclopentadienyl region as well as a pair of
doublets in the methyl region at §1.02 and 60.95. There are many

ciusters containing an FeNi, core complexed to an alkwvne and indeed, the
first of these was synthesized'some twenty—five vears ago.98
CpNiCoFe(CO)6(PhCECCOZCHHe2), %{, represents only the secohd example

of an FeCoNi-alkyne cluster. In contrast to its tetrahedral precursor,
%é, the chemical shift difference'between the fwo diastereotopic methyl
groups is great enough to be observed at 80 MHz. Perhaps the mos:
inﬁﬁzgéfing cluster is szNiHoFe(COTECPhCECCOZCHMez), 18. The 1H MR

spectrum reveals two resonances at 64.78 and §5.22 for the c¢cvclopenta-



47

81931SN1) Teplweaky peseg-sienbg 03 a91sn[) (evapayeailog szuNz jo uorsuedxy ayy

Loyowdy=w a1

naw\.u_ \_z&
N

w

01 2andiy

CowHOTOD =y Yd =Y
. Tooowdy=w i
€ooor=w i} Codoo=w &1
diN=w G} dDIN=W £}
s iNdD

.. \ *oﬂouuou_

/ 4 - s\<‘




L

»

L

dienyl groups on Mo and Ni respectively.' There are also two othef
resonances in the\cyclopenta@ienyl region at §5.42 and 65.15-which
are one-sigth the intensity of the previous resconances. Furthermore,
the methyl region shows three set§ ofAdoublets in 2 ratio of 7:6:1
(See Figure 11). The IR spectrum exhibits weak bands at 1876 and
1830 cmﬂl suggestive of semi-bridging carbonyl interacFioné. Both
the MMR and IR data are indicative of the presence of at least two
structurafaisomers in solution. The significance.of this result will
become clearer after the discussioﬁ of the structure of i8 in section 2.3.
The syn:hetic approach outlined aboye to trimetallic alkyvne
c¢lusters has the advantages that the conditions are both mild and
easily csntrollable.' Subsequent investigations have showm that even
milder conditions may be emploved when the reactions are performed in
tetrahydrofuran (THF). This could be possibly due to the disproportion-
ation of Fe?_(CO)9 inte Fe(CO)5 and Fe(CO)&;THF. The latter is known to
be a very reactive species. Separation problems are minimiiif somewhat
when -employing THF as one can remo;e the Fe(.CO)S produced by volatili-
sation under reduced pressure. In the case of the dinickel cluster it
was observed that increased reaction times or more forcing conditions
leads to ano§her Fe(CO)3 moiety being incorporated into the square
pvramidal FeNiq—alkyne cluster. This latter cluster has been crystallo-

—

graphically characterized by Sappa and his co-workers using C,Et, as the

alkyne.lo1 The structure can be thought of as being derived from a penca-

genal bipvramid with F_e(CO)3 moieties occupying the apical positions but
with a basal vertex missing. Successive addition of Fe(CO)3 moieties has

”
also been observed in the reaction of Fe,,(CO)9 and CpMn(CO),(RCECR).lO'
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The. product obtalned is a cluster contaxnlng a square pvramldal MnFe2 2
N . 43 .

core. Thls cluster ‘expansion route possesses wider appllcabllzty and -

has proven successful in the reactions of [CpMo(CO) ] (RC =CR) complexes.}?3

Furthermore, ic w111 be shown later that one lS nor restrlcted to the

addition of Fe(CO)3 units but ome can introduce other fragmeﬁts bearihg‘.

two.skeletal electrons in their three frontier orbitals.

2.3 “Structures of Trimetailic Alkvne Clusters
The five vertex. trimetallic-dicarbon clusters, M3C5, adopt
) . i A

either a trigonal bipyramidal or a squar® based pyramidal geometry

depending on whether the 5kele:al electron count is 12 or 14, respectively.

- T
These systems can be comoared to the closo-carboranes R C,B 333 and the
- - — " -
. I . 38 . NN -
nido—borane °5ho respectlvely. Just 23 one cbserves 1,2 and 1,5
isomers in the carborane R, C 3 t3s for the trigomal biprramidal cluscers
. . . . 104 e
the carbons may be contiguous, as in PhqcaFe3(C0)o, 19, or diaxial as

Ny
. sy 105 - i -
in R7C°C03Cp3, &Q' ” There are very few other examples of alkyne-

crimetallie clusters possessing the crigonal bipvramidal geomecry,106’107
fost probably due-to the fact no rational routes to clusters of Chis tvpe
have been developed. When the elkyne unit remains intact, it may.be
oriented perpendlcular to the metal trla gle as in a trigomal bipvramidal
structure; in contrast, in square-pyramidal structures the alkvne is
parallel to a metal-mefal bond of the triangle. In the perpendicolar
conformation, the alkvne may be seen as forming a - bond to one mefal
centre and = bonds to the remaining twe. In the parallel arrangement,
the alkyne forms o bonds to two metal centres and a 7 bond to the third.
it has been suggested that the orientarion of the alkvne ligand can be

. . . . . - ; 108
"relazed to the nature or the fvrontier orbitals of the metal triangle.



A great many trimetallic-alkyne clusters possessing 14 skeletal
electrons have been structurally characterized. Emploving the principles
v : '
of PSEP, one would expect these molecules to adopt a nido-octahedral
arrangement. This prediction is confirmed as in all cases the squére
: : 109 - '
pyramidal geometry is found. Regardless of the nature of the metals
or alkyne contained in the cluster, this geometry is always observed.

Subsequently, X-ray crystallographic studies on clusters %é through %ﬁ

show  them to follow this pattern (see Figures 12-14).

There are many features which are common to all three structures..

In all three complexes the alkyne adopts the 20+7 bonding mode to the
triangle of metals. The alkyne unit and the two ¢ bonded metal atoms all
lie in the same plane. From the carbon-carbon bond lengrths of 1.363(4),

1.376(8) and 1.38(2 )A, one sees the acetylenie bond has been reduced It

-
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- Figure 12:

ORTEP Diagram of Cp,Ni,Fe(CO) ;(PhC,CO,CMe H), 16
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Figure 13:
ORTEP Diagram of CpNiCoFe(CO)G(PhCOCO7CMe9H), 17
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Figure l4:

ORTEP Diagram of CpONiMoFe(CO)S(PhCOCOOCMeOH), 18

54



has not only lost much of its trlple bond character but is longer than
the typ1ca1 oleflnlc bond lengtns whldh are of vl 34A° The values

obtained for the carbon-carbon bogd 1eng;hs are tjpical of those.

.

N obtained in similar alk§ne-trimetallic‘clustérs; “The recuctlon of the

. acety1en1c bond is consistent wlth the alkyne s behaviour as a four-

-

electron donor. In addltzon, the two substltuents on the alkvne are S
L always in 2 cis arrangement with the carbon contalnlng the pnevvl group
always ¢ bonded to a Ni atom. Furthermore, the basal metal-carbon

‘distances are always shorter than the apical metal-carbon distances.

_ In 16 -the three metal atoms.-form an isosceles ;riangle

{

D8 2.442(1), ¥i(D)-Fe = 2.383(1) and Ni(2)-Fe = -.333(1)4) R

3

This contrasts with that observed in Cp,N 7Fe(C0) (PhC=CPh) where the

~ . : cooso 1100 Lo, .
metal atoms form an equilateral triangie. The Nl—Fe bond lengths in

this wmolecule are of the same crder of m gnlcude as th 10858 oose“vea in

[~}
16, nowever, the Ni-Ni bond length is somewhat shorter, 2.404(4)A. For

D %§,che alkyne lies parlllel tor the Ni-Ni bend of the metal triangle and

" with this arrangement each metal atom obeys the %SA.N. rule.
Cluster 17 represents only the second FeCoNi-alkvne cluster o

be characterized crystallographically. ~The alkyne unit lies parallel to

-
-

the Co~Ni bond of the metal triangle. In the previous study which*
involved CpNiCoFe(CO)S(PhsP)(PhCECPh),the alkyne was found to be parafl

e 111 ... . - . . .
. To the Fe=N1 vector. With the former crientation, the E.A.N. rule

.helds for each of the metal atoms. The latter requires a semi-bridging

¢ be -
~

\ S e

obeved. The Co-Ni and Co-Fe distances in ki are 2.442(1) and 2.481(1)a,

w
1

e

interaction of a carbonyl ligand in order for the E.A.N. rul

longer than the corresponding distances in the diphenyvlacetvlene cluster :



- - ’ , - ° . - .
"which were 2.390(4) and 2.467(4)A respectively. In contrast, the Ni-Fe
' -distances are longer X2.486(4) vs_Z‘&ZB(l)J in 'the diphenylacetylene
: ’ adduct. _This-could-ie due 'to-the fact the alkyne is'paréllel to this
S o R | o S |
' ‘\H___\kfector for CpNiCoFe(CO) (Ph P)(PhCéCPh). ThiS'also is probably T

responSLDle zor the shorter. Co-C bond 1ength of 1. 94;(6)A in 2 ot

compared to 2.04(2) and 2. OS(Z)A found in the d'Bhenylacetvlene complex. -
l‘_ : ‘The.crystal structure of.%é shows thgralkyne'to be parallel to = 7

the Fe-Ni vector of.cthe meiai ﬁrianéle, 7Iﬁ’£;§§ﬁeé and 1",the'Fe(CO)3
‘ﬁni;—was found occupying the apex ‘of the s@uaréipyrgmid- In 18 this

particular arrangement of the alkyne results in only the Ni atom obeving

A . 8 . .
the E.A.N. rule. The d” Fe(0) .atem receives six electrons from the
three :erm1131 carbon\l groups, viz,, one electron from the alkvne, one

electron from the Ni atom:’ and one e‘ectron from the Mo atom Zor.a total.

6 . - . 3 S
of '17. The‘d Mo(0) atom receives five electrows :roﬂ the n” = Cp ring,

four electrons from the -two Cermlnal c”roonxl ligands, two electrons
from the alkwne, one electron from the Ni atom and ome electron from

the Fe atom for a total of 19. There are several examples of M€,

clusters in which all of the metal verticés do not obey the E.A.N. rule.

They i1nclude Os3(CO) (DhC CPh) CpV1CoFe(CO) (Dh PY(Ph(CE CPH) 11

113

14 11
RuCo, (CO) ¢ (PhCEZCPR), "> CplRu_Ni(CO), (PhC=CPR),'M* and Cp.Rh.(CO) (Phezcen). M
27779 22 ol 2 ‘

3

Perhaps even more fascinating is the discovery by two groups independently

- . of the occurrence of both isomers of Cp W Os(CO)_ (RC= CR) in the same

116,117
crystal. ? This reflects the delicate bala1ce between the isomers

possible in M3C7 systems. An attempt is$ made to alleviate the excess
electron density on Mo since in 18, a weak semi-bridging interaction

between a carbonyl bonded to the molybdenum atom and the irom atom is

wn
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| obs;rved;‘(ﬁo-C(ZO) = 1.74(2);-'%e...C(é0) =2, 56(2);). -Thé)latter
distance~¥§- much shorter than the sum of the van. der Waals radii 3. 35A 118
As lndlcate& earller, evidence for a seml-brldglng caroonyl ligand was v
 observed in éhe infrared spectrum gf i8. In additiom, it iédgos;ible éhéf
the-ektra‘signals séeé iﬁ thé_cyclopeﬁtédiggyl region. in the lH NMR
‘spectrum of %g can %e attrﬁbuﬁéd to tbé isomer where an'Fe(CO) unit
) occuples the aplcal p051t10n. Comparisons of bonﬁ azstances Lﬁ 18 with
other crlmegalllc-alkvne clusters is dl ficule as no_other examples
containing a Feﬁ;Ni core are knownu -Poﬁe;er it should be noted thal the
re—Nl dlstance of -.SOA(’)A 1s cfe lengest cbserved in a cluster of |
this type and the Fe-C(1l) dlscance of 1.9S(l)A is the shortest known.

The relevant bond lengchs and bond angles for clusters 16

th*ough E§ are collected in Tables 3 througn 7. Crystallographic data

for these molecules are found in the appendix.
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TABLE 5. Selected Bond Distances (A) and Angles (deg) for Compound 16.

) ) .
Nil - Ni2 2.06201) Nil-Fe-Ni2 61.4(2)
Nil - Fe 23931  Nil-Ni2-Fe 59.4(2)
Ni2 - Fe  2:388() Ni2-Nil-Fe | 59.2(2)
Nil - C4 1.883(3) -, Nil-C4-C5 .- 108.8(2) -
Ni2 - C5 ' 1.906(3) Ni2-C5-C4 104.3(2)
Fe ~-C4 2.032(3) C5-C4C6 125.3(3)
Fe - C5 - 2.054(3) S C4-C5-CLO - 127.0(3)
¢4 - cs C1.363(4)

C4 =-C6 1.493(4)

C5 -C10 1.484(5)

Y A
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"TABLE 6. Selected Bond-Distances (A) and

Fe -

- Ni

Fe

Fe

Cl

Cl

c2

c2

C3

cz21

2.442(1)

2.481(1)
2.423(1)
1.947(6)
1.890(5)

2.021(5)

2.026(5)

1.376(8)
1.488(9)

1.485(7)

-y

" Co

-Co

Ni

Co

Ni

C2

Cl

Angles

- Fe
- Ni

- Co

57¢

(deg) for Compound A7.
N oo * 59.64(3)
Fe - 61.48(3)
Fe 58.88(3)
c2 106.1(4)
cl 106.2(4)
c3 125.5(5)
c21 127.8(5)
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TABLE 7. Selected

Fe

Fe

Fe
N1

Mo

Ni-

Mo

Mo

Cl

c2

C3

Cli

A

o -
Bond Distances (A) and:

2.504(2)
2.728(2)
2.616(2)
1.95(1)
1.92(1)
2.25(1)
2.20(1)
1.38(2).

1.48(3)

1.49(2)

Ni

Fe

Angles

- Mo

- Fe

- Ni

574

(deg) for Compound 18.

Fe

Mo

Mo

cl

C3

c1y.

55783(6)
59.82(6)

- 64-.36(6)

105.3(9)
108.3(9)
126(1L).

128(1)



CHAPTER III

L 4 .
FLUXIONALITY STUDIES ON TRIMETALLIC ALKYNE CLUSTERS

-

3.1 1Introduction
Chemists have always been-fascirated with molecules that possess
more than one thermally accessible structure and which, under certain

conditions (especiqlly temperatures) of;ntééesf{qu pass from one to
a;other of these structures faiély rapidly; This phenomenon is known
as fluxionality. It has also been termed stereochemical non—rigi@ity
when the rearrangements can be detected by some chemical or physical
means. lolecules whose different configurations are chemically
equivalent are congidered to be fluxionél. These should not be confused
with molecules that possess configuéations which are chemically non-
equivalent. The process by wﬁich this class of molecules interconverts
configurations is called isomerization or tautomerization, e.g., between
keto and enol forms of acetone.

When looking atmolecules,on?_has a tendency to think of static
structures, especially in clusters. ;This is evidenced by the increasing

- . .
importanqs/géﬁ}-ray diffraction as an analytical technique in cluster
chemistr». The diffraction methods by which molecular structure ‘is
determined are termed instantaneous because the interaction between the
molecule and the diffracted wave is shorter than the time required for

18

. - -20 :
molecular motions (10 to 10 sec). Spectroscopic methods such as

IR or UV are slower than diffraction methods ('LO-13 to 10_15 sec) but

-~

are still faster than melecular interconversions. A spectrur emploving

58
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one of these techniques usually is an indication of all molecular
configurations present. The most useful spectroscopic method for

studying the rearrangements of fluxional molecules is NMR as the time

scale of interactiem (10_1 to 10—9 géc) 1s comparable with the lifetimes
of éhe configurations present.l19 : ’ )

The use ﬁf variable temperature NMR allows for some dégree of
control in the rearrangements occurring-in a particular molecule. Ideally
one would like to freeze a molecule_in a particular conformation and then
allow it to undergo flu¥i0n31 behaviour. In most cases this is impossible.
Instead one has.to settle for slowing down the rearrangements, observing
signals for each configuration at low temperature aﬁd making them’rapid .
enaugh at high temperature so an average signal from all the configurations
is observed. The rearrang;ments between configurations have activation
energies associated with them., The temperature range of study for NMR
spectrometers fanges from ~150°C to +150°C allowing for activation
energles between 25 and 100 kJ/mole to be measured.

In addition to determining activation barriers for these
rearrangements, NMR is useful in distinguishing whether the process is
inter- or intramolecular. In intermolecular processes spin-spin coupling
is lost. 'Intramolecular rearrangements can be placed in two classes,
mutual or non-mutual exchange. The difference between tﬁe two, is that
in the latter an intermediate of appfeciablé'concentration exists. It

represents a transition state between the two interconverting configur-
. : .. . .. ; 120
ations. 3By MR it is possible to distinguish between these -classes.

The earliest examples of fluxional molecules were observed in

organic chemistry. One of the most remarkable of these is bullvalene,

-
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- 2
21 whose lH NMR spectrum consists of a sharp singlet at 100°C.]"'1 In

inorganic chemistry fluxionality !is best illustrated by molecules adopting

a trigonal bipyramidal shape. These rearrange via a process known as a

4’ .
Berry pseudo—rotation.1"2 Many examples of fluxional molecules are
found in organometallic chemistry, the best known involve cyclic pi

2
systems.l"3 Log1ca1 synthetic routes to clusters and the availability
\ -
of modern high field NMR spectrometers have made feasmble the study of

-fluxlonal processes in clusters. 1In clusters :hese processes refer to

either the movement of ligands bonded to the metal framework of the
. -~
cluster or a structural reorganization within the metal framework.

~
2

Ligands which are known to migrate include carbonyls, hvdrides,
lsocyanides and certain organic ligands such as polvenes. The most

neavily studied has been carbonyl migration in M3(CO)17, Ma(co)l, and
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124-126

related clusters. There are two cypes of carbonyl exchange,

localised and delocélised. In the first,ligand rearrangement occurs

about one metal atom while the second involves migration from one

g ;
o

metal atom to another. - The mobility of ligands like carbonyls is

believed to be related to their ability to bridge edges .and faces of the

- -

cluster. Anionic and phosphine substituted clusters have lower energy

barriers to carbonyl migrations than their parent clusters. It seems the

increased electron density has a tendency to shift carbonvls from

terminal to bridging positions making migration easier.

In contrast to the fluxionality of peripheral’ ligands, the

phenomenon of fluxionality of vertices is gradually gaining credence as
- more’ examples emerge. One would expect to observe more metal skelecal

rearrangements in the future since clusters readily undergo structural

changes as the total ligand electron counts change. Also, in-some cases

metal-metal bonds appear to be weaker than metal-carbonyl bonds. The

. Ve
first example of metal vertex fluxionaliczy was found in Ptg(CO)18 .
’ >

The structure of this molecule consists of three stacied ?c3 triangles.

195

.From the Pt NMR studies it is believed that outer mectal triangles are -

122

&

rotating with respect to the inner one. t has been proposed by Johnson

that in molecules such as Fej(CO)lq, the fluxicnality can be rationalised

in terms of rotation of the metal triangle within a polvhedron of carbonvl

2
groups. 23 Solid state 130 NMR studies by Hanson give some support to
' 2
this m:oposal.l"9 Fluxionality of metal vertices may be involved in the
-
molecule Rth(CO),l" » %Q. It has been shown.by variable temperature
103

Rh NMR that the molecule exhibits a 4:4:1 pattern of rhodium

environments at low temperature but only a single line at room temper-



130 | . - e .
ature. “Very recent studies have demonstrated. that interconversion

‘between the capped tetrahedral and butterfly isomers of HFea(CO).13

. .- 131 :
occurs 1in solutlon. .

o ' -~
S If one reexamines the fluxional behaV1our of certaln systems,

they can be explalned via the fluxionality of vertlces.' In the molecule

(CpCo. )C4 4 %%, the two CpCo groups are equlllbrated at hlgh

temperature.132 This molecule can be classified as a nido- pentagonal

bipyramid (eight skeletal electron pairs); its NMR fluxipnality is now

readily explicable - perhaps via the alternative.nido~structure shown

below. Analogous reasoning can be applied to the facile racemisation
. /

- . : s 13
of Whiting's isostructural ferro-ferradiene. 3

6

. 7= '
Molecules such as (CpCo)ﬁcaHQ and Rth(CO)jl” possess nido
structures with 3 vacant site on the polvhedral surface and thus are

expected to be fluxional. On the other hand, rearrangements of closo-
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clusters require much higher activation energies than those of nido-

clusters. This is exemplified in the icosahedral carborane series,
134

e

= . . . ) L~
Geoffroy has shown that a closo-transition metal cluster can rearrange

ca—

but only on the slow chemical time scale rather than the much faster

o 3¢ . . ; ; e
CNMR time-.scale. This same behaviour has been exhibited by

\ 1
metalloooranes. 35

This chapter reports studieg on the fluxicnalizy of heterometallic
- .
alkyne clusters of the general formula M3C7 and shows the mechanism of
rearrangement in these syvstems to be related to that of the analogous

.+ . . . - . s . . X
CS!-'.S cation. To this end, fluxional behaviour previouslvy ooserv,n

homometallic M3C° systems is first reviewed.

- _ : _/.



3.2 Fluxionality in Homometallic 1-131'3,J Clusters \

As was seen in Section 2.3, clusters 6f the formula M,C, vhich
possess 14 skeletal elebtrons'adOPt a nido-octahedral geometry. With a
vacant site on the polyhéd;al surface one would expect them to be

fluxional. The first reports of NMR fluxionality in molecules of this

type were the’almost simultaneous publications from the laborgtories of
137

_Rausch136 and Deeming.

.
-

Rausch studied the CpBRh3(CO)(PhCECBh) system. This was

fluxional at room temperature as only one resonance was seen for the cvclopeata-

diemyl protons. Upon cooling to -88°C two signals in a ratio.of 2:1

- S .. 13 s =
were observed. ' Enrichment of the cluster with 17CO allowed for . -

observation of the carbon?l resonance by 1?C NMR. At rﬁom temperagure,
the resonance appeared as a quartet (i.e., equal coupling to the 3 Rh
nuclei) while_at—90°c, the carbonvl ligand wasmore strongly coupled to
cwé of the Rk nuclei (triplet) and less strongly coupled to tﬂe remaining
Rh nucleus (doublet). Rausch's findings were consistent with the X-ray

structure of the cluster which showed an unsvmmectrical triply Stidging

-, ; - : 15
coenfiguration for the carbonvl group.

In order to obtain more-details about the rearrangement process,

? . R : . 13 P

Rausch subsequently emploved diphenylacetvlene containing a ~~C enriched
.2 138 13 Voo

acetylenic carbon. At room temperature the C MR spectrum revealed
the signal due to the enriched acetylene carbon to be a quarter, but at

-87°C the signal was an eight lire unsymmetrical mulciplet. From the

dynamic NMR studies the fluxional process proposed was migration of the

carbonyl ligand around z quasi- three fold axis on one side of the Rh3

plane along with cencurrent migration of the alkvne about a three fold
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axis on the opposite side of the plane.

Deeﬁing observed fluxjonal behaviour in the complexes
-~
053(C0)7(E32)2(C6H4) where ER, = PPh,, 2

. were derived from the reaction of Os._3(C0)12 and EPh3 or EMe Ph at high

PMe2 or AsMe These clusrers

temperatures. The phenyl group of the arsine Br phosphine was found
*

to be transformed into a benzyne ligand bridging the three Os atoms.
P Y- .

-

. R . 1. . X
In this study the low temperazure "H NMR spectrum revealed that the protons

of the benzyne exhibited an ABXY pattern while ac high temperature an

u

.

AATXX' pattemn waf'found. From the structure of the cluster it was
* - . " . .

. e . v
expected that fo# different methyl signals for the 2 EMe, groups wodld be
< 2
--. h - - . . - Y -~
seen. - however, only two signals were observed, consistent with
. > . . )

equivalent iMe,

groups but cohtalning non-equivalent'mEtols on each
bridging P or As: Iz the case PMe, groups, the Me group exhibizdd
4 y ; 2 .
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“triplets:in the "H NMR spectrum,- indicating coupling ¢o two equivalent

phosphorus atoms. Attempts Eo stop the exchange bqtﬁeen the two-EMez | -~
groups proved unsucééssful. The authors suggested the éMe, grdups
might be exchanging atra faster‘raté tﬁan the benzyne protons.

In accord with these observations they proposed. the two processes
shown below. These béth invoived_rota;ion of the benéfne molety

relative to the metal triangle. The first allowed for the exchange of
‘\

the EMe, groups without equivilence of the benzyne protons, the second

™ :
allowed for both. In addition.to bénzyne rotation the other main feature

of the mechanism was carbonyl migration.

N €0, 0, |
MezAs ASbMez MezA%‘r \AS'“ez . MEaAS \ ASLMF—‘" ?
o) or*j ~0s(COk ookl \c[}stco; Q)
Os==i = Os=V= 100),0%2 -—OS€CO}
AN : 3
¥
0 ’
M%A€7 f‘?&Mq M%AS/'\ Aqu M%AS ’
I\ — :
10C1;0s _05«:012 (001,052 —0s(cay, (ocazos- < us:ccn3 :
~ c/

0

P
\

. . B - . \ . .
Subsequent ilnvestigations from Deeming's laboratory confirmed

. . . 139 13 . . Cs s e X .
their earlier assumptions. . C ¥R studies escablished that carbonvi

-
3

exchange between the two non-bridged Os atoms did iadeed occus. urther=

more, d¥ placing an iscpropvi subs‘*t?ew: on the benzyne ring, 3 clearer

- L]
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‘understanding of the processes of rearrangement was achieved. In a

static configuration the molecule is chiral and a pair of doublets is

expected for the diastereotopic methyls of the isopropyl substituent...

_ However, even when the benzyne protons exhibit an ABXY pattern, only
a2 single doﬁbl;t was observed. They prgposed ;hat the process which
led to the equilibrations of tae EMe2 groups, also resulted in a time
'averaged plane of symmetry through the benzyne ring. This leads to
only a single doublet bei#g observed.

Deeming's work on H2053(C0)9(indyne) and related small
cyeloalkyne complexes also supported his earlier proposals.lao Az
low temperatures the methylene hvdrogens are-different, while at
higher t%?peratur;s coalescence was observed. This was accounted for
by the process indicated below. However, just as in the beniyne case,
rotation pf.the alkyne was not the only mechanism observed, hydridé

-

transfer also occurred.

_rF’\’ [



Fluxional processes have also been observed in HoRu3(C0)9(C2R2)

-~ 141

. A
where R = H, Me, Et and H053(C0)9(SR)(C6Ha)142 where R =.Ph, i-Pr °

but only in the former systems was alkyne rotation found to be involved.

3.3 Fluxionality in Heterometallic M3C2 Clusters

Initially, the studies of alkyne fluxionality in M3C2 clusters

Y

were restricted to homometallic systems. The first heterometallic
-
system to be studied was szwzos(C0)7(RCECR)where R = p-tolyl, in
1981 As®uas mentionéd in Section 2.3, this molecule exists in two
isomeric forms. Through dynamic NMR studies, Stone and his co-workers
sﬁowed each isomer to bde chiral thus possegsing'enantiomers. Ey
monitoring both the pioton resonances attributed to the cyclopentadieayl
groups bonded to tungsten and the methyl group of the p-tolyl substituenc,
they showed both ghe isomers and ﬁheir enantiomers could interconvert.
The m%;hanism proposed to account for this behaviour was a windshield
wiper motion of the alkyne about the metal triangle.

The "first goal in this study was to obgerve if the ideas of
tluxionality developed for homometallic alkyne clusters could be extended
to the heterometallic svstems described in Chapter 2. Secondly, it was
noped that finer details of the mechanism of reérrgngement could be
obfained from the study of *these heterometallic clusters. The reason for

v

this was that unlike the homometallic systems previocusly studied in which
~ -

alkyne fluxicnality was accompanied By k£arbonyl or hydride migrations,

these should not be expected to Pose prodblems in clusters 16 through %ﬁ.

-

-~ - - ) - *
Te investigate the mechanism of regrrangement in these systems,

rmolecules 16 through %Q were synthesized with several independent probes.

D116 | o X
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in szNizFe(CO)3(PhCECC02CH}Ie2), 16, the molecule was rendered chiral
by the use of an unsvmmetrical alkyne. This had the secondary effect

of making the nickel atoms and their attached cyclopentadienyl ligands
« . .

1H NMR spectrum showed this to be true ag two

resonances of equal intensity were observed in the cyclopentadienyl .

non—-equivalent. The

region. It would have been ‘beneficial to be able to study the

rearrangement by obsqéviﬁg the metal centre directly rather than sites

. .. el,.. . .
removed from-the metal. In principle, N1 NMR is possible but the low

: : - 61.. . . . . .
natural abundance of the " "Ni isotope (1.19%) made dvnamic MR studies

impossible. It was assumed that during the‘!ourse of the rearrangement

process that the cvclopentadienyl ligands did not become detached from:
g
their respective nickel atoms. With this cavear it was decided to

he rings, so as to obtain

v

. . 3. . . .
monitor the H and ~C NMR signals of ¢t

r
. - - L . Py - e
information regarding the :Iluxional process. In addicion zo the two

cvclopentadienyl resonances, the chirality of %é as a2 whole is reflected

in the diastereotopic nature of the methyl groups\in the isopropyl
substituent. The 80 Mz }H NMR spectrum revealed a pseudo-triplet in
the methyl region, but upon going to large; field (250 MHz), the expected .
pair of doublets was saen. )

With these probes it was then possible to test for twe different
precesses. - The first involved rotation of the nickel-nické{ vector

relative to the iren-carbon—carbon triangle. This proposal is not that
' s

improbable. Recent data on the fluxional behaviour of the heterometallic
A

-

complex ﬂoCoRh(:-CO)ﬁ(CO)S(CSMeS)q have been ratiomalised in termg of

rotation of the CeRn(u-C0) ,(C Me_ ), fragment about an axis through the
. = 3 > < [ '

. ; . . - . . 143 - \ . .

fo and the mid-point of the CoRh vector. The authers peinted out
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that employing the isolobal formalism the dimetal fragment CoRh(u-CO)é—

(CSMeS)ﬁ is analogous to ethvlene. Similar arguments could be made for

%2, since the CpNi fragment is isolobal with a CH unit, thus paking

CpNi-CpNi a pseudo-alkyne. The rotation of the nickel-nickel vector
would be expected to interconvert the two different cyclopentadienyl

envixonments but would not racgmize the molecule, i.e., the diastereotopic
. ek

character of the isopropyl group would be preserved. In contrast, a
formfl rotation of the alkyne moiety relative to the metal trfmangle like
that observed in homometallic svstems would not only racemize the

7 _ L. .
noleculey cluster but would also convert the two CpNi environments.

Furthermore, if the alkyne rotation were the only mechanism operating,

[
.

. . | 1 . - Y n .
one would expect the activation energy barriers for the CpNi intercon-

#%ersion and for the methyl coalescence to be identical. The variable

1 | 4 )
temperature H NMR spectra of the cyclopentadieny! and methyl protons

) of %Q are shown in Figure 13. In order to simplify the spectra of the

mechyl procons, the CH resonance of the isopropyl group was irradiated,

.

: P . . - - . . A
thus instead of 2 pair of doublets, a pair of singlets is seen at room

. ¥ . .
temperature. The experimental AG' determined in each case was

63 £ 3 kJ/mole.

There is another possible occurrence which could explain the

e s o .l - . -
results obtaired from the dyvnamic "H MR study of 6. It is conceivable

that th%re could have been dissociation of the cluster into non~complexed

alkyne and an unsaturated metal triangle (perhaps weakly stabilised by

solvent). In Section 2.2 it was pointed ouCrthar a major route to homo-

metallic alkyne clust®rs was displacement of weak%ipbonded ligands by an

alkyne —— just the reverse of the proposal above. Such an event would
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%

. ~
Figure 15:
Experimental 80 MHz and 250 Miz Vériable-Temperature 1H MR Spectra of

the Cyclopentadienyl and Methyl Regions of %Q
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simultaneously equilibrate not oaly the methyls but also the cycldpenta-
dienyl envirapments. One must thereforé} confirm that the process of re—

arrangement is indeed intramolécular. This experiment was accomplished

by carrying out dynamic NMR studies on %z'and %ﬁ, in which all three

metal atoms are different. As shown in Figure 16 alkvne rofation would

not interconvert enantiomers but merely diastereomers. Thus when alkyne

-

rotation is slow on the NMR time scale, each diastereomer should exhibit

)
four peaks in the methyl region — two magnetically non—equivalent methyls,

-

each spliit finto a doublet by the unique isopropyl hydrogen. Now rapid

- .
-

alkyne rotation.would equilibrate the diastereomers but cannot intercon-—
vert enantiomers without migration of the alkyne from one face of the
triangle to the opposite face. 'This latter process wolild surely require
cluster dissociation. &
\ L. - - )

The low temperature 80 MHz H NMR spectrum of %ﬁ found below

showed two sets of four linmes (in the ratip of ~ 6:1, corresponding to
. &

the ratio of the two major diastereomers) but showed just four lines at

high temperature indicating that the stereochemical integrity of the

cluster was conservaed.

-70°T

!
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Figure 1l6:

conversion of

Acetylene Rotation on One Face of a Cluster Showing Inter

Diastereomers but not of Enantiomers

{
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Figure 17 shows the variable—ﬁempérature 250 ME=z 1H NMR spectra
in the isopropyl methyl region for %% and the corresponding simulated
spectra obtained ﬁsing the DNMR3 p::ogram.144 Both the §0 MHz and the

250 MHz 1H NMR spectra of.%g are shown since only in the former case

.. s * - -
was the rate sufficiently rapid to see complete interconversion of

diastereogers. The 250 MHz spectrum exhibited nicely resolved signals -
but the frefuency difference between them was too large to permit ,
ice of the peaks. Simulation of the 250 Miz spectrum showed
only two g§qual intensity doublets only when the rate constant exceeded
1000 sec-Ia a value corresponding to a temperature £ﬁbonsistent with
maintaining the integrity of ‘the molecule. It is interesting that

the only way to obtain a good fit between the experiment#l and
calculated spectra was to invoke exchange between the high field doublet
of che minor diastgqéomer and the low field doublet of the major

.

dia{tereomer. Thegexperiméntﬁl iG* of 69 * 4 kJ/mole for %§ and a
vallie of76f23 kJ/mole foundﬁfor 1y using similar techniques were close
to that obtained for %Q- This indicated the same mechanistic pathway

" 1s involved in all three molectles. - .

3.4 Mechanistic Implications
" Hoffmann and Schilling have feported a preliminary theoretical
: -
analysis of the alkyne rotation precess taking (COHO)Fe3(CO)9“ as a

, .
model c:ompound.145 Making the assumption of a rigid me%gl triangle,

>4
they calculated the different barriers that a migrating alkvne would
have to overcomé as it traversed various paths around the metal triangle.

Figure 18(a) shows the first of these routes in which the alkyne

essentially circumambulates the periphery of the meral triangle, the



Figure 17:
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Zxperimental and Simulated 250 MHz Variable~Temperature lH NMR Spectra of %Q

/



_ calculated barrier to such a process was 42 kJ/mole. However, such a
mechanism would not interconvert the ends of the alkyne, and so if the
molecule were chiral because of the asymmetry of the alkyne it would

not be racemized. The results obtained from the studies on molecules

- 4

16 cthrough 18 as well as Deem{ng’s datal40 on the 053-indyne complex

militate against such a mechanism.

Hoffmann and Schilling also preseﬁtedwthe results of calculations
on two other possibie pathways-of alkyne migrﬁtion. Both of these
allow for Faﬁgmizationibut requiré that the alkyne perform a sefies of
more.intricate manoeuvres, one of which is shown in Figure ".I.B(b)o
These pathways were caiculated to have barriers of‘38 and 42 kJ/mole
Tespectively. In very naive terms, the alkyne could be visualized as
executing a windshield wiper motion across a triangular metal face.
Things are not so simple, as in Figure IS the molecule is viewed in
projection. ' Since the metal triangle defines a plane, the alkyne must

also rotate with respect to its own triple bond axis since the
t

substituents are not colinear with the alkyne carbons. This facror

-

must be particularily important for small cvecloalkynes where the ring

. . .. L40 -
geometry is rigid. o

Iz is perhaps useful if the molecules are reduced to their
. ; .+ . .
simplest organic analogue, the Csds system. This has been exhaustively
. ) vy ma 146
discussed by S¥ohrer and Hoffmann.

interconversion of the v%rious‘C,‘ isomers (which can be recognized as
-+ .

belonging in the nido-BSHQ category) the intermediacy of a D3h closo
structure is strongly disfavored. - Indeed, thew proposed the sequence
" .
« 7

C,,=C. ~C, =C_~¢C, and in Figure 1% it is shown how tP®is can be
Sy s 2v s Lv

-

They have pointed out that in the-
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Figure 18 (a):

~

Migration of an Alkyne about the Molecular Periphery does not Racemise

the Cluster
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L Figure 18 (b): : \ ,
B :

Windshield wiper motion of an unsymmetrical alkyne leading to

racemization of the cluster

-
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A Rearrangement Mechanism for the MM'M"(RCICR') Cluster Analogous

to that of the C5H5+ System K/P
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applied to the M3C2 systems. It is ciear from Figure 19- that the overall
effect of this rearrangement has the same result as does alkyme rotationm.
Furthermore, the molecules [A] and [B] are seen to be diastereomers
rather than enantiomers.

In conclusion the measured barriers to alkyne rotation in
heterometallic clusters are very similar to those found in the previously
studied homometallic systems (see Table 8), As’a result it is a
reasonable assumption that the same mechanism of rearrangement is
operative in both systems. The theoretically calculated barriers differ
from thése obtained experimentally in both cases. This may be due to
the fact that in the theoretical study thé alkyne used as a quel was

C,H, whereas the experimental studies all employ much larger alkvnes.

Table 8 - Comparison of act Values for Alkyne Rotation

Compound AG*(RJ/mole) Reference
szNizFe(CO)3(PhCECC02CHMeZ) _ 63 = 3 this work
CpONiMoFe(CO)S(PhCECCOOCHMej) 69 = 4 this work
CpNiCoFe(CO)  (PhC=CCO,CHMe,) 67 = 3 this work
053(C0)7(PM82)2(C6H&) 58.0 137
053(C0)7(A3Me2)2(C6HA) 51.3 137
H2053(C0)9(indyne) - BC % 2 140
H2053(CO)9(cyclooctyne) 67 140

H2Ru3(C0)9(EtCECEt) 52.5 . 141



CHAPTER 1V

SYNTHETIC MANIPULATIONS OF THE Co3(CO)9CC02CHHe CLUSTER .

2

LA

4.1 Iﬁtroduction

As was mentioned in the first chapter a great deal of effort ﬂas_
been exﬁénded in the search.for‘loéical high vield routes to mixed metal
clusters. It is widely believed that the reactivity of clusters can be
fine tuned through the use of different metals; this might “allow for

behaviour markedly different than that observed in homomerallic cluster

systems. The most desirable route in the synthesis of mixed metal clusters

would involve sequential buildup of clusters from mono- or dinuclear metal

fragments®

Iz is this type of approach that is evident in the pioneering work

of Stone's group.lo’ll

They have synthesized nuzerous tetrahedral
clusters composed of three metals and a tripiy bridging alkylidvne group.
These syntheses starting with a.metal carbyne svnthon have involved
successive addition of monometallic fragments leading to a cluster

containing three different metal atoms, e.g., (C9H7)CpRhWFe(CO)S(u-CO)—

147 . . . L
uB-CR). Alternatively, reaction with a dinuclear metal fragment
vielded a cluster containing only twe different metal species, e.g.,

, 148 . X . :
CphCov(CO)S(u3-CR). Employing these techniques, tetrazhedral clusters
containing Fe, Mo, Re, Co, Rh, Ni and Pt ir addition to, W have been
. 106,149=152
synthesized. ’ °

Until recently it had been very difficulc to predict the chemistry

of clusters or even rationalise the reactions which theyv undergo. Many

81

¥
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reactions result in cluster breakdown, others-cause changes in the
structure and/or nuclearity of the cluster. In Stone's work, these
problems have been apparently eliminated through the use of the triply
bridging alkylidyne moiety. Many studies have shown that in clusters
. : - 153
metal ligand bonds are usually much stronger than metal-mezal bonds.
Thus, bridging ligands such as the alkylidyne group are important as
they allow the cluster to retain its integrity during the course of a
reaction. Other atoms or groups such as P, § and NR are alsd known to
. 9 —
bridge metal atoms.

Many examples of homometallic clusters containing a metal triangle
bridged by an alkylidvne group exist. There are two basic types: those
adopting tetrahedrane and those adopting bicyclobutane core structurés.

In the former, three metal-metal bonds are found, while in the latter

only two are found. The homometallic systems adopting the tetrahedrane

15 155,156

4 -
geometry include Co3(CO)9CR, * CpBNi3CR,

157-159

H3H3(CO)9C3

/,
and Cp3M3fC0)6CR (M = Mo, W).lqg As well an

160

(M = Fe, Ru, 0Os)

anionic cluster Feﬁ(éO) CH + 161
3 10

and a cationic system Cp3Rh3(C552CH
are also known. Of all these, the synthesis of the cobalt svstem seems
the most facile.

The stability of triangular clusters containing bridging alkylidvne
groups offers some interesting possibiiities for mixed metal cluster
synthesis. It might be possible, with the proper choice of meral fragment,
to increase the nuclearity of the parent cluster with minimal struccural
changes. In addition, one might be able to displace meral fragments on
the parent cluster with other metal fragments in a fashiom similar to an

o v
Sw2 t¥pe reaction. Proper choice of the R group might permit one to
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monitor the changes the cluster undergoed as the result of these reactions.

The first report on the synthesis of alkylidynetricobalt nonacar-

bonyl clusters came in 1958, employing the following me:hod:162

Co,(C0)  (siC= CH;CCo, (CO)

This route was restricted to terminal acetylenes only. A more general

synthesis utilizing «,x,e-trihalo compounds was developed three vears

3 . . .. . - . s
later. It provided clusters with a wider varietv of apical substituents.

. THE .
&RCXB + 9C02(C0)8 -——-&RCCO3(C0)9 + 6Co.\2 + 36C0

»

“The mechanism of reaction in both synthetic routes has yet to be elucidated.

In the case of the latter method, speculation has centred on the possible

Ls

involvement of free radicals. Alternatively, as the final product contains
p .

a2 triply bridging carbyne moiety one could envisage addition of a Coz(CO)6
unit across a cobalt carbyne complex, (CO)3CoECR. It is this idea which
has been exploited by Stone in his work on mixed metal clusters.

A few reviewiarcicles covering the study of alkylidvne tricobalt

154,164,165

clusters have been published. From these studies the general

chemical reactiﬁ%ﬁ; of the clusters has shown them to be unstable towards
atctack by oxidizing agents and many bases and nucleophiles. In contrasr
they have geen found stable toward both protonic and Lewis acids. These
observations seem to have restricted the investigation into the chemistry
of these'clusters in that much of the work has been done on the apical
carbon substituents. The chemistry of éhe meral centre has primarily

-

involved the displacement of carbonvl ligands by various Lewis bases such

._‘_/"\__
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as pho.sphines. . >

In'congrast to the studies on the chemistry of the apical carbon
‘substituents, the utility of the alkylidyne tricobalt clusters as pre-
cursors in mixed métal clustér synthesis has been relgtively unexplored.
Vahrenkamp had noted that it was possiéle to treat the RCCOB(CO)g with
radicals, ML_(CpCr(CO),, cpMo(co)3, CpW(CO),, CpNi(CO)) generated from
the metalrdimers, 50 as to displace a Co(C0)3 unit and hence incorporate

e s 166 . . . L.
the new moiety in the cluster. In a similar vein, Robinson has

synthesized the mixed metal clusters PhCCoZM(CO)BCp (M = Cr,Mo,W) and

PhCCque(CO)TCp emploving electron transfer catalygxs\;echniques.lsf

The reactions involve attack of a metal carbonvlate nucleophile on A
cluster radical anion, the‘latter being generated by addition of a
catalytic amount of benzophenone ketyi. Also, treatment of the parent
tricobalt cluster wigp Fe(CO)az- did not vield the hoped-for cluster of
higher nuclearity.lBS ‘Instead the major product obtained was ﬁFeCoz(COJQCR,
in which the net result was substitution of 1 Co(CO)3 moiety by the
HFe(CO)3 fragment.

This chapter reports a series of synthetic manipulations carried
out on the metal fragments of the Co3(CO)9CR cluster svstem. These lead
to @ variety of mixed metal clusters in which replacement or modification
of one, two or all three of the original Co(CO)3 vertices occurs. In
addition, some of the resulting tetrahedral clusters have been increased
in nuclearity by treatment with appropriate metal fragments. The
structure of one of these addition products is presented. Finally, some

theoretical arguments are presented to account for the observed experimental

results.

. e



4.2 ‘Bis(Cyclopentadienyl)Nickel as a Cluster Reagén:- -
The-first step in the investigations of the tricobalt clusteér
systems involved attempts to displace more. than one Co(CO)3 unit in the
parenf cluster. In previous studies from other laboratories, this had
been achieved only once. Aléo, all previous examples‘of metél fragment

. . . . - L, . .. a
suobstitution were carried out on systems where the apical substituent

was a stable alkyl or aryl group. It remained to be seen i¥f similar -

[ .

results would be obrained with a mere reactive substituént such as the

C02CHMe2 group, %%. .
The rarget molecules were Cp,Ni,00(C0O),CCO LHMe, and ’

Cp,N1,CC0,CHMe,. Preparations of the trinickel cluster had beep’
373 2 2 :

CMe., and

previously reported where the apical substituents were PhCH,, 3

L

SiMe, . However, these publications provided nc real general route

.

to systems-of that type. It was hoped that the svathesis could be
achieved via the sequential replacement of Co(CO)3 units by CpNi moieties.

’

The success of Cp,Ni in incorporating CpNi fragments®into the di- and

trimetallic alkyne clusters of Chapter 2, prompted its use rather than

[CoNi(CO)],-in this work.

AT ambient temperature in THF, the treatment of Co3(CO)QCCO°CHHeq

with Cp,Ni, led to replacement of ¢ne Co(CO)3 unit by CpNi to give 24 in

“

bigh vield. The only other product obtained from the reaction was

Cp7C03(CO)&CC07CﬁMeq, %é. However, the vield of ;: was negligible compared

to ti £ 24,
Lo that o ‘:/.“.4
In order fo effect multiple substitution, it was clear that more

[ 1Y

orcing conditions would be required. When an excess of Cp,N1 was heated

uncer reflux in THF for several hours with the tricobalt cluster, two
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major products were isclated. .

¢ The first product exhibited 2 "single carbonyl resorance at

1820 cmTl in the infrared, and ‘singlets in the IH NMR spectrum at

- .

6&.%;(15&) and é-9.4(1H) in addition to those signals attributed to the

~ ~

isopropyl group. These data, together with the mass spectrometric

"

results allowed its identification as 26 which contains three CpCo
\ . -
.. ., .
moletles, a bridging carbonyl and a hydride. The molecule was, not

A - L S .. ..
“surprisingly, Zluxional and the hydride signal occurred at a similar >

position to that reported by Geoffroy for the related compound HFeCo,(CO)QCR

. - . . 168 . . . ;
where R = Cn3, an5, CBhS' The hydride resonance was very broad

possibly due to the coupling with the cobalt nuclei-which have a quadrupole

rt

7/2. In the structure shown for

21
o0
b

acment and 2 nuclear spin o n Figure

20, the hydride ligand is found in terminal position so each metal
thus satisfies the E.A.N. rule. Previous studies on cluscers containing

hydrides reveal very few examples of terminal aydride linkages. As a

»
-

result a more realistic'view of the structure of 26 woulé be one in which
the hydride bridges one of the three metal-metal bonds or perhaps even
bridges the face of the terrahedron containing the three metals.

Similarly, the second product showed .a bridging ‘carbonvl resonance
-1 .. . - . . . S oo s
at 1810 cm 7, two cvclopentadienvl resonances in the rario of 2:1 but no

Pl

metal hydride signal. These data, together with the mass speccral

fragmentation pattern, are consistent with the formulation ap shown in %{
with two CpCo groups and a single CpNi frugment.
The related molecules Cp,Co.(CO} CCH, and (C_.Me.).Co,(CO),CH. have
2773 L3 57572773 4773
ceen prepared by heating the tricobalt cluster under reflux in THF along

. ; . 169,170 U
with C5h6 or CSMe H respectivelyv. ? Structural studies on these two

~

5
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molecules reveal that both possess a symmetrical bridging carbonyl between

LY

the cyclopentadienyl containing Co atoms.

-

The results obtained from the reactio? of %% with szN{ demon-
strated the propensity of szNi to de;ompose upon thermolysis to release
cyclopen{adienyl'fragm;nts which displace the labile carsonyl ligands on
cobalt. This efplains the recovery of oﬁly small amounts of 29 from the
'rdbq_temperature teaction of szNi with %%. Similar behaviour has been

observed in the reactions of nickelocene with Ni(CO), and Fg(CO)S to

171,172

produce szNio(u—CO)O and'CpoNiFe(CO)(u-CO)z, respectively. The

lability of the carbonyls is evident from the reaction of %2 with
thPCHZCHZPPh,(dppe).l’3 An instantaneous reaction, withenoticeable CO
evolution, occurs upon dissolving the two compounds in THF, resulting in

a quantitative yield of (dppe)CoB(CO)7CC07CHMe2.

In electron counting terms, the reactions shown in Figure 20 can

be explained vet{\fimply. Three carbonyls are replaced by-one cyclopenta-

N v f-, ~ »

'\dienyl group and a hydrogen,'whilé‘iwo cyclopeﬁcadienyl groups account

.

for five carbonyl groups. ?hé compounds %% through 27 provide nice

i
“_‘\\\\ examples of the isolobal relationships;

CO(CO)B_ 4—6—— NiCp -—0—- HCoCp
In conclusion, Cp,Ni was an excellent reagent for the introduction
of a single CpNi fragment under mild conditioms, but prolonged heating led
f " ]
to extensi;2>replacement of carbonyl groups by cyclopentadienyl ligands.
The compf?ﬁgtions of emploving Cp,Ni as a reagent in cluster synthesis will
also be seen in Section 4.3.

As 1s evident from the results presented above, the attempt to

synthesize a trinickel cluster proved unsuccessful. In the search for a
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possible alternate route, the reaction between -Cp,Ni and C1,CCO,CHMe

3 2
. ¥

was carried out. It was hoped, this would proceed in a2 manher similar

-

- to that for the cobalt systems. The protba MR spectrum of the product

—_—

isolated showed a single resonance in the cyclopentadienyl region, as

well as signals attriﬁuted to the iSOprgpfl group. With incrgaséd
acquisition'time-these signals began o broaden and event;allf all
disappeared. Mass spectral evidence while not vielding a pafent ion 
for the expected trinickel cluster did exhibit fragmqtts_possessing tﬁe
correct isotope pattern.fo? three nickels. However,'che instability of
the product did not allow ar unequivocal identification of it as

the trinickel cluster.

r

+.3 Syntheses of Mixed Metal Alkylidvne Clusters

By employing the principles of PS;?, the readily synthesized
'RCCOB(CO)g clusters possess 12 skeletal electroms. Just as the dimetallic
alkyne clusters presented in Chapter 2, the bonding in the tricobalt
system may be viewed as either invelving six localised bonds along the edges
of the tetrahedron or being nido-trigonal bipvramidal molecules using six

globally delocalised orbitals. Indeed, as mentioned in Section 2.2,
~
59 . . 94’ - , . 95 .
Co NQR data as well as photoelectron spectroscopic resulrs on the

Co3(CO)QCR svstems seem to lend credence to the idea of delocalised

bonding.

: L]

With the delocalised bonding model, one would expect the
behaviour of the Co3(CO)QCR system to parallel that observed for the

analogous dimetallic alkyne complexes. Thus, the tricobarr—lkvlidvne

clusters would be considered to be coordinativelw unsaturated (even

3¢

-
-

.

1ough 'convgntional electron counting would assign each cobalt 18



- - -
.
—

electrons). This viéw would pfedict high re%écivity for the cluster
toward electrophiles and might also suggest the possibility of fluxionality -
of the-polyhedral vertices. | ;

Iﬁ order'torinvestigate the latter two possibilities, a series of
‘mixedlmetal tetréhédral clusters based on the Co3(CO)QCR framework were
synthesized.. ' Since the comsecutiwve substitnﬁioﬂ of tricarbonylcobalt

moieties by different isolobal fragments would eventually produce a

tetrahedral molecule in which the identity of each of the vertices was

—~—

 different, it was recognized that a probe for chirality was essential.
—_

Therefore, all syntheses commenced with an alkylidvne tricobalt cluster

in which the apical substituent was R=CO,CHMe,, in order that the

v

'potentially diascgreotopic methyl groupsfcould be exﬁloited. It was
noped that dynamic \MR studies on a chiral clus%ﬁr might reveal
fluxional behaviour in these svstems. In addition, the reactivity of the
tetrahedral clusters could be probed by their reactions with Fez(CO)g..
As shown in Figure 21, the_replacemenﬁ of a Co(CO)3 vertex by
either a CpNi unit or a CpMo(CO)2 fragment, as én 2% or CpMoCoz(CO)S—
6C02CHMe2; %ﬁ, respectively proceeded satisfactorily. Indééd, Vahrenkamp
had reported similar results but with different subgtituen;s on the
carbvnyl carbon atom.166 Further reaction of %% with excess Cp,Ni gave
not only the expected chiral compound CpQMoNiCo(CO)SCC02CHMe2,.ég,
possessing four different atoms at the polvhedral vertices but also
vielded two other compounds, Cp3MoN12(CO)£CC02QHMe2, %2, and
CpBMoCoz(CO)BCCOECHMez, 24> from which 29 could not easily be separated

chrematographically.
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Consequently, this mixture was treated with Fe_-.z(CO)9 = a reagent
known froﬁ the work presented in Chaptei 2 on dimetallic glkyne clusters
to-'deliver_an'fe(co)3 moilety to tétrahedral clusters and bring abdut
expansion to the square based pyramidai geometry. This reaction allowed
- for the separation of the three clustér species., It was found that onlﬁ

two of the products in the mixture reacted with Fez(CO)9 to yield the
-five vertex clusters Cp,¥i,MoFe(C0) (CCO,CHMe,, 32, .a.nd cP'SCOEMoFe(CO)S_
CCOECHMeZ, 3:,'leaving the chiral molecule, %2, unchanged.

The identity of 28 was readily established from méés spectroscopic
data. Subséquently, 2€'was synthesized independently via the reaction of
28 with [CpNi(CO)jz. The moleculd exhibited tw§ cvclopentadienyl
resonances in both the lH and 13C NMR spectra. Since the apical carbon
was now bonded to chree differgnt metal fragments,':he isopropyl methvis
became diastereotopic and each appeared as a douélet coupled to the unique
proton of the isopropyvl group. "In o?der to see whether this molecule
exhibited similar dymamic beha?iour to the rélated thiral Hzcz and M3C2

systems of Chapter 2, a variable temperature NMR study was carried out

on %2. It was not possible to coalesce the methyl peaks at 110°. So,

Ht

if the molecule was fluxional, the barrier was too high for it to be

measured by conventional NMR line broadening techniques.
e

The separation of the products resulting from the treatment of
the mixture of %2,;%9 and %} with Ee,(C0), not only allowed recovery
o 2 9
of the chiral cluster 29 but alse vielded twe new five vertex clusters,
r

viz., %; and %}. The former wds isolated in very low vield and was

|93

identified mass spectroscopically via its characteristic FeMoN1, lsotope

aa

pattern. Shown below 1s a comparison of the calculated versus the



Ebserved isotope pattern for %%. This préduct was clearly derived from

-

an RCMoNiz-tetrahedral cluster and the incorporation of an Fe(CO)3

fragment parallels that found in the reaction of (RCECR')N:’Lsz2

with Fez(CO)é which likewise led to a 14 .skeletal electron square-based

. pyramidal (nido-octahedral) system.

] observed

R calculated

60 W1 562 361

It is interesting to note that the presumed intermediate S0 and
the isolated product 32 restlted from replacement of all three of the
original tricarbonvlcobalt vertices in the starting material. Attempts
to svnthesize %Q by treatment of %2 with a scurce of CpNi‘fragments proved
unsuccessful. Only one example of 2 tetrahedral alkyvlidyne cluster

containing two CpNi units has been reported, Cp3Ni7W(CO)7CR obtained from
: 147 S . p
the metal carbyne route. It was possible to isclate %% independently,

from the reaction of %ﬁ with an excess of cyclopentadiene in refluxing THF.

~
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This is similar to the approach used to obtain the dicyclopentadienylated

169,170 14 that adopted in the synthesis of

. 174
QpBFe3(CO)3CR from CpFeB(CO)BCR.

derivatives of CoB(COJQCMe

The results obtained from reacting the mixture of 29 ﬁhrough %%
-with Fez(cbjg prompted-éurther study of its reactivity with other
tetrahedral clusters. Probably the most obvious would be the reaction of
%% wiﬁh Feé(CO)g. However, the reaetion oqu led to decomposition of %%
and no new cluster species was obtained. This result was not surprising
as a previou§ report had 'indicated the reaction of (RC‘:‘CR)Coz(CO)6
complexes with Fez(CO)9 also did n?t yield any isolable products.98 The
reaction of FeZ(CO)9 with 24 or %glyielded %% ?Pd.éé respectively.\ These
were identified from mass spectral data. In both cases, there was only
one methyl enviromment in the NMR spectrum suggeiging the formation of a
molecule with CS s?mmetry.'

The major product of -the reaction of %2, 20 and 31 with di-iron
enneacarbonyl.was %%. It showed only a single type of methyl signal in
the NMR spectrum. This suggested the molecule just like %i and %é possessed
a plane of symmetry rendering it achiral. Furthermore, it was clear that
three cyclopentadienyl groups were present and the chemical shifts |
indicated that cne was bonded to molvbdenum while the remaining two were
attached to cobalt. The molecular structure of the cluster was determined
by NX-ray crystallography. Figuré 22 shows an ORTéP structure of %%, the
relevant bond lengths and bond angles are collected in Table 9.
Crrystallographic data on %% may be:found in the appeandix.

The structure of A3 1s best described as a trigonal bipyramidal M,C

cluster in which the metal atoms adopt a butterfly arrangement and the
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. _ .
TABLE 9: Selected Interatomic Distances (4) and Angles (deg)
" .

/“\

Mo—Co(1) ' 2.620(1) Mo-Co(2) . 2.637(1) Mo-Fe 2.773(1)
Mo~C(6) 2.091(7)  Co(l)-Fe , 2.422(1) Co(l)-C(6) 1.951(7)
Co(2)-Fe 2.431(1)  Co(2)-C(6) : 1.962(7) Fe=C(6) 2.021(6)
Mo-C(1) 1.967(9) Mo-C(2) ©1,982(9) TFe~C(3) 1.762(9)
C(1)-0(1) 1.175(9)  C(2)-0(2) 1.16(1) C(3)-0(3) 1.152(9)
Fe-C(4) 1.787(9) Fe-C(5) 1.771(9) c(6)-C(7) 1.500(9)
C(4)-0(4) 1.15(1) C(5)-0(5) 1.140(9) C(7)-0(6) 1.198(8)
C(7)-0(7) 1.335(8) 0(7)-C(8) 1.489(9) C(8)-C(9) 1.53(2)
C(8)-C(10) - 1.51(¢2) Co(1)-C(11) 2.13(1)  Co(l)-c(12) 2.113(9)
Co(l)-C(13) 2.102(9) Co(l)-C(14) 2.142(8) Co(1)-C(15) 2.126(9)
Co(2)=-C(21) 2.163(9) . co(2)-C(22) 2.10(1)  Co(2)-Cc(23) 2.12(2)
Co(2)-C(24) 2.135(9)  Co(2)-C(25) 2.138(9) Mo-C(31) 2.320(8)
Mo-C(32) 2.360(7)  Mo~C(33) 2.351(8) Mo-C(34) 2.322(8)
Mo-C(35) 2.319(8)

Mo—Co(1)-C(6) 51.9(2) TFe-Co(l)-C(6) 53.7(2) Mo—Co(l)-Fe 6.6(1)"
Mo-Co(2)-C(6) 51.6(2) TFe-Co(2)-C(6) 53.5(2) Mo-Co(2)-Fe 66.2(1)
Co(l)-Mo-Fe 53.3(1) Co(1l)-Mo-C(6) 47.6(2) Co{l)-Fe-Mo 60.1(1)
Co(2)-Mo-Fe 53.3(1)  Co(2)-Mo-C(6) 47.3(2) Co(2)-Fe-Mo 60.5(1)
Co(l)=-Fe—C(6) 51.4(2)  Co(l)-C(6)-Fe 74.9(2)- Co(l)-C(6)-Mo 84.8(2)
Co(2)-Fe~C(6) - 51.3(2) Co(2)-C(6)-Fe 75.2(2) -Co{2)-C(6)-Mo 81.1(3)
Fe-Mo-C(6) 46.5(2) Mo-C(6)-Fe 84.8(2) C(6)-Fe=Mo 48.7(2)
Co(1)-Mo-C(1) 67.0(2)  Co(1l)~-Mo-C(2) 125.9(3) Fe-Mo~C(1) S 75.5(2)
Co(2)-Mo-C(1)  126.2(3) Go(2)-Mc—C(2) 65.0(2) Fe-Mo-C(2) 74.7(3)
C(6)-Mo—-C(1) 108.9(3) Mo-C(1)-0(1)} "169.2(7)  C(L)-Mo—=C(2) 88.4(3)
C(6)~Mo-C(2) 107.1(3)  Mo-C(2)-0(2) 168.7(8)  Co(1)-C{(6)-Co(2) 146.1(4)
Co(1)=Fe—C(3) 79.9(3)  Co(l)-Fe-C(4) 167.7(3)  C(1)-Fe-C(5) 56.3(2)
Co(2)~Fe~C(3) 162.6(3) Co(2)-Fe-C(4) 95.5(3)  Co(2)-Fe-C(5) 102.0(3)
C(6)=Fe-C(5) 131.1(3)  C(6)=Fe-C(4) 96.2(%)  C(6)-Fe=C(5) 93.8(3)
Mo-Fe-C(3} 106.9(3) Mo-Fe-C(4) 110.6(3)  Mo=Fe-C(3) 142.3(2)
C(3)-Fe-C(4) $6.2(4)  C(3)-Fe=C(5) 95.1(4)  C(4)-Fe=-C(5) 96.5(4)
Fe~-C(3)-0(3) 175.4(7)  Fe-C(4)-0(4) 175.0(9)  Fe-C(5)-0(5) 177.0(8)

Co(1)=C(6)=C(7) 80.9(3) Co(2)-C(B)-C(7)  86.3(3) Mo=C(6)-C(7) 124.2(3)
C(6)-C(7)-0(6) 124.8(6) C(E)-C(7)-0(7)  111.2(6)  0(6)=C(7)=-0(7) 124.0(6)
C(7)-0(7)-C(8) 116.8(6) 0O(7)-C(8)-C(9) 108.4(8) 0(7)-C(8)-C(10) 104.1(8)
C(9)-C(8Y-C(10) 111i(1) Fe=C(6)-C(7) 138.6(5) Co(l)-=Fe—Co(2) 101.3(1)
Co(l)—Mo—Co(2) 91.1(1) . :
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Figure 22:

ORTEP Diagram of Cp,Co,MoFe(CO) CCO,CMe H, 33
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carbynyl carbon is equatorial. From the structure it‘can be seen that the
CpCo units are found at the wing-tips of the butterfly while the CpHo(CO)2
and Fe(C0)3 moieties comprise the hinge. The-molecule has approximate Cs
symmetryv. A formal‘electron count-would assign each of ‘the cobalt atoms
17 electrons while the molybdenum would possess 1. 1Irn addition, the-
alkylidyne carbon could be formélly viewed as being 5-§odrdinate. In the
structure it appears that an attempt is made to alleviate the excess
electron density on the Mo ;p6m through a weak éemi—bridging ingeractionf
of each carbonyl -on molybdenum with a cobalt atom. This results in
Mo=C(1)~0(1) and Mo-C(2)-0(2) angles of 169.2(7) and 168.7(8) respectively. -
In contfast,all‘the Fe—C-0 angles of the Fe(C0)3 unit approach linearity.
This interaction is also evident from thé Co(1)-C(1) and Co(2)-C(2)
distances of 2.590(7) and 2.54&(7); respectivelv. These are much shorter
than the sum of the van der Waals radii (3.25;) and 0;23 shorter than tge
Cq(l)-C(Bj discénce of 2.735(7)3. The weak semi~-bridging interaction
accounts for weak bands observed at 1840 and 1795 cm-l in the IR spectrum

of 33. Other bond lengths and angles agree well with values found for

fragments in similar environments.

4.4 Close Clusters

The synthetic sequence described in Figure 21 represents a
rationalized route to mixed-metal M,CR closo clusters. In the only other

reported route, a coordinatively unsaturated trimetallic cluster was

. .. 116,175
treated with a metal-carbyne complex to vield an MaCR closo cluster. i

Prior to these reports the only known closo clusters of cthis tvpe were

the FeaC systems. These resuited from either the oxidation of .an octa-

. 176,177 . . .
hedral FeBC carbido cluster i or syanthetic manipulations of
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2— 178- ' . . '
FeA(CO)13“ .1!8 180 The route developed in Figure 21 is based on the

expansion' of a tetrahedral molecule.

The stepwise sequence arriving at %% can be explailned as follows.
As pregiously indi;aﬁéd in Section 422, the role of szNi in cluster
synthesis is two-fold. It can result in substitution of a Co(C0)3~by an
isolobal CpNi fragment as expected. However, upon prolonged thermelysis,
it has a tendency to release ceyclopentadienyl groups which are capable of
displacing the labile carbonyl ligands on cbbalt. It was seen in Section
4.2 that treatment of %% with szNi led to cyclopentadienyvlation at
cobalt competitive with replacement éf a2 Co vertex by a CpNi moiety. In
crder to bring about clean substizution ?ithout cyclopentadignylation;
it was necessary to emplov {CpNi(CO)]2 as a reagent. As shown in Figure
21, it was possible to prepare the chiral molecule %2 without the by=
products %Q and %%. Furthermore, treatment of %ﬁ with cvclopentadiene
vielded é% in which two Cp rings have displaced five carbonvl ligands
on the two cobalt atoms, leaving only a single bridging carbonyl
functionality between the two. Subsequent reaction of %% with Fez(CO)9
gave the closo molecule 33+ The independent synthesis of 33 in this
manner is reminiscent of the approach adopted bv Aime and Osella.ls1
They found when EigngRu3(CO)9CSH7 was tregted with [CpNi(CO)]z, the net
result was the incorporation of CpNi (a three electron unit) while CO
and H were eliminated to vield the closo—CpNiRuj(CO)8C5H7.

There are very few five vertex closo clusters known and molecule
%% is only the third such héceromet ilic MLC system known., The other

a
\ . 116 17 .
known examples are Cp053h(C0)11CR and CpWRu,Co(CO)TOCR, where in

wn

both cases the R group is a para-tolyl substitueat. In both these clusters
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a tetrahedral arrangement of the metal atoms with the alkylidyne group

capping one of the triangular faces is observed. The most common

examples of clusters adopting a closo-MAC geometry involve the homometallic

Fe system. Molecules such as HFe&(CO)lchH3,182 the related anion

3- 183 and FeA(CO)IZCOCH3- 178,180 have all been found to

exhibit the same geometry as the Os

FeA(CO)lzCCH

3WCR and WRu,CoCR systems. The methoxy-

92—
Feé anionic cluster is derived by methylation of Fe&(CO)13“ which
possesses a carbonyl triply bridging a triamgular face. 1In 35 & butterfly
arrangement of metal atoms with the alkylidyne moiety in an equatorial

position of the trigonal bipyramid was found. This structure is

176
2773

the comparison of the two metal frameworks is shown in Figure 23. The

remarkably similar to that found by Bradley for Fe&(CO)IOCCO CH.

most notable feature of the two structures is the Coat-C—Coa“ angle in

"

3

is 148°. Two other clusters which adopt a buttefly arrangement of metals

33 is 146°, while the correspondi?g Fe-C-Fe angle in Fea(C0)12CC02CH

show siwmilar angles to the values observed above. In HCpRu3Ni(CO)9—
174 . ‘
(u,-C=CHR)18& and CpFeCo. (1-CO), (CO)  {1,-C=CH.)"'" the Ru-C-Ni and
4 3 2 7°74 2
Fe~C-Co angles are 153° and 155° respectively. However, in both these

complexes, the u&—carbon is not carbynyl but is part of a vinvlidene group.

In terms of the isolobal analogy, 33 and the ‘E‘e_,‘(CO)l,)CCO.)QH3

can be related. The axial Fe(CO)3 fragments havelbeen replaced by
isolobal CpCo units; one equatorial Fe(CO)3 moiety (which furnishes
three frontier orbitals and two electrons to the cluster) has been
replaced by a three electron vertex, i.e., CpMo(CO)

! .
polyhedral electron counts for the two clusters are identical (62 electrons)

ne The overall

since the MoFeCo,CR system is neutral while Bradley's FeaCR molecule is
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anionic. Employiné PSEP, the Bradley cluster and alsoc the MoFeC02C3
molecule, %%, would be viewed as closo trigonal\bipyramids since they
each possess six skelefél electron pairs. In %2 the two Cplo units and
) the Fe(C6)3 each contribut; two skeletal electrons each, the remaining
siX are contributed by the CpMo(CO)2 unit and the alkylidvme éroup.

Two other iron systems HFe&(C0)12CH135 and HFea(CO)12COCH31?9’180
also show the buttefly structure, however, theangleséetween thé axial
Fe's and the equatorial C are considerably larger, i.e.? 179.5° and’
160.9°, respectively. These latter molecules cah\be assigned seven
skeletal electron pairs and as a result be considered arachno-octahedra.
Neutron and X-ray diffraction studies on these molecules have shown .chac
the electron pair associated with the exo-skeletal bond on the carbon atom
interacts with the metal skeleton thus providing an extra pair of
skeletal electrons. This is similar to that found in butterfly carbide
clusters, in which all four elechons associated with the carbon étom
participate in cluster bonding and the wingtip—carhon-wingtip angle

-

. . . 177 ; ) . . S -
approaches linearity. Indeed, onecan observe the transition from

- -

carbide to alkylidyne bonding in these systems bv increasing ‘the electron
withdrawing power of the exo-skeletal substituent. The measure of this.
transition being the wing-tip-carbon-wing-tip angle. Thus in terms of
2=

t i i © > HF H > HF 1.
the angle, the progression is Fe&(CO)IZC H e&(CO)IZCF reé(CO)IZCOCPJ
> Fea(CO)12CC02CH3 and 33.

It 1s particularly interesting to noce that in the molecules

HFea(C0)12CCH3’ the corresponding anion Fe&(CO)12CCH3 and FeA(CO)IZCOFHB ,

- 1idv i ¢ial while in F y. . ur
the alkylidyne group is axial while in .e_,‘(CO)12CC02C..3 , urea(CO)12FOCH3,

HFea(CO)17CH and %% the alkylidyne fragment is located in an equatorial
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position. In one regard the difference may be electronic since the
axial carbyne bears an electron.&onating ﬁeéhyl while with an electron
withdrawing ester substituent it is found im anr equatorial site.

These effects are very subtle since although the methoxy anion is a
cappesy tetrahedron, the corresponding neutral cluster adopts the
butterfly configuration. Very recent studies have demonstrated that
interconversion between the tapped tetrahedral and butterfly isomers
of Fhe clusters HFe&(CO)13_, Fea(AuPEt3)(CO)13— and Fea(CuPEtB)(CO)13-

occurs in solution.13l’186

.

The scheme presented in Figure 21 and work by others has .
indicated that a simple and straightforward method of synthesizing hetero-
nuclear clusters is by.:he substitution of ome vértex by anothe?. As

q}th othefjﬁluscer reactions very liccle mechaniétic information is-

known about these substitution reactions, in which three bonds are

broken and then reformed. The only detail which is evident is that

the substituting and substituted vertices are isolobal, One could
speculate that the initial attack of the incoming metal fragment on

the tetrahedral alkvlidyne cluster produces a transient five vertex
cluster. From the M.0. diagrafl shown in Figure 24, it can be seén that
for the five vertex intermediate at least one electron is found in an
orbital of antibonding character withrespect to the cluster., The
instability which this ;roduces in the cluster results in subsequent
elimination of one of the original vertices, generating the final

product. Elimination of one of.the original vertices rather than the

attacking species probably occurs because the homonuclear bonds are

weaker than the heteronuclear ones. This proposed addition—elimination
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méchanism is‘réhiniscent of VahrenEamp}s earlier mixed metal clﬁster
§yntheses_.187 These épparently inﬁolieq attack upon an open face

éf the metal polyhedron Syla pengant.metal centre liﬁkéd né'the_
"leaving group" via a dimetb&larsino bridge, és shown below.

-~ ’ ~
- ‘ . . -

»

S //\\\ ,,"‘*~‘2~\; ™
. . \,co(cc», MEOACP L ,/Co{c% .
/ “m‘c"(ccéma : cpeco:, ‘;cacma
M=Cr, Mo, W o - fcor3Consmes],

R=H,Me, Ph

In the case of the substituting fragments, CpNi or CpMo(CO)
are isoloba; with Co(CO)3 and with CH and' bear three electrons in
their frontier brbit;lé. ‘This contrgs;s the Fe(C0)3‘moiety.which
furnishes only two electrons to the total involved in skeletal. bonding.
—
Therefore, addition of an Fe(CO)3 fragment would not populate any
antibonding orbitals. By invoking the analogy between boranes and

metal clusters, it could be said that addition of a vertex with an

rd -

e
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extra pair of electrons brings about the change from a tetrahedron

(nido-trigonal bipyramid) to .he 14 electron square-based pyramid

(nido-octahedron). The generality of this-reaction is shown by the

addition of Fe(CO)j'to either %i or 25 giv;ng %é and 22; qespectively.

Perhaps the addition of Fe(CO)3 to 31 initally results in a square

-pyramidal intermediate which then loses a carbonyi to generate %%,

- Since NMR evidence indicated that both %& and %é possessed Cs SymmertIv,

it could bé\assumed that’such is also the case for the proposed square
. , ) ‘ -

pyvramidal intermediate. “This would require the carboﬁyl bridging the’

two cobalts effectively to bridge the open face of the square pyramidal

- I . . .
cluster, Such an arrangement fecr a carbonyl ligand is not known and

—
—n

this factor may facilitate loss of the carbonyl leading to %%, ) 4
"

A nuaber of factors still need to be understood in these

Fh

reaction&c‘_ii}.o them have involved replacement of Co(CO)3 vertices.

As reactions have not been attempted with other homometallic alkyl{dyne

systems, it remains to be seen whether other good "leaving groups" can

be found. It is also interesting to note thac replacement of two

cobalt vertices bv CpNi (albeit in low yield)occurred:ghen the CpMo(CO),
'

- [y
unit was present. However, attempts te svnthesize (CpNi)7Co(CO)3CR

from the parent tricobalt cluster failed,

4.5 The Isolobal Nature of CpRh and Fe(CO)3 Fragments

The addition of én Fe(CO)3 moiét?‘zia the reaction of Fe?_(CO)9
with various te:rahedr;l clusters provided a logical and simple route
Lo clgst%rs of increased nuclearity. Eowever, it was not known i this

reaction was unique o Fe(CO)3 or, whether it could be extended to

include other metal fragments containing two electromns in their frontier

b ————
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*  orbitals., In Section 1.4, it had been noted that the'fragments BH,
Fe(CO)3 an& CpCo were all_isolobal. This analoéy has been succeséfully
exploited by many workers in .the synthesis of metalloboranes. Thus,
Group Ii metal cyclopentadienyl fragments might behave in a4 similar
manner to the Fe(CO)B-fragment. The cyclopénﬁadienyl metal units have
the advantage of providing another probe by which to study the
reaction course. Namely, lH and 1-3C NMR of the cyclopentadienyl
ligand bound to the metal. However, the use of CpCo units is not
pérticularily advantageous. First, as the stérting point.of the cluster
syntheses 1s a tricobalt cluster, addition of another cobalt moiety
does not really.change the identity .of the cluster greatly. Seéond, as

 was described eariler in this chapter many of the synthesized tetra-

hedral clusters already possess CpCo meieties. The fragment chosen to

initially probe the generality of the Fe(CO)3 behaviour was C

5
generated from CSMeSRh(CO)7.188 Rh allowed for incerperation of 2

Me_Rh,
5

metal not found in the tetrahedral precursors, and also provided a

metal atom vertex with a2 spin quantum number I = 4. This enhanced
. Y

the possibility of inferring changes in molecular geometry through

the use of multinuclear NMR. A substituted cyclopentadienvl group

-

was employed so as not to further complicate the cyclopentadienvl
. Rl

regions in the lH and 13C NMR spectra; furthermore, the bulky cyclo-

pentadienyl units would increase the solubility of the resultant
products.

The first reaction attempted was that of A% with CSHesRh(CO)v'

It was carried out in cyclohexane so as to prevent the possible’

coordination of solvent molecules to the Rh_centre. The 1H NMR
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spectrum of the major product 36 exhibitéd singlets at §4.80 and~4d.83
A-respectively, in addition to the resonances attributed to the ester

isopropyl group. The singlets were assigned to NiCp and'RhCSMes.units

.respectively and integration showed them to be in the ratioc of 1:3.

Also, both the cyclopentadienyl and isopropyl methyl resonances were .

found to be in different positioms compafed to in %&, the former had

ar

. - :
moved upfield while the latter had shifted downfield. From the infrared

-

spectrum it was fodnd-that'gé exﬁibited a band at 1?95'cm~1, possib}y
due to a bfidging carbonyl. 130 NMR studies on %Q surprisingly did not g
change in the same manner as did;the proton spectrum. The extremely :
low vields of %é and .its subsequént_decoﬁposé?ion &uring the NMR studies
prevented a2 mass spectroscopic investigation om it.

Perhaps the most interesting-product obrained was“gz, from the

13

reaction of 28 with C MesRh(CO)q. The 1H and ~°C NMRrspec:ra\both gave

5
two resonances in both the cveclopentadienvl and pgntamethylcy;lope&la—"
dienyl regioms. In the IH NMR they were found at 5.28, 5.15, 1.82 énd
1.81 respectively and do not correspond to values attributed to the.
starting materials. Integration of the peak areas showed them to be
in a 1:3 ratio. As with %é, a band in the semi-bridging carbonyl regiOn
was observed iﬁ the IR spectrum of %z. The pairs of resonances observed
could possibly be due to two isomeric forms of the square pvramidal

geometry, in which the positieons of the CSHe Rh and CpMo(CO)., units are ~

5

interchanged. Attempts to observe coalescene between either the

.cyclopentadienyl or pentamethylcyclopentadienyl signals failed and resulted

only in decomposition of the product.

<



) - - ' 107

The most conclusive evidence for the addition of a CSMeSRh

fragment, came from the product éﬁ, of the reaction of %2 with
CSMeSRh(CO)2° In the lH_NMR spectrum the correct integral ratioc-of
- 2:5 was observed for the ﬁethyl versus pentamethylcyclopentadienyl

protons. Also a semi-bridging carbonyl band was fourd in the infrared

- L

spectrum of %Q. More importantly, mass spectroscopic investigationm
gave a peak at 766 corresponding to the parent ion for %é.
The reactions carried out with ngeSRh(CO)o were all plagued

with extremely poor yields. This was probablv caused by the reaction

.

conditions, in which prolonged thermolysis was required to generate

the reactive CSHeSRh unit by loss of two carbonvl ligands from

CSMeSRh(CO)q. It was clear in order to lncorporate c¢yclopentadienyl
Rh units into tetrahedral clusters, a much more reactive Rh precursor

was needed,

- 9
The compound chosen was (C9H7)Rh(c2ﬁk)2’ 32, 185 whose structure

is shown below.  (Indenyl)rhodium units had been successfully incorpor-

ated into tetrahedral clusters by Stone and his co-workers in reactions
. 147 N . e
with netal carbynes. In contrast to CSAeSRh(CO)q in which
displacement of both carbonyls was difficulc, it had been shown that the
ethvlienes in %2 were extremely labile, even at room temperature. 3Basolo
had found that the related dicarbonvl complex of %g underwent phosphine
I : B : o .

substitution 10 times faster than the corresponding cvclopentadiényl

. . 0] X . . - . \ .
derivatives. The mechanism proposed to account for this observation
was an assoclative one, with the driving force of the reaction being

. - 3 . . . . - .
slippage of n” ring to =~ with accompanylng rearomatization of the six

membered ring.
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The reactions of 23 and 28 were repeated with (C9H7)Rh(C2H&)2.
The reaction conditions emploved were much mildér than those emﬁ;oyed
for CSMeSRh(CO)z. In these studies, the two reactants were simply stirred
at room t;mperature in hexane for a period of a week. From the NMR
spectra of the resultant products 40 and 41, tﬁe signals due to the
ethylene ligands had disappeared. In addition,-both the protdn_and
carbon resonances associated with ;he five membered ring of the indenyl
ggoup had moved with respect to the starting material %2. A shift to
lower field was seen for the cyclopentadienyl protons in é%, compared to
where they were previously found in %g. In contrast to the infrared

spectrum of the products resulting from the reaction with C MesRh(CO)q,

S
neither 0 or é% exhibited bonds due to semi-bridging carbonyls. Mass

spectroscopic results on both 40 and 31 dié not vield parent iouns for
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the compounds. This was n;t surprising for even in %§ which showed a
parent; the firsﬁ fragment loss corresponded to'the CSMesRh unig.

In an attempt to obtain_crystals suitable for X—?ay diffraction
purposes, é%, the pentamethylcyclo?ehtadienylated derivative of %§ was -’
treated with (CQHY)Rh(CZH&)z' The product obtained, %%, exhibized NMR
and IR spectra siﬁilér to those seen for QQ and 41. Furthermore, just
as with those products it was not possible to obrain crystéls for X-ray
diffraction.

The result; of this section are summarized iﬁ Figure 25. Most
of the-spectrosééﬁic evidence points to the final products being
cyclopentadienyl rhodium adducts of the tetrahedral precursors. The
‘structures of the products présented in Figure 25 are those predicted
by PSEP. 1In all the structures, the eighteen electron rule is satisfied

by all the metals but as was seen from some of the NMR dé;a, the

possibility of other isomers does exist. In conclusion, the success of
incorporating Fe(CO)3 units into tetrahedral clusters has been extended
to include other fragments bearing two electrons in their fromtier

s\

orbitals, namely CSMeSRh and C9H7Rh; however, yields are rather low.
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CHAPTER V : . .

INVESTIGATIONS OF TRIMETALLIC ACYLIUM CATION CLUSTERS

5.1 Introduction
One of the most fascinating heterogeneous transition metal
; . . 181 .
catalyzed processes is the Fischer-Tropsch-reaction. It involves
production of liquid hydrocarbons by hydrogenation of CO. Surface
carbon, presumed to result from dissociative adsorptzion of co, is
-thought to play an important role in overall Fischer-Tropsch syntheses.
Towards this end, carbides or carbide derivatives are believed to be
. . . . 192 _.
key intermediates in the catalvtic cycle. The butterfly clusters
discussed in -Chapter IV have been considered models for these inter—
mediates in homogeneous catalysis. ALl of the homometallic Fe&

cluscters with the exception of Fe,(C0)..CCO.Me involved C ligands.
4 12 2

1
. . . 42
Vinylidene butterfly clusters, such as HCleRuB(CO)g(u -n"=C=CR,),
are thought to represent a potential model in Fischer-Tropseh for
. 193
chain growth steps.
Perhaps the most interesting model clusters are those which
iavolve a carbonyl bonded to a carbon atom which is part of the
cluster skeleton. It is this type of ketenediyl cluster which was
thought to be an intermediate in the synthesis of Fe&(CO)l,CCOOMe
2- 177 A : :
from Fe6(C0)16C . However, attempts to isolate the presumed
intermediate were unsuccessful. The first synthesis of a cluster

- . . -, 154
of this type was reported in 1972.

111
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It was reported that treatment of a concentrated H2$6;
solution of the cluster Co3(CO)§CC02H with various alcohols led to
formatioq of the respective ester derivatives. The reaction was
believed to proceed via the intermedéacy of the acylium cation,
C03(CO)9CCO+. In the same work, the isolation of the acylium cation
as a salt was demonstrated. This occurred from trga%ment of a prb—
pionic anhydride solution of the acid or ester derivative of the

cluster with EFF

6?
HPF e
Co4(C0)4CCO,R ————p Co,(C0)4CCO™PF
= (ECO),0

The existence of the acylium cation was attributed to the intervention
of the AAcl ester hvdrolysis mechanism, well knB?n for stericglly
hindered esters of acids. The steric hindrance in the cluster resulted
fron six of thenine carbonyls bonded to cobalt being diéplaced upwards
towards the apical carbon and its substituent. This prevents proton-
ation at the carbonyl oxygen and results in protonation at the alkoxy
oxygen thereby generating the acvlium cation. The presence of the

acylium cation salt was confirmed by its reaction with various alcohols,

. . . .. . . . 185
amines and thiols giving the appropriate esters, amides and thiocesters.

A continuing study from the same laboratory showed the acylium

. . . . 196,197
cation could be prepared in an alternative manner;

CE,C1

Coy(CO)4CCL + 3A1CL, —2—3p C03(C0)9CCO+A1C1&-

3

Similar results were reported for H RuB(CO)QCX, X =Cl, Br and H.0s_-

3773
198
30

3

(CO)9CBr when they were treated with three equivalents of ALCl Just
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. as for the PF6 salt, the addition of various nucleophiles gave the
'expected carboxylic acid derivatives.
The first'neﬁtral ketenylidene cluster synthesized was *
HZOSBCCO)QCCO. It resulted from the thermal rearrangement of

199

H053(CO)IOCH. Employing similar methods, the Ru'analogue has also

200

been prébafed. The first anionic ketenylidene cluster obtained

was Fe3(co)9cc02‘. 160

It was derived from acylation of a bridgiﬁg
CO in FeB(CO)llz_, followed.by reductive cleavage. Protonation of the
iron ketenylidene cluster did not give the neutral analogue observed
for Ru and Os but vielded a méth&lidyne cluster, EFe,(CO), CH.

This chapter reports a dynamic NMR study on the Co3(CO)9CCO+
cluster, giviné support for a bent configuration‘of the ketenvlidene
Iigand; In addition, a new route to the [C03(CO)9C]2 cluster and the

synthesis ofd{the first mixed metal acylium cation are discussed.

Finally, some proposals for future research are outlined.

. . +
5.2 Dynamic NMR Studies of C03(C0)9CCO
Despite the great deal of chemistry carried out on tricobalc
acylivm cation, the actual structure of this complex is unknown.

. . +
Figure 26 illustrates the two structures proposed for the COBCCO)QCCO

. t
complex. In the first, the ketenylidene ligand is bonded in an upright

- /
manner relative to the metal triangle while in the other it adopts a
tilted configuration.
Many of the other known ketenylidene clusters have had their

structures determined. H2053(C0)9CC0 was shownt to have an upright

e .
configuration.zol The anionic ketenylidene clusters FeB(CO)gcCO"

-

and CoFeO(CO)QCCOT have both been found to assume a tilted
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configuration'.lﬁo'zo2 The CCO tilt angles relative to a plane vertical

to the plane of the metal triangle were found to be 33° and 24°
respectively. If the replacement of Fe(CO)3 units from the parent
Fej(CO)QCCOZ“'cluster is extended, one would expect the tilt angle
would dgc?ease as one went to CozFe(CO)QCCO and Co3(CO)9CCO+ .
respectively, .
In contrast with the structural information establishing an
upright configuration for the CCO ligand in HZOSB(CO)QCCO, axperimental
evidence on the isoelectronic complexes H OsB(CO)g(C=CH2),203

T2
+ 205 . .
points teo a tilted con-

+ 204
H,0s, (CC =CH - =CH
30s45(C0) 4 (C CH,) and Co,(C0)4(C C‘R)
figuration in these cases.
. . - + . .
A molecular orbital analysis on CoS(CO)QCCH7 had predicted the
- . . . 108 . s '
preferred conformation to be a rilted one. This was believed to be
due to iateractioF between a vacant orbital on the methvlene carbon and
a filled meral orbital, a situation only possible for the tilted

configuration, The CCO ligand with its p-v orbicals in e pairs was

thought to have no incentive to point away from a perpendicular

conformation.

In order to determine apreferred conformation for the CCO ligand
. + .13 3
in COB(CO)QCCO » @ dynamic ~“C NMR study of the molecule was carried out.

¢ was hoped any asvmmetry in the molecule could be observed by monitoring
the resonances attributed to the carbonyl ligands bonded to the cobalt
atoms. The experiment first involved svnthesis of the COB(CO)QCCI
. . . 13 . . L.

cluster and its subsequent enrichment with ~“CO, in order to aid in the
acquistion of spectra. The acvlium cation was then generated by
addition of 3 equivalents of _AlCl3 and filtered under N, into an NMR

—
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tube. In order to prevent the possibility of the dcylium cation being

hydrolyzed to the acid, the tube was sealed in vacuo. Generation of

the cation employing this method rather than the one involving H.PF6 .

and a2 tricobalt ester’ derivative was chosen as it ensured that the CO

bonded to the apical carbon would be ‘enriched.

- From the room temperature 13C NMR spectrum the signal -

corresponding to the carbonyl ligands was found to occur at 191.2 ppm,

-+
2

system.206 The' resonance attributed to the CO of the ketenylidene

similar to that observed for the same ligands in the cdj(cd)gccﬁ
l%gand.whikh héd never been ﬁreviously reported was found at 163i2 PPm.

A comparison“of the 3¢ chemical shifts of the C03(C0)9C00+_c1uster

with shifts in other ketenylideme clusters is found in Table 9.

A:tempts.to observe a signal for the quaterndry carbon in theheqriched
sample of Co3(C0)9CCO+ proved unsuccessful. This failure could have .

been due to two factors. Firstc, the qugterﬁary carbon ig bonded to

three quadrupolar cobalt atoms (I = 7/25, this would serve to broaden

the signal associated with it. Secondly, with the apical €O being enriched
to approximately 33%, the quaternary carbon would display 13C satellites
from coupling to the CO-1igand. This would have re5ulﬁed in the signal

of the quaternar? carbon bei%g only two-thirds as intense as it would -

be if an unenrichéd sample.had been emploved. _Subsequently, an overnight

run on an unenriched sample gave 2 broad resonance at 108.% ppr for the

gquaternary. carbon.

s
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'

Table 10- Comparison of 13C Shifts in Ketenylidene(CI;Steré
' /
’ 13 7
Compound Temp. C NMR(ppm) Ref.
. : . '
Cos(COIgCCO™ T25°¢®  191.2(9€0);168.2(CC0)3108.4(CCO) this work
-110°¢*  197.8(3C0);188.4(6C0) - :
H,05,(C0) 4CCO 25°¢> 175.6(3C0) ;165.8(6C0);160.3(CCOY; 199
| 8.6(CCO)
- 60°C* 179.6(2co);153.6(2co);169.9(1co);r
_ 168.0(2C0);158.3(2C0) _
CoFe,(CO)CCOT ~ = 80°C?  213.5(9€0)3172.5(CC0);82.8(CCO) 202
Fe3(CP)9C002; . - 40°c© 222.3(9C0) ;182.2(CC0);90.1(CCO) 160

3. @,Cly, b. CDCly, c. CDCN

2

. The signallobServed at room temperature for the metal carbonyls

was a rather broad one. It was considerably broader than that observed

for the carbonylExiq Co3(C0)9CCi. This indicated that this was due to
more than bonding'to the quadrupolar cobalt atoms. It suggested some tvpe

of exchange process may have been occurring.+ Upon cooling a sample of

thé c_o3(co)9cco+ to -110°C, cthe 125MHz -°

C NMR spectfum revealed the
signal assﬁciated with the metal carbonyls had split into two resonances
at 197.8 ppm and 188.%4 ppm in a ratio of 3:6. As seen in Figuma é?, the
signal due to the ketenylidene CO remainéd sharp at low temperatures.
Attempls to observe exchange at high tempéra:ure between thg ketenylidene

€O and the metal carbonyls was precluded due to the low boiling point of

CH2C12.
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-

temp. 168°K

temp. 188°K

temp. 198°K

temp. 213°K

Figure 27:
. . . 13
Experimental 125 MHz Variable-Temperature C NMR Spectra of

+
COBCCO)QCCO

1
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There are two possible explanations for the splitting of the

. . .'\ + ° . N
metal cagbonyl resonance of Co3(CO)QCC0 at low temperature. The first
is that ®¥xchange between the axial and equatorial carbonyls has. been

stdppéﬁ on the NMR time séale. This has never been previocusly observed”
13 '

-

C MR spectrum of Co,(C0)4CCO,CiMe, at -90°C

. . . _ . & . '
on a 400 MHz spectrometer, the carbonyl resonarice was found te be a sharp -

- v
-

-

singlec. 7 »
Alternatively, 1t ‘could be gnvisaged that if the ground state
- . . + - . - . _ ]
conformation of Co3(C0)9CCO was bent, this wouldlead to the obsenvation of
two different signals for the metal carbonyls at low temperature. At

higher temperatures, the upright geometry could be thought to represent

the excited state of the complex as demonstrated by the carbonyls

-

appearing as 2 single peak. In contrasc to HOOSB(CO)QCCO, where two

different Os environments result from positioning of the hvdrides, two
‘e - . + .. . .
differenttvpes of Co atoms in CoB(CO)QCCO are only possible with a bent

arrangement of the CCO ligand. Unfortunately, furcher splitting of the

carbonyl resonances into a 2:2:2:2:1 ratie was not observed. This

v
.

pattern would have provided unequivocal evidence for the tilred

- -+ . , o -
structure of COB(CO)QCCG . The resonance for the quaternary carbon is

found in the same area as that found for the bent anionic ketenvlidene
clusters. This too, lends support for the acylium cation adopting a

tilted arrangement of the CCO ligand.
M o

5.3 A XNovel Route to [C03(CO)9C]7.
. -
Early studies on the tricobalt svstems had shown that when the

apical substituent was a halogen, the carbon-halogen bond was very

. L . e sk 154,165
susceptible to aucleophilic attack and heterolviic fission.

’E

i



from the reaction were identified as [Co3(CO)9b]2 aqd'[coB(CO)QC]qCO.

3 . . . o0 7 - 120

Complexes with direct carbon—carbon llnkages were the products of these

transformatrons Ihe first report of this chemistry lnvorved the
- ~
refluxing of the C03(CO)9CBr cluster in toluene. Products obtained -

207

When methanol was employed as a solvent, the reaction yielded the ester

L 2 :
derlvatlve Co (CO) C002CH3 08. It was later shown that the reaction of

Ph,As with Co3(CO)9CC1 gave only small .amounts of PhiAs substituted

209

productl;tﬁe major product being [Co3(CO)§C]2. When Ph3ﬁs is repleced
with Ph3Sb,lthe latter being a poorer Lewils base than the former, the
onl& product obtained in high yield is’ the dimeric product.210

| In an attempt to prepare an NMR sample af Co (CO) CCO PF6 , @
small scale reaction of Co (Co) gCCO,CHMe,, and HPF, was carried out. No

6

immediate precipitation of the black acylium salt was observed. In
the hope of precipitatrcg the cationlout of solution, anhvdrous Et20
was added to the reaction mixture. This resulted in a small amount of
black crystals dropping out of solution. In the expectation they were
the acylium cation, an X-ray structure of the product was obtained.
This revealed the product not to be an acylium cation but that of the
neutral dimer, [Co3(CO)9C]2, the ORTEP of which is seen in Figure.28.
The'structure of the compound had been previously determined bv Penfold
and co-workers.211 The values obtained from this etudy agreed wich
those presented by thelprevious authors. -

As outlined earlier, the dimer had,been svnthesized before.
However, the reaction conditions epplofed in its synthesis were much

more vigorous than the ones presented above. The mechanism of formation’

in these other routes was believed to involve free radical species. In-
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Figure 28:

2

ORTEP Diagram of [CO3(C0)QC]
1.
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- v

contrast, the use of aqueous HPF6 in propionic,anhy&ride is not’
.suggestive of free radical formation. A possible mechanism for for-
mation of the dimer is proposed in Figure 29. It is believed to
proceéd iniéially via formation of the acid derivative of the étarting
cluster. This could reéﬁlt'from the presgncé of tracé'quantities of

water not descroyed by. the propionic achydride. The acid derivative

could then act as a nucleophile, attacking any additicnal acylium

.

cation which had been formed. This results in formation of an anhydride
derivative of two cluster molecules, which is then thought to undergo
decarbonylation followed by decarboxylation. The last sequence is

\

believed to proceed in that order because other studies had shown the

] . . . 207

Ketone bridged dimer to be more stable than the carbon dimer.
The same dimeric products were previously observed to result

from the attempted. alkylations of co3(co)s,c:co'“er-_6 with alkyl-lithium
195 |

or magnesium Grignard reagents. Their formation was aétribuced to
complex electron transfer processes. However, trace quantities of
moisture which are difficult to Temove in reagents of this type, could
have led to formation of dimeric products in the same manner as
proposed above. In additipn, it was reported that treatment of primary
amides with the'acyligm cation, led to a product believed to be the
torr;sponding imide. The product was observed to dec;mpose.ac'D°C‘

95

. ) 1 .. - .. .
even under an inert atmosphere. The instability of the imide is.
reminiscent of that proposed for the anhydride derivative in Figure 29.
Attempts to synthesize an anhydride derivative ‘of the cobalt cluster bv

treatment of the acylium cation with the salt of an acid vielded no

isolable products.

=
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5.4 Synthesis and Characterization of a Mixed Metal Acylium Cation

The only report of a mixed metal cluster containing a keteﬁylidene
. . - 202 .
11nkage is Fe2Co(C0)9CC0 . No neutral or cationic mixed species are
Aknown; ‘The mixed systems might provide both different Stébility and
reactiyity from that observed for the homometallic systems. The tilt
angle of the CCO ligand in the CoFe, system is smaller than that for the
Fe3 system. Also the mixed system was described as being significantly
less reactive than the Fe3 cluster. The telatively facile synthesis
of the mixed metal clusters discussed in Chapter 4 suggested that the
lisolétion of a mixed metal acylium cation might be possibieJ
The cluster system chosen for initial study was CpﬁoCoz(COSSCCOZCHHez.
From previous work on this complex it seemed to be the best behaved of
the glusters described in the preceeding chapter. The method of synthesis
was similar to that employved in the preparation of the tricobalt acylium
cation. Upon dissolving the cluster in propionic anhvdride, a dark
green solutién was obtained, addition of H?F6 resulted in a color change
from dark green to brown. A brown-black microcrystalline solid-dropped

out of solution, complete precipitation was ensured through addition of

Et O to the brown solution. Just as for the cobalt, system, the solid

.
s

cation in the form of a PF6- salt was found to be insoluble and

unaffected by ethers and saturated hydrocarbons. 1In contrast to \\\

-+ - . . . e e +
Co3(CO)9CCO PF6 , which is seluble only in Cn3N02, CpMoCoz(CO)SCCO PF6

was found to be sparingly soluble in CH,Cl, and soluble in both CH3CN‘

and acetone. A solution infrared spectrum of the MoCo, cation in CH,Cl,

gave bands at 2090(m), 2080(m), 2035(s), 2010(s) and 1680(w), em °, the

2

bands being shifted 10 - 15 Cm—l higher than the neutral cluster.
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. In order to confifm che‘presence of the mixed metal catiom, a
CH2C12 slurry of CpMoCoz(CO)BCC0+PF6- was treated with various
nucleophiles. Treatment with methanol ;gsultedhin.the immediate
appearance of a dark green homogeneous solution, the product of the
reaction being the expected methyl ester derivative. Reacrion of the
MoCo2 cation with diethylamine once again occurred instantaneously.
Howevér, the resulting amide proved to be extremely unstable,

Attempts to purify the compound by column chromatography under a N2
atwosphere proved impossible. The compound was stable if the solvent
was removeé immediately after completion of the reaction and the
resulting solid was stored under an inert atmosphere. As with the cobalt
system,l;he reaétion of the mixed metal cation with N,N-dimethylaniline
.gave a Friedel-CraQEs product., From the lH NMR spectrum, acvlation was
found to occur only at the para position. The reaction with thiophenol
did not occur inscantaﬁeously as was reported for the cobalt cation.
After three days of stirring, the corresponding thicester was obtained.
The slow re;ctivity in this case compared to that of Co3(CO)9CCO+ may
have possibly been due to steric problems posed by the cvclopentadienyl
ring bonged to Mo.

If the structure of Cpl"{oCoz(Cp)SccochMe2 is similar to that
when the apical group is C6H5,187 the cyblopentadigpyl ring would be
located below the plane containing the triangle of metals. Thi; would
mean the two carbonyl ligands bound to Mo would be disposed towards
the apical carbon. Therefore, just as is the casé with CoS(CO)chozR,

a sterically hindered environment for the ester group is provided.

Should the cyclopentadienvl group be located abeve the plane containing
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the three metal atoms; the steric hindrance would be even more
pronounced. In addition to the steric effects of the cyclopentadienyl
gropp, it is also most likely responsible for the increased solubility

of the CpMoCoz(CO)SCC0+PE6 complex in comparison to the cobalt complex.

5.5 Proposals for Future Work
Despite the great activity in.the field of metal clusters, many

areas remain unexplored. Much insight has been gained in both logical

*

synthetic routes to clusters and their structure from work of the past .
ten years. However, the subjects of reaction mechanism in the synthesis
of many clusters and reactivity of metal clusters offer opportunities
in supplying a gre;ter understanding of clusters. Outlined below are
a few suggestions for further study in areas involving the work
described previoﬁsly.

. The wmechanism of formation of Co3(CO)9CR clusters fréﬁ the
reaction of Coz(CO)8 and RCCl3 has-fef to be elucidated. 1In Chap;er 4,
it was suggested that this might occur via cobalt carbyne formation.

In order to test this hypothesis, a_bulky R groﬁp such as adamantyi on
the trichlorocompound should be utilized. This may prevent the
presumed addition of the COZ(CO)G unit and allow for isolati;n of the
proposed reactive cérbyne unit. The reaction of (RCECH)C02(CO)é
complexes with dilute aqueous methanolie stoa was the first route to
clusters of the Eype RCH2CCO3(C0)9.162 Wich the ava?lability of many
other homo- and hetefo- dimetallic alkyme cluster;,‘a similar reaction

with these complexes has the possibility of providing a new route to

mixed metal alkylidvne clusters.

.
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. +

Without a crystal structure of the Co3(CO)9CCO complex, the
controversy as to whether the CCO moiety is bent or upright will
continue. The dynamic NMR studies preSented earlier in this chapter
lent some credence for the bent configuration. Further evidence could
. + -
be obtained if the (dppe)CoBCCO)vCCO complex could be generated. In
principle, for the bent configuration; the phosphorus atoms being
better donors than, the carbordyls, ome would expect that one of them

i

would be bonded to the cobalt bearing the positive charge. Therefore,
L . L 31, .
if two phosphorus resonances are observed in the ? NMR spectrum,
the CCD moiety would have to be bent not upright. Eariier, iz was
mentioned that the action of HPF, on Co3(CO)§CC07CHMe7 led te formation of
the dimer, [CoB(CO)gC]O. This reaction was believed to proceed via
a2 dicluster anhydride intérmediate. Anhvdride derivatives of tricobalt
clusters are not known. A possible route to them could involve the
reaction of the acylium éation with a solid acid.. If, instead of -
anhydride derivatives, alkyl or aryl substituted compounds are obtained,
this observation would support the propesed mechanism of formation of
the dimer. In addition to regular organic acids, this reaccion could

’ -
be carried ou: with Co3(CO)QCCO?H in orders to see if the dimer is

. -
1

obtained. :
]

The solubilicy of the MoCo, cation might allew for crvstals to be
grown which are suitable for X-ray diffraction purposes, in order to
determine the orientation of the CCO ligand relative to the metal
triangle. In addition, dynamic NMR studies similar to those described

for the cobalt system might vield informaticn regarding the structure

of the mixed cation. A comparison of the reactivity of the mixed cation

s
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against tbat of Co3(C0)9CCO+ would be beneficial as it would give-a
measure of the electrophilic character of each. Finall&, attempts
cbul@ be made to generate cations from other clusﬁers in which thé
existing cobalg vertices have been replaced or ﬁ;dified. The method
of geﬁeration,for the ester derivatives could pe-extendedvﬁo include
HBE,, CF3C0, 3 3
PFS’ SbCls).

CF,CO_H, FSO_H and R O+R_ (where R = alkyl groups, X = BF&,



CHAPTER VI

EXPERIMENTAL
6.1 General Spectroscopic Techniques =~ = -

1 . 13

H and “C NMR spectra were recordéd us{ng Bruker WM500,

- WM400, WM250 and WPB0 spectrometers. Chemical shifts are referenced
to tetramethylsilane. Infrared spectra were recorded on a Perkin-
Elmer 283 Instrument using KBr solution cells. Mass spectrométry was

perfiormed on a VG micromass 7070F spectrometer gquipped with a VG 2035

data system. . ' -

6.2 General Procedures
‘All reactions were performed under z dry nitrogen atmosphera

employing conventional benéhtop and glovebag techniques. Solvents were

212

- .

dried according to standard procedures before use. Silica gel (60-200

mesh , Baker Analyzed) was émployved for column chromatographv. Isopropvl

phenylpropiolate and isopropyl trichloroacetate were prepared by the

213 R :
The folTowing compounds were prepared by

: _ 185 . 189 . 214
literature methods: CSMeSRh(CO)2 , C h7Rh(C2Ha)2 R [Csdes.‘io(CO)3]2 ,

e
215 19

method described in Vogel.

€0,(C0),CC1""> and Co.(cO) ccotaict, ~. %7
3 = 3 9 ST

6.3 Experimental Procedures of Chapter 2

Preparation of (CSHSJZNiz(PhC2C02CHMe2), 13

Cp,NL1 (1 g, 5.3 mmoles) and ?hC,CO0, ChMe, (0.5300 g, 2.7 rmoles)
were heated in toluene. (30 cm3) at 105°C for 10 h. under an

atmosphere of nitrogen. After removal of solvent, the products were

129
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‘separated by t%in layer chromatograéhy on silica gel using as eluent
a 9:1 hixture.of petrbéleum ethér/eﬁher. VTHe_product wés a green oil
showing Voo at 1712 co * in heptane solution. Ly om (cocl,),
57.19-7.62(m,sn,ph),.s.zscs,sn,cP),'s.lscseptet,ln,cgnezy,

© 1.25(d,6H,Me's, J = 6.2 Hz).

Preparation of (CSHS)zNiMo(CO)z(PhCZCOZCHMe )

2)» %

Cp,Ni(l g, 5.3 mmol), Cp,Mo,(CO), (1.3 g, 2.7 omol) and
PhCZCO.)CHMe2 (1 2, 5 3 mmol) were heated at 105°C in 35 cms‘toluene_

27

a red-brown crvstalllne solld m.p. 90-91 °C, m/z = 529.99-_,‘calc.

for 7 h. under XN, T.i.c. as before afforded 1.19 g (&40%) of 14 as

1529:99254, [1... (hepcane), v, 2030(w), 1978(sh), 1968(vs), 1930(s),
. ‘ _ ‘ .
1 1902(m), 1875(s) and 1682(m) cm &; 'H MR (CDC1,); §7.25-7.54(a, 5K, Ph),

5.24(s,5H,Cp), 5.14(s,5H,Cp), 1.35(d,6H,CH3, J = 6.4 Hz)] together

with Ni,Cp,(CO),, NiZsz(PhCEFOECHMgZ) and unreacted Mo,Cp,(CO) -

Preparation of (CSHS)NiCo(CO)3(PhC2C02CHMe2), 15

-Co.)(CO)8 (1 g, 2.9 mmol), Cp,Ni (1l g, 5.3 mmol) and
PhC,CO,CHMe, (1 g, 5.3 mdol) were heated at 100°C in heptane under N,
for 6 h. and gave rise to the heterobimetallic-acetylene complex %é

[25% yield; oil, wm/z = 453.9756, calec m/z = 453.9761; IH MR (CD.Cl,),

-

§7.35-7.66 {m,5H,Ph),  5.31(s,5H,C sH ). 1.29(d,6H,CE., J = 6.6 Hz)]

3’
[I.R. {neat liquid), Veo 2055(s), 2000(vs), 1700(s) cm-l] as the main

product together with, inter alia, Ni

2 2

CpZ(CO)z, Coz(CO)ﬁ(Phczco CHMeZ),
Siszz(PhC2C02CHM¢2), separated on silica gel using petroleum

—

ether/ether (9:1).
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Preparation of (CSHS)NlFeCo(CO)6(PhCZC02CHMe2),-%z . A

FEETé;)g (0;920 g, 2.$ mmoi).ané'%é (1 8> 2.3 m@pl).ﬁere;heated

‘at 40°C in heptane fof 6 h. under an atmospﬁeée of;ni ogen: Aftef

removal of solvent, the product was chromatographed on Slllca gel and
';'eluted wlth petroleum.ether/efher (80/20) to glve 17 (85%) as a green

SOlld whlch 'was recrystalllsed from heptane/CHClB, NZ, m. P 120°c,

.showed H NMR {cdC1 ), 87. 14-7 26(m,SH Ph), 4.88(s, SH Cp)

1.02(d, J = 6.4 Hz, 3E, He) 0.90(d, J = 6.3 Hz, 3H, Me) IR (c&c1 )

Voo 2060(s), 2015(vs), 2000(s) , 1970(m), 1960(z), 1950(m) co s

=/z 593.9001; calcd. 593.896.

Preparation of %2 and %ﬁv . -

Fe,(C0)4 (0.920 g, 2.5 mmol) and 1 (1.2 g, 2.3 mmdl) were
heated at 40°C in heptane for 4 h. under an atmospherg of nitrogen.
Chromac?gfaphy on silic# gel énd elution with petroleum ethef/ether
(90/10) vielded 18-{70%) as 2 grev solid, m.p. 145°C, showing L NMR'
teoet,)," §7.17-7.24Ca, 5K, 7h), 4.85(n, 18,CRMe ), 5.14(s,54,Cp),
&.70(5,5H,Cp), 1.02(8, J = é.3 Hz, 3H, Me), O.QOFd, J = 6.3 Hz, 3H, Me);
I.R. (heptane), Veo 292$(vs), 1970(vs), 1876(w), 1830(3) cﬁhl;

w/z 585.929 (M-3C0); caled., 585.9274.

Similarly, Fez{CO)g and L%gav&%g, m.p; 125°¢C, m(i 573.9528,
caled. 573.9522 vco-at 1955(m) and 1915(s) cm_l; 1H NMR (CDC13)
5?i15—?.35(m,5H,Ph), 5.28(s,5H,Cp), 4.99(s,5H,Cp), 4.39(m,1H, anezj,
0.78(pseudo triplet, 6H,Me), %é; %Z and %ﬁ were all characterized by

X-ray crystallography. V]

33
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Structural Determinations of_%g, %1 and %ﬁ

The experimeﬁtaI data for the X-ray diffraction studies of %2’
%Z and %g are summarised inTables Al through A6, All the.crystalld~
-graphic data were obtainef on small single crystals at room temperature
sing Enraf-Nonjus. CAD 4 diffractometers equipped with a graphite -'
nochromator. The un&t cell diménﬁions were determined by least
squares refinement of the be§t¥aﬁgular positions for 25 independent
reflections. During the collection of intensity data, the intensities
of three standard reflections were monitored periodically; only
sﬁatistical fluctuations were noted in each case. Data were corrected
for Lorentz and polarisatfﬁn);ffects and anomalous scattering
.corrections were included in all structure factor calculations. Atomic
scattering factors wefé taken from ref. 216.

:he_three structures were solved by the heavy atom method and
refined by full-matrix least squares treatment. For %é and 18 the
hvdrogen atoms.were located at the end of the refinement. Their
.absicional parameters{were kept constant for %é but refined for %z.

All the non-hydrogen atoms were refined amisotropically except the 11
~peripheral atoms in %z and the 2i peripheral atoms in %Q. In each

case the residual electron density peaks after the last Fourier

o
) )
synthesis were less than 0.5 électrons/A” near the heavy atoms.

6.4 Experimental Procedures for Chapter &

Preparation of C03(C0)9CC02CHMe2, 23

)
Following the general procedure of Seyferth,'ls Co,,(CO)8 and

CCLBCO2 CH&;Q reacted to give %% in 407% vield. The crude product was
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recrystallized from petroleumether/ether. The 1H NMR (Cst),

spectrum showed a doublet at §1.34 (6H) and a septet at 65.27 (1H),

(JHH'= 6.3 Hz). The +3C NMR (CGDG)' spectrum showed peaks at §69.7

(CH) and 621.7 (CHB). The infrared spectrum (cyclohexaﬁe), exhibited

Voo 3T 2105(m), 2075(s); 2045(s), 2025(s), 1980(w) and 169Q(ester)

cem ~. Major mass spectral peaks occured at w/z (%): 500,

C13H Co3010 ,(2); 388, CgH C°306 ,(2) 360, C8F7Co305 ,(4)3;7 332,

C H.C030A »(2); 304, C6h7C0303 ,(}); 248, C&F7C030 »(2); 190,

'CHCo, ™, (1) 59, CoT, (100).

Reaction of C93(CO)9CC02CHME2 with szNi

(a) At room temnerature. To a solutlon containing 0.68 g (1.2¢

-mmol) of 23 in TEF (50 cm® } was added 0.55 g (2.91 mmol) of szNi,and .
the solution was st%rred at ropm temperature for one week. Progress

~of the rea;tiog was ‘monitored by t.l.c. (eluent, ether/pet. ether,
15:85; vellow spot CpZNi, Rf = O,Sé} greyish—éurple spot %%’ Rf = 0.80;
dark brown Spot 24, Rf = 0.65; black épot-gé, R = 0.50. The solvent
was removed in vacuo to vield a-dark brown solld which was chromato-
graphed on 5111ca gel with ether/pet. ether (15:85) to give deep brown
crvstals of 7 (0.63 g, 1.24 mmol; 96%).‘ The 1H NMR (C6D6), spectrum

" showed 2 doublet at ¢1.30(6H), a singlet at 64.99(3H) and a septet at

35.27(1H), (JHH = 6.1 Hz).. The 13C NMR (C6D6), spectrum showed peaks

]

'22.5(CH3), §68.0(CE) and 691.?(C5H5). The infrared spectrum

(cyclohexane), exhibited Voo 3% 2075(m), 2040(s), 2015(s), 2000(s) and

1675 (ester) cm_l. Major mass spectral peaks occurred at m/z (%) :

508/510, c16h1,00 \108 »(1); 4807482, C, Pvao \zo~ (7); 452/454,
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S e cn F opan ' IR
C1aliy o00pNi0g T (17D 4247426, €4, ,CoNi0T,€3); 396/398, o

N .+ . , o+
C1g¥;5C0NI0, 7, (45 368/370, C; ) ,Co,Ni0", (36); 340/342, Cy(H, Co,NiO,",

P ) " - . .

(28)5 312/314, Cghiy)CoNi0",(53); 254/256, CiCo Ni, (46)5 189/191,
cac°2Ni+;538); 138/190,.cc°2Ni+,(100); 173/17s, czcoNioz+,ggs); 123/125,
CSHSNL,(IOO)- | _

.. ' : ' - L1
In addition to %é, a trace amount of %é was recovered. The "H

MR (C6D6), showed a doublet at §1.41(6H), a singlet at §%4.82(10H)* and

3

a septet at §5.54(1H), (JHH = 6.4 Hz). The 1 C MR (cst), spectrum

showed peaks at 522.3(CH3), 368.5(CH) and 688.1(C5HS). The infrared

spectrum (cyclohexane)}, exhibited v ai 2080(m), 2045(s), 201b(s),

co
'”1975(w), 1810(s) and 1680(ester) cm-l.

(b) In refluxing THF. To a solution of 23.(1.48 gl-2.80 mmol)

in THF (50-;m3)-was added 1.90 g (10 mmol) of Cp,Ni. Eherresulting
solution was heated under reflux ovérnighx. frogress of the reaction
was monitored by t.l.c. and indicated Ehe formation of five products.
The solution was allowed to cool to room temperature, the solvent
removed in vacuo and tge residue chromatographed on silica gel. The
first two bands were eluted with pet. ether, the gext two with ether—
pet. ether (15:85) and the final band with ether. -Recrystallisation
" of the third band gave p;rple—black crystals of 26 (0.46 g.,:0.92
mzmol; 337%), and récrystgllisation of the fourth band gave dark brown
crystals (0.69 g., 1%39 mmol; 49%) of 27.

| The first, second and fifth bands were obtained only in minor
amounts and could not be identified. The first band gave a light
brown powder which gave no assignable ;g or 1H NMR peaks. The second

band yielded a yellow—brown powder showing IR absorptions at 1900, 1860
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and_lBSS_cm_l,'but no ester carbonyi. 1H NMR- gave -only a broad singlet

centred at &5. The final band to be eluted géve-a brown~black solid

exhibiting iRabsérptions at 1790, 1765 and 1680 cm-l. The lH_NMR

-'spectrumshawede fesonances at 64.8, &.9, 5.2 and 5.3 andwas certainly
a mixture of several compounds. Presumably these complexes and others

which could not be eluted from the column account for.che remainder of

" the nickel from the starting material.
The lH MR (C6D6), séectrum'of %é showed a brdad'singlga at
§-9.4(1H), a doublet at 51.41(6H), a singlet at 64.82(15H) and -

éepte; at §5.55(1H) (JFH = 6.2 Hz). "The 13C-NMR-(C6D6), spectrum

showed peaks at 522.7(cu31,_567;8(c3) apd’éSS.?(ésas); The infrated

spectrum (cyclohexane), exhibited v.. at 1820(m) and 1680(ester) cg_l.

co

Major mass spectral peaks at m/z (X): 500, C71H23C0303+,(4); 499,
0¥

‘ + . , +
Cy1Hp9C050,7,(8); 4’25 Cogila3Ces0y »(2)5 471,.C, 0, ,C000,7,(3);5 414,

C,.H, Co.00,(2); 413, C K c°3o+,(¢); 386, C,.E,.Co,T,(4); 385,

17717773 17716 16717773 7
-+

. £y + . ) + .
C16h16C°3 ,(14);7370, C11H13CO303 ,(8); 369, C11312C0303 ,{3); 305,

-+ . - . as + . -+
C6H8Co303 »(7); 304, C6H7C0303 ,(4); 246, CBHC0302 »(8); 19O,C10H11Co .

R + L .
(10); 189, C10h100° ,(100); 125, CSHGCO ,{3); 124, C HSCo ,(78); 66,

+ .
CoHg »(25)5 65, CH.T,(15); 59, co¥,(24).
The‘IH NMR (CGD6)’ spectrum of 27 Showed a doublet at §1.46(6H),
singlets at §4.89(10H) and 85.09(5H) and a septet at 35.55(1H)

(JHH = 6.2.Ez). The 13C R (Csbe); spéctrum showed peaks at 623.1(CH3),

668.2(CH), 586.7(C5H5§o) and 691.0(C5H5Ni).- The infrared spectrum

(cyclohexane), .&xhibited v.. at 1810(m) aund 1680(ester) cm_l. Majcf

co

mass spectral peaks océurred at m/z (%): 498/500, C21H79C07Ni03+,(25);'

s , o+ ot
470/472, €, H,,Co,Ni0,",(9); 412/414, C, 7 (Co,N10", (5); 384/386,
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Nl ,(41),,371/373 c Nl ,(8) 190,°C, JH Cot,(11);

16 16 15 15 10 ll

189, ClOHIOCO (100? 124 CSHSCO ,(10) 123/125 CSHSNL (4).

Preparation of CpMA(CO)zcoz(CO)GCCO,CHMeZ; 28

To a solucion containing %2 (1.23 g., 2.33 mmol)nin THF (50 cm3)
was added [CpMo(CO)Blo (0.59 g., 1.21 mmol). The reaction mixture was

heated under reflux to completion (%~ 10 h). The progress of the

reaction was monitored by t.l.c. (eluent, ether/pet. ethér, 15:85;
greyish-purple spot, 23, Rf = 0.80 énd dark greén spot, 28, Rf =-O.69).
The solution was allowed to cool to rood gemperature, the solvent
removed 1in vacuo and the résidué chromatographéd on éilica gel. Elution

first with pet. ether and then a mixture of ether/pet. ether, 10:90

.~

allowed separation of the two bands. Recrystallization of the dark,

green‘band from,éther)pet. ether gave black crystals of 28 (0.46 g.,

0.76 mmol; 33%): lE mm (CeDg) $1.31(d,6H), 4.75(s,5H) and 5.19

(septet,lH, J = 6;i Hz). lJC NMR (C6D6)’ 692.&(C5H5), 67.9(CH) and

22.1(CH;). IR (Cyclohexame) v_. at 2080(m), 2075(sh), 2050(s),

co
2030(s); 2000(s), 1945(w), 1900(w), 1670(ester) cm L. Major mass

spectral peaks occurred at m/z (%): 7576, C17H1909Co Ho+(l);

AR
C 1908c°2“° (2); 520, C15 1,)O_,(Io Ho (1); 492, Cl’H17O6CO o (2);

+
N 7Y% .
1381 ,05C0, Mot (2)} 436, C, 5y ,0,CoM0 (7); 408, C11F1703C0 Mo (2);

380, C10h1702C0 Mo (2); 322, C H60C0 Wo (1); 294, 6H Co ﬁo (3); 229,

+
M -
CHCo {o (2), 219, C HSOZHO (2); 180, C, HSOZCO (43); 152, C6 5

125, C.t 5Co (100). Molybdenum—containing ions exhibited the correct

464, C
0CoT(42) ;

. . . 98
1sotope abundance patterns but the onlv ones listed are for the " "Mo

contributors.



Reactions of 28 with Cp,Ni

To a solution of %ﬁ (0.60 g., 1.00 mmol) in THF (30 cm3) was

added Cp,Ni (0.80 g., 4.23 mmol). The reaction mixture was stirred

overnight at room temperature. The reaction was monitored by t.l.c.

_(elueht; ether/pet. ether, 10:90) and indicated the formation of a

’

major and 2 minor component. Removal of solvent left a brownish-
blatk solid which was chromatographed on éilica gel. éeparation was
effected using ether/pet. etﬁef/benzene, 5:75;26, to give the major
component (subsequently shown to be.a miﬁture of %2, QQ and %%) and'
the minor component which.could not be identified-due to extensive

decomposition. Spectroscopic data indicated that the major component

was a mixture of %2, QQ and 31 and this material was together treated

with FeO(CO)g.

Reaction of 23, 30 and 31 wich Fez(CO)9

To 2 solution coataining 0.20.g of cthe mixture of 23, 30 and
%% in goluene {10 cm35 was added Fez(CO)9 (0.22 g., 0.60 mmol). The
suspension was stirred at 50° for é hours; the progress of the
reacFibn was monitored by t.l.c. (eluent, ether/pet. eﬁher, 25:?5).and

indicated three products. The solution was allowed o cool to rocm

temperature, the solvent removed in vacuo and the residue was

-

chromatographed on silica gel. The first band was eluted wich ether/pet.
ether to give dark brown crystals of 29 (0.046 g., 0.08 mmol). IH MR

(C6D6), ¢1.29(d,3H), 1.33(d,3H), 4.99(s,5H), 5.17(s,54) and 5.25.

13 . )
N = 2B h = T - " w
(septet, 1H, J 6.2 Kz). C NMR (C6D6), 093.1(C5h5), 9_.O(C5u5),
67.9(CH) and 22.1(CH3). IR (cyclohexane), Voo 2t 2060(s), 2040(m),

-

T
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2005(s), 1990(sh), 1925(5) and 1665(ester) cm-l. Major mass spectral

e

19 14\; (Cy5Hy 10, CoMoNi (3);
.+ .+ .+

CoMONi™(3); 44é, C)gH, 10,COMONI™ (3); 386, C),H) OCoMONi' (5);

CoMoNi™(5); 228, CHCoMoNi'(5); 219,

peaks occurred at m/z (Z): 569, C,.H_ O CoMoNi+(l); 500, C

472, € R 0,
4 .
358, C11H11C0M0N1 (5); 293, C6H6

+ ot . + .
C7H502Mo (5); 189, ClOHIOCQ (50); 180, C7H502C0 (30); 163, C

+ + A+
1?2, c HSOCo (30); 124, CSHSCO (100); 123, CSHSNL (15).

The second band gave black crystals of %% (0.15 g., 0.22 mmol).

-+
SHSMO (5);

v mm tcﬁne), §1.42(d,6H), 4.80(s,10H), 5.04(s,5H) and 5.57(septet, lE,

13

J=6.3He). T NR (CD,), 589.9(CoCH,), 92.3(MoC H ) and 22.5(CH,) .

55
IR (cyclohexane), Veg 2t 2180(s), 2160(sh), 2080(s), 1955(w), 1NO0(m),

1840(w), 1795(w) and 1660(ester) cm_l. .This compound was also
characterized by an X-ray crystallographic scfgcture determination.

The final band gave a trace amount of %% which was characterized

mass spectrometrically. Major mass spectral peaks occurred at m/z (%):

.
564, 22H2204M0N12 or C20

’ .. =+ .
450, C17H160M0N12 (1); 42

292, C6H6M0Ni9+(1); 226, CMoNi,'(1); 186, C

.+ .
H, ozyemoNxz (4); s08, C20H270 Momlz (});
c

[1%]

272
+
AN 9y .

11H11J0N12 (2);

Fe' (100); 121, CSHSFe+(18).

rJ

) ClgygMoNi, (14); 357,
10°10

Preparation of CpMo(CO)7CpZCo(CO)CC02CHMe7, L

. .. e, R: 3
To a solution containing 28 (0.24 g, 0.41 mmol) in THF Y40 cm”)
3 . .
was added 2 cm” of CSH6. The reaction mixture was heated under reflux
overnight. The progress of the reaction was monitored by t.l.c. (eluent,

benzene-pet. ether 90:10; vellew-orange spot, CSHB’ R. = 0.85, dark green

£
_ spot, %Q, Rf = 0.56_and yellow-brown spoﬂk %%, Rf = 0.37). The solucion
was cooled to room temp., the solvent remot;ﬁﬁgn vacuo and the residue

chromatographed on 3ilica gel. Elution with pet.ether/béenzene 10:90C

-

ry.
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allowed for separation of the three bands. Recrystailization'of the

" yellow-brown band from the eluent mixture gave brown crystals of.%% .

1

(0.055 g., 0.092 mmol, 22%). “H M®R (C.D.), 61.&4(&,6H),_4.79(5,10%2,.

13

5.04(s,5H) and 5.36(septet,IH, J = 6.3 Ez). ~C MR (C.Dg), 892.9

(ﬂoCSHS), 690.5(C0C5H5), §68.4(CH) and 623.2(CH3). IR (ecyclohexane),
Veg &t 1990(w), 1910(s), 1845(m), 1795(w), 1655(ester) cm *. Major

’, + .
23H220 CoZMo (1); 568,
+
0y . .
21H2203Co MQ (2); 452, C17ﬂ16

L -+ + -
by 3 5 L 5 2
C16H16C°2q° (9); 359, CllﬁllCozﬂo_(S), 294, CGHBCOZMO_(3)’ 228,

+ + : + _ + .
CCo,Mo (3); 219, fiigbzmo (2); 191, CSHSOMO (2); 189, T (100);

. + :
180, C7n502Co (2?,° 163, C

mass spectral peaks occurred at 594, C

+, 2 : +, 3
C22H2204C02Mo (?); 538, C OConc (5);

424,

. -+
5 hSCo (50).

&5

HMo™ (1) 152, € H0CoT(2); 124, C

4

Preparation of CpMo(CO)2CpNiCo(CO)3CC02CHMe2, 2

To a solution containing 28 (0.61 g, 1.00 mmol) in benzene

(40 cm3) was added [CpNi(CO)]2 (0.31 g, 1.00 mmol). The reaction
\ mixture was hdated at 60°C for 5 davs. The progress of the reaétion
was mounitored by‘t.l.c. (eluent, benzene/pet. ether, 90:10); red
spot, [CpNi(CO)]z, Rf = 0.91, green spot, %g, Rf = 0.56, and brown
spot, %2, Rf ="0.37). ‘The solution was allowed to cool to room
temperature, the éolvent.rem0ved in vacuo and the residue chromategraphed
on siyica gel. Elution with benzene/pet. e;her, 90:10 %1lowed separation
of the 3 bands. Recrystallization of the brown band gave dark brown
crystals of %2 (0.095.g, 0.16 mmol, 16%). Séeétroscopic data for the
compound_matched those obtained when the product was isolated from the

reaction of %Q and szNi.



140

Reaéfion of %& with I-‘ez(CO)9

When 24 was treated with Fez(CO)9 the product A5 was obtained.

1H NMR (C6D6), 61.45(d,6H), 5.09(septet,l¥, J ="§.3 Hz), 5.63(s,5H).

L or (CgDg)» §91.7(CHL), 70.7{CH) and 22.3(CH;). IR (cyclohexane),

Ve 2t 2040(m), 1995(w), 1985(s), 1965(s) and 1680(ester). Major mass

spectral peaksoccurred at m/z: 392, C..H..0.Co Fe\l ; 536, €, H,.0 Co Fe\l :

17 12 15712

; « LI T - 2 -
13H1205Co Fe\l s 432, ClqﬂlOO,Co FeNl ;42 4, Cll l.)03(30 :ekl.,

331 Csh}OOFeCovNi ; 273, C,HOCo Fe\l ; 254, 188, CCo,Ni";

480, €

C 1 e

6%60oN 1
, et 94 N o + . +
140, C3O3:e ; 123, CSHSNL ; 66, CSHG 39, Co ; 58, Nl ; 56, Fe .

Reaction of %ﬁ, with FeZ(CO)9 T e

Similariy, 78 and Fe (CO) gave ma IH MR (C6D6),-51.34(d,6H),

13

5. Oq(septec 1, J = 6.3 Hz) and 3.-1(5 SH). C NTF (C6D6), 591.&(C5H5),

c67.9(CH) and 21.&(CH3). IR (cyclohexane), oo at.20153(s), 198s(s),

1975(s), 1920{(m), 1890(w) and 16535(ester) cm-l. Major mass spectral

21712713

576, C1 q170~C° .eﬂo 3 5 a, Cl qu - 10

+ +
« 485 o M, « L ,_\1 -
9H706C02FeMo ; 455, C8 qO Co re fo ; 436, C10H170 Co FeMo ;

—
371, C4.0,Co,Feo 5 322, C.H 0Co Mo 315, Ci,0,C0,M0";

: . + +

- . ) : Tak . \1’ .
peaks occurred at m/z: 744, C..H..0 Cozredo ; 688, C19 l,,OMCQ FeMo
CqueMo+; 511 H_O Co ~ewo ;

483, C

776772 ? 676

257, CHOCo Mo ; 219, C_H_O.Mo™; 163, C. St “o+; 98, Mo ; 59, Co™; 6, Fe .
2 2 752 .

Collection of the X-ray data on 33

. An acicular crystal, sealed in a Lindemann capillary, was used
for X-ray studies. Precession photographs showed the crvstal was
monoclinic and unit cell parameters were obtained from a least squares

fit of ¥, & and 25 for 15 refleczions in the range 19.4° < 28 < 29,7°,

292, C.E_Co Mo ;

3
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All measurements were made on 2 Svyntex PZl diffractométer with use of
Moxg radiation (10.71069;). Crystal data and other numbers related to
data collection are summarised in Table A7.

Intensities were measured with use of a coupled E(crystal)fze

counter scan. The methods of selection of scan rates and initial data
. 217,218
treatment have been described. ?

polarization effects and Wbsorption.

Solution of the Structure .

Further refinement with anisotropic temperature factors for all atoms

The phases were determined by direct methods; 50 reflections

were used with |E[>1.6 and 12 sets of starting phases. The metal atoms

4

were easily located in the E map and subsequent refinement and electron
density difference syntheses revealed all the non-hydrogen atoms.
) 1
. - i 2 . . .=
minimfzed ;m({F0;-|FcI) and was terminated when the maximum shift/error
fell below 0.2. No attempt was made to locate the hyvdrogen atoms.
. . ' . . T s empre 219
Corrections were made for secondary extinction by the method in SHELX.
. . - L 216 . - .
Scattering curves were from Cromer and Waber and anomalous dispersiom
2

. 216 .
corrections were applied to the curves for Mo, Fe, and Co. The atom

parametfers are listed in Table 38.

Reaction of %é with CS}IeSRh(CO)2

To a solution containing 2% (0.16 g, 0.31 mmoles) in cvelo-
hexane (35 cm3) was added CSMeSRh(CO)q.(Ole-g, 0.3%4 mmeles). The

reaction mixture was stirred at room temperature for two davs. The

progress of the reaction was monitored bv t.l.e. {eluent, ether-vet. ether,
- b4 * .

15:85; dark brown spot, 24, R

2 s = 0.65, brown spot, %Q’ Rf = 9.39 and

Corrections were made by Lorentz and
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red épot,_CsMesRh(CO)z Rf = 0). The solvent was removed in vacuo

and the residue chromatogé;phed on silica gel: Elution with same

eluent composition as t.l.c. allowed for separatidn of the three

bands. Recrystalllzatlon of the second band gave dark brown crystals

of 36 (0.025 g, 0.03 mmoles, 11?) lH NMR (C6 g sl. 9(d 6H), 155(s,1l5H),

3

S.OZ(S,SH) and 5.33(septet,lE, J = 6.2 Hz). C MR (C6D6) 10. 7(C Me ),

21.4(CH,), 68.6(CH) and 90.9tc5H5). ‘IR {cyclohexane, at 2080(w),

Yeo
12030(s), 1995(s), 1795(m), 1670(ester) cm L.

| o

Reaction of 28 with C MeSRh(CO)2

5

To a solution containing 8 (0.07 g, 0.12 mmoles) in cyclohexane

(20 cm3) was added CSMe Rh(CO) (0.03 g, 0.1l mmoles). The reaction
mixture was s;ir;ed for 3 days at room temperature with ﬁ% evidénce of
new product formation. Subsequent reflux of the‘splution‘for 15 hours
led to the appea?ance of new products according to t.l.e. (eluent,

i ether—pet.ether,15:85;‘green spot, %éi Rf = 0.28, biack spot, %z,
Rf = 0.19 and red spot, 5He5Rh(CO) f = Q). fhe solution was cooled
To room temperature, the solvent removed in vacuo and the residue
chrﬁmatographed on silica gel. Elution with ether-pet. ether 15:85
allowed for separétion of the three bands. Recrystallization of the
black band gave shiny black crystals of 37 (0.01 g, 0.014 mmol, 12%).
L oom (CgDg)» §1.45(d,6%), 1.81(s,158 and 5.15(s,58). °C WR
(C6D ), 88.9(cC Me ) 7(CH ), 067 4(CH), 689.8(C H ) and 0102 Z(C Me ).

IR (cvclohexane) Voo 2t 1890(m) semi-bridging and 1660(ester) cm -1
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Reactx?n of 28 with CsMesRh(CO)[2

”

-Te a solution cqntaining 23 (0.22 g, 0.41 mmol) in benzene

{25 cm3) was added CSMeSRh(C0)2 (0.12 g, 0.42 mmol}. The‘reaction__

mixture w;s stirred for 1 week.at‘;obm température. T.l.c. indigateﬂ‘
ﬁérmétion of a prodggt (éluént, ether—pét. ether, 15:85, purplishF
black:spot, 23» R; = 0.86, bla;k spot, %g,.Rf,= 0.48 and red spot,
_CSMESRh(CO)gv Rf ; 0. 'Removéi of the solvenﬁ in vacgo_left a crude
mixture which was chromatographed on silica gel. Elution with isoﬁgbpyiﬂ

' dlcohol-hexane, 25:75 allowed for .separation of the product %ﬁ (0.045 g,

1

0.06 mmol, 15%Z). "H NMR (C6D6), §1.46(d,6H), 1.85(s,15H) and 5.4%

(septet,lﬁ, J ='6.1 Hz). IR Q;yclohexane) v.. at 2110(w), 2060(5),

co
2040(s), 2020(s), 1980(m), 1790(m), 1660(ester) cg—l. Major mass

spectral peaks occurred at m/z 2y 766, o ‘H;,o Co Rh+(l); 738,

4892911004
C,-H,,0, Co.RRT(2); 710, C. . H,.0.Co.RRT(3); 570, C..H..0 Co.RhT(1):
23%22%10%03™ (205 710, C,0H,,04C0,RR ()5 570, €, .R,,0,Co, ;

/ + + , . - -+ .
542, C16H220 Co,Rh (1); 528, ¢, ,H_0,.Co (1%}; 514, C. H 202C°3Rh (1});

3¢°3 1477911693 15%
500, C;4H,0, Co.F(2); 472, c12HTOQCo;+(15); 444, C11H7°sc°3+(3);
294, C A ORR'(4); 238, C,,H; sORR'(2); 194, C, ot R (20);°189,
cco, (20). | .

Reaction of 23 with (CgH_)Rh(CH ),

To a2 solution containing ] (0.20 g, 0.38 mmol) in hexane (50
cm3) was added (Cgﬁy)Rh(CoHa)o (0.10 g, 0.36 mmol). The reaction
mixture was stirred for 2 days at room temperafure. T.l.ec. indicated

appearance of a product (eluent, pet.-ether, purplish-black spot, %%,

R

¢ 0.85, vellow spot, C9H7Rh(C2H4)2, Rf = 0.81 and black spot, 40,

R. = 0.27). The solvent was removed in vacuo znd the crude mixture

Fn



&

o : ' c I PR VYA

was chromatographed’&n silica gel. This.allowed for isolation of 49

1

: (09032 g, 0.063 mmol, 11%). ‘H MR (d;-acetone) §1.46(d, 6H),

-5.18(septet,1H, J = 6.2 Hz), 6.174d,2H), 6.30(q,1H) and 7.29-7.43(m,4H).
13 v . . -

C MR (4 ~acetone), §21.9(CK,), 69.7(cH), 76.8(c’*>), 98.6(c%) and
-119.9, 125.7(0%_75. IR (cyqlohexéne), Vo 3t 2105(@), 2075(s),

2045(s), 2025(s), 1980(w), 1630(ester) cm .-

H7Rh§C2H4)2 .

Reaction of %ﬁ with C9

To a 'solution of 28 (0.22 g, 0.37 mmol) in hexane (25‘ém3) was

added C9H7Rh(C2H&)2 (0.10 g, 0.37 mmol). The reaction mixture was

stirred for 1 week at room temperature. T.l.c. indicated formation of

2 product (eluent, ether—pet. ethér, 15:85, yellow spot, C9H7Rh(C°H£)5y
Rf = 0.82, green spot, 28> Re = 0.34 and green spot,‘éi; Re = 0.17) .

Removal of the solvent in vacuo left a crude mixture which was .

chrométographed'on silica gel. This allowed for isolation of 51 (0.038 g,

0.046. mmol, 12%). lH Ritd (ds-acetone), 6i.31(d,6H), 5.07(septet,1H,

3 = 6.3 Ha), 5.73(s,5H), 6.04(d,28), 6.15(q,1H), 7.19-7.32(m,4H). e

MR (4 -acetone), §22.0(CK,), §69.2(cw), 676.7(c’"?), 593.1(CH,),

9 : he
§98.6(C”) and 119.9,125.7(C" 7). IR (cyclohexane), v.. at 2075(w),

co
2030(s), 2000(s), 1950(w) and 1725(ester) cm L.

Preparation of CSMe5

MoCoz(CO)SCCOOCHMeZ, é%

To a solution of 23 (0.60 g, 1.1% mmol) in THF (35 cm°) was
added [CSMeSMo(CO)3]7 (0.34 g, 0.56 mmol). The reaction mixture was
refluxed overnight. The progress of the reaction was monitored by

t.l.c. (eluent, ether-pet. ether, 15:85; purple-~black spot, 23,
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Rf =_p.§6,‘red,qut, [C5M85M°(C9)3?2’,3f =.0.46 and dark g;een,spot,‘
' é%,_Rf = 0.29). The solution was allowed to cool to room temperature, _
the.sqlvent removed in vacuo and the residue chromafographe& on

silica gel, Elution with ethe}-pet; etﬁer5730:70 allowed for

1 K
H NMR (cﬁpe),

§1.34(d,6H), 1.81(s,158) and 5.22(septet, IH, J=6.1 22)... ¢ mm

isolation of the product 42 (0.19 g, 0.28 mmol, 25%).

(CgDg)» 89.8(CgMe,), 21.9(CHy), 68.6(§H) and 10;.7(25Me5), IR
(ecyclohexane), Voo at 2070(s), .2030(s),, 2000(s), 1930(m), 1875(m) and

1655(ester) cm T.

Reaction of 42 with C H.I.Rh'(CzH&)2

g

To a solution of 42 (0.14 g, 0.21 mmol) in hexane (20 cmai-wag -

added Cgé7Rh(C7H4)° (0.057 g, 0.21 mmol). "The reaction m{xture,was

stirred for 1 week at room temperature. T.l.c, indicated formation of.

a product (eluent, ether—pet. .ether, 15:85; yeliow spbt, C9H7Rh(C9H&)é,'
R, = 0.80, green spot, 43, Rf = 0.46 and green spot, 42, Rf = 0.32).

The solvent was removed in vacuo and the residue chromatographed .on 7

silica gel. This allowed for isolation of 43 (0.024g, 0.027 mmol, 13%).
. .

6.13(d,2K), 6.25(q,1H) and 7.27-7.39(m,4H). L13¢ mR (dg-acecone)

510.2(CS§g5), 22.1(CH3), 69.2(CH), 76.8(01’3), 98.6(C2) and 119.9,125.7

€L IR(Er,CL,), vy at 207508, 2065(x), 2020(s), 1995(sh),

1985(s) and 1665(ester) cm—l. : -

B MR (d.-acetone), §1.40(d,6H), 2.09(s,15H), 5:15(septet,l, J = 6.1 Hz),

e
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6.5 Experimental Procedures for Chapter § Ca

Prgparatlon of [C°3(CO)9C]2

To a solution containing %%~(0:24 g, 0.46 mmol) in propionic.
-:anhydride (3.4 cm3) was'added 65% aqueous HPF6 (0.1 m1, 1.13 mmol).
The reaction mixture Qas stirred-foF 30 minutes at room temﬁefature.

. Addfgion of 5 cm3 of anhydrbus E:20 resulted in the precipitation of
small shin§ black crystals. An X-ray diffraction stiidy on the product
£evealed'itffo'be [CoB(CO)QC]zl Subsequently, an IR spectrum of the
black crystals-was in agreement with that rep;fted fot£553§(C0)9C]2

-
in the literature.209

L4

130 Enrichment of C03(00)901

A 1.0 g sample of‘Co3(CO)9CC1 was dissolved in 15 cm3
CH2C12. The solution was degassed, and 760 torr of 13CO was placed
over the‘solution, which was then ggirred‘for 1 week at 25°q¢ The.
exchange; CO was removeé,'the solution exposed to fresh_lBCO, and
- the procéss repeated. After filtration to remove any decomposed
:clus:ef, the CH2C12 was remoéeﬁ under vacuum. This procedure resulted
in ~ 33% enriéhment of all carbonyls in CoB(CO)QCCI, and treatment
with‘A1C13 in‘CHZCl2 resulted in the production of Co3(CO)9CCO+ that
had been enriched at all carbon atoms with the exceﬁcion of the apical

t
one.

Preparation of CpMoCoj(CO)BCCO+PF6

To a solution containing 28 (0.17 g, 0.28 mmol) in propionic

anhydride (2.1 cm3) was added 65% aqueous HPF,_ (32 p1, 0.36 mmol).

6
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Upon addition of the acid, the color of the solution was transformed
from green to dark brown. During stirring of the mixture, a dark
- brown precipitate begaﬁ to form. After 30 minutes of stirring, 5 cm3

of anhydrous Et20 was added to the reaction mixture td ensure complete

~
-

precipitation of the solid. The mixture was them filtered under

.

-nitrogen pressure. The product CpHoCoz(CO)SCCO+PF6- (0.14 g, 0.20 mmol
- ] . r i
71%) was washed with arhydrous Et,0 and dried in vacuo at room

~temperature for 30 minutes. IR (CHZCl,), Voo at 2090(m), 2080(m):';

2035(s), 2010(s) and 1680(w) cm ~.

-

Treatment of CpHoCoz(CO)SCCO+PF&‘ with Nucleophiles

- a) MeOE - To a slurry of CﬁMoCoz(CO)BCCO+PF6- in 10 cm3 of ?.

dried ¢H2C12 was added 1 cm3 of MeOH. The reaction mixture was
stirred for 30 minutes and then was poured inte 10 cﬁB bf water.
Extraction with 10 cm3 of Et20 followéd. The ether layer™was washed
with three 10 cm3 portions of 10% aqueous HC1, dried over Nazso& and
evaporated under reduced pressure. The product obtained was
CpMoC?z(CO)SCCOZMe. IH NMR (cstj’ 83.67(s,3H) and 4.71(s,5H). IR
(cyclohexane), Veg 2t 2090(m), 2080(sh), 2045(sh), 2040(s), 2005(s),
1950(w), l905(u? and 1685(ester) cm-l. ' ‘ .

b) EcZNH = The procedure followed was the same as_that.

-
employed in (a) with the work up differing. The reaction mixture

. 3 : . A
was poured into 10 cm” water to remove any unreacted amine. The

organic layer was separated, dried over Na,SOh and evaporated under
[} - . = -
pressure. The product obtained was CpMoCoz(CO)SCCONth. lH NMR

(C6D6), 60.97(t,6H), 3.26(q,4H) and 4.71(s,5HY. EB,(C6H6), Voo 2t
- lé-
—/ £
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2080(s), 2030(sh), 2020(s), 1995(sh), 1940¢w), I890() and 1580(amide)

. =1
cm .

-

c) PhNMe2 - The procedure followed was the same as that

employed in (a) Wlth the work up dlfferlng. The solvent was removed

—-—

in vacuo and the re31due was chromatographed on neutral alumlna.

. Elutlon with ether—pet. ether, "30: 70 allowed for 1solat10n of’ the .

1

product \FpMoCo (CO) CCOPhNMe B NMR (CD Cl ), 83, Oa(s 6n

S,AZ(S,SH) and 6161-7.90(m,4ﬁ, AA'BE"). IR (gﬁ7C1 Y, v at\zoéi(s),

co
© 2025(sh) 2010(s), 1950(w), 1895(w)'and 1605(ketone) cm 1;_A

_d) PhSE - The procedure followed was the same as that

employed in (a) but the reaction mixture was' stirred for three days.

3

The solvent was fefioved in vacuo and Tthe residue was chromatographed -

on silica gel. Elution with ether—pet. ether5 50:50 allowed for

isolation” of the product, CoMoCo (CO) CCOSPh lH MR (CD,CL,),

§5.11(s,5H) and 7.20—7 59(m 5H).. " IR (CH,CL,), v at 2000(sh),

co -
1995(s), 1990(sh), 1760%%) and 1575(thicesfer) cm L.

4
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'IABLE"Alrz’ CpglypFeNi 0y, 16

Nol. vt . S s \
" Temp, °C | S T . .18
Spagé Group- ‘. ' ‘ ] _ . 4 ._Triélinic_ Pl e
a (4) | o ST 831 |
b (a) - o L 9848(3)
e () ' T _ T 16.149(3)
o (deg) . - I 104.97(2)
5 (deg) . 102.84(1)
v (deg) - f 93.94(2)
v (33) - o . 1208.9
z - ' o e 2 . .
5 caled (g/cm™) : o S 1.58
Crystal dimensions, (mm) o 0.20 x 0.25 x 0.30
Radtation. R A . Mo - Ka
Linear absorption coefficient (cm-l) . 21.8
Scan Type * | w=-28
'_Scan Radge (deg.) : : ‘ ' 1.15 + 0.35 tans
¢ limits (deg.) | | | -7 -
Data collected . 5231
Unique data used g _- B 3122[{1>36(1) ]
R =-Z(|F°|-|Fc|)/£|Fbl * | _ 0.041
R, = (zw([Fo|—1Fc|)=/sz°é)- . . ™0L047
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‘?ABLE AZ: C,.H CoFeNily, 17
" Mol. we. : | . 594.9
' Temp, °C o _ _ .18

Space Group ‘ . : P1

4 (8) S 8.179()

b (&) ' . 11.910(2)

e (&) | - _ - 12.512(4)

¢ (deg) - ” 94.02(2) _

8 (deg) - - -~ - . 106.73(2) . .

y (dég) : : ' S 90.33(2)

vy o - ' 1163.9 :
oz ' : 2

p caled (g/cwd) o L S 170

Crystal dimensions, (mm) . - 0.45 x 0.20 x 0.15
‘Radiation ' ' - Mo = Ko

Linear absorption coefficienﬁ (;m-l) - | C21.7

Scan Tvpe ' ' : w=28

Scan Rangé (deg.) - - 7 1.40 + 1.0 tans

& limits (deg.) . 1-30

Data collected 5455

Unique data used : 3312[F>3a(F)]

R = Z(|Fo|—|Fc[)/ElFo[ 0.046

’ T — 2>'\- :i
R = (;u(|Fo| IFC[) /ZwE ) 0.055
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TABLE 43: C, H ,FeMoNi0,, 18 | o
. . _ 2 .
Mol. wt. - 665.0 &
Temp, °C . | _ : 18

Space Group : i P1 .

a @ - " 8.634(3)
b 9.879(2)
X (2). o 15.471(5)

a (deg) 90.71(2)

8 (deg) . _ ' - 100.32(3)

Y (deg) _ ) . . 99.16(2)

v (a) o | - 1280.5

YA 2

-p caled (g/ecm?) . 1.73

Crystal dimensions, (mm) ' 0.50 x 0,25 x 0.15
Radiations . Ag-Ka '
Linear absorption coefficient (cm—l) 14 T

Scan Type w—=28

Scan Range (deg.) 2.4 + 1,0 tang

§ limits (deg.) ' 1-21

Data collected ' 4603

Unique data used 2608[1>30(I)]

R = (|7 j-lF_D/z|F | ; 0.053

R, = (zw({F [-]F_D2/owr )7 . 0.055

>
2 »
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TABLE A4: Positional Parameters for Non~Hydrogen Atoms of

. (CSHS)2Ni2Fe(C0)3(PhCZCOZCHezﬁ), %é

© 03

A

Atom "x/a ) yv/b - zfle 7
Nil - 0.17381(6) 0.33205(5) 0.25636(3)
. Ni2 ‘ 0-23613(6) . - 0:13777(5) 0.32307(3)
Fe 0.02418(7) 0.28205(6) : 0.35830(4)
o1 0.0816(5) d1755(5) 0.4937(2)
02 0.3027(5) 0.4842(8) 0.4823(3)
0.2170(5) 0.4853(4) 0.3494(3)
04 0.3118(4) 0.2022(4) 0.1676(2)
05 0.1437(3) 0.1993(4) 0.0793(2)
cl 0.0435(6) 0.2143(6) 0.4393(3)
c2 - 0.1946(6) 0.4036(7) 0.4322(3)
c3 0.1243(6) 0.4061(5) 0.3524(3)
C4 » 0.0229(4) 0.2010(4%) 0.2247(2)
@5 0.0075(3) 0.0909(4) 0.2622(2)
cé 0.1760(5) 0.2028(4) 0.1563(2) .
c7 0.2826(6) 0.1967(7) 0.0049(3)
c8 0.3171(10) 0.0503(8) 0.0541(4)
c9 0.2341(9) 0.3055(7) 0.0368(4)
clo 0.0922(5) 0.0541(4) 0.2357(3)
cl1 0.1454(6) 0.1296(5) 0.1476(3)
T12 0.2434(8) 0.2627(6) 0.1214(4%)
Cl13 0.2908(7) 0.3206(5) 0.1822(5)
Cls 0.2428(8) 0.2462(6) 0.2675(4)
Cl5 0.1382(8) 0.1152(5) 0.2963(4)
CP11 0.3761(6) 0.3877(5) 0.2094(3)
cPl2 0.2264(7) 0.3902(6) 0.1497(3)
CP13 0.1445(7) 0.4934(5) 0.1918(4)
CP14 0:2371(8) 0.5552(6) 0.2745(5)
CP15 0.3780(6) 0.4924(8) 0.2866(4)
cP21 0.3693(6) 0.0412(5) 0.3069(3)}
CP22 0.3250(6) 0.0189(5) 0.3865(3)
CP23 L 0.4021(7) 0.1177(7) 0.4399(3)
CP24 0.4897(6) 0.1786(6) 0.3918(4)
CP25 0.4699(6) 0.0813(5) 0.3106(3)
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TABLE A5: Positional Parameters for Non-Hydrogen Aroms of

Atom

Ni
Co
Fe
Cl
c2
C3
ol
02
C4
C5
Cé
C30
030
C31
031
c32
032
C50
040

€4l -

041
C42
042
c21
caz
c23
C24
€25
C26
CP1
Cp2
CP3
CP4
CP5

Cslg

x/a

0.14418(9)
0.09269(10)
0.30206(10)

0.3361(7)

0.3605(7)

0.4600(8}
0.5922(6}
0.3995(5)

© 0.5081(9)

0.626(1)
0.381(1)

- 0.0229(8)

. 0.0190(7)

0.1024(9)
0.2241(6)
0.1040¢9)
0.1134(9)
0.1444(8)
0.0463(6)
0.3514(8)
0.3790(7)
0.4695(8)
0.5723(7)
0.5042(7)
0.5636(8)
0.6974(9)
0.7727(9)
0.7116(9)

© 0.5769(8)

0.039(1)
0.113(1)

16701)

0.
0.023(1)
0.099(1)

NiCo(c0)3Fe(c0)3(Phczcozcxezn), Al

yv/b

0.18392(6)
0.27127(6)
0.11899(6)

0.2879(4)
0.2405(4)
0.3642(4)

- 0.3374(4)

0.4683(3)
0.5563(5)
0.6070(7)
0.6401(6)
0.3960(5)
0.4740(4)
0.1869(53)
0.1330(4%)
0.3181(6)
0.3465(6)
0.0085(5)
0.0650(4)
0.1170(5)
0.1180(5)
0.0286(5)
0.0332(4)
0.2620(4)
0.1774(53)
0.2006(6)
0.3068(6)
0.3914(6)
0.3688(5)
0.0752(7)
0.0788(7)
0.1837(7)
0.2560(8)
0.1859(7)

" z/c

0.32095(6)
0.14377(6)
0.19270(6)
0.2204(4)
0.3208(4)
0.1924(4)
0.1780(4%)
0.1845(4)
0.1596(5)
0.2689(7)
0.0969(7)
0.2050(6)
0.2438(5)
0.0932(5)
0.0595(5)
0.0121(6)
0.0699(5)
0.1585(5)
0.1355(4)
0.0623(5)
0.0218(4)
0.2557(5)
0.2926(53)
0.4246(4)
0.495%(3)
0.5938(6)
0.6198(8)
0.5500(6)
0.4537(5)
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TABLE A6: Positional Parameters for Non-Hydrogen Atoms .of
csﬂsﬂo(CO)ZCSHSNiFe(co>3(Phc2c02Me2H),{%g

Atom x/a - y/b- z/c
Mo 0.1267(1) 0.2237(1) 0.15065(8)
Ni 0.1225(2) 0.1424(1) 0.3106(1)
Fe 0.3461(2) 0.0832(2) 0.2421(1)
cl 0.363(1) 0.282(1) 0.2415(9)
c2 0.242(1) T 0.312(1) 0.2822(9)
c3 0.502(1) 0.381(1) T 0.224(1)
01 0.639(1) 0.364(1) 0.2492(9)
02 0.463(1) 0.4894(8) 0.1845(7)
C4 0.590(2) 0.595(2) 0.167(1)
C5 0.517(2) 0.674(2) 0.094(1)
of 0.657(3) 0.684(2) 0.254(2)
€20 0.243(1) . 0.123(1) 0.0803(9)
020° 0.292(1) 0.068(1) 0.0289(8)
c21 0.001(1) 0.044(1) 0.167(1)
021 0.081(1) 0.062(1) 0.1563(7)
€30 0.456(2) 0.082(1) 0.3473(9)
030 0.534(2) 0.085(1) 0.4161(9)
c31 0.263(2) 0.097(1) 0.227(1)
031 0.213(1) 0.211(1) 0.2188(7)
c32 0.510(2) 0.072(1) 0.189(1)
032 0.617(1) 0.064(1) 0.1582(8)
CP1 0.128(2) 0.395(1) 0.050(1)
cP2 0.016(2) 0.279(2) 0.009(1)
cP3 0.109(2) 0.257(2) 0.060(1)
CP4 0.081(2) 0.354(2) 0.125(1)
CPs 0.067(2) 0.440(1) 0.119(1)
cll 0.240(1) 0.438(1) 0.3352(9)
cl2 0.094(2) 0.482(1) 0.3415(9)
C13 0.092(2) 0.595(2) 0.395(1)
Cl4 0.233(2) 0.664(2) 0.439(1)
C15 0.378(2) 0.624(2) 0.436(1)
Cl6 0.378(2) 0.510(1) 0.380(1)
CP6 0.034(2) 0.033(2) 0.377(1)
CP7 0.093(2) 0.036(2) 0.345(1)
CP8 0.055(2) 0.169(2) 0.389(1)
CP9 0.089(2) 0.182(2) 0.439(1)
CP10 0.150(2) 0.054(2) 0.432(1)
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TABLE A7: Crystal Data For 33

Co. . FeMoOl

Compound ' ' ' © Chclyy 5 .

f£.w. (Daltons) ' 704.0

crystal size (mm) ) 0.075 0,10 0.35
systematic absences i OkO, k = 2n+l, 101, 1 = 2n+l
space group o P21/c (No. .'14)

unit cell (A, deg) a = 12,309(5)

b = 14,731(6)
c = 17,298(7)>
5 = 124,63(8)

volume (;3) : - 2581(1)

z , - oyt
Dcalc(g/ch) _ 1.812

temp °C _ : -.. 22
JLinear absorp. coeif. ulem ) . ' 23.9 .
Absorption limits .. 1.647 = 1.354
Standard reflection (e.s.d.%) 23 =T (1.48) 1 & =2 (1.44)
Max. 28 reflections measured 45°, h, k, =2

No. of independent reflections 3376

No. with I»0 (used) 3133

Final &, R,° 0.0522, 0.0571
Final shift/error, max. (ave) 0.181 (0.049)

x (secondarv extinction) 0,00014
Final diff. map. max peak (valley) e;'a 0.67, =0.47
Weighting scheme | (cF: + 0.000921F *)~1
Error in an observation of unit wt. 1.18

ENE N ERSENITE

o !
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TABLE A8: Atomic Positional Coordinates and Temperature Factors (A2) For %Q-

x 'y ) z Ueg¥
Co(l) 2127(1) . 706(1) - 7546(1) 32.5(5)
Co(2) 1904(1) 3000(1) ’ - 6522(1) .37.4(6)
Mo 3307(1) 1515.1C4) 6864.3(4) 24.6(4)
Fe . 2651(1) \ 2282(1) "8012(1) - 28.4(6)
c(1) 4551(8) 967(6) 8105(6) 38(5) -
o(1) .. © 5411(6) 606(5) -~ 8789(4) - 58(5)
c(2y - 4348(9) v 2652(6) : 7346(6) 43(5)
0(2) . 5104(7) 3244(3) 7608(5)  63(5)
c(3) 3645(8) 11752(6) 9117(6) 38(5)
0(3) . : 4295(7) 1459(4) 9866(4) 57(4)°
C(4) © 1298(8) 2476(6) 8093(5) - 47(6)
0GH) 456(6) 2578(5) . 8180(4) 70(6)
C(5) 4551(8) 967(6) 8105(6) " 39(3)
0(5) - 5411(6) 606(5) . 8789(4) 60(5)
C(6) 1514(7) 1757(5) 67:02(5) 24(4)

C(7) - 78(7) - 1598(5) 5958(5) 27(%)
0(6) ~ 348(5) 1271(4) 5202(4) 44(3)
0(7} - 674(5) 1868(4) 6245(3) 38(3)
C(8) - =2116(8) 1689(7) 5599(7) 54(6)
c(9) -2767(10) ) 2504(9) 4948(9) 86(7)
c{10) ~2565(12) 1589(13) 6247(11) 128(11)
C(1l) 2600(13) - -693(7) 7856(11) 64(6)
c(12) 2525(13) - 295(8) 8550(7) . 65(6)
c(13) 1238(14) 68(7) 8140(9) 61(6)
C(la) 514(9) - 169(7) 7187(8) 54(6)
c(15) 1319(13) - 599(8) 6996(7) 54(6)
c(21) ' 449(13) 351L(T) 5128(7) 64(7)
c(22 1746(17) 3769(9) . » 5442(11) 81(10)}
c(23) 2275(12) 4337(7) 6277(11) 72(8)
c(2s) 1328(12) 4376(6) 6478(8) 56(7)
C(25) - 227(10) 3876(7) 5770(%) - $3(8)

- C(31) 3597(11) 220(6) ) 6233(6) 46(6)
C(32) 2283(9) 594(6) 5586(6) 55(6)
C(33) 2324(11) 1354(7) 5250(6) 51(6)
C(34 3655(14) 1615(7) 5681(8) 58(7)
C(35) 4473(10) 896(8) 6310(7) . S57{7)

*Jeq = 1/3 (U11+U22+U33t2U13cos 3)
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