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Abstraet

Tetrahedral clusters possessing two or three organometallic vertices, such as Co{CQO}, or
CpMo(CQ),, provide enormously enhanced siability to neighboring cationic ceaters. The
factors controlling the interactions between the eleciron-deficient centers and the metals are
discussed in terms of their frontier molecular orbitals. Rational syntheses of these systems are
now available, and many such metal-stabilized cations bhave been isolated and characterized
not oaly spectroscopically but aiso by X-ray crystallography. These species exhibit a variety
of fluxional processes which have been ¢lucidaied by variable-temperature nuclear magaetic
resonance {NMR) measurements and also by a Biirgi-Dunitz analysis of a series of closely
related X-ray crystal siructures. By prepariag clusiers containing different organometallic
fragments, it is possible o establish a hierarchy of moieties best able io alleviate the electron
deficiency at the carbenium 1oa center. Finally, the growing usage of these metal-stabilized
carbocations in organic synthesis, in the elucidation of reaction mechanisms and even in
biological chemistry is described.

Keywords: Cluster-siabilized cations; Syatheses; Structure; Molecular dynamics; Reactivity

1. Introduction

The ability of neighboring atoms to provide anchimeric assistance to electron-
deficient centers is well established in conventional erganic chemistry. Typically, the
rate of hydrolysis of 2,2'-dichlorodiethyl sulfide (1) (the mustard gas of World War
I} is enormously enhanced compared with that found for ordinary primary alkyl
halides. This occurs because the neighboring sulfur atom can provide a lone pair of
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electrons to alleviate the developing cationic charge on carbon; rapid nucleophilic
attack on the sulfonium ion intermediate (2) leads to product formation [1].

Analogously, a wide variety of organometallic moieties, such as ferroceny! [2],
{cyclobutadienyl)Fe{CQ), [3], {(cvclobutadienyl)Col{C.H;) [4] and (cyclopenta-
dienyl}Cr{CO),NO [ 5], have been shown to provide neighboring group assistance
to developing cationic centers; this pioneering work has been reviewed previously
[6]. Typically, the 100,000-fold rate enhancement in benzyl halides, when n com-
plexed io Cr(CQ);, has been atiributed to stabilization of the intermediate cation
by interaction with the electron-rich metal center [ 7]. Indeed, in recent years, these
proposed benzyl cationic intermediates, such as 3, have been characterized by nuclear
magnetic resonance { NMR) spectroscopy { 8—11]. Even more convincingly, the struc-
ture of the ferrocenylmethyl cation (4} has been determined by X-ray crystallography
[12,13], and the 22° bend of the sp>-hybridized carbocationic center towards the
metal atom has been rationalized in terms of a fulvene lipand coordinated io a
{CsHs)Fe® moiety [141.

In the light of these observations, it is perhaps not unexpected that metal clusters,
which can be viewed as three-dimensionally aromatic with a highly polarizable
eleciron cloud [15-17], should be capable of alleviating the positive charge on
proximally atiached atoms or molecular fragments. {ndeed, the capacity of metal
clusters for cation stabilization is almest uasurpassed, and in this paper we describe
the syntheses, structures, molecular dynamics and reactivity of such species.

2, Cations derived from tricobalt nonacarbonyl carbyne complexes
2.1. Symthetic aspects
The original route to carbynyltricobaltnonacarbonyl clusters (Co;(CO),CR} was

serendipitous; protonation of the known complex { HC=CH}Co,(CO), with concen-
trated H,50, led to Co,{CO),C-CH;, which was characterized crystaliographicaily
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{ 181. Subsequently, a more convenient, general synthesis was developed; this method
involved the reaction of Co,{(COj; with a range of trichloromethyl-containing rea-
gents, and led to a wide vagety of tetrahedral tricobalt clusters [19]. The first
rational preparation of a cluster caiton was reported by Seyferth and coworkers
[20] at the Massachusetts Institute of Technology (MIT), who found that proton-
ation of the cluster carboxylic acid, Co;{CC),C-CO,H, or the corresponding ester,
Co,(CO),C-CO,R, led to the acyl cation [Co(COWC-C=0]" (5). Furthermore,
it was shown that the use of HPF, as the protonating agent gave an isolable salt
which could be weighed, conveniently stored and used in further reactions when
needed. Seyferth and coworkers noted that § was a sterically protected acylium salt,
entirely analogous to those encountered during the acid-catalyzed hydrolysis of
aromatic esters bearing bulky ortho substituents, as in 6 [21].

It was also noted ihat the treatment of Co;{(CO),CBr with AICI, foilowed by
quenching with a nuclecphile, such as methanol, gave the methyl ester 7 rather than
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Scheme 1. Propused mechanism for the formation of [Co,1COWC-C==0]" {5} from CoCONCHBr and
a Lewis acid.

the methyl ether, again suggesting the intermediacy of the acylium ion 5 [22.23].
The proposed mechanism is shown in Scheme 1,

Concurrenily, the MIT group were also investigating ihe cffect of protonating
cluster alcohols or ethers, such as 8, which again led o cluster-stabilized cations 9
[23]. With typical insight, Seyferth suggested that the remarkabie ease of formation
of these alkyl and acyl cations arose as the resuit of a siabilizing interaction of the
cationic carbon with a cobalt vertex. As noted previously, such a rationale has been
mvoked to accouat for the enhanced reactivity of monometallic species. such as
ferrocenylmethanol, and of Cr{CO);-complexed benzyl halides.
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2.2. Molecular orbital calculations

Our understanding of the bonding in these cluster cations derives principally from
extended Hiickel molecular orbital (EHMO) calculations carried out initially by
Schilling and Hoffmann [ 24]. In a now classic paper, they described the interactions
of the frontier orbitals of triangular ML, fragments with a variety of capping groups.
The orbital pattern of an Fe;(CO), triangle can be constructed from suitable symme-
try-adapted combinations of the three constituent Fe(CO), moieties [ 25].

As shown in Fig 1, each M{CO},; fragment contributes three frontier orbitals to
the triangular unit. The lowest of these is primarily d,, hybridized towards the
missing sites of the octahedron from which the fragment was formaily derived. These
three in-plane orbitals yield a doubly degenerate le set and a high-lying a, orbital.
The former are filled and provide good metal-metal bonding interactions, while the
latter {which is an entirely oui-of-phase combination) is also in the plane of the
metals but is normally vacant. The combination of d,? orbitals from the three
constituent M{CQY); fragments produces the classic a, n-type orbital as well as the
doubly degenerate n* set of ¢ symmetry; this orbital level pattern is analogous to
that of the = manifolds found in cyclopropenium and related systems. It is noteworthy,
however, that these d,” combinations do not overlap well with orbitals of the capping
group which are aligned along the C, axis of the cluster. However, this role is more
than adequately filled by the in-phase combination of the remaining orbitals of the
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Fig 1. Interaction of three Fe{CO), units 10 form Fey{CO), {adapted from Ref [247}.
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M({CO), fragment; each of these is a mixture of s, p, and d,? and their boading
combination is oriented perfectly to interact with the capping atom [24].

To summarize therefore, metal triangies such as [Fey(CO)e 1 (18) or [Coy{COY1**
{11} give rise to a low-lying set of three filled orbitals (le+1a,) and, at somewhat
higher energy, a set of three vacant orbitals {2a, + 2e} which serve to accept electron
density from capping ligands. In the lght of the EHMO analysis presented above,
it is apparent that a carbyne moiety (represented formally as HC® ") has a filled
sp-hybridized orbital ideally criented to interact with the vacant 2a, combination of
the [Co;(CO)1** triangle. Moreover, the two occupied = orbitals of the carbyne
have the correct symmetry io overlap with the degenerate 2¢ acceptor pair, as shown
in Fig. 2.

Schilling and Hoffmann [24] extended these concepts to the cluster carbocations
prepared by Seyferth and coworkers. In particular, they examined the conformations
available to the alkyl cation [Co{CO,C=CH,]"* (9). They were able 10 show that
the linear cation 9a is actually an energy maximum, with esseatially no barrier to
rotation of the CH, group relative to the basal plane. Moreover, the minimum
energy structure 9b, in which the vinylidene cap bends towards a cobalt atom, is
stabilized because of a very favorable interaction between the symmetrical componeni
of the 2e set of the metal triangle and the 7 orbital of the C=CH, unit. This latter
orbital is well localized on the methylene carbon and creates direct bonding between
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Fig. 2. Interaction diagram for Coz{CO},CH (adapted from Ref. [24]).
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Fig. 3. The interaction of a vacant p, orbital on the cationic carbon with a filled d,? orbitai on cobalt.
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Fig. 4. Migration of the vinylidene fragment around the metal triangle in [Coy(COLC—=CH;]" (9).

this carbon and a cobali atom (see Fig. 3); as a result, the gap between the highest
accupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) increases markedly on bending the C=CH, moieiy towards a Co{CO},
vertex.

Schilling and Hoffimann [ 24] also noted that, when the vinylidene cap is oriented
towards a cobalt—cobalt vector, as in 9¢, there is a somewhat weaker interaction of
the methylene p, orbital with the antisymmetric component of the 2e set of the
tricobalt fragment. In this conformation, the methylene hydrogens are oriented in
an upright manpes relaiive to the basal plane. Since molecule 9¢ lies about 16 keal
mol ~* above the favored structure 9b, it represents a saddle point in the antarafacial
migration process which allows the vinylidene cap io bond to each cobait center
successively, as in Fig. 4.

2.3. Structures of ketenylidene and vinylidene complexes

Although no X-ray crystallographic data on the prototypical cations 5 or 9 have
yet been reported, the structures of these tricobalt species may be inferred not only
from spectroscopic evidence, but also from solid siate data on closely analogous
molecules. The structural chemistry of ketenylidenes compiexed to iron clusier frame-
works has been largely pioneered by Shriver and coworkers [ 26-307], who prepared
the anions [Fe;(CO)C=C=07*" and [Fe,Co(CO),C=C=0]" {12 and 13 respec-
tivelyl. In the Fe, cluster 12, the ketenylidene moiety is not aligned along the C,
axis of the iron triangle, but rather is tilied 33° towards one of the Fe{CQO), vertices
[26]; in the Fe,Co anion 13, this angle 8 is 24° [27]. Interestingly, in the congeneric
ruthenium cluster [Ru,{CO}C=C=0]*" (14), the C==C=0 unit leans through
11® towards an Ru—Ru vector [ 28]. Coatinuing down the group, Shapley et al. [ 311
have prepared the dianion [Os;(CO),C=C=0T" (15}, which exhibits an angle ¢
of 26”; however, in the corresponding diprotonated species H,0s,(CO),C=C=0,
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in which the extra twe hydrogens are bonded to the Os atoms in the basai plane,
the ketenylidene unit is almost perpendicular to the tri-osmium plane [31].
EHMO calculations on these ketenylidene systems reveal orbital interactions
which are ciosely analogous to those previcusly discussed for the vinylidene-capped
trimetallic clusters. In particular, these calculations show that the capping C=C-=0
fragment can be stabilized by leaning towards either a metal vertex or a metal -metal
bond, as shown in Fig. 5 [32]. In the tricobalt system [Cos(CQO),C C=07" {5
the HOMO-LUMO gap is already substantial even i the C;, structure Sa, but 1
does improve as the keienylidene leans towards a cobalt vertex, as in Sh. However,
the effect is less dramatic than in the corresponding vinylidene cationic cluster 9b.

8 o
—
ch = 12 (Fes(CO)C=C=0}>, 8= 33
— ¢ 1
M—i—M 13 [FepColCOC=C=01 , b= 247
Sk
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Fig. 5. Energy level diagram showing the effect of tilting the capping ketenylidence unit from the threefold
axis perpendicular to the plane of the metals 1 [Co,{COKC-C—0]" (5} and | Fe,(COWC~C—017"
{12).
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For [Fe,{CO)yC=C=07*" (12), the calculations reveal two shallow minima, of
which the Jower (depth, approximately 3 kcal mol ™ !) corresponds to a tilting of the
capping group through about 40" towards an iron veriex. As noied above, the
crystallographic data show a bend of 33° in this direction. The capping ketenylidene
in the ruthenium analogue 14 tilts the other way, L.e. towards a ruthenium-—rutheniom
vector, perhaps corresponding to the other minimum on the graph shown in Fig. 5.

Although no X-ray crystallographic  structure  determinations  of
[Cos{CO}C=CR,]"* clusters have yet been reported, data have been obtained
for neutral clusters which have the same overall eleciron count. In
{CsHs), W, {CO) Fe(CO),C=CH, (16) and Co,{CO);Ru{CO),C=CH'Bu (17}, the
vinylidene leans towards the Fe{CO), or Ru{CO), vertex respeciively [ 33,34]. Thus
we can formaily assign an 18 electron configuration to all three metal atoms in
each cluster.

24. NMR studies on vinylidene cations

The EHMO calculations of Schilling and Hoffmann [24] suggest not only that
the CH,* group in [Co,(CO},C=CH,]* (9) will lean towards a Co{CQ); veriex,
as in 9b, but also that the capping fragment can undergo antarafacial migration
from one metal to another. This prediction prompted Edidin et al. [35] to devise a
most ingenicus experimental test for the ground state geometry and for this fluxional
process. To this end, they synthesized the cation 18, in which an isopropy! substituent
was incorporated as a **C NMR probe for chiral conformations. In this system,
coniormation 18a would have C, symmetry and the methyls in the isopropyl group
would be diastereotopic and thus exhibit two >*C NMR resonances. At low temper-
ature this behavior is indeed observed. Furthermore, as the temperature is raised,
these iwo methyl peaks coalesce, as would be required for a pathway involving 18b

C_..—- [ adumlt w H C
TR \ e o= C<H S
{OC)Co Co®
0{CO
c’ {c0o) (COlg
(CC) {OC)4C6
3 T~ CafCO)y
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which possesses a molecular mirror plane and so equilibrates the methyl environ-
ments. The experimentally determined barrier for this antarafacial migration process
is 10.5 kcal mol ™ *,

2.5. NMR studies on ketenylidene cations

Of course, in the case of the tricobalt ketenylidene cation [Co4{CO)C-C=0]"
{5), it is not possible to lower the symmetry of the capping acylivm moiety and, in
the absence of X-ray crystallographic data, we must resori to other techniques. It is
noteworthy that at 163 K the '*C NMR resonances of the cobalt carbonyls are spiit
mto a 6:3 ratio; this resuli has been rationalized in terms of the non-linear C,
structure 5b, in which two rapidly rotating Co(CQ); vertices are different from the
third [32]. In support of this view, we note that, in the closely analogous vinylidene
complex [Co;(CO)C=CMe,]*, the carbonyl resonances are likewise split into a
6:3 pattern at low temperature [36].

In Shriver's studies [ 26-30] of [Fe;(CO}C=C=0Q]>" (12), it was observed that,
when a sample of 12 was stirred overnight under an atmosphere of *CO, both the
terminal and ketenylidene CO groups were enriched, as determined by *C NMR
[26]. The enrichment of the apical carbonyl is thought to occur iniramolecularly
via the intermediate formation of a carbide 12b; thus incorporation of *CO at the
ivon carbonyl positions provides a route to earichment of the ketenyhidene moiety.
However, while this Fe—CO/C-CO interchange is operative only on the relatively
slow chemical time scale, it is not detectable on the NMR time scale. Thus, even at
50°C, the peaks attributable to the ketenylidene carbonyl and the CO groups bonded
to iron show no evidence of exchange.

The corresponding **CO incorporation experimentis were carried out on the trico-
balt caticn [Coy (€O}, C-C=0]" (5), but only the metal carbonyis were enriched
[37]. However, the ketenylidene carbon in 5 has been labelled by treatment of 13CO-
entiched Co;(COXCBr with AlCl,, as in Scheme 1 [32].

3. Co,{(CO)- and Cp,Mo,(CO),-complexed propargyl cations

3.1. Syntheses and NMR fluxionality of dicobalt complexes

The ideas promulgated by Wade [15], Mingos [16] and Rudolph [38] have
allowed a convenient classification of structural types, and have demonsirated the
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relationships between molecular geometries and skeletal electron counts in clusiers.
Moreover, the concept of isolobality {391, whereby chemically different molecular
fragments possess frontier orbitals of similar symmeiry, energy, extension in space
and electron cccupancy, has provided a simple theoretical framework with which to
rationalize much of cluster chemistry. We can replace a Co{CO); vertex in
[Co,(CO)}C=CR,]* (9) by an isclobal CH fragment to generaie the propargyl
cation [Co{CO)(HC=C-CR,})]* (19); these molecules are readily available by
protonation of alkynol complexes, such as Co,(CO);{HC=C-CR,0H) [4041].

The bent structure 19b was supported by NMR data, which revealed the non-
equivalence of the methylene hydrogens, one of which would be syn with respect to
the Co-Co vector, while the other would be anti relative io this bond [42]. The
first mechanistically revealing study of such a system was reporied by Schreiber et al.
[43] who showed not only that the antarafacial migration process, 202, is valid
for propargyl-dicobalt cations, but also that a second, and higher energy, fluxional
process can be deiected. This latter exchange is depicied in Scheme 2 and invelves
rotation about the C,-C,; bond so as to interconvert the syn and anti hydrogen
environmenis.

As with the tnicobalt ketenylidene and vinylidene clusters (5 and 9 respectively},
it has not been possible to obtain X-ray quality crystals of the propargyl-dicobalt
cations 19. Nevertheless, isolobal substitution of a Co(CO),* vertex by an Fe{CO);
group should, in principle, yield a neutral cluster with the same electron count and,
presumably, a similar structure. Indeed, EHMO calculations on the
(HC=C-CH, )FeCofCO); cluster favor a structure in which the methylene moiety
leans towards the Fe{CO), vertex such that it makes an angle 6 of approximately
55°. Very recenily, this proposal has received experimenial support and the clusier
{MeC=C-CH,FeCo{CO);PPh; has been crysiallographically characterized [44].
The structure is shown in Fig. 6 and the excellent correlation with the calculated
geomeiry is evident; the experimental value of & 15 59°.

3.2, Cp,Mo,(CO) -stabilized monocations and dications

3.2.1. Syntheses

Concurreni with the work on alkyne-dicobalt complexes, Sckolov and his
colleagues in Moscow were developing the chemistry of the analogous Group
Vi-stabilized cations [Cp,M,{CO){HC=C-CR,)]"* (21), where M=Mo or W,
either by using HBF,—ether te protonate the precursor aleohols
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Scheme 2. Fluxional processes in [Co,(CO),(HC=C- CR,|]* (20}

Fig. 6. X-Ray crystal structure of {MeC=C-CH,)FeColCO),PPh; showing how the methylene unit
leans towards the Fe(CO), vertex; phenyl groups have been removed for clarity.

Cp, Mo, CO),(RC=C-CR,0H), or by hydride absiraction from an allene precursor
[45,46]. As shown in Scheme 3, molecules of this type are also accessible via proton-
ation of the o,4°-allenylidene compiexes Cp,M,(CO){o4°-C=C=CMe,. where
M=Moc or W [47]).

Sckolov and coworkers [48] also showed that the protonation of
Cp,Mo,{CO)L(HOCH,C=C-CH,0OH} with HBF,—¢ther afforded initially the
monocation [Cp.Mo,(COJ,(HOCH C=C-CH,)]* (22} subsequent treatment
with FSO;H or trifluoroacetic acid furnished the dication
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Scheme 4. Syathesis and reactivity of [Cp,Mo,(COL(H,C-C=C-CH,)}]** (23).

[Cp, Mo, {COL(CH,C=C-CH,}]** (23). As illustrated in Scheme 4, the addition
of water to 23 regenerated the starting but-2-yne-i,4-diol complex, whereas reduction
of 23 with sodium borohydride gave Cp,Mo,(CO){CH,C=C-CH,) [48].

3.2.2. NMR Ruxionality
The original synthesis and characterization of teirahedral clusters of the type
Cp;Mo,(CO)(RC=CR) (24} were reported by Cotton and coworkers [49] who
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noied a hitherto unknown feature in these structures. The molecules did not adopt
a C,, structure; instead the cyclopentadienyl rings were oriented in a less symmetrical
manner. More interesting, however, was the arrangement of the carbonyls, three of
which were almost linear, while the fourth CO ligand took up a semi-bridging
position with an Mo=C=0 angle in the range 165°-170°. The fluxionai behavior
of the Cp;Mo,{CQO),(RC=CR) clusters also exhibited novel characteristics. A low
energy process involved a pairwise exchange of the semi-bridging carbonyl with a
terminal CO on the other molybdenum. A second process led to time-averaged Cs,
symmetry via a swivelling motion of the two CpMo{CO), vertices, as shown in
Scheme 5.

These same siructural features occur in [Cp,Mo,(CO)  (HC=C-CR,}}" cations
and, when the fluxional behavior is slow on the NMR time scale, this vields mixtures
of diastereomers in which the semm-bridging carbonyls adopt different positions; the
net result is a rather complex NMR spectrum at low temperature [50,51].
Nevertheless, i has been possible to delineate two exchange processes. The barricr
to aniarafacial migration of the CR,™ meoiety from one molybdenum vertex to the
other can be evaluated by monitoring the coalescence behavior of the cyclopenta-
dienyl ring nuclei in either the *H or '*C regimes. To be specific, the antarafacial
migration process shown in Scheme 6 maintains the identity of the syn and anti
substituents at C, but equilibrates the metal sites. Interconversion of the syn and
anti substituents requires rotation about the C,—C; bond.

These aspects are beautifully illustraied in the [(C,HMe}Mo,(COl,
{(HC=C-CH,)}" cation for which Curtis and coworkers [ 52] demonstrated that
the cyclopentadienyl ligands are equilibrated via a process with an activabion energy
of about 17 kcal mol ™ !; in contrast, the barrier for interconversion of the syn and
anti CH, protons is considerably higher. These data are entirely in accord with the
antarafacial migration and C,—C, rotation mechamsms depicted in Scheme 6.

AP
= <D
& -
w N\,

Scheme 5. Fluxional processes in Cp,Mo,(COLIRC=CR} (24); initially, sermi-bridging carbonyis are
equilibrated, and subsequently the Cp groups become equivalent.
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Scheme 6. Fluxional processes in [Cp,Mo,(COL{HC=C-CH,)]" {21).

Subsequent investigations have revealed that the barrier to these antarafacial
migrations of CR,* fragments from one metal vertex to the other is critically
dependent on the primary, secondary or tertiary character of the carbocationic center
[47,50-557. The activation energy for such a process in molybdenum-, tungsten- or
cobalt-stabilized CR," moieties falls from approximately 18 kcal mol ™! for primary
cations to about 10 kcal mol ! for tertiary cations, indicating that the more stable
tertiary centers have much less need for anchimeric assistance from the metal than
primary cations. (These NMR data for metal-stabilized cations in sclution have been
complemented by variable-temperature cross-polarization magic angle spinning
(CPMAS) studies in the solid state where the same processes are observed [51,55].)

Of particular significance are the data reported for the [(fulvaleneiMo,-
(COY{RC=C-CR,)]" cations (25) first described by Volihardt and coworkers [53].
In these molecules, the cyclopentadienyl rings are linked and the carbonyl ligands
are clearly terminally bonded. Naturally, these features restrict the mobility of the
system and avoid the spectroscopic complications arising from the differing orienta-
tions of cyclopentadienyl rings and semi-bridging carbonyls [56]. Variable-
temperature NMR and two-dimensional exchange studies on a number of these
fulvalene systems allow us to determine a cosnsistent pattern in their fluxional
behavior. In [#°:7°-(CsH,;—CsH, )Mo, (CO),{ Me€C=C-CH,)]", the barrier towards
antarafacial migration of the CH,* moiety from Mo to Mo can be monitored by
the rate of equilibration of the sets of fulvene ring protons; AGy,;* for this process
was evaluated as approximately 17.7 kcal mol ~!. In contrast, the barrier to intercon-
version of the syn and anti methylene environments was found to be about 19.1 keal
mol ~!. A convenient way to express this result is that, at 343 K, there are approxi-
mately seven antarafacial migrations for each rotation about the C—CH, bond [53].
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25

By way of contrast, in [1°:%°- (CsH,~CsH, )Mo, {CO){HC=C-CMe ;)] ", the antar-
afacial migration process and the barrier to rotation of the CMe, group are both
approximately 10 kcal wmol™!. Similarly, in the diphenyl analogue
[(fulvalene)Mo,{CO),{HC=C-CPh,}] " . both barriers are low [54].

4, X-Ray crystaliography as a probe for the molecular dynamics of
fCp,Me,{CO), (propargyl)]* eations

4.1. Structures of [Cp,Mo,(CO}(RC=CR,}]" cluster cations

A major advantage of working with dimolybdenum cations,
[Cp,Mo;(CO(RC=C-CR'R"Y] ", rather than their Co,(CO), analogues, 19, is the
ready availability of X-ray quality crystals of the former. A number of such cations
have been characterized crystallographically, and in all cases the (C=CR'R"}"
fragment leans towards a molybdenum vertex. However, the NMR evidence cited
above suggests a reduced need for anchimeric assistance from the metal as the
inherent stability of the carbocation {CH;” <RCH,* <R,CH* <R,C") increases
[50-557. This apparent weakening of the metal-to-carbocation interaction is also
reflected in the increasing Mo—C* distances which range from 2.44 to 2.74 A in the
series M--CH,™, M-CHR™, M--CR,™ [52-54,57-62]. However, these structural
data do much more than merely vield the molecular geometry of the cations. They
can aiso be used to investigate the molecular dynamics of these systems by means
of a Biirg-Dunitz trajectory analysis, and we take a brief detour to discuss the basis
of this approach.

4.2. The Biirgi—Dunitz trajectory model

In recent years, the powerful concepts developed by Biirgi and Dunitz {63] have
greatly increased cur understanding of molecular dynamics. It has been demonstrated
that a succession of static X-ray structures can provide information about the
dynamics of a reaction. In their now classic studies, Biirgi et al. [64] showed, for
example, that a series of crystal siructures of systems containing both a nucleophile
and an organic carbonyl group can be used to obtain the trajectory of approach of
the two reagents. It is clear from these data not only that the nucleophile attacks
along a line making an angle of approximately 105° to the C=0O bond, but also
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that the trigonal planar sp® carbon atom is gradually transformed into a tetrahedral
center. The significance of these observations for mechanistic organic chemistry is
profound, and it was soon expleited by Baldwin [65] to rationalize the favorable
or unfavorable nature of many ring-closure processes.

Another beautiful result from Dunitz’s laboratory [66] showed how the distribu-
tion of crystal stiuctuses of more than 60 {CzH ), P—X fragments in many different
environmenis can be related to the “two-ring flip” mechanism by which these chiral
propeller-like moieties can underge racemization. In this process, all three phenyl
rings do not rotate at the same rate nor in the same direction, and this phenomenon
should be reflected in the crystallographic resulis which capiure a series of snapshots
of the Ph,P fragment in different environmenis. This crystallographically derived
picture of the stereoisomerization pathway is complemented by force field calcula-
tions and variable-temperature NMR data on related Ar,CH systems, which also
favor the “two-ring flip” mechanism [ 67-70].

The ideas of Biirgi and Duniiz have also been adopted by Crabiree and Lavin
[71], who used a series of X-ray crystal structures to show that carbonyl migration
between two metal atoms proceeds via a trajectory in which a linear terminal ligand
goes through a series of increasingly bent semi-bridging structures to a symmetrically
bridging situation.

The Birgi-Dunitz approach can also be applied to the problem of finding the
migration pathway of a CR,™ moiety in [Cp,Mo,{CO),{HC=C-CR;)]", from one
molybdenum vertex to the other, as depicted in Scheme 6. Moreover, these data can
be conveniently compared with the minimum energy trajectory predicied by mole-
cular orbital calculations.

4.3. EHMO caleulations on Mo,C, cluster cations

As noted above, the simplest model for the migration of a propargyl cation
between two CpMo(CO), centers is provided by the conformationally rigid fulvalene
complex, [7°:7°- (CsH,~CsH, )Mo, (CO),(MeC=C-CH ,)] . Taking this framework
as a model, the energy hypersurface has been calculated for migration of a C-CH,~
uait over the surface of an Mo,C trianguiar base. The coordinates of the CH,; unit
are defined in terms of three angles 6, ¢ and w, where & measures the bending of the
methylene vanit towards the Mo—Mo bond (see Fig. 7). As the methylene group is
allowed to swivel away from the molecular mirror plane which bisects the molyb-
denum-meolybdenum bond, the dihedral angle ¢ opens up from 07 towards 707, at
which point the C—CH, bond eclipses the carbynyl-carbon-molybdenum vector, The
third degree of freedom, the twist angle o, defines the positions of the methylene
hydrogens. When all three components of the CH, unit lie in the molecular mirror
plane (¢ =0°), the w values are 0° for H,,y, and 180° for H,,,. As the methylene
fragment swivels towards Mo, we might anticipate that the values w{H,,4,} and
wiH,, ) would gradually evolve towards 90° and —90° respectively. Fig. 8 shows
the resulting hypersurface, calculated at the extended Hilckel level of approximation,
in which the angles 8 and ¢ were incremented in units of 5° and 2° respectively. At
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Fig. 7. The angles 6, ¢ and w which defire C{1) and C(2).

each point, the torsion angle «w was varied from ¢° to 180° in 15° incremenis and
the minimum energy w value for each {0,¢) position was plotted [72].

The transition state has C, symmetry in which the optimal value of the bend angle
& 15 175° 1e. the CH, group leans only slightly towards the Mo-Mo vector. As ¢
mcreases to 20°, the initially relatively flat region of the hypersurface begins a
precipitous drop into a potential well. This fall is accompanied by a sharp decrease
in 0 which becomes 144° by the time ¢ reaches 28°. The value of & remains essentially
constant as we approach the glebal minimum, and indeed is maintained briefly even
after the C—CH, fragment has passed the ¢ = 70° mark, corresponding to the eclipsing
of the carbynyl- carbon—molybdenum vector. The global minimum is located in the
region ¢ =50°-70°, where the energy is virtually constant.

We can use these data to locate the minimum energy trajectory for this methylene
migration process. Fig. 9 indicates the pathway taken by the methylene carbon, while
Fig. 10 shows that, at ¢=0°, the molecuie maintains €, symmetry such that the p,
orbital on the sp*-hybridized CH," unit is oriented paraliel to the Mo-Mo axis.
This geometry optimizes the overlap of the vacant orbital of the cationic carbon
with the filled d,? orbitals on both metals and so stabilizes the electron-deficient
methylene center during its transit from one molybdenum vertex to the other.

The orientation of the hydrogen atoms of the migrating group, as indicated by
the torsional angle @, was found to evolve with increasing ¢ so as to allow an
optimal interaction of the carbon p orbital with the filled d orbital on the molyb-
denum atom towards which it is moving. Fig. 10 illustrates the evolution of the
methylene twist angle « as the migrating fragment seeks to maximize its orbital
overlap with molybdenum as it approaches the metal center. Thus the plane contain-
ing the CH, fragment rotates relative to the Mo,C basal triangle such that, when
$=0°, these two planes are orthogonal, but, at ¢ =70", they are almost parallel.
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Fig. 8§ EHMO-caiculated hypemsurface for the migration of a methylene group m [i°’-
fulvalene)Mo,{CO){RC=C- CH,}]" (25}

4.4. Comparison of EHMO-calculated structures with X-ray data for Mo,C, cluster
cations

In the light of these calculations, Girard et al. { 72] assembled the available X-ray
crystallographic data on the molybdenum cations, not only to carry out a Bilrgi-
Dunitz trajectory analysis, but also to complement their detailed EHMO investiga-
tion of the reaction pathway. Crystallographic data are available for a number of
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Fig. 9. View of the EHMO-calculated trajectory of C{1) during the antarafacial migration process.

Fig. 10. Bird's eye view of the twisting motion of the CH; fragmenat during the antarafacial migration
process.

[Cp,Mo,(COL{RC=C-CR'R")]" cations, where Cp can be CH,, C;H Me or
CsMe;, and the R’ and R” substituenis range from H [52,53,57], methyl [54,58]
and ferrocenyl [39] to steroidal [60] and terpenoid [61,62] fragments; these data
are summarized in Table 1.

As noted previously, the Mo—C™ distances lengthen as the character of C* changes
from a primary carbon, to a secondary carbon, and finally to a tertiary cationic
center. However, for the present purpose, we need to know not only the boad
distances, but also the experimental values of the bend angle & and the torsional
parameters ¢ and @ for each cationic cluster. Figs. 11 and 12 show the C-CH,
positions for each of the 12 crystallographically determined structures which
have been superimposed on the Mo,C trianguiar base of [#°n’-
(CsH,—CsH, )Mo, (CO(MeC=C-CH ,)]".
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Fig. 11. Superposition of the C{l} cationic cemters in 12 different X-ray crystal structures,
[Cp Mo {COL{RC=C-CR'R"}]".

Fig 12. View of the twisting motion of the CR'R" {ragment in a series of X-ray crystal structures.

it 1s immediately apparent from a comparison of Figs. 9 and 10 with Figs. 11 and
12 respectively that there is an excellent correlation between the EHMO-calculated
and X-ray-determined series of structures. The crystallographically located positions
of the carbynyl capping carbons in the series of clusters, although very similar, are
not identical, showing that we can consider that the whole vinylidene fragment is
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capable of moving over the triangular base. Nevertheless, it is evident that the locus
of the cationic site is readily defined in terms of the angles & and 4.

It is fortunate that the [Cp,Mo,{COL(RC=C-CR'R")Y]™ clusters whose structures
have been reported cover a range of substituents with widely differing electronic and
steric requirements, and so yield a data set with bend angles # varying from 122° to
155° and with torsional angles ¢ covering the range 50°-70°, These values encompass
almost the entire domain of the deep potential well in the hypersurface depicted in
Fig. 8. Indeed, we can clearly see that the tertiary cationic ceniers have not merely
lengthened the Mo-C™* distances relative io those found in CH, ™ systems, but have
also started to climb out of the potential well by rotating the C-CH, vectior towards
the mirror plane which bisects the two molybdenum vertices. Moreover, the twist
angles « gradually evolve such that the exo and endo substituents move towards
their predicted vertical positions as the migration proceeds. We also note that, in
those crystal structures where the substituents attached to C; are observable, the
cationic center is not planar in an ideal sp? fashion, but rather shows a tendency to
pyramidalize. Of course, in those cases where the greatest pyramidalization is to be
expected, ie. the primary cations most firmly bonded to the metal center, the
methylene hydrogens cannot be located unequivocally. Interestingly, the EHMO
calculations suggest that, at the calculated global minimum energy for [ #°-
{CsH,—CH )Mo, (CO),(HC=C-CHy,,)," (where 8=140" and ¢ =54"), the methyl-
ene hydrogens can each be beni away from the Mo atom by 8°; this stabilizes the
system to the tune of approximately 1.2 keal mol~* [72].

In summary, the remarkable similarity between the calculated lowest energy path-
way for cation migration between two metal vertices and the trajectory indicated by
a series of crystallographic “snapshois” of the process is manifest evidence of the
power of the Biirgi-Dunitz approach towards understanding molecular dynamics

[73].

5. Reactivity of [Co,(C0),C-C=0]" cluster cations

The acylium-type character of 5 and its isolobally related clusters 2629, whereby
a Co{CQ}, vertex has been replaced by a {CHINi, {(CHIMo(CO),,
{CsMes )Mo{CO), or (CH)Co(u-CO} moiety, should be reflected in the ease of
reaction with nucleophiles,

Such is indeed the case, and these clusters bave been treated with a wide variety
of reagents [37,74,75]. Typicaily, alcohols, amines and thiols react to give the
corresponding esters, amides and thioesters. The [Co,(CO)C-C=0]" acylium ion
can also be used in Friedel-Crafts acylations of electron-rich aromatic systems [ 741.
Thus § reacts with anisole, dimethylaniline or ferrocene to give the corresponding
acyl clusters, as illustrated in Scheme 7; in contrast, the mixed-metal acylium clusters
26-28 are unreactive towards ferrocene, but do acylate pyrrole or indole.

1t is informative to compare these results with those found for the corresponding
anions, such as [ Fe;{(CQ),C=C=0]"" (10}, which might naively have been expected
to react analogously with electrophiles; however, the situation is not guite so simple,
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Under certain conditions, these anionic ketenylidenes (30a) behave as if they were
in equilibrium with a trimetallic carbide form (30b). Indeed, Lavigne [76] has
described these ketenylidene clusters in terms of a capping carbide atom being
(lightly) stabilized by a carbonyl group. Thus smail electrophiles, such as H* or
CH, ", attack the o-carbon and the carbonyl moiety of the keteaylidene migrates to
the metal triangle to give the alkylated cluster 31 [26]. In contrast, as shown in
Scheme 8, an acetyl group bonds to the ketenylidene oxygen atom, 32; subsequent
protonation yields initially the closo cluster 33 and ultimately the isomer 34 in which
the C,~C, bond has been cleaved [77].

Tt is noteworthy that the ruthenium cluster 14 differs not only structurally from
its iron and osmium congeners 12 and 15, but also in its chemical behavior.
Electrophilic attack by H* or CH;" occurs at a metal center rather than at the
C=C=0 capping fragment. This may be a consequence of the smaller value of ¢
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Scheme 7. Reactions of cationic ketenylidene clusters with nucleophiles,
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Scheme 8. Reactions of anionic ketenylidene clusters with electrophiles.

which renders the a-carbon sterically inaccessible io the incoming electrophile, but
Shriver and coworkers [ 30] have alse shown that EHMO calculations localize the
HOMO of 14 on a metal center rather than on the ketenylidene capping group.

The ready migration of the carbonyl fragment of the C=C=0 group to the metal
triangle as in the purported equilibrium between 30a and 30b finds a parailel in the
cationic systems. Thus, as mentioned previously, the AICl;-promoted dechlorination
of Co,y{€0),C-Cl does not yield [Co,(CO}C]*, but rather the carbenyl migration
product [Coy(CO)C-C=01" 5. {The tenth CO group is provided not by fres
carbon monoxide, but rather from other sacrificial Co;{CO)C—-Cl molecules [23].)
The reverse process, i.e. migration of a ketonic carbonyl group from a capping
position to a terminal metal, has also been reported. Seyferth and Nestle [ 78] noted
that the thermolysis of molecules of the type Coi{COWCH{C=0}Ar resulied in a
foss of CO and the formation of the corresponding Co,(CO}C-Ar clusters. They
raised the possibility of the direct loss of a CO fragment via a radical mechanism or
the initial elimination of a metal carbonyl ligand with subsequent migration of the
aryl substituent from the f-carbon to the e-carbon of the ketenylidene [ 781, These
mechanistic proposals were further investigated by Gates et al. [79] who showed,
by a series of labelling experiments, that the latter process is in accord with the
experimental data, as shown in Scheme 9.

The status of ketenylidene chemistry has been reviewed by Geoffroy and Bassner
[80] and it is apparent that there is much that the experimental chemist as well as
the theoretician can still contribute to this area,
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6. Reactivity of [ MLL,(RC=C-CR'R"}]" cluster cations
6.1. Reactions with nucleophiles

The use of [Co{CO)(RC=C-CR,}]™ cluster cations in organic synthesis was
first exploited by Nicholas [817], who demonstrated that such reagents can react
with a variety of nucleophiles. The synthetic aspects of this elegant chemistry have
been comprehensively reviewed by Nicholas [81] and we merely summarize the
main themes. Typically, 19 alkylates alcohols or phenocls at oxygen, amines at
nitrogen and aromaiics and other weak nucleophiles at carbon (see Scheme 10).

Indeed, it 15 not strictly necessary to isclate these cobali-stabilized cations; in
many cases, the eiectrophile can be generated in situ by the addition of a Lewis acid
or a Brensted acid to the precursor alcohol; subsequent addition of the appropriate
nucleophile yieids the desired product, as exemplified in Scheme i1 [82,83].

6.2. Relative reactivities of Co,( CO)g- and Cp,Mo,(CO) -stabilized propargyl cations

Analogous to the behavior of the dicobalt-complexed cations 19, the molybdenum
cluster cation [Cp,Mo,(CO) {HC=C-CH,)}* (21) also reacts with alcohols, amines
or thiols {48,52]. However, there is a clear difference in reactivity beiween the
dicobalt cluster cations and their dimolybdenum counterparts. For example, the
cobalt cations react with acetone [84] or acetonitrile [85]; in conirast, these can be
used as solvenis for the molybdenum systems. To gauge the relative reactivities of
the Co- and Mo-stabilized cations, they were each allowed to react with
34-dimethoxyphenethylamine {35), which is a model for dopamine.

As depicted in Scheme 12, both cations react with 35 to give a mixture of mono-
and di-N-alkylated products; however, when the amino functionality was protected
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as an amide, attack on the aromatic ring was observed [86]. The difference is that,
while the cobalt cation is restricted to organic solvents such as dichioromethane, the
dimoiybdenum cation 21 can be used in protic biphasic media. Moreover. the
reaciion of [Cp,Me,(COL(HC=C-CH,}]"* with the amine 35 in methanoi is mark-
edly pH dependent. At low pH (pll 1.9), the amine is entirely protonated and O-
alkylation is the sole reaction; in contrast, at pH 3.3, N-alkylation is cotnpetitive and
proceeds to the extent of 50%. The significance of this result is that it is now possible
to attach organometallic labels to biomolecules in aqueous media. (We shall return
to these wmportant applications of cluster cations in Section 9.

Overall, the greater reactivity of the cobalt cations is counterbalanced by the more
selective nature of the molybdeaum cationic complexes. This behavior can be ration-
alized in terms of the reported pKy ™ values of these ions which characterize the
following equilibria [41,60]

[M,L HC=C-CH,)]* + 2H,0=M,L{( HC=C-CH,0H) + [H,0]"

When M,L,=C0,(CO), pKpg  *-68 to —-72; for M,L,=Cp,Mo,(CO),,
p>Kg+ = +3.4 this tells us that the cobalt-stabilized cations can exist in agqueous
medium only at very low pH (pH < 1), whereas the Mo-stabilized systems can survive
at much higher pH values. This very large difference of approximately 10 in the
Ky~ values testifies to the much greater relative stability of the molybdenum deriva-
tives [ 86]. As we shall see presently (Section 7), it is possible to compare directly
the cation-siabilizing abilities of Co(CO); and CpMo{(CO}, vertices by incorporating
both groups into the same cluster.
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6.3. Heteroatom-stabilized cluster cations

The high reactivity of Co,(CQj¢-stabilized propargyl cations can be problematic
in terms of selectivity and storage for later use. Jaouen and coworkers [87)
chose to address this issue by treating [Co,(CO),(HC=C-CH,)]" (19) with a
number of sulfides and phosphines, and with pyridine. The complexes
[Co,{(CO(HC=C-CH,SR,}]* (36), where R=Me, Et or Pr, are readily
isolable and react with nucleophiles such as water, methanol or anisole.
However, their reactivity is somewhat attenuated compared with that of 19.
The cations [Co,{CO){HC=C-CH,py]]* (37) and [Co,(CO)}(HC=
C-CH,PEt;)]* (38) are also stable; indeed, the latter has been characterized by
X-ray crystallography. Very recenily, the corresponding molybdenum complex
[Cp,Mey(CO)(MeC=C-CH,PEt,)]" has also been synthesized and its X-ray crys-
tal structure reported [88]. It is evident that, in these systems, there is no longer a
direct intferaction between the f-carbon and a metal veriex; moreover, a substaniial
fraction of the positive charge is located on the heteroatom. Preliminary kinetic data
suggest that the reaction of [Co,{CO){HC=C-CH,SE{,)]* with MeOH proceeds
via an Su2 mechanism, whereby the SEt, moiety functions as the leaving group [87].
It is noteworthy that, without the protecting Co,{CO), unit, propargylic sulfonium
and phosphonium salts isomerize in solution to give the corresponding allenes
[89,%0].

6.4. Metal-stabilized dications
These sulfide-stabilized cationic cobali clusters have been exploited by Went and

coworkers [91,92] to construct cycloalkynes containing sulfur and oxygen.
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Scheme 13, Use of suifide-stabilized dications to generate heterocycies.

Protonation of Co,{CQO){ HOCH,C=C-CH,CH) with HBF,—ether in the presence
of dimethyl sulfide gives [Co,(CO}){Me,S-CH,C=C-CH,-SMe,)}** as air and
theyrmally stable orange crystals. This dication reacis with HS{CH,}OH or
HS({CH,),SH, where n=2-5, to give the corresponding heterocycles, as in Scheme 13.

Very recently, Went and coworkers [93] have extended this synthetic method-
ology to the preparation of alkylamine complexes. The normal acid-catalyzed
route to [Co,(CO),(CH,C=C-CH,)J*" is unsuvitable for reaction with basic
amines, since RNH;* would be generated. However, isolaticn of
[Co,{CO)({Me,S-CH,C=C-CH,-SMe,}}** and subsequent treatmeni with di-
phenylamine provides an efficient route to Co,{CO)(Ph,N-CH,C=C-CH,- NPh,j
[93]. An alternative approach to siabilizing ihe propargyl cations is to enhance the
electron density at the metal centers by replacing CO ligands by phosphines.
Thus Went and cowoerkers have found that substitution of four carbonyls by two
diphenyiphosphinomethane (dppm} ligands yields the stable dication
[Co{CO),{dppm),(CH,C=CCH,)}** (39) when ireated with HBF,. Again, this
dication is a convenient reagent with which to prepare difunctionalized alkynes [93].

In a very recent development, Curtis and coworkers [94] have successfully charac-
terized the dicationic salt [Cp,Mo,{CO),(CH,C=CCH,)]** 2[BF,] (23) by X-ray
crystaliography. The dication 23 adopts a C, structure and the Mo—C™ distances
average 2.46 A, typical for a primary cation [52,53].

This dication has also been the subject of a molecular orbiial invesiigation which
showed the LUMO to be primarily a metal-based orbital [94]. In contrast, in the
monocation [Cp;Mo,{COL(HC=CCR,)]", the LUMO is largely localized at the
cationic center and reduction with sodium yields a radical which couples to give the
dimer 40 [ 58,95].
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7. Mixed-metal cluster cations
7.1. The stereochemistry of cation formation

The ready isolation of dimolybdenum cations, together with the reported pKy "
values previously discussed, suggest that, in a direct competition beiween
CpMoe{CO}, and Co{CQO}, vertices, a cationic center would be preferentially stabi-
lized by the former. This was first investigated by D’Agostino et al. [36] who
prepared the mixed-metal elusters CoMCo(CO)s(HC=CCH,0R} (41} (M =Mo or
W), which on protonation furnished the cations [CpMCo(CO){HC=CCH,}]*
{42). The *C NMR chemical shifts of the metal carbonyls indicated strongly that
the positive charge was partially delocalized onto the molybdenum (or fungsten)
atom, while the cobait carbonyls were little affected. (It is straightforward 1o assign
B3O ligands bonded 1o tungsten by means of the satellite peaks caused by the 14%
abundant ¥3W isotope.)

These speciroscopic data were supplemented by EHMO calculations {see Fig. 13)
which likewise indicated a more favorable interaction with the Mo vertex (42a}
rather than with the Co{CO}), group {42b). Variable-temperature NMR studies
indicated that these were not fluxional molecules; unlike the homoedimetallic sysiems
[Co{CO)(HC=CCH,}]" or [Cp,Mo,(CC)(HC=CCH,)}]*, for which the antar-
afacial migration pathway has been firmly established [42,43,50-55], there was no
evidence for the formation of a cobali-stabilized isomer (42b).

Interestingly, when the secondary alcohol CpWCo{CO),{HC=CCH{Et)OH) (43)



M.J McGlinchey et ol ' Coardination Chemistry Reviews {43 { 1995) 331 381 363

H_‘
H -"_:‘C
& \ c
CO{CO),M — CaiC0),
CHLOH ™~ I
|
H
N HY 425
CpICOl,M -—l — Co(COl, W H
\ / = Mo, .__‘__c-
¢ —
H G
&
41 Cp(CO)2M<—-—‘ Co{CO),
¥
H
42b
B
A
- Ng
H
3 (CO),C8— | — WICO),Cp
El.._:'_"c ~OH \ l / 2
|
L &
H-{'
(CO3,Co i] >‘W(CO)2C9 —— 44a H
[ C":—'-' Et
i
H - ¢ ﬁea
43 {CO),CY —] — W(C0),Cp
~ : g
H
44b

was protonated, two diastereomers 44a and 44b were observed in a 2: 1 raiio [ 36].
Moreover, an important series of experiments by Nicholas and coworkers [96]
revealed an even more striking example of diastercoselectivity. It was shown that
the substitution of a carbonyl ligand in a Co(CO}, veriex by a phosphine group not
only enhanced the stabilizing ability of the cluster, but also yielded a cation in which
the vinylidene capping fragment interacted preferentially with the Co{CO),PR,
vertex. When the diastereomers of Co,{CO);PPh,(HC=C-CH{Bu)OH (452 and
45b) were protonated, only a single cation 46a was produced. It is apparent that the
structure of this product minimizes the steric interaciions between the 'Bu groups
and the other cluster vertices, but the routes to this product from two isomeric
precursors must be different [97].

The explanation which has been advanced [98] is depicied in Scheme 14. 1t is
assumed that these cations are generated by initial protonation of the alcohol
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Fig. 13, EHMO-calculated erergy profile depicting the preferential interaction of a methylene fragment
with a CpMo(CO}, vertex {as in 42a) rather than with a2 Co{CQ), unit (42b),
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Scheme 14, Proposed mechanism to account for the observation of 2 single diastereomer 462 generated
via antiperiplanar elimination of water from two isomeric precuzsors 45a and 45h.
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Scheme 15, Nucleophilic substitution in 2 chiral ferrocenylmethanol occurs with retention  of
configuration.

precursor and that loss of water occurs with anchimeric assisiance from a metal
center which is antiperiplanar with respect to the leaving group. Certainly, this
mechanism is well established for Cr{CO),-stabilized benzyl cations [99] or ferrocen-
ylmethyl cations [ 100] which undergo substitution with retention of configuration,
as exemplified in Scheme 15.

Now, if we assume that elimination of water can be assisted either by the
Co{COY,LPR; or the Co(CO}; vertex, then clearly two i1someric cations can result,
However, if cation 46b {which is stabilized by the Co{CO}, moiety) can undergo
irreversible antarafacial migration to the more stable isomer 46a, then only a single
product will result. This same reasoning may be applied to the Co-W cations 44a
and 44b, whereby the minor percentage of cation generaied in a cobalt-assisted
transition state can irreversibly isomerize to the favored W-stabilized diastereomer
[36,98].

7.2, Mixed-metal cluster cations derived from terpenes

Terpenoid cations hold a pivotal position in the history of molecular rearrange-
ments [ 1017]. The Wagner-Meerwein skeletal rearrangement of camphenyl chloride
to isobornyl chloride is a classic example of a 1,2-alkyl shift [102], and is depicted
in Scheme 16.

In contrast, the electronically disfavored 2-alkynylbornyl cation 47 undergoes a
Wagner-Meerwein rearrangement in the opposite sense so as to generate a camphenyl
cation 48; a subsequent methyl shift yiclds 49 which itself suffers Wagner—Meerwein
rearrangement to regenerate the sterically favored bornyl skeleton 50 [103]. as in
Scheme 17.

D'Agostino et al. {36,83] realized that this system offered an opportunity to
stabilize the 2-aikynylbornyl cation as its Coy{CO), or Cp,Mo,{CO), compiex (51
and 52 respectively}). These complexes were prepared and characterized by two-
dimensional NMR techniques which revealed that no skeletal rearrangement of these

Pyl — by e B

Scheme 16. Wagner—Meerwein rearrangement of camphenyl chloride te isobernyl chioride.
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Scheme 17. Wagner—Meerwein rearrangement of the 2-ethynylboray! cation to the 4-ethyaylbornyl cation.

cations had occurred. They were also able to prepare the mixed molybdenum-cobalt
cluster cation 53, whose NMR specirum indicated it to be stabilized by preferential
interaction with the CpMo{CO), vertex.

The caticns 52 and 53 were later characterized by X-ray crystallography, and this
provided the first unequivocal structural evidence that the cations were indeed
preferentially bonded to the molybdenum center [61]. Since it was now firmly
established that metal clusters could stabilize a terpencid cation against Wagner—
Meerwein rearrangement, the nexi aim was io elucidate the limits of this interaction.
The question arose as to whether the cluster could prevent the rearrangement of a
terpenoid cation which was under considerable steric pressure to isomerize. For this
purpose, Gruselle and coworkers [62] prepared and protonated the Co,{COj,
complex of 2-propynylienchol (54) shown in Scheme 18. In this system, an equilib-
rium is set up between the initial cation 55 and its Wagner—Meerwein isomer 56.
On guenching the mixture with water, cation 55 forms the alcohol 57, the epimer of
54; meanwhile, the rearranged cation 56 yields primarily a mixture of elimination
products, 58 and 59. Replacement of a Co(CO}; moiety in the alkene 58 with
CpMo{CQ); gives one almost pure diastereomer 60 which, on protonation to give
61, undergoes Wagner-Meerwein rearrangement back to the original fenchyl skeleton
62 which has been characierized X-ray crystallographically.

The message from this chemistry is ¢lear. A sterically encumbered fenchyl cation,
even when stabilized by coordinaticn to a Co{CQ); cation, is unable o resist the

Mg £-| ™~ Co(CO),
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cationic rearrangement to the less crowded bornyl skeleton. However, when the
bornyl cation 61 has the opportunity to be stabilized by a molybdenum center, i
undergoes Wagner—Meerwein rearrangement to 62 even though it must adopt the
sterically disfavored fenchyl structure.

These data allow us to begin constructing a hierarchy of organometallic fragments
in terms of their ability to stabilize carbocationic centers. A number of organometalilic
cations have been isolated and characterized spectroscopically and/or structurally.
Typically, it has been shown by NMR and X-ray crystallography that, in the cluster
HCH ) FeiCH, - CHAC=CR)Mo,{CO ),Cp,] ™ (63}, it is the molybdenum cluster
rather than the ferrocenyl fragment which preferentially stabilizes the electron-
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Scheme 18. Wagner—Meerwein rearrangements in the fenchyl sysiem.
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deficient center [ 591]. It is perhaps more realistic to visualize these metal-stabilized
carbocations as vinylidene groups coordinated to an M, or M,C triangle
[19,24,32.44]. We are aware of several other systems (64—67) [44,104-105] in which
a C=CR'R"” moiety can selectively bind to its preferred metal fragment. Thus, in a
preliminary fashion, we can begin to arrange metal vertices in order of their ability
to stabilize carbocationic centers. Molecules 63 and 64 iell us that
Cp, Mo, (COL(RC=C-) > ferrocenyl > Co,{ CO}(RC=C-}. Furthermore, we can
see from molecules 6567, and also from 16, 17, 44 and 46, that CpRu> CpFe and
Ru{CO); > Fe(CO)y > CpW{CO}, > Co{CO),PPh; > C 0o{CO);.

8. Cyclizations mediated by dicebalt cluster cations
The ability of cobalt-stabilized propargyl cations to promote cyclization reactions
has been briefly discussed in Section 6.1. Recently, cobalt-promoted Friedel-Crafis

alkylations on electron-rich aromatic rings have been exploited for synthetic purposes
[107]. On treatment of the alkynols 68a or 68b with BF,-etherate, the tricyclic
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products 69a and 69b respectively are obtained. Electrophilic attack on the aromatic
ring produces a new five- or six-membered ring; more impressively, the predominant
cyclization product in each case is the one in which the newly formed ring has a cis
ring junction with the existing six-membered ring.

This sterecchemical control results from the mode of attack by the relatively
electron-rich arene at the cationic center in 7. As indicated in Fig. 14, the nucleophile
must approach the cation from the face opposite to the site of attachment of the
cobali. Since the bulky Co,C, clusier preferentially occupies an equatorial site in
the final product [108], the trajectory of approach by the incoming aromatic ring
must be pseudo-axial, as in 71. This in turn requires that the benzyl substituent in
the cationic intermediate 70a {or the phenethyl substituent in 70b) be sited equatori-
ally. The relative orientations of the benzyl {or phenethyl) and hydroxyl funciionali-
ties in the starting material 68 are irrelevant, since the intermediate cobalt-stabilized
cation 70 can simply undergo an antarafacial migration from one cobalt to the other
to generate the required conformation for cyclization.

Fig, 15 illustrates the favored transition state for cyclization to a six-membered
ring. The nucleophile approaches axiaily in such a manner that the hydrogen bonded
to the attacking aryl carbon is orienied trans to the tetrahedral cluster, thus allowing

OMe CMe

X
v /
+Co— coicoy {0C)aCo —— Co(CO)
(CO)g 3 3 a
70a: x=CH, Ta: x=cH,
70b: X - CHyCHp 71b: X =CHzCHo

Fig. 14. Nucleophilic attack by an arene on a cobali-stabilized cation.
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Fig. 15. PC-MODEL-derived transition state, 71b, showing the favored chair-like conformation of the
newly formed six-membered ring: for clarity, the six atoms which make up the chair are cross-hatched.

the newly formed six-membered ring to adopt the favored chair conformation in the
transition state,

It is relevant to note that Nicholas and coworkers [ 109] have offered a similar
rationale for their elegant Mn{OAc);-mediated oxidative cycloaddition reactions of
B-dicarbonyl compounds with Co,{CO},complexed 1-alkene-3-ynes. In these cases,
it is believed that the initially generated radicals are oxidized to cations prior to
ring closure.

9. Bio-orgaremetallic applications of steroidal erganometallic cations

The use of organometallic markers in biological systems is a topic of burgeoning
mmportance. Of particular relevance to this review are the contributions of Jaouen
et al. [1107] concerning the carbonyimeiailoimmunoassay (CMIA) technique. The
CMIA approach seeks to avoid the use of radioactive labels to assay hormonal
receptor sites; these assays play a crucial role in the detection and ireatment of
certain types of breast cancer for which the mechanism of development is hormone
dependent [ 1117. The pivotal factor in such studies is the recognition of a particular
proiein receptor by a biological molecule even when it is modified by the incorpora-
tion of the organometallic fragment [112]. Conventional approaches use radiola-
belled estrogens io bind to the receptor site and the assay is accomplished by
radiocchemical techniques. Jacuen's achievement was to demonstrate that estradiol
derivatives bearing metal carbonyi fragmenis provide a convenient method of assay-
ing the estradiol receptor sites. In this case, the probe is the intensity of the metal
carbonyl v, vibrations which absorb strongly in the region 2100-1850cm ™ *—a
window in which proteins do not absorb.

Tn the early stages of this work, the metal carbonyl fragment was atiached to the
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aromatic A ring of the steroid [113], but the relative binding affinities (RBAs) were
100 low for these molecules to be used in bicassays [114]. {The RBA value is a
quantitative measure of the ability of the molecule in guestion to attach itself to the
specific receptor site; the natural hormone, estradiol, is assigned a value of 100%.)
The most effective systems found were those which possessed a 1 7x-alkynyl function-
ality, as in mestranol {72} or RU 486 ({73}, the controversial “morning-after piil”
which is curreantly licensed for use in France and China. The Co,(CO), and
Cp,Mo,(CO), complexes of these steroidal alkynes {74} have been synthesized and
shown {0 possess acceptably high RBA values. Moreover, the rhenium derivative 75
has an RBA value of 172%, and is the first steroidal organometallic to bind more
efficiently than estradiol utselif [113].

The particular feature of relevance here is that several of these complexes, notably
74. where ML, is Co(CO),, induce irreversible covalent binding to the cstrogen
receptors [ 116], ie. they can function as afnity markers. The key step is the
transformation of the 175-OH functionality into the corresponding carbenium ion
which is stabilized by the n¢ighboring transition metal cluster fragmeni. The nucleo-
philic sulfur residues of a coordination unit involving an acidic metal {presumably
Zn?* ), cysteines 530 and 381 and histidines 524 and 516 { human estrogen numbering)
n close proximity to the estradiol binding site are good candidates for the establish-
ment of such a covalent bond and the consequent receptor inactivation [110]. In
suppoert of the hypothesis that 178-OH plays a crucial role in these interactions. the
isoelectronic complex [FeCo{CO)4(17x-ethynyl-17f-dehydroxyestradiol) {76) was
shown to be completely ineffective as an aflinity marker [44].

A number of steroidal organometallic cations have now been characterized and
their chemistry has been investigated. Nicholas and Siegel [117] prepared the
Co,(CO), complexes of both mesiranol and epi-mestranol, but protonation and
subsequeni borohydride reduction yielded the same product in both cases. Evidently.

L M= (OC)BCO H Cp(CO)QMo RelCO)
3

74 75
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these reactions proceed through a common cation, 77, and borohydride attack must
occur on the o-face of the steroid, as shown in Scheme 19.

The analogous dimolybdenum cluster cation 78 has been characterized by X-ray
crystallography; one Mo interacts directly with the f-face of the steroid, thus leaving
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Scheme 19. Horohydride reduction of the steroidal dicobalt cation 77 leading to a single product in
which the cluster occupies 2 psevdo-equatorial site in the five-membered ring,
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the x-face open for an incoming nucleophile [60]. Interestingly, the dicobait cation
77 suffers methyl migration and subseguent elimination to vield a mixture of alkenes
1607, Indeed, these ready eliminations to form alkenes are frequently problematic
with cobalt cations, since they seriously reduce the yields of the nucleophilic addition
product. The most convenient way to avoid these unwanted eliminations or other
side reactions is to generate the cation in the presence of Me,S, as described
previously in Section 6.3

10. The isolobal relationship between Co{CO); " and Fe(COQ),

We have noted already in Section 3.1 that formally it is possible io replace a
Co(CO), " veriex in a cluster by an isolobal Fe(CQ); unmit. Indeed, it has been
reported [44] that the X-ray crystallographically determined geometry of
{MeC=C-CH,)FeCo{CO);PPh, is in close accord with the calculated minimum
encrgy structure for [(HC=C-CH,)Co,{CO}]", for which no X-ray data are
currently available. This concept can be extended to predict the structure of the
dication [(CH,~C=C-CH,}Co,(CO)}** (79) for which the neutral molecule
{CH, =C=C=CH,)Fe,{CO), (80) provides a model. The structure of 83 is known
from X-ray data [ 118]; the molecule adopts a C,-type geometry, closely analogous
to the recently described structure of the molybdenum dication 23 [94].

The neutral Fe(CO}, analogues of the Co(CO), " cationic clusters ¢can be prepared
directly from cobalt precursors. Thus the treatment of {propargyl alcohel}Co,(CO),
with Fe(CO); in refluxing acetone yields {HC=C-CH,)FeCo{CO}, (81}, this same
reaction is also applicable to the diol (HOCH,—C=C-CH,0HYCo,(CO); which,
on treatment with Fe{CO};, gives (CH, =C=C=CH);)Fe,{CO}, {80} [119]. The
mechanism of this conversion has not been established, but it is known that Co,{(COj,
and Fe(CO); in acetone lead to the formation of HFeCo,{CO),; [120]. Thus the

{eo) .
S el
2 \cé 5 2\\,0_{ B
\co/c\cai’-a2 ! ‘/X .
(€O}, &

79 80



374 M.J. McGlinchey et al [Coordination Chemistry Reviews 143 (1995} 331-381

= H
a‘_:___ H
H CH,OH =l
2 Fe(CO) 0/\
Acetona Fe{CO).
OGN Cotco), 3 C/)\/ :
Mﬁ"“co(coys
\ / 81
H GHyOH
(0C1.CeZFelco)
3 \H P 3
82

transformation of (propargyl alcchol }Co,(CO), into (HC=C-CH,IFeCo{CO)¢ may
involve the formation of an intermediate meial hydride 82 and the subsequent
elimination of water.

It is tempting to push this analogy further, even into the five-atom sguare-based
pyramidal clusters reported by Wojcicki and coworkers [106] and Mathicu and
coworkers [ 121]. Typicaily, they have crystallographically characterized the clusters
83 and 84, which they describe as allenyl complexes. An alternative view would be
to classify them as nido clusters, in which a methylene moiety interacts directly with
an Fe{CO},; vertex. The isolation of these molecules suggesis that the corresponding
cobalt cationic systems 85 and 86 should be abie to be prepared irom the precursor
alcohols. Indeed, we may also wonder whether these latter cobalt systems may
function as precursors to the iron complexes. Clearly, there remains much to do in
this area!

11. Future prospects
11.1. Cyclopropyl cations

The majority of the cluster-stabilized cations which we have discussed involve
dimetallic or trimetallic tetrabedral systems in which the carbocationic center is
stabilized by interaction with one or more organometailic vertices. Since carbocations
are frequently invoked as shori-lived species in organic transformations, we can
envisage many cases where a purported intermediate might be trapped as a cluster
cation and examined at leisure. For example, cyclopropyl cations normally underge
ring opening to yield the corresponding allyl cation, but a recent NMR study on
the ferrocenyl-cyclopropyl system (87) presents very strong evidence for the existence
of a metal-stabilized cyclopropyl cation [122]. Since we have presented ample
evidence that [(RC=C-CR,}Mo,{CO),Cp,]" cations are not only more stable than
their ferrocenyl analogues, but also frequently yield X-ray quality crystals, it would
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seem reasonable that a syathesis of [{HC=C-cyclopropyl)Mo,{CO),Cp,]" (88)
might yield unequivocal structural data on this system.

11.2. Cluster-promoted cationic rearrangements

The ease of generating cluster-stabilized cations has been exploited by Top and
Jaouen [85], who used this technique to bring about reactions under very mild
conditions (see Scheme 20). Typically, they showed that the readily accessible cobali-
stabilized propargyl cation 19 reacts with acetonitrile to form the N-alky! nitrilium
ion 89 which, on hydrolysis, yields the corresponding amide. It is evident that the
presence of the cluster fragment greatly facilitates the formation of the initial cation
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Scheme 20. A cluster-promoted Ritter reaction.

required for the Ritter reaction. Moreover, such an approach has general applicabil-
ity, since aitrilivm ion intermediates are formed in the Beckmann rearrangement
process. We can envisage increased uwsage of such metal-stabilized intermediates in
organic synthesis,

11.3. Silylium cations

The recent weli-publicized efforts [ 123,124] to obtain X-ray data on free silylivm
cations {R,Si*, where R=ethyl or isopropyl) raise the obvious possibility that such
species could be stabilized by complexation to a transition metal cluster. There are
already numerous examples of sp*-hybridized silicon centers bonded io iransition
metals [125). In effect, it would be necessary to construct a silicon analogue of the
cluster-stabilized cations that we have discussed at length. Preliminary attempis to
achieve this goal have been undertaken, and the potential silylium ion precursor 90
has been synthesized and characterized crystallographically [ 126]. The problem siiil
remains of generating the SiR, ™ center in the presence of a non-npucleophilic counter-
ion, but a2 number of such anions are now availabie [ 127].

P Ph entF
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11.4. [( Benzyl )M;L,J% cations

A particularly exciting new development invelves the stabilization of a benzyl
cation on a metal triangular base. While a wide variety of arenes are known to
coordinate in an #*”:n? fashion to the Co,Cp; or Os,{CO), fragments [ 128], it is
only recently that evidence has been presented for the generation of the cation [(z°-
benzyl)Co,Cp,] " (91} [129]. It is to be hoped that crystallographic data on this or
a related molecule may become available so as to clarify the interaction of ihe
cationic center with the metal triangular base.

12. Inorganometallic clusters derived from cationic precursors

We cannot conclude without mentioning some of the mosi esthetically pleasing
molecules to have emerged in recent years, they possess an inorganic core and a
peripheral coating of cluster moieties. The first such inorganometallic cluster (92)
was reporied by Schore and coworkers [ 130] as the resuit of a serendipitous reaction
of [Co;CO)C-C=0]" (5) with ice—water. Since that time, Fehlner and coworkers
[131-134] have devised rational syntheses of a variety of beautiful molecules {93-96)
in which the conventional aceiate bridges have been replaced by Co,(CORCO,
moieties derived from the carboxylic acid Co,(CO),C-CO,H. The picturesque sym-
metry of some of these systems is exemplified in Fig. 16,
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Fig. 16. Inorganometallic clusters coated with peripheral Co{€0),C substitvents.
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