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Abstract

Low oxidation state transition metal clusters which contain one or two boron atoms in
fully or semi-interstitial sites are reviewed. In such environments, the boron atom does not
bear a terminal hydrogen atom. This area of research has been developed primarily over the
last decade, and now includes a range of homo- and heterometallic systems. Metal frameworks
that are represented include the M, butterfly, the M, square-based pyramid, the M octahedron
and the My trigonal prism, together with a variety of more unusual geometries. Synthetic and
structural studies form the basis of the review. Chemical reactivity patterns of the butterfly
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clusters (which support semi-interstitial boron atoms) are discussed in detail; reactions include
B—C and B—N couplings at the semi-interstitial atom as well as metal framework expansion

which transforms the boron atom from semi- to fully interstitial.

Keywords: Transition metal clusters; Boron: Reactivity

List of Abbreviations

Cp n°-CsHs

Cp* n°-CsMes

dppf  1,1"-bis(diphenylphosphino)ferrocene
PPN* (Ph;P),N”

EAN effective atomic number

1. Introduction

Over the past decade, several reviews have illustrated that the area of metal-rich
metallaboranes is rapidly expanding [ 1-7]. The area is quite distinct from that of
the larger boron cage (boron-rich) metallaboranes [ 8-107. The characteristic feature
that separates the boride clusters from the metallaboranes is the greater number of
boron-to-metal bonding contacts in the former species; this is at the expense of
boron-hydrogen bonds. This difference necessarily generates a quite different type
of environment for the boron atom and leads, not surprisingly, to some quite novel
chemistry. A true boride cluster contains a “naked” boron atom, one which is
denuded of hydrogen atoms.

The compounds that we shall deal with in this review have transition metal
carbonyl frameworks or may incorporate transition metal cyclopentadienyl units. In
each case, the metal skeleton encapsulates or partially encapsulates one or two boron
atoms. Another group of boron-containing species possesses hexametal halide cores
and includes compounds of the type MM'[ZrsCl;sB] (M=M" or M#M’; M and
M’ =alkali metals) [11,12]. These represent an altogether different type of cluster
system from the low oxidation state metal carbonyl clusters and, for this reason, are
not included here.

Transition metal carbonyl clusters which contain interstitial carbon or nitrogen
atoms have been documented in the literature for some time [6,13-16]. Typical
cavities in which a carbon or nitrogen atom might be accommodated are the
octahedron and trigonal prism (Fig. 1). Examples include [Cog(CO),;sCT*~ [17],
[Rhe(CO),sCT*~ [18], [Cos(CO);3NT™ [19] and [Cos(CO)sN]~ [20]. On moving
to the second (or lower) row of the periodic table, atoms of the p block elements
necessarily require larger cavities in which to be accommodated. The octahedral site
is not now observed, but the trigonal prismatic cavity is large enough to accommo-
date, for example, a phosphorus atom as in [Osg(CO),;sP]1~ [21]. The size of the
metal atom (which naturally influences the size of the cavity) is a critical factor.
The larger main group atoms can also aid in the stabilization of metal cages
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(a) (b)

Fig. 1. (a) Octahedral and (b) trigonal prismatic M, cages encapsulating an atom X (e.g. X=C or N).

not seen for the first row interstitial atoms; examples are [Rho(CO),;P]*~ [22],
[Rhyo(CO),AST* ™ [23] and [Rh;,(CO),,Sb]>~ [24].

Let us return to the first row of the p block, and specifically to carbon and
nitrogen. The fully interstitial atom is complemented by a range of compounds which
exhibit a C or an N atom in a semi-interstitial or an exposed site. The common
range of metal skeletons is shown in Fig. 2; note that each M, cage is a fragment of
an octahedron. A rich chemistry has been developed for the M,C framework. One
of the most beautiful examples comes from the work of Shriver and his group; they
have demonstrated the reduction of a cluster-bound CO ligand to CH,, the key
atom in the sequence being the semi-interstitial carbon atom supported in a butterfly
framework of iron atoms [25-27].

When studies of the formation and reactivity of discrete molecular boride clusters
with metal carbonyl skeletons first emerged, it was of interest to see to what extent
the compounds would mimic their carbide and/or nitride counterparts. The periodic
relationship between B, C and N means that, for a cluster with a given electron
count (see, for example, Ref. [28]), a series of isoelectronic boride, carbide and
nitride clusters cannot be exactly comparable. This is amply demonstrated in the
series of butterfly clusters [Ru,(CO);,N]™ [29]., [HRu,(CO){,CH] [30], and
[HRu,(CO),,BH,] [31,32] where the additional requirement of hydrogen atoms in
the carbide and boride cases can be seen.

In addition to being looked at in a comparative sense, transition metal boride

(a) (b) (c)

Fig. 2. Semi-interstitial and exposed sites for an atom of a p block element X: (a) a square-based
pyramidal framework; {b) a butterfly framework: (c) a metal triangle.
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clusters constitute a group of compounds that is worthy of study in its own right.
The unusual bonding abilities of a boron atom are well established in elemental
boron and the boron hydrides, and placing this atom in yet another type of environ-
ment in which multicentre bonding is required provides another avenue of new
chemistry to explore. The link to the solid state [4,33] is also important. The
structural motifs which will be discussed in this review sometimes parallel those
found in bulk state metal borides. An example is the trigonal prismatic geometry
(Fig. 1(b), X=B) of the core of [H,Rus(CO),gB]~ [34,35] which replicates a struc-
tural unit observed in Ru,B; [33]. Work of Fehlner and co-workers has shown that
thin films of metal borides can be produced, for example via the pyrolysis of the
cluster [HFe,(CO),,BH,] with the Fe:B stoichiometry remaining 4:1 [36]. In con-
trast, boron-rich borides (e.g. YbB, and EuB,) may be prepared from borohydride
complexes [37].

This review concentrates on clusters with fully or semi-interstitial boron atoms.
Clusters in which the boron atom bears a terminal hydrogen atom have been
excluded from the discussion. The M;X (X = B) skeleton depicted in Fig. 2(c) will be
represented only in discussions of synthesis where this unit is used as a basic building
block for attaining higher nuclearity clusters. Some of the chemistry of these M;B
systems has previously been reviewed [1,2,5,7].

2. '"B nuclear magnetic resonance spectroscopy

The role of ''B nuclear magnetic resonance (NMR) spectroscopy in the character-
ization of boron-containing clusters is vitally important. Previously, it had been
noted that the chemical shift values for '3C [13] and >N [16] NMR spectral
resonances were sensitive to environment, with interstitial atoms being characterized
by unusually low field chemical shifts. This same phenomenon has been observed in
the P NMR spectra of phosphide clusters. Trends in chemical shift values for
interstitial atoms have been addressed independently by several groups. Correlations
have been observed between chemical shift values (*'B, *C and !°N) and the
compression of the cluster cavity [38]. Larger deshielding is experienced by a carbon
or nitrogen atom situated in the cavity in an M, octahedron than in an My trigonal
prism [38,39] but, for boron, the deshielding is about the same in the two environ-
ments [34]. Nuclear deshielding is approximately the same for B, C and N in an
octahedral cavity but, when encapsulated in a trigonal prismatic cage, the nuclei
experience deshielding in the order B> C > N. In octahedral cages, the net M—X
interaction has been shown to be similar for X=B or C [40].

While chemical shift values for interstitial atoms are particularly characteristic
(the signals are usually sharp as well as being at low field) it has also been observed
that the shift value is dependent on the number of metal-to-boron direct interactions
even when the boron nucleus is not inside a metal cavity. A parametrized model has
been developed using available data for ferraborane clusters to allow new &('!B)
values to be predicted [41]. In our own work, we have observed that a similar
parametrization can be developed to deal with Ru—B bonds [42]; as with the
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Table 1

Selected !'B nuclear magnetic resonance shifts illustrating the range of values for fully and semi-interstitial
boron nuclei in cages of group 8 metal atoms: the cavity size and connectivity of the boron atom
are indicated

Compound Cavity Connectivity of 6 (VB Refs.
of boron atom®

[HFe,(CO),,BH,] Fe, butterfly 4 + 116 [44]°
[HFeRu;(CO),,BH;] FeRu, butterfly 4 +114 [45]
[HRu,4(CO),,BH,] Ru, butterfly 4 +109.9 [31,32]
[HOs,(CO),,BH,] Os, butterfly 4 +119.7 [46]
[HOss(CO);4B] Os; bridged butterfly 5 +184.4 [46]
[HRux(CO),,B] Rug octahedron 6 +193.8 [47]
[Rug(CO),,B][PPN] Rug octahedron 6 +196 [47]
[Rug(CO),,B][HNMe, ] Ru; octahedron 6 +202.2 [48]
[H,Rus(CO);sB][ PPN ] Rug trigonal prism 6 +205.9 [34,35]

# Strictly, we should include a detailed breakdown into M—B, M—H—B etc. (see Ref. [41]).

b Referenced with respect to BF;-OFEt,; downfield shifts are positive. Some signals are solvent dependent
(see individual reference).

¢ This shift was originally reported as + 106 but see, for example, Refs. [5] and [41].

ferraboranes, fits between experimental and calculated values for the ruthenaboranes
and borides are good and allow an early (if very approximate) structural assignment
to be made. In addition, 'B NMR chemical shifts have been correlated with boron
Mulliken populations calculated using the Fenske-Hall quantum chemical method.
The large deshielding caused by Fe-B interactions can be attributed to an increase
in the multiple bond contributions to the shielding tensor [41].

Further work by Fehlner et al. has involved the use of the Fenske—Hall technique
to illustrate that the sign and magnitude of the paramagnetic contribution to the
shielding correlate well with observed values of !B NMR chemical shifts [43].

Table 1 gives representative values of ''B NMR spectral shifts for group 8 metal
containing boride clusters.

3. Clusters with a butterfly framework containing semi-interstitial boron atoms

3.1. Synthesis

The semi-interstitial atom is defined here as one which lies within an M, butterfly
framework (Fig. 2(b)). The first such boride to be reported was [ HRu,(CO),,BH,]
(Fig. 3) [49]. It was prepared as a byproduct in the reduction of Ru;(CQ);, by
[BH,]  but, at this stage, characterization was tentative and two structures were
proposed. In 1982, the iron analogue [ HFe,(CO),,BH, ] was prepared by the reaction
of [Fe,(CO)sB,H¢] with Fe,(CO), [44]. This cluster expansion reaction was subse-
quently studied more extensively and an analogous reaction using the conjugate
base of [Fe,(CO)¢B,Hg] gives a route to [ HFe,(CO),,BH]~ [50]. In this case,
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Fig. 3. The structure of [HRu,(CO),,BH,]; both the iron and the osmium analogues have been fully
characterized.

however, a reduced yield of the tetrairon cluster is obtained as [Fe;(CO);o0BH,]~
becomes the dominant product. A further route to [ HFe,(CO),,BH,] is through the
aggregation of fragments in the reaction of Fe,(CO),, Fe(CO)s, BH;-thf and
Li[ BHEt;]; [HFe,(CO),,BH,] can be isolated as one of several cluster species after
acidification [ 51]. Another method dependent on the aggregation of small fragments
is the reaction of Fe(CO);(n?-cis-cyclooctene) with BH;'SMe, or BH;-thf. With a
ratio of Fe:B of 4:3, the pathway favours [HFe,(CO),,BH,] as the product although
yields are low [52].

Three methods of preparing [HRu,(CO),,BH,] have been reported. The first
[31] involves the reaction of H,Ru,(CO),, with BH;thf in dichloromethane at 40 °C
for several days. The tetraruthenaborane is formed in 60% yield. A lower yield can
be obtained (in a much shorter time period) by treating Ru;(CO);, with BH; thf
and Li[BHEt;] at ambient temperature followed by addition of acid [32]. More
recently, it has been shown that photolysis of [Ru;(CO)BH;] in dichloromethane
(16 h) gives [HRu,(CO),,BH,] in 50% yield. This pathway is summarized in Fig. 4;
the second product of the reaction is [HRu4(CO);,B] (see Section 5) [45]. Use can
be made of this type of assembly to introduce other metal fragments and generate
heterometallic butterfly systems (see below).

The prototype for the M;B—M,B cluster expansion is seen in the reaction of
[Fe;(CO)yBH,]~ with Fe,(CO), to yield the conjugate base of [ HFe,(CO),,BH,]
[51,53]. Quantitative reactions are unusual in cluster chemistry: degradation
and reaggregation of fragments are commonplace. However, the formation of
[HFe,(CO),;,BH]~ by this route is an exception and the reaction has been shown
to follow the path

[Fey(CO),BH,]™ + 2Fe,(CO), —[HFe,(CO),,BH]™ +H, +3Fe(CO)s (1)

A range of ruthenium-based clusters has been generated in reactions similar to
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Fig. 4. Schematic representation of the assembly of [HRu,(CO),,BH,] and [HRugCO);,B] from
[HRu3(CO)BH,].

that in Eq. (1). However, it has been found that a photolysis route involving neutral
clusters provides a more effective means of synthesis, in part because of the relative
ease of separating neutral (rather than anionic) cluster products by chromatog-
raphy. Using this methodology, [HFeRu;(CO),BH,] has been prepared from
[Ru;(CO)sBH;] and Fe(CO)s [45], and the clusters [H{CpM(CO),} Ru;(CO),BH]
(M =Mo or W) have been synthesized from [Ru;(CO);BH;] and [{CpM(CO),},]
[54]. Interestingly, the reactions with the group 6 metal fragments exhibit competitive
pathways: one in which the metal adds to the Ru;B core and one in which the metal
displaces the boron atom from the cluster.

Related to the previous assembly reactions is that of adding an electrophilic metal
fragment to a cluster anion in order to achieve an M3;B—M;M'B expansion. This
general building-block approach is not new to cluster chemistry [55]. It works
effectively in the reaction of [Ru;(CO)sBH,]~ with [{Cp*RhCl,},] to yield the
butterfly cluster [H{Cp*Rh}Ru3(CO),BH,] [56]. The {Cp*Rh} fragment is isolobal
with {Ru(CO),} and therefore [H{Cp*Rh}Rus(CO),BH,] is directly related
to [HRu,(CO);BH,]. However, products are not always as expected, and the
same reaction strategy, repeated using iridium instead of rhodium, leads to
[H{Cp*Ir}Ru;(C0O),,BH,] in place of the expected “[ H{Cp*Ir}Ru3(CO);BH,]".
The additional carbonyl ligand provides two more electrons making the cluster a 64
electron system; the product therefore adopts an “opened butterfly” framework
(Fig. 5) [56]. When the incoming electrophile is generated from [{Cp*RuCl,},],
then the product is again not that predicted. In this case an unusual “spiked butterfly”
cluster [H,Rus(CO),sCp*BH,] is generated, the core structure of which is shown
in Fig. 6 [57].

The isolation of [H,Rus(CO),;Cp*BH,] [57] is an example of a product of
expansion which exceeds the expected M;B—M;M’'B sequence. It is not alone. The
reaction of [Ru;(CO),BH,]™ with the rhodium(I) dimer [{Rh(CO),Cl},] leads to
two clusters with fully interstitial atoms (see Section 5) [58].

The tetraosmium butterfly cluster [HOs,(CO),,BH,] was the last of these group 8
species to be reported. Over the past decade, Shore and coworkers have elegantly



304 C.E. Housecroft/Coordination Chemistry Reviews 143 (1995) 297-330
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Fig. 5. A comparison of the core atom arrangements in [H{Cp*Rh}Ru;(CO)BH,] and
[H{Cp*Ir}Ru;(CO),(BH,]. The former has 62 cluster electrons while the latter has 64.

Fig. 6. The RusB core of [H,Rus(CO},;Cp*BH,].

demonstrated the diverse nature of the chemistry of [H;Os;(CO),B(CO)],
formed by the hydroboration of [H,0s;(CO),0] [7,59]. The thermolysis of
[H;0s5(CO)yB(CO)] in toluene (110°C, 6 days) leads to the formation of a mixture
of [HOs,(CO);,BH,] (4.5% yield) and [HOss(CO),,B] (3.4% yield). The latter
cluster is discussed further in Section 4 [46].

3.2. Structure

The three parent butterfly boride clusters [HFe,(CO),BH,] [44,60],
[HRu,(CO),,BH, ] (Fig. 3) [31] and [HOs,(CO),,BH,] [46] have all been crystal-
lographically characterized. Each exhibits the M, butterfly metal framework with
the boron atom within bonding contact of all four metal atoms. Each metal atom
carries three terminal carbonyl ligands. The “hinge” edge of the M, butterfly is
bridged by a hydrogen atom, as are the two Mg, —B edges. The core structure
for [HRu,(CO),,BH,] is shown in Fig. 7.

Two parameters that are regularly used to define the nature of these and related
butterfly clusters are the internal dihedral angle of the M, framework and the height
of the boron atom above the Myingrip — Muingip aXis (Table 2). Inspection of these
geometrical parameters for [HFe, (CO),,BH,] together with the results of
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Fig. 7. The HRu,BH, core of [HRu,(CO),,BH,]; the Fe and Os analogues possess similar structural
characteristics (see Table 2).

Table 2
Structural parameters that describe the M B framework in some butterfly clusters containing a semi-
interstitial boron atom

Compound Internal dihedral Height of B atom Ref.

angle of the M, above the

frame (deg) Mwinggip - Mwingtip

axis (A)

[HFe,(CO),,BH, ] 114.0 0.31 [44,60]
[HRu,(CO),,BH,] 118 0.39* [31]
[HOs4(CO),,BH,] 113 0312 [46]
[H,Rus(CO),3Cp*BH, ] 114.2 0.31 [57]

* Caleculated from atomic coordinates.

Fenske-Hall molecular orbital calculations support a bonding description of these
clusters as arachno [ 61] species; this is consistent with the boron atom contributing
all three of its valence electrons to cluster bonding. In terms of the EAN approach,
each of [HFe,(CO),,BH,], [HRu,(CO),,BH,] and [HOs,(CO),,BH,] is counted
as a 62 electron cluster [ 62,63], again with the boron atom acting as a three electron
contributor.

The structure of [H,Rus(CO);;Cp*BH,] [57] is closely related to that of
[HRu,(CO),,BH,]. The terminal carbonyl ligands associated with the wingtip ruthe-
nium atoms in [HRu,(CO),,BH,] (Fig. 3) are arranged so that two occupy equato-
rial sites and one is axial ie. the axial ligand is trans to a B—H—Ru bridging
hydrogen atom) [31]. In [ H,Rus(CO),;Cp*BH,], one equatorial wingtip terminal
carbonyl ligand is replaced by an {RuCp*(CO),} spike (Fig. 6); the Ruy,;,, —Rugy,
edge is bridged (see below) by a hydrogen atom. The Ruy;,, —Ru,y;. bond distance
is 3.115(1) A which is longer than the average intrabutterfly Ru—Ru edges (average
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2.865(1) A. For the butterfly unit to retain its 62 electron count, the {HRuCp*(CO), }
unit needs to provide two electrons to the cluster. The spike ruthenium atom may
be considered to be a localized 18 electron centre. This in turn means that the
Ru,;n, —Rugpe bond should be considered to be a localized two-centre two-electron
bond. The hydrogen atom associated with this edge may well then be considered as
being terminal with respect to the butterfly framework rather than truly bridging
the Ruyn, — Rugpie edge. Such an ambiguity must remain: estimated standard devia-
tions the on these Ru—H distances are too large to permit a definite solution to the
problem (Ru—H distances, 1.71(7) A and 1.69(7) A).

The heterometallic butterfly [H{Cp*Rh}Ru;(CO),BH,] exhibits a core that
is similar to that observed for the family of clusters described above.
The geometry has been crystallographically confirmed for the phosphine derivative
[H, {Cp*Rh}Ru;{CO)s(PPh;)BH] although the substitution of a PPh; for a CO
ligand results in a migration of one Ru—H—B bridging hydrogen atom to an
Ru—H—Ru site [56]. The changes in cluster hydrogen positions are apparent
in differences recorded in the 'H NMR spectra of the two compounds. The
rhodium atom in [H,{Cp*Rh}Ru;(CO)s(PPh;)BH] (and, by inference, in
[H{Cp*Rh}Ru;(CO),BH,]) resides in a wingtip site and this illustrates that the
tetrahedral {Ru;B} unit of the precursor [Ru;(CO)sBH,] (see Section 3.1) remains
intact during cluster expansion.

Two further heterometallic clusters exhibiting semi-interstitial boron atoms are
[H{CpMo(CO),}Ru;(CO),BH] and [H{CpW(CO),}Ru,;(CO),BH] (Fig. &) and
the latter has been structurally characterized [54]. The {CpW(CO),} unit occupies
a wingtip site in the M;M’ butterfly framework. The {CpMo(CO),} and
{CpW(CO),} fragments each supply one more electron to the cluster than the
{M(CO);} (M=Fe, Ru or Os) or {Cp*Rh} units discussed above. The cluster
responds accordingly by possessing just two hydrogen atoms rather than three as in
the compounds discussed earlier. Spectroscopic data support the positioning of
the two hydrogen atoms along the Rupinze — RUpinge and Rugyingi, —B edges. The
presence of only one boron-bound hydrogen atom is evident in the proton-coupled
1B NMR spectrum which is a doublet (Jzy~65Hz) in both the compounds
[H{CpMo(CO), }Ru;(CO);BH] and [H{CpW(CO),}Ru;(CO),BH].

The series of clusters described in this section illustrates how the environment of
the boron atom can be tuned by varying the metal or ligand shell while maintaining
the same overall M,_.M,B core. Two methods are exemplified: (i) varying
the number of electrons available from the metal fragments for cluster bond-
ing or (ii) altering the exo ligands. In the compounds [HFe,(CO),,BH,],
[HRu,(CO);,BH,], [HOs,(CO),,BH,], [H{Cp*Rh}Ru;(CO);BH,] and
[H;Ru5(CO),5Cp*BH, ], each metal fragment in the butterfly framework supplies
14 electrons by the EAN approach [62,63] (or two electrons by Wade’s approach
[61]). The boron atom uses three electrons and to make up the 62 electron count
of the M- butterfly, three H atoms are needed. The boron atom resides in a semi-
interstitial site but is still associated with two (non-terminal) hydrogen atoms.
The environment can be shifted in favour of a more “boridic” environment
ie. fewer B—H interactions and more direct B—M interactions) by exchanging
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Fig. 8. The structure of [H{CpW(CO),}Ru,(CO),BH]; the two cluster H atoms were not located but
spectroscopic data and consideration of the carbonyl ligand orientations support their placements along
the Ruyinge = RUpinge and Rung,, —B edges.

a 14 electron fragment for a 15 electron fragment. This is observed in
[H{CpMo(CO),}Ru;(CO)BH] and [H{CpW(CO), }Ru;(CO);BH]. Alternatively,
taking [H{Cp*Rh}Ru;(CO)sBH,] and substituting a PPh, ligand for CO ligand on
one ruthenium atom alters the electron distribution in the cluster and causes the
migration of a hydrogen atom away from the boron atom. Again this has the effect
of making the boron centre more “boridic” in nature. A word of caution should be
given, however: in phosphine substitution reactions in [HFe,(CO),,BH]", the
reverse is true and a hydrogen atom from an Fe—H — Fe site migrates toa Fe—H—B
site. The crucial point is that, again, this represents a movement towards the location
of the phosphine ligand (see Section 3.3) [51,64].

3.3. Reactivity

3.3.1. Deprotonation

One way of denuding the boron atom of its hydrogen atoms thereby rendering it
more boridic is, obviously, deprotonation, and a comparison of the sequences of
deprotonation for the related clusters [HFe,(CO);,BH,], [HFe,Ru,CO),,BH,],
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[HRu4(CO),,BH,] and [HOs,(CO),,BH,] is of interest. The cluster core begins in
each case with the hydrogen atom arrangement shown in Fig. 7. Fehlner and
co-workers have shown that [HFe,(CO),,BH,] loses protons according to the
sequence given in Eq. 2 [ 51,53,64,65]; the placement of the H atoms in the formulae
indicates whether or not there is a B—H interaction. The success (or failure) of a
particular deprotonation step depends not only on the base used but also on the
cation [65].

[HFe,(CO),,BH,]—[HFe,(CO),,BH] ™ —[Fe,(CO),;,BH]*~
—»[Fe‘,(CO)uBP_ (2)

In contrast, Shore and co-workers report [ 31] that [HRu,(CO),,BH,] undergoes
loss of two protons in the sequence given in Eq. (3); the formation of the monoanion
[HRu,(CO);,BH]"~ has been studied independently [32]. The osmium system
behaves similarly to its ruthenium counterpart and [HOs,(CO);,BH,] loses H*
according to Eq. (4) [46]. The change in behaviour of these systems on descending
the group 8 triad is in accord with predictions made by Fehlner [ 66,67].

[HRu,(CO),,BH,]—=[HRu,(CO);,BH]~ -»[HRu4(CO),,B]*~ (3)
[HOs,(CO),,BH,]—[HOs4(CO),,BH]~ _’[HOS4(CO)1zB]2_ (4

The introduction of a heteroatom into the wingtip site of the butterfly array
removes the symmetry of the two wingtip sites. This i1s nicely demonstrated in the
deprotonation of [ HFeRu;(CO),,BH,]. The choice for H* removal is between an
Fe—H-—B and Ru—H—B site and, as would be expected on bond enthalpy grounds,
it is the iron-associated proton that is removed first [45].

While relatively straightforward, these deprotonations are important steps in acti-
vating the semi-interstitial boron atom towards further reaction (see Sections 3.3.4
and 5.1).

3.3.2. Phosphine substitution reactions

We have already noted that the substitution of a PPh, for CO ligand in
[H{Cp*Rh}Ru,;(CO);BH,] produces [H, {Cp*Rh}Ru;(CO)s(PPh;)BH] with con-
comitant migration of one Ru—H—B bridging hydrogen atom to an Ru—H—Ru
site [56]. The substitution reaction is facile, occurring almost quantitatively in
CH,Cl, solution at room temperature within 1 h. Substitution occurs exclusively at
a wingtip ruthenium atom and in an equatorial site.

A range of tertiary phosphine ligands will substitute for CO in [HRu,(CO),,BH,1,
the first site being a wingtip equatorial site and the second site being the other
wingtip ruthenium atom, also equatorially centred [ 68,69]. This same pattern is also
observed in the reaction of [HFe,(CO),BH]~ with PMe,Ph, although, as was
stated earlier, here the introduction of the second phosphine ligand is accompanied
by a rearrangement of the cluster-bound hydrogen atoms [51,64]. The pathway of
this reaction has been investigated and an associative process in each substitution
step is proposed. Growth and decay of intermediates can be observed by monitoring
the reactions with *'B NMR spectroscopy [64].



C.E. Housecroft/Coordination Chemistry Reviews 143 ( 1995) 297-330 309

Interestingly phosphine substitution in [H,Rus(CO),;Cp*BH,] (Fig. 6) has the
effect of replacing the metal spike and forming [HRu4(CO),,(PPh;)BH,] [57], ie.
the same product that is obtained when [ HRu,(CO),,BH, ] reacts with PPhs,.

3.3.3. Reactions with small unsaturated molecules

The reactions of the carbido and nitrido clusters [HRu,(CO),;CH] and
[Ru,(CO);,N]~ with alkynes have been documented and exhibit two very different
sequences of events. For the semi-interstitial carbide, C—C coupling occurs as
[HRu,(CO),,CH] reacts with PhAC=CPh but the geometry of the Ru,C framework
remains virtually unchanged [30]. On the contrary, when [Ru,(CO),N] ™ reacts
with PhCCPh in the presence of H*, the alkyne inserts into the hinge bond of the
metal skeleton; the nitrogen atom is protonated and is pulled out from its semi-
interstitial position [29]. These differing routes find yet another path with which to
be contrasted in the reaction of [HRu,(CO),,BH,] with PhC=CPh.

The compound [HRu,(CO);,BH,] reacts with PhC=CPh when photolysed in
CH,Cl, solution (16 h) to yield [HRu4(CO),,B(H)C(Ph)CHPh] (Fig. 9), the struc-
ture of which has been confirmed by X-ray crystallography. Three features are of
interest: (i) transfer of a cluster H atom to the alkyne occurs, (ii) B—C bond

Fig. 9. The structure of [HRu,(CO),,B(H)C(Ph)CHPh]; H atoms are omitted.
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formation occurs, and (iii) the Ru, butterfly skeleton (usually found to be very
robust) is opened along one edge as the alkyne inserts into it [70,71]. A similar
reaction occurs when [ HRu,4(CO),;,BH,] is photolysed with PhC=CMe [72].

In marked contrast, the heterometallic boride cluster [H{CpW(CO),}-
Ru,(CO),BH] reacts with PhC=CPh under similar conditions to those just
described to yield [H{CpW(CO),}Ru;(CO),BC(Ph)CHPh] (Fig. 10) in which the
Ru,W skeleton retains its butterfly geometry. Once again, however, transfer of a
cluster hydrogen atom to the alkyne and B—C bond formation do occur [71].
These differences have not been fully rationalized.

A novel pathway which competes with the alkyne insertion into the cluster has
been observed during the reaction of [HRu,(CO),,BH,] with PhC=CMe: the
cyclodimerization of the alkyne to give 1-phenyl-2,3-dimethylazulene (Fig. 11). The
nature of this bright blue product has been confirmed by the results of an X-ray
diffraction study [72].

Work in our own group has been extended from the alkynes to a range of other
unsaturated molecules but without particular success. However, one result, pertinent
to this section, was achieved serendipitously. In attempts to synthesize Ru;MB

Fig. 10. The structure of [H{CpW(CO), } Ru;(CO},BC(Ph)CHPh]; H atoms are omitted.
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Fig. 11. The structure of 1-phenyl-2,3-dimethylazulene.

butterfly clusters where M is a group 6 metal, the use of [M(CO)s_,(NCMe),]
(M=Cr, Mo or W) in reactions with [Ru;(CO),BHs] led to the formation of
[HRu,(CO),,BH(NCMeH)] (Fig. 12). We have shown that this product is not
obtained when [ HRu,(CO),,BH,] is photolysed with MeC=N. We have proposed
that a likely mechanism is via an {Ru;(CO)sBH;(NCMe)} intermediate [ 73], with
this species being related to the series of compounds of the type [H3Os3(CO),BL]
(L =two electron donor) isolated by Shore’s group [59] and [ HFe;(CO),B(CO)]*~
reported recently by Fehlner and co-workers [74].

3.3.4. Gold( 1 ) phosphine derivatives
The use of group 11 fragments as cluster building blocks is well established [75].
In isolobal terms, an {MPR;} (M=group 11 metal, R=alkyl or aryl) unit is
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\H/ Ru = Ru(CO),

Fig. 12. The structure of [HRu,(CO),,BH(NCMeH )]; a second isomer with the other possible orientation
of the N=CMeH group has also been isolated.

considered to replace a proton on a cluster surface. Of course, there are differences,
notably the propensity of the gold atoms to aggregate. Group 11 metal units are
not representative of the majority of metal fragments. In bonding to a cluster, they
tend to mimic hydrogen atoms rather than becoming an integral part of a recogniz-
able polyhedral cluster cage. For this reason, reactions involving the addition of
{AuPR;} units are discussed here in a single section.

The general reaction given in Eq. (5) can be applied to many cluster anions, not
least the butterfly clusters with semi-interstitial boron atoms. These systems have
proved to be of significant interest in that Au—B bonds are usually formed in
preference to the {Aul} units associating only with the transition metal skeleton.

[M,(CO),]™ +[RyPAUCI]»[M,(CO),AuPR,]+Cl~ (5)

Initial reactions in this area centred on the [HFe,(CO);BH] ™ anion. This reacts
smoothly with an excess of [PhyPAuCl] to give the digold(I) derivative
[Fe,(CO),BH{AuPPh,},] [76]. The arsine derivative [ Fe,(CO),;,BH{AuAsPh;},]
(Fig. 13) can be prepared similarly [ 77]. In each derivative, the Fe,B core is retained,
as is one Fe—H—B bridging interaction. One gold(I) unit bridges an Feyingip —B
edge and one interacts with an Feypee — B edge. The two gold atoms are within
bonding contact of one another: 2.943(1) A in [Fe,(CO),BH{AuPPh;},] and
2.931(1) A in [Fey(CO);,BH{AuAsPh;},]. Electrochemical properties of both of
these clusters have been explored. Each undergoes a one-electron reduction and a
one-electron oxidation; [ Fe,(CO);,BH{AuPPh;},] can be oxidized to the dication
[77].

The monogold derivative [ HFe,(CO),,BH{AuPPh;}] has also been prepared but
not structurally characterized [78]. Only when we move to a phosphine with a
much larger cone angle (i.e. P(o-tolyl);) have we been able to isolate and characterize
structuraily a monogold compound; in [HFe,(CO),,BH{AuP(o-tolyl); }], the gold(I)
unit bridges an Fe—H—B edge and Fig. 14 indicates the manner in which the bulk
of the P(o-tolyl), ligand protects the topside of the cluster [79].

While a very sterically demanding phosphine stabilizes a monogold deriva-
tive, smaller phosphines have the effect of allowing the digold system to
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Fig. 13. The structure of [Fe,(CO}),,BH{AuAsPh;},]; H atoms are omitted.

adopt a new isomeric structure. This was first noted in the formation of
[Fe4s(CO);,BH{AuPEt;},]. The spectroscopic signature (*H and '*B NMR spectra)
of this compound suggests a structure in accordance with that shown in Fig. 13 for
[Fe,(CO);;BH{AuAsPh,},]. The most characteristic feature is in the 'H NMR
spectrum: a broad signal (a collapsed 1:1:1:1 quartet) at = —10.4 indicating the
presence of an Fe—H—B interaction. However, the solid state structure tells a
different story (Fig. 15); both gold(T) units bridge Fe,,ei, —B edges and the cluster-
bound hydrogen atom now bridges the hinge edge of the butterfly skeleton. Low
temperature NMR spectroscopic results corroborate these data, revealing the pres-
ence of two isomers in solution [80,81]. This work has been extended to include a
wide range of phosphines and illustrates the effects on the isomer distribution of
varying the cone angle of the PR, group [81]. The cluster cores of the two isomers
are compared in Fig. 16.

Replacing the source of gold(I) by the oxonium salt [{Ph;PAu};O][ BF,] permits
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Fig. 14. Two views of the structure of [HFe,{(CO),,BH{AuP(o-tolyl);}] emphasizing the protective
“umbrella” of the bulky phosphine ligand.

high yields of the trigold derivative [Fe (CO),;B{AuPPh;};] to be obtained
(Fig. 17). The results of an X-ray diffraction study confirm that the three gold atoms
are adjacent to one another, describing a V-shaped assembly over the top of the
boron atom. In this molecule, the boron atom is completely encapsulated and is
seven coordinate: a novel observation for an atom with three valence electrons and
a testament to the delocalized nature of the bonding in this, and related, clusters.
Despite an asymmetrical structure being confirmed in the solid state, the three
phosphorus atoms (and by inference the three gold(I) phosphine units) are equivalent
in solution on the NMR spectroscopic time scale [82].

Different trends are observed for the tetraruthenium system. The reac-
tion of [HRu,(CO);,BH] ™ with an excess of [PhyPAuCl] yields
[HRu,(CO);,B{AuPPh, },] but here, unlike the iron analogue, the cluster hydrogen
atom 1s bound to the Ru—Ru hinge edge [32]. The two monodentate phosphine
ligands may be replaced by a didentate ligand such as dppf. The {Au—P----P—Au}
unit acts like a “basket handle” over the top of the cluster. This is beautifully
demonstrated in [ HRu,(CO),,BAu,(dppf)] (Fig. 18). This compound exhibits inter-
esting solution dynamics involving inversion at the phosphorus atoms and concomi-
tant mutual twisting of the two cyclopentadienyl rings. Movement of the phosphorus
atoms causes an associated motion of the two gold atoms from one side of the Ru,B
core to the other. The result is an interconversion of enantiomers [ 83].

In all the reactions mentioned so far in this section, the Au—P bonds have
remained intact. In the interpretation of solution temperature-dependent NMR
spectra, it is assumed that Au—P bond cleavage does not occur. While this does
indeed seem usually to be the case for these systems, there are two pieces of evidence
that urge caution.
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Fig. 15. The structure of the minor isomer of [ HFe,(CO),;B{AuPEt;},]; H atoms are omitted.

The first is in the preparation of the bis(triethylphosphine)gold(I) derivative from
[PPN][HFe,(CO),,BH] and [Et;PAuCl]. The results of this experiment showed
not only that [Fe,(CO),,BH{AuPEt,},] is synthesized as planned, but that mixtures
of [ Fe4(CO),,BH{AuPPh,},] and [ Fe,(CO),,BH{AuPEt;} {AuPPh;}] are also pre-
sent. The only source of PPh; is the PPN* cation [78].

The second point is the observation that, in some reactions of [ HFe,(CO),BH]~
or [HRu,(CO),,BH]~ with [R;PAuCIl] (R = various), a competitive pathway exists
which produces [{HFe,(CO),,BH},Au]” or [{HRu,(CO);,BH},Au]™ respectively
(see Section 6).

3.3.5. Other metal fragment additions

Since the additions of metal fragments other than gold(I) to the M,B core represent
synthetic routes to boride clusters with higher nuclearity frameworks, they are dealt
with in the appropriate sections below.
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Fig. 16. Comparison of the {Fe;Au,B} cores of the two isomers of [HFe,(CO),B{AuPR,},] (see text
for R).

Fig 17. The structure of the {Fe,Au,B} core of [Fe,(CO);,B{AuPPh;};].

4. Clusters with five metal atoms

In this section three very different pentametal boride clusters are described. The
first is a gold(I) derivative of [Rus(CO),sB]~ and as such should really be regarded
as a hexametal cage. Attempts to synthesize [Rus(CO),sB]~ in a systematic “build-
ing-up” process from lower nuclearity ruthenaboranes proved not to be successful
[84] but use of a “decapping” technique starting from [Rus(CO),,B{AuPPh;}] (see
Section 5.2) is an effective way of generating the pentaruthenium boride
[Rus(CO),sB{AuPPh;}]. The conditions of vertex removal are 55 atm CO, overnight
in an autoclave. The single-crystal structure of [ Rus(CO);sB{AuPPh;}] (Fig. 19)
confirms a square-based pyramidal array of group 8 metal atoms with the boron
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Fig. 18. The core structure [HRu,(CO),,BAu,(dppf)]; H atoms, carbonyl ligands and the phenyl groups
are omitted.

Fig. 19. The {Ru;BAu} core of [Rus(CO),sB{AuPPh,}].

atom lying 0.375 A below the square face; it is within bonding contact of all five
ruthenium atoms. The gold(I) fragment is in an unusual position, bridging one basal
Ru—Ru edge but pulled inwards by a bonding interaction with the boron atom
(Au—B distance, 2.26(5) A) [85].

The pentaosmium cluster [HOss(CO),B] is prepared in low yield together with
[HOs,{(CO);,BH,] by the thermolysis of [H;0s;(CO);B(CO)]. The bridged-
butterfly {Os;B} skeleton (Fig. 20) is unique among boride chemistry reported

to date, but has precedent in the carbide species [Oss(CO),C] [86] and
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Fig. 20. The {OssB} core of [HOs;(CO);xB].

[Rus(CO),s(NCMe)C] [87]. The deshielded nature of the boron nucleus is evident
from the !B NMR spectral shift of + 184.4. Attempts to deprotonate [ HOss(CO),B]
have led only to cluster decomposition [46].

Fehlner and co-workers have produced the novel molecular boride
[Cos(CO),B(BH)] (less than 1% yield) in the reaction of dicobalt octacarbonyl
with BH;-SMe, in toluene (75 °C, 15 min). The major product is [Co,(CO),,]. Two
very different boron environments are evident from the B NMR spectrum of
[Cos(CO),B(BH)] and a crystal structure determination reveals the core structure
shown in Fig. 21. This is best described as a cobalt-capped Co,B, octahedron with
a trans arrangement of boron atoms. The latter, however, are only 1.85(4) A apart,
a distance that is consistent with a B—B bonding interaction. One boron atom
possesses a terminal hydrogen atom while the other is in contact with five cobalt

Fig. 21. The {CosB,} core of [Cos(CO)B(BH)].
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atoms and is boridic in nature. The structural preference is strange indeed and has
been discussed in terms of the geometric restrictions of cobalt vs. boron [88].
The reaction chemistry of these pentametal systems has yet to be developed.

5. Clusters containing fully interstitial boron atoms
5.1. Synthesis and structure

The fully interstitial borides are found within octahedral and trigonal prismatic
interstices as shown in Fig. 1, although the irregular {FejAu,} cage present in
[Fe,(CO),,B{AuPPh,};] does completely encapsulate a boron atom [82].

Methods of synthesis are varied but most involve the “building-block” approach
starting with an {M,;B}, {M;B,} or {M B} core. We deal first with the homometallic
clusters, although historically the heterometallic anion [Fe,Rh,(CO);cB]~ was the
first true closed polyhedral boride to be fully characterized (see below).

In 1975, Schmid et al. reported the formation of a species proposed to be
[Coe(CO),4B] from the reactions of either Co,{(CO)g and BBr; (60 °C) or Co,(CO)g
with B,H¢ under pressure [ 897]. It is noticeable that this formulation gives an electron
count of 93; it therefore not only is an odd electron species, but fits the electron
counts of neither the trigonal prism (90 electrons) nor the octahedron (86 electrons).

The first report of an octahedral hexaruthenium boride cluster came from Shore
and co-workers [47]; [HRug(CO),,B] was prepared by treating triruthenium dode-
cacarbonyl with BH;-thf in toluene (75 °C). The reaction of [ Ru;(CO),,_ .(NCMe), ]
(x=1 or 2) with BH;-thf in the presence of NMe, provides one route to the anion
[Rug(CO),,B]™ (about 10% yield); the second product in this synthesis is the
unusual donor—acceptor complex [HRu;(CO),,(u-COBH,NMe;)] [48]. The formu-
lation of [Rue(CO),,B] ™ is consistent with an 86 electron octahedron, but structural
confirmation of the octahedral cage was provided by the Shore group for the
conjugate acid [47]. In the solid state, a second isomer of [HRu4(CO),,B] has been
elucidated (Fig. 22) [45] which differs from the first principally in the arrangement
of the carbonyl ligands. The differences in structure are too great for the two species
to be simply regarded as polymorphs. In solution, the IR spectra of the two isomers
are different. The boron atom in [HRu4(CO),,B] resides at the very heart of the
octahedral cavity and interacts equally with all six metal atoms. The second isomer
of [HRug(CO),,B] is a result of the cluster assembly described earlier in Section 3.1
and Fig. 4. In addition to envelopes assigned to the hexametal boride, a high mass
envelope was observed at m/z=1575 in the mass spectrum of [ HRug(CO),,B]. The
formation of [ Ruy(CQO),3B,] has been proposed; this formulation is consistent with
a cluster that possesses a 124 valence electron face-sharing bioctahedral structure
[45].

A systematic approach to the formation of [ HRuz(CO),,B] or to its conjugate
base is to “sandwich” together {Rus} and {Ru;B} units. This paper exercise is
brought to life most effectively, not with [ Ru3(CO),BH,]~ (possessing a tetrahedral
Ru;B core) as a precursor, but with [Ru;(CO);B,H;s] ™ (possessing a square-based



320 C.E. Housecroft/Coordination Chemistry Reviews 143 (1995 ) 297-330

Fig. 22. The structure of one isomer of [HRu,(CO),,B] [45]; the second isomer [47] differs principally
in the CO ligand arrangement.

pyramidal Ru;B, core with the three ruthenium atoms defining a triangular face).
The reaction of [Ru;(CO),B,Hs]~ with [Ru3(CO),4(NCMe), ] leads to the forma-
tion of [Rug(CO),,B]~ (about 10% yield) and, in addition, to the trigonal prismatic
boride anion [H,Rug(CO);3B]~ (Fig. 23) (about 20% yield) [34,35]. The observa-
tion that these two cluster geometries (Fig. 24) can be formed in the same reaction
pot is interesting and begs the question of possible mechanism. The octahedral
cluster is characterized by having 86 electrons while the trigonal prismatic boride
requires 90 valence electrons. Some evidence of trigonal prism—octahedron cage
conversion is apparent in the reaction chemistry of [H,Rugs(CO);sB]™ (see
Section 5.2).

Recently, Fehlner and co-workers [90] have prepared and structurally
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Fig. 23. The structure of [H,Ru(CO),sB]~; hydrogen atoms are omitted.

characterized [ Ph,As],[ HFe,(CO),,B]. The dianionic cluster has a capped trigonal
prismatic structure, with the boron atom residing within the prismatic cavity. The
synthetic route to [ HFe,(CO),,B]?>~ involves the reaction of [ Fe,(CO),,BH]*>~ with
Fe,(CO), or Fe(CO);L (L =cis-cyclooctene). Two further products in the reaction
are the dianions [Fes(CO),;sB]*~ (related to [Oss(CO),cB]; see Section 4) and
[HFes(CO),,B]*~, for which a nido geometry has been proposed.

Since, as Fig. 2 showed, the M, butterfly framework is a fragment of the octahe-
dron, the addition of two metal atoms to the former should, in principle, close the
cage up and generate the latter. This has been neatly demonstrated by the Fehlner
group in the reaction of [HFe, (CO),;BH] "~ with [{Rh(CO),Cl},] which yields the
closo anion [Fe,Rh,(CO),,B] . This reaction has been studied in great detail
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Fig. 24. A comparison of the octahedral and trigonal prismatic {RugB} cores from [ HRug(CO),,B] and
[H;Rus(CO)5B] ™.

[91-93], particular interest being sparked off by the fact that a cis—trans-Fe,Rh,
isomerization occurs during the reaction. The process can be monitored by using
"B NMR spectroscopy where a triplet (6= + 205, Jp, 5 =23.3 Hz) assigned to the
cis isomer gives way to a second triplet (6= + 211, Jg,_5=25.8 Hz) assigned to the
trans species (Fig. 25). There is also spectral evidence for a pentametal species early
on in the reaction. The trans arrangement of the rhodium atoms has been confirmed
by a single-crystal X-ray diffraction study. The kinetics of the cis—trans isomerization
has been investigated, and the data support a mechanism that is promoted by the
presence of a Lewis base. Possible skeletal rearrangements have been discussed by
Fehlner and co-workers [92,93]. The protonation of [ Fe,Rh,(CO),cB] ™ leads, first,
to the conjugate acid and then to the unexpected neutral product, namely
[H,Fe;Rh;(CO),;sB]. Again, this is an 86 electron, octahedral boride cluster but in
the solid state, disorder problems are encountered. From the data, however, it is
possible to say that a mer arrangement of metal atoms is preferred [93].

A reaction which parallels the formation of [Fe,Rh,(CO);(B]™ is that of
[HRu,(CO);,BH]™ with [{Rh(CO),Cl},] to vield [Rh,Ru,(CO);¢B]™ [94,95].
Here, a preference for the trans arrangement of rhodium atoms is again observed.
The boride anion trans-[Ir,Ru,(CO),;,B] ~ can be formed in a similar process but in
this case there is no spectroscopic evidence for a cis intermediate [95].

The [Rh,Ru,(CO);(B]™ anion is also produced (about 15% yield) when
[Ru3(CO)yBH,] " is treated with [{Rh(CO),Cl},]. The crystal structure of the anion
(as the PPN ™ salt) has been determined, and a trans arrangement of rhodium atoms
has been elucidated. Of interest in this reaction is the formation not only of the
anionic cluster but of its conjugate acid, [ HRh,Ru,(CO),(B] (about 10% yield).
Probably the most intriguing compound formed in this reaction, however, is
[Rh;Ru4(CO),3B, ] . The metal skeleton is that of a capped double trigonal prism,
illustrated (in part) in Fig. 26. As is to be expected, some ambiguity exists in the
crystal structure over the Rh and Ru positions but a convincing argument can be
made for the capping metal being a rhodium atom, and for the remaining ruthenium
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Fig. 25. The structure of the anion trans-[ Fe,Rh,(CO),(B]~.

and rhodium atoms being distributed as shown in Fig. 26. The B—B separation in
[Rh3Rug(CO),3B,] is 1.80(2) A, similar to the distance found in [Cos(CO),B(BH)]
(see Section 4) and indicative of some B—B bonding interaction (a line joining the
B—B atoms in Fig. 26 has been omitted for clarity) [ 58].

5.2. Reactivity

Since the boron atom is buried (and consequently so well protected) within the
interstice of an octahedral or trigonal prismatic cage, reactions of the fully interstitial
boride clusters tend to centre on the metal carbonyl cage itself. This clearly contrasts
with the reactivity patterns of the semi-interstitial clusters described in Section 3.

Deprotonation of [HRu4(CO),;B] can be readily achieved by treatment using
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Fig. 26. The {Rh;RuB,} double prism that constitutes the central core of the [Rh;Rus(CO),3B,] ™ anion,

[PPN]CI in methanol [47]. The conjugate base [47,48] reacts with [ Ph;PAuCl]
or [(o-tolyl);PAuCl] to give [Rug(CO);B{AuPPh;}] or [Rug(CO),,B{AuP(o-
tolyl);}] respectively [35]. The crystal structure of [Rus(CO);,B{AuP(o-tolyl);}]
has been elucidated and the structural results illustrate that the octahedral RusB
core is retained during the addition of the gold(I) unit. The latter bridges an Ru—Ru
edge of the central octahedral core. When the trigonal prismatic cluster anion
[H,Ru4(CO),sB] ™ is treated with [Ph;PAuCl], simple addition of one gold
unit does not occur. Instead, gold(l) addition is accompanied by loss of
hydrogen and carbon monoxide and the products are [Rug(CO);B{AuPPh;}],
[HRu¢(CO),sB{AuPPh,},] and [Ruc(CO),(B{AuPPh;};]. Each cluster has an
octahedral core: the loss of ligands is reflected in the change in metal skeleton as
the cluster electron count is reduced from 90 to 86. Other reactions in this series
have been studied [35], and in no case has it been possible to obtain a derivative
which retains the boron-containing trigonal prismatic cage of the precursor
[H,Rug(CO)sB] .

Gold(I) phosphine derivatives of the octahedral clusters [Rh,Ru,(CO);sB] ™ and
[Ir,Ru,(CO),,B]~ have been prepared and fully characterized. Crystallographic
studies show that, in [Rh,Ru,(CO),(B{AuP(c-C;H;;);}], the rhodium atoms are
mutually trans and the gold(I) unit caps one RhRu, face of the central octahedral
boron-containing core. In contrast, in [Ir,Ru,(CO);sB{AuP(c-C¢H,;)5}], the two
iridium atoms adopt a cis arrangement with the gold(I) unit bridging the Ir—Ir
edge. There is an interesting contrast between the positions of the group 9 atoms in
the cages of [Rh,Ru,(CO);,B]~ and [Ir,Ru,(CO),,B] ", and their site preferences
in the gold(I) phosphine derivatives [95].

Degradation of the octahedral cage in [Rug(CO)sB{AuPPh;}] to form
[Rus(CO),;sB{AuPPh,}] was mentioned in Section 4. The reaction is a useful way
of accessing the pentaruthenium boride [85].

Other reactions have included boride cluster linkage through the use of difunc-
tional {Au(P---P)Au} units containing didentate phosphine ligands [94].
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6. Fusion of boride clusters

The fusion of cluster subunits provides a method of increasing cluster size. Fusion
(as opposed to the linkage of boride clusters via, for example, a didentate ligand
[68,94]) is taken here to refer to the intimate association of two cluster subunits to
generate a new cluster species. If the point of fusion directly involves the boron
atom, novel environments are often observed.

The diferraborane [ Fe,(CO)sB,Hg ] was reported by Fehlner and co-workers some
time ago [50,96]. Each of the two boron atoms bears a terminal hydrogen atom.
Treatment with a-BuLi under controlled reaction conditions results in the formation
of Li,[ Fe,(CO)¢B,H,]. Further reaction with Fe(CO),Br, leads to the oxidative
fusion of two Fe,B, cluster units and the formation of [{Fe,(CO)sB,H,},] (Fig. 27):

oxidative coupling

2[Fe,(CO)sB,H, 12~ [{Fe,(CO)sB,H4} 1] (6)

The fusion process results in the creation of a more boride-like centre in each
subcluster in that a terminal hydrogen connection is lost. However, an encapsulated
environment is not generated as is evident from the *'B NMR spectral shifts: in
[{Fe,(CO)sB,H,},], there are two boron environments, characterized by two
B NMR spectral signals at 6= +0.8 and —2.55 (compare with values listed in
Table 1) [97]. In a full report of this study, a distinction is made between kinetically
and thermodynamically preferred isomers of [{Fe,(CO)¢B,H,},] [98]. The reaction
of Li,[Fe,(CO)¢B,H,] with FeCl, and then FeCl; leads to the formation of the
B,Fe-conjuncto cluster (the initially reported isomer). Thermolysis of this isomer
allows conversion to the B,B-conjuncto system which, in solution, exists as a mixture
of three tautomers. The results of single-crystal X-ray diffraction studies of both the
B,Fe and B,B isomers have been described.

Fusion of two cluster subunits, each of which contains a semi-interstitial boron
atom, can be achieved using group 11 metal atoms. In Section 3.3.4, the addition
of gold(I) phosphine units to anionic boron-containing butterfly clusters was
reviewed. In one of these reactions, namely that between [Ph,MePAuCl]

Fig. 27. The coupled cage of one isomer of [{Fe,(CO),B,H,},] (carbonyl ligands omitted) showing
fusion utilizing two B— Fe bonds.
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and [HFe,(CO),;,BH] , we observed, not the formation of the expected
[Fe (CO);B{AuPMePh,}; ,H. ] (x=1-3) type of molecule (see Section 3.3.4), but
the production of the ionic compound [{HFe,(CO),,BH},Au][Au(PMePh,),]. The
anion (Fig. 28(a)) exhibits a cis arrangement of cluster subunits although there is a
spiro twist at the gold(I) centre. The gold atom may be described as being in a
pseudolinear geometry and involved in two three-centre two-electron Fe—Au—B
bonding interactions [79,99]. Interestingly, when the structure of the analogous
anion [{HRu4(CO),,BH},Au]” was elucidated, it was found to exhibit a trans
arrangement of cluster subunits (Fig. 28(b)); [{HRu,(CO),,BH},Au]™ may be iso-
lated as the PPN™ salt from the reactions of [HRu,(CO);,BH]~ with a range of
compounds of the type [ClIAu(L—L)AuCl] where L—L is a didentate bis-phosphine
ligand [79].

The reaction of [HRu,(CO),,BH] ™ with [Ag(NCMe),l[BF,] yields
[{HRu,(CO),,BH},Ag] . Like the gold(I) analogue, [{ HRu,(CO),,BH},Ag] "~ pos-
sesses a centre of inversion; the cluster subunits are fused in a trans fashion about
the silver(I) centre [94]. With [Cu(NCMe),][BF,], [HRu,(CO),,BH] ™ reacts to
yield a most novel fused product: [{HRu,(CO),,BH},Cu,(u-Cl)] (Fig. 29) [100].
The silver analogue has been observed as a second product in the reaction
of [HRu,(CO),;,BH]™ with [Ag(NCMe),][BF,] [94]. In [{HRu,(CO),,BH},
Cu,(pn-Cl)], each boron atom is within bonding contact of seven metal atoms: three
copper and four ruthenium centres. The coordination geometry about each boron
atom is not unlike that in [Fe,(CO),,B{AuPPh,},] [82] (see Section 3.3.4). Apart
from the unexpected nature of this product and the cluster assembly that has occurred

(a) (b)

Fig. 28. The {{M,B),Au} cluster cores of (a) [{ HFe,(CO),,BH},Au] ™ and (b) [{HRu,(CO),,BH},Au] .
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Fig. 29. The {{Ru B),Cuy(p-Cl)} cluster core of [{HRu,(CO},,B},Cu,(u-Cl)].

during the reaction, an unusual feature of [{HRu,(CO);,BH},Cu,(p-Cl)] is that it
exhibits an ambiguity with respect to the oxidation states of the copper centres.
Each subcluster formally carries a 2— charge, leaving the central Cu,(p-Cl) unit to
carry a 4+ charge. In addition. this neutral cluster of clusters co-crystallizes with
[PPN]CI (the PPN™ counterion originates from the cluster starting material).

7. Concluding remarks

Over the past few years, the work of Fehlner and Shore together with our own
research efforts have demonstrated a new and intriguing area of transition metal
cluster chemistry. To date, the clusters have tended to involve metals from group 8
although Fehlner’s work illustrates too that cobalt-containing systems are viable
targets. Judging from the wealth of known carbide (and to a lesser extent nitride)
cluster species in the literature, the chemistry of the molecular boride cluster should
continue to flourish. The reactivity of the semi-interstitial and interstitial boron atom
has yet to be developed to its full capacity, and the link to the solid state is of
particular interest.
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