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Abstract

Compared to the chemistry associated with the basic syntheses and structures of the metallaboranes, their reaction chemistry is
relatively uninvestigated. To illustrate the potential variety of such reaction chemistry, a linked overview of some previously
reported and previously unreported reactions of the nido-6-metalladecaboranes [(PPhs),HIrBgH 3], [(PPh3)(Ph,PCsH4)HIrBoH 5],
[(%-CeMeg)RuBgHj 3], [(M®-MeC¢H4*° Pr)RuByH,3] and [(n°-CsMes)RhBoH 5] with acetylenes and isocyanides is presented,
together with some related chemistry derived from the arachno-type 4-metallanonaboranes [(PMe,Ph),PtBgH;,] and [(PMe3),(CO)-
HIrBgH;,]. Reductions, oligomerisations, and reductive oligomerisations of the unsaturated species are observed, as well as com-
plete or partial incorporation of carbon and nitrogen hetero atoms into the metallaborane clusters.'
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

When boron centres in the classical binary boron
hydrides are architecturally replaced by metal centres,
then metallaboranes result [1-5]. These metallaboranes
often conform to the classical closo-nido-arachno-
hypho, etc. Williams/Wade [6-9] cluster-structure/elec-
tron-counting paradigm.

One focus of interest has derived from the findings
that experimentally derived metallaboranes are often
more stable than their binary boron hydride models,
and that this stability can result in metallaborane ana-
logues of those binary boranes of the Williams/Wade

Fig. 1. Crystallographically determined molecular structures of met-
allaborane analogues of known binary boranes: (top) the nido-BgHq
analogue [4-(n®-C¢Meg)-nido-4-RuBsHo] 1 (CCDC 255652); and (bot-
tom) the nido-B;oH;4 analogue [6—(n6—C6Mef,)—nido—6—RuB9H 13] 2a
(CCDC 255653). For a schematic line-drawing of the skeletal structure
of 2a, see Fig. 12. Selected interatomic dimensions (A) are as follows.
For 1: from Ru(4) to B(1) 2.221(4) to B(3) 2.209(5), to B(5) 2.197(5) to
H(3.,4) 1.62 (4), to H(4,5) 1.67 (4) and to the six carbon atoms 2.224(4)—
2.250(3). For 2a [Note that there is crystallographic mirror-plane
through Ru(6)B(9)B(2)B(4).]: from Ru(6) to C(1) 2.253 (2), to C(2)
2.231(2), to C(3) 2.208 (2), to B(2) 2.218(4), to B(5) 2.233(3) and to
H(5,6) 1.70(3); B(10)-B(5) is 2.029 (4) and B(10)-B(9) is 1.777(5).

paradigm that are themselves not particularly stable,
or, sometimes, not isolatable. These are appropriately
illustrated by the previously unreported species [4-
(n®-C¢Meg)-nido-4-RuBsHy] [compound 1, Fig. 1
(upper)], a nido-BcH;o analogue that may be isolated
from the mixture of products from the reaction be-
tween [(M®-C¢Meg)RuCly], and the [arachno-BgH; ]~

Fig. 2. Crystallographically determined molecular structures of (top)
the ten-vertex isocloso-structured [1,1,1-(CO)s-isocloso-1-WBoHo]*~
anion 3 as measured in its [NMey]" salt 3a (CCDC 255654), and
(bottom) the nine-vertex isocloso-structured neutral species [1,1,1-
(PMes),H-isocloso-1-1rBgH;-8-Cl] 4 (CCDC 255860). Selected inter-
atomic distances (A) are as follows. For 3: from W(1) to B(2) 2.234(15),
to B(3) 2.260(14), to B(4) 2.227(17), to B(5) 2.520(14), to B(6) 2.507(16)
and to B(7) 2.494(17); to C(1) 1.957(12), to C(2)1.955(15) and to C(3)
2.026(16); the corresponding carbonyl C-O distances are 1.181(13),
1.161(16) and 1.132(16), respectively. For 4: from Ir(1) to P(1) 2.330(2),
to P(2) 2.3244(19), to H(1) 1.52(7), to B(2) 2.188(11), to B(3) 2.310(10),
to B(4) 2.179(14), to B(5) 2.175(13), to B(6) 2.302(9) and to B(7)
2.210(10); B(8)-Cl(1) is 1.809(11). The angle P(1)-Ir(1)-P(2) is 99.73(8)°
and the angle between the vector Ir(1)-H(1) and the plane defined by
P(DIr(1)P(2) is 65.6(19)°.
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anion [10], and also by [6-(n°®-C¢Meg)-nido-6-RuBoH ;5]
[compound 2a, Fig. 1 (lower)], a nido-B,oH 4 analogue
that may be isolated from the mixture of products
from the reaction between [(n°-C¢Meg)RuCl], and
the [arachno-BoH14]™ anion. The isolation of 2a is pre-
viously reported in this Journal [11], but its structure
as determined by single-crystal X-ray diffraction anal-
ysis is previously unreported. A further example in
this category is [2-(n®-C¢Meg)-n-arachno-2-RuBgH 4],
an air-stable analogue of the unstable n-arachno
nine-vertex binary borane n-BgH;s, isolatable from
the products of the reactions of [(n®-CsMeg)RuCl,],
either with the [nido-B¢Hg]™ anion or with the [arachno-
BgH;{]™ anion [10,12].

A second focus of interest is the ability of transition-
element centres in particular to deviate from the bond-
ing patterns that boron centres exhibit. This deviation
yields structures that deviate from the classical William-
sian geometrical cluster patterns, as, for example, in the
so-called isocloso, isonido and isoarachno cluster geome-
tries [13-15]. Examples of these include the ten-vertex
isocloso-structured  [1,1,1-(CO)3-isocloso-1 -WB9H9]2*
anion of Cs, symmetry [species 3, Fig. 2 (upper)] [16],
and the nine-vertex isocloso-structured neutral species
[1,1,1-(PMe;),H-isocloso-1-IrBgH7-8-Cl] [compound 4,
Fig. 2 (lower)] [17]. Of these two species, the tungsten
anion 3, not previously described in detail [18], is formed
as the principal reaction product from the reaction of
[W(CO)3(MeCN);] either with the [nido-BoH 4] anion
or with the [arachno-BoH4]~ anion in the absence of
air, and is isolatable as a variety of salts. By contrast,
in the presence of air the principal product is the
eight-vertex [(CO)4WB-H;,]~ anion of more conven-
tional, albeit rare, arachno-type eight-vertex geometry,
and of unusual fluxionality [19]. The iridium compound
4 is previously reported as the product from the ther-

Fig. 3. Schematic representation of the skeletal configurations of (left to
right, top to bottom) the macropolyhedral species [(PMe,Ph),Pt,B,H ],
[(PMezph)PtB16H13(PM62Ph)], [(PMezph)2Pt2B16H 1 5(C6H4Me)—
(PMezPh)], [(PMCzPh)4Pt3B14H16] and [(PMEzph)3Pt2B16H20(PM62-
Ph)] obtained from thermolysis of [(PMe,Ph),PtBgH,] [23-26].

molysis of its arachno precursor [4,4,4,4-(CO)(PMes),-
H-arachno-1rBgH;;-1-CI] [17]; here we are able to
communicate an improved molecular structure obtained
by the analysis of a new set of data from a single-crystal
X-ray diffraction experiment.

A third focus of interest is that metal centres can also
engender fused multi-cluster assemblies of complex ‘mac-
ropolyhedral’ architectures, which are of increasingly
high structural interest [20-23]. For example, mild
thermolysis, in toluene or benzene solution, of the arachno-
structured nine-vertex platinaborane [4,4-(PMe,Ph),-
arachno-4-PtBgH1,] yields a variety of macropolyhedral
SpeCieS, [(PMCzPh)zptzBlelg], [(PMGzPh)PtB16H18-
(PMe,Ph)], [(PMeyPh),Pt:BisH 5(CsHaMe)(PMe,Ph)],
[(PMCzPh)4Pt3B14H16] and [(PMezph)3Pt2B16H20(PM62-
Ph)], with cluster configurations as illustrated schemati-
cally in Fig. 3 [23-26].

These three facets of metallaborane behaviour have
dictated that much of the emphasis of metallaborane
chemistry has been concerned with their synthesis,
either directed or serendipitous, and with their struc-
tural characterisation. This synthetic and structural sci-
ence may be described as the ‘first-order chemistry’ of
the metallaboranes.

The electronic redox flexibility of borane clusters, as
manifested, for example, in the two-electron differences
in the closo-nido-arachno-hypho sequences, allied with
the redox flexibility of transition-element centres, im-
plies a very rich metallaborane reaction chemistry based
on the reactions of metallaboranes, rather than on their
synthesis and structure [27,28]. However, the reaction
chemistry of the metallaboranes — which may be de-
scribed as their ‘second-order chemistry’ — is relatively
neglected. This survey is intended to emphasise and illu-
minate the vast potential for new science offered by this
‘second-order’ metallaborane chemistry.

One aspect of high potential interest and potential
utility concerns reactions with small multiply bonded or-
ganic species. In this paper we therefore present a discur-
sive overview, principally of work carried out in the
Leeds laboratories, involving selected reactions of acet-
ylenes and isocyanides with some ten-vertex nido-
monometallaboranes of general formulation {MBgH;3},
and with some nine-vertex arachno-type metallaboranes
of general formulation {MBgH,}, where M represents a
transition-element centre. The account is augmented
with some closely related cognate chemistry, and is also
augmented by some relevant previously unreported crys-
tallographic results.

2. Discussion and results
Reactions to be expected with unsaturated molecules

such as isocyanides and acetylenes include additions and
oligomerisations and, if catalytic, polymerisations. In
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Fig. 4. Crystallographically determined molecular structure of the
isocloso-clustered species [p-(Ph,P-ortho-C¢H,)CyHylrBoHg(PPhs)] 6
[34]. For a schematic line-drawing of the skeletal structure, see II.
Selected interatomic dimensions are as follows. Distances (A) from
Ir(1) are: to P(1) 2.368(4), to B(2) 2.158(9), to B(3) 2.175(10), to B(4)
2.164(9), to B(5) 2.481(9), to B(6) 2.412(9), to B(7) 2.465(10), to C(1)
2.112(8) and to C(4) 2.104(9). Distances within the {C,Ir} ring are:
C(1)-C(2) 1.344(11), C(2)-C(3) 1.453(11) and C(3)-C(4) 1.331(11).
Angles about iridium (°) are C(1)-Ir(1)-C(4) 76.6(4), C(1)-Ir(1)-P(1)
86.2(3) and C(4)-Ir(1)-P(1) 80.4(3).

view of the hydrogen content of the {BoH;3} and
{BgH,} residues of the selected metallaboranes of gen-
eralised formulations {MByH;3} and {MBgH;,}, reduc-
tions are also expected. Incorporation of carbon atoms
into the metallaborane clusters is also a probability:
for example, it is well-known that the parent ten-vertex
non-metalla borane nido-BoH 4 can be induced to react
with acetylenes RCCR’ to produce closo twelve-vertex
dicarbaboranes RR'C,B oHq [29], and that isocyanides
are used to insert single carbon atoms into borane clus-
ters [30,31]. Analogous insertions with metallaboranes
would offer alternative ‘converse’ routes to metallacarba-
boranes, which to date have been predominantly syn-
thesised by the addition of metal centres into pre-formed
carbaboranes, rather than by the converse process of
addition of carbon centres to pre-formed metallabor-
anes [32,33].

Of these various potential reaction types, oligomeri-
sation is exhibited in the reaction of HC=CH itself with
the nido-6-iridadecaborane  [6-(PPh;)-p-67,5-(Ph,P-
ortho-C¢Hy)-6-H-nido-6-1rBoH;,] (compound 5, sche-
matic I). In refluxing benzene, a species of formulation
[(thP—orth0-C6H4)C4H4IrB9H8(PPh3)] (Compound 6,
Fig. 4 and schematic skeletal structure II) is formed
[34]. Dimerisation of HC=CH has occurred, with the
resulting {C4H4} unit bound to the iridium centre, gen-
erating a five-membered {IrC4H,} iridacyclopentadiene
ring. The iridium centre retains the ortho-cycloboro-
nated {Ph,PC¢H4} moiety. The cluster overall has lost
six hydrogen atoms (Eq. (1)) and has consequently
closed, now being of the isocloso configuration as also
exemplified by species 3 above [Fig. 2 (upper)].

Fig. 5. Crystallographically determined molecular structure of [u—
(Ph,yP-ortho-CgH4)(PH;),IrBoH,(PPh3)] 7 [34,35]. Selected interatomic
distances (10\) are as follows: Ir(2) to P(1) 2.316(3), to P(2) 2.275(4), to
P(3) 2.318(4), to B(1) 2.116(8), to B(3) 2.289(9), to B(5) 2.347(7) and to
B(6) 2.273(8). Angles about iridium (°) are: P(1)-Ir(2)-P(2) 93.1(2),
P(1)-Ir(2)-P(3) 97.0(2) and P(2)-Ir(2)-P(3) 90.1(2).

[(PPh3)(PhZPC6H4)HIrB9H12] 5+ 2HC=CH
— [(PhyPCsH,)C4H,IrBoH; (PPh; )] 6 + 3H, (1)

A second product from this reaction, in higher yield, is
the species [-17,25-(Ph,P-ortho-CsH,)-2,2-(PHs),-closo-
2-IrBoH7-10-(PPh3)] (compound 7, Fig. 5) [34,35].
There are no {C,H,} residues incorporated into this
product, but it exhibits the unique phenomenon of a
reductive stripping of P-phenyl groups from PPhj; Ili-
gands to give two parent phosphine PHj; ligands on
the metal centre. Again, the ortho-cyloboronated
{Ph,PC¢H4} moiety is retained. The compound fea-
tures a classical closo cluster rather than the isocloso
architecture of compound 5. The pathway to this un-
ique and intriguing molecule must be complex and no
simple stoichiometry can be written down.
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Fig. 6. Crystallographically determined molecular structure of [2-(n°-
C¢H;3Phj3)-closo-2-1rBoHg-10-(PPh3)] 9 [36]. Selected interatomic dis-
tances (A) are: from Ir(2) to B(1) 2.078(8), to B(3) 2.257(8), to B(5)
2.247(7), to B(6) 2.223(9) and to B(9) 2.222(8); B(6)-B(9) is long’ at
2.026(11); other interboron distances are in the range 1.673(11)—
1.844(12); B(1)-P(10) is 1.876(9), iridium—carbon distances are in the
range 2.248(6)-2.317(6), and intercarbon distances in the hexagonal
ring are in the range 1.40(1)-1.44(1).

In contrast to the acetylene dimerisation exhibited in
compound 6, trimerisation can occur when, instead of
ortho-cyloboronated 5, the metallaborane substrate is
the simpler, non-ortho-cyloboronated, analogue of
compound S5, viz. [6,6,6-(PPhs),H-nido-6-1rBoH 3]
(compound 8), and the acetylene is PnC=CH. This tri-
merisation is thence exhibited by the reaction product
[2-(n°%-C¢H3Phs)-closo-2-1rBoHs-10-(PPh3)]  (compound
9, Fig. 6) [36]. In contrast to the dimerisation product
6 in the reaction discussed above, now a PPhs-substi-
tuted conventional closo ten-vertex cluster configura-
tion results. However, this now has an aromatic
trimerisation product, 1,3,5-Ph;C¢H;  coordinated n®
to the iridium centre. A stoichiometry as in Eq. (2)
may be written for this process.

— [(C3H3Ph3)IrB9Hg(PPh3)] 9+ PPh3 + 3H2 (2)

In the reactions discussed in the paragraphs above, the
acetylene moieties do not become incorporated into the
metallaborane clusters. By contrast, in the reaction of
acetylene with the arachno-structured nine-vertex species
[4,4,4,4-(PMe3),(CO)H-arachno-4-1rBgH ] (compound
10), complete cluster incorporation of the two-carbon
residue occurs to give [9,9,9-(PMes),(CO)-nido-9,8,7-
IrC,BgH ] (compound 11), of nido eleven-vertex consti-
tution (Fig. 7) [37]. This process constitutes a classical
‘converse’ synthesis of a metalladicarbaborane by the
incorporation of the two carbon atoms of an acetylene
unit into a metallaborane that initially has no carbon
atoms in the cluster. More conventionally, metalladi-

r
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Fig. 7. Crystallographically determined molecular structure of [9,9,9-
(PMe3),(CO)-nido-9,8,7-1rC,BgH11] 11 [37]. Selected interatomic dis-
tances (A) are: from Ir(9) to P(1) 2.341(2), to P(2) 2.331(2), to C(9)
1.870(6), to C(8) 2.182(7), to B(10) 2.235(6), to B(4) 2.232(7) and to
B(5) 2.239(7); C(7)-C(8) is 1.568(9).

carbaboranes are synthesised by the addition of metal
centres to pre-formed dicarbaboranes [32,33]. The reac-
tion is of straightforward stoichiometry (Eq. (3)).

[(PMC3)2(CO)HITB8H12] 10 + C2H2
— [(PMe3),(CO)IrC,BsH,] 11 + 2H, (3)

In further contrasting variation, now from the reaction
of PhC=CH with the arachno-structured nine-vertex
species [4,4-(PMe,Ph),-arachno-4-PtBgH;,] (compound
12), cluster incorporation is observed to give a species
of formulation [(PMe,Ph),PtCB¢gHsCPh] (compound
13, Fig. 8). This is also a ‘converse’ metalladicarbabo-

Fig. 8. Crystallographically determined molecular structure of
[(PMe,Ph),PtCBsH¢CPh] 13 [38]. For a schematic line-drawing of
the skeletal structure, see IV. Distances (A) from Pt(7) are: to P(1)
2.2815(13), to P(2) 2.2770(13), to B(3) 2.442(5), to B(4) 2.449(6), to
C(6) 2.1779(5), to C(8) 2.143(5) and to B(9) 2.549(6); selected angles (°)
are P(1)Pt(7)P(2) 94.49(5), B(3)Pt(7)B(4) 62.6(2), Pt(7)B(4)B(1) 99.8(3),
B(4)B(1)B(3) 97.4(4) and B(1)B(3)Pt(7) 99.8(3). In the quadrilateral
open face, Pt(7)-B(1) at 3.201(6) A and B(3)-B(4) at 2.541(8) A are
both non-bonding, resulting in a skeletal structure that could be
considered intermediate between isonido and isocloso.
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rane synthesis [32,33,38], but additional interesting fea-
tures now occur. Thus, during the course of the forma-
tion of this product, two boron atoms are lost to the
cluster, and, additionally, the two carbon atoms have
become separated to give a ‘carbons apart’ metalladi-
carbaborane configuration. An additional interesting
factor is that, although compound 13 has a formal closo
nine-vertex cluster-electron count, it has in fact a very
much looser and more open structure than the classical
nine-vertex closo configuration [14]. Its structure is per-
haps best approximated in terms of a nido-type
{H,CB¢H¢CHPh} unit (schematic III, in which unla-
belled vertices represent BH(exo) units) in which the
two CH(endo) hydrogen atoms are replaced by bonds
to the {Pt(PMe,Ph),} moiety (schematic IV), resulting
in an essentially square planar configuration at the metal
centre with much weaker interaction (hatched intraclus-
ter connectivity lines in structure I'V) with the nearest-
neighbour boron atoms. Electronic features that
contribute to this type of phenomenon in platinaboranes
and platinaheteroboranes are adequately discussed else-
where [15,39,40].

A relevant mechanistic insight into these carbon-
atom incorporations that are exhibited by these nido
ten-vertex metallaborane clusters is afforded by products
from the reaction of the arachno-type nine-vertex irida-
borane [4,4,4,4-(PMe;),(CO)H-4-IrBgH ;] (compound
10) with the ‘ene-yne’ acetylene CH,=—CMe-C=CH
[41]. Thus, one product of this reaction is the nido
eleven-vertex cluster species [7-{C(CH3)CH,}-9,9,9-
(CO)(PMG3)2-I’lidO-9,7,8-II'C2B8H10] [compound 14,
Fig. 9 (upper)], in which cluster-Aufbau by complete
incorporation of the two-carbon acetylene residue into
the arachno nine-vertex {IrBg} cluster has occurred to
give a nido eleven-vertex {IrC,Bg} species, in close anal-
ogy to the conversion of compound 10 to compound 11
itemised above (Eq. (3)). This observation further rein-
forces the concept of ‘converse’ metalladicarbaborane
construction. In this conversion of 10 to 14, there are
strong elements of similarity to the classical reaction
of ten-vertex nido-BgH;4 with acetylenes to give
twelve-vertex {C,Bio} dicarbaboranes [29], as men-
tioned above.

The second product of the reaction between the
nine-vertex iridaborane 10 and CH,=CMe—C=CH,

Fig. 9. Crystallographically determined molecular structures of
(upper) [(CO)(PMes),IrBgH (Cr{C(Me)=CH,}] 14 and (lower)
[(CO)(PMe;),IrBgH | (C(CHC(Me)=CH,)] 15 from the reaction of
CH,=C(Me)—C=CH with compound 10 [41]. Compound 14 shows
an assimilation of the two carbon atoms of the acetylinic residue to
give an eleven-vertex {IrC,Bg} nido cluster, whereas 15 shows the
incorporation of one carbon atom into the nine-vertex iridaborane
cluster. Selected interatomic dimensions (A) are as follows. For 14:
from Ir(9) to P(1) 2.3456(11), to P(2) 2.3278(11), to B(4) 2.220(5), to
B(5) 2.235(5), to C(8) 2.192(4) and to B(10) 2.257(5); C(7)-C(8) is
1.541(6) and olefinic C(71)-C(72) is 1.330(6). For 15: from Ir(5) to P(1)
2.3710(14), to P(2) 2.345(2), to B(2) 2.219(6), to B(10) 2.254(6) and to
C(6) 2.162(5); C(6)-B(7) is 1.826(7), C(6)-C(61) is 1.495(7), B(7)-C(61)
is 1.673(8), and olefinic C(62)-C(63) is 1.359(9). The angle C(6)-C(61)—
B(7) is 70.1(3)°.

viz., a species of formulation [5,5,5-(CO)(PMe3),-p1-
6,7-{CHC(CH3)CH,}-nido-5,6-IrCBgH;]  [compound
15, Fig. 9 (lower)] is perhaps of some mechanistic sig-
nificance [41]. It shows the incorporation of one carbon
atom into the nine-vertex iridaborane cluster matrix. It
also shows a partial involvement of the second carbon
atom with the resulting ten-vertex {IrCBg} system. It is
also apparent that an effective reduction of the acety-
lene residue of the original ene-yne substrate is occur-
ring. A molecule of compound 15 may therefore
model a pertinent interesting mechanistic snapshot.
Firstly, it freezes the process of incorporation of two
carbon atoms of an acetylinic residue at the stage of
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the incorporation of one carbon atom, and it also
shows the incipient incorporation of the second carbon
atom. This may have general generic mechanistic impli-
cations for acetylene incorporation into boron-contain-
ing cluster species. Secondly, there is an incipient
reduction of the acetylenic residue by the utilisation
of the hydrogen atoms of the hydrogen-rich open face
of the starting iridaborane 10. The cluster of 15 is
thence notionally at a point of decision: (a) whether
to incorporate the entire acetylenic residue to form a
bigger cluster, or, (b) to reduce, and possibly extrude,
the two carbon atoms of the acetylenic residue, in an
overall reaction for acetylene reduction. The first of
these two consequences may therefore have relevance
to generic philosophies for the incorporation of two
acetylenic carbon atoms into boron-containing clusters
in general, as just mentioned. The second may have po-
tential value in the tailoring of metallaboranes for de-
signed reductions of unsaturated organic species, even
though in this present example no reductive extrusion
has yet been established, since non-boron-containing
residues from this reaction or, for example, from the
reaction of iridaborane 5 with HC=CH to give com-
pounds 6 and 7 mentioned above, have not yet been
investigated and elucidated.

Interestingly, and in contrast to the reaction of the
{PtBg} platinaborane 10 to give the {PtC,Bg4} platina-
dicarbaborane 11 discussed above, no boron atoms are
lost in these iridaborane conversions with acetylenes.
This may be a consequence of the greater flexibility of
electronic and orbital contribution of the iridium centre
compared to that of platinum: in particular, for iridium
there is an apparent greater ability readily to move
hydridic hydrogen atoms between boron-bound and
iridium-bound positions [17,37] (see also below near
Eq. (9)).

Isocyanides, RN=C, also have reactive triply bonded
character, with many analogies to acetylenes. In accord
with this type of parallel, we have found that, in reac-
tions of nido-6-metallaboranes with organyl isocyanides,
both hetero-atom incorporation into the metallaborane
cluster and also reductive extrusion processes can now
be observed, as well as loss of boron atoms. These com-
peting types of behaviour are exemplified by the chemis-
try described in the following paragraphs.

Thus, the two alternative processes of hetero-atom
incorporation and reductive extrusion are exhibited in
reactions of organyl isocyanides with the ten-vertex nido-
6-metalladecaboranes  [6-(n°-CsMes)-nido-6-RhBoH 5]
(compound 16), [6-(n°-CeMeg)-nido-6-RuByH,5] (com-
pound 2a, Fig. 1 above) and [6-(n°-MeCsH,* Pr)-
nido-6-RuByH 3] (compound 2b). Thence, of these,
compound 2a has been shown to react with MeNC [42]:
upon gentle heating the ultimate products of the reaction
are dimethylamine (Me,NH) and the isocloso-structured
ruthenadecaborane [1-(n°®-C¢Meg)-isocloso-RuBoHo] (com-

Fig. 10. Crystallographically determined molecular structure of isoc-
loso-structured [(n®-MeCsH,*° Pr)RuByHy] 17b [45]. For a schematic
line-drawing of the skeletal structure, see Fig. 12. Compare species 3,
Fig. 2. Selected interatomic dimensions are as follows: selected
interatomic distances (A) are: Ru(l) to B(2) 2.143(4), to B(3)
2.146(4), to B(4) 2.137(4), to B(5) 2.315(4), to B(6) 2.299(4), to B(7)
2.311(4) and to C(aryl) 2.290(3)-2.358(3).

pound 17a). A simple stoichiometry as in Eq. (4) can be
written down for this overall process [41,43].

ArRuByH,; + MeCN = ArRuByH, + Me,NH 4)

The methyl isocyanide has undergone a four-hydrogen
reduction to give dimethylamine, and the {BoH 3} unit
of compound 2a has undergone a corresponding four-
hydrogen oxidation to yield the {BoHy} residue of [1-
(M®-CgMeg)-isocloso-RuBoHy] 17a. The {ArRuByHy}
structural type is represented by the para-cymene ana-
logue [(n®-MeCsH,* Pr)RuByHy] (compound 17b,
Fig. 10), obtained from a closely related reaction system
that starts from [6-(n®-MeCgH4™° Pr)-nido-6-RuBoH ;]
(species 2b) rather than from the {Ru(Cg¢Meg)} species
2a [44]. Compound 17b has also been isolated from
the reaction between [{RuCl(n%-MeCsH,* Pr)},] and
the [arachno-BgH 4]~ anion [45].

The four-hydrogen redox process of Eq. (4) must in-
volve several steps, involving an initial association of the
isocyanide with the metallaborane unit, a succession of
hydrogen-atom transfers, and the ultimate extrusion of
the reduced MeNC moiety as Me,NH. By following
the reaction by NMR spectroscopy, and by the isolation
of other species from this and closely related reactions,
structural types along the reaction coordinate can be
identified, and in some cases we have been able unequiv-
ocally to characterise these structural models by single-
crystal X-ray diffraction analyses. Thus the species
[6-(n°-CsMes)-6-(EtNC)-arachno-6-RhBoH1-9-(EtNC)]
(compound 18, Fig. 11), isolatable as an initial reaction
product from the reaction between [6-(n°-CsMes)-
nido-6-RhBgH 3] (compound 16) and ethyl isocyanide,
EtNC, demonstrates an initial addition of isocyanide
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Fig. 11. Crystallographically determined molecular structures of [6-
(n*-CsMes)-6-(EtCN)-arachno-6-RhBoH;-9-(EtCN)] 18  (CCDC
255856). Selected interatomic distances (A) are: Ru(l) to B(2)
2.182(2), to B(5) 2.256(2), to B(7) 2.269(2), to C(71) 1.929(2) and to
C(aryl) 2.234(2)-2.263(2); B(9)-C(©91) is 1.552(3), C(91)-N(92) is
1.144(2) and C(71)-N(72) is 1.157(3).

moieties to the nido ten-vertex {MBoH 3} metallaborane
unit, albeit with dihydrogen loss (Eq. (5)).
ArRhByH 3 + 2RNC — [Ar(RNC)RhByH;; (NCR)] + H,

()

Me Me

|

e

20r16 19

A\/HK\ e
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This is another reaction that has a direct parallel with
the very well-known reaction of nido-B;oH 4 itself with
two-electron ligands L to give arachno [6,9-L,—BioH 5]
species [46], and, in accord with this, the molecular
structure of 18 (Fig. 11) is clearly seen to be of the ara-
chno ten-vertex type, with bridging hydrogen atoms on
the open-face B(5)-B(10) and B(7)-B(8) positions, and
with the added EtCN units being positioned one-exo/
one-endo in the cluster 6- and 9-positions, as observed,
for example, in the initial product [exo-6-endo-
9-(PMe,Ph),-arachno-BgH ;] from the reaction of nido-
BioH4 with excess PMe,Ph [47,48].

It is, however, unlikely that bis(isocyanide) species
such as 18 are direct intermediates in the process of
Eq. (4), because this last process would require the util-
isation of all four bridging hydrogen atoms of com-
pounds 2a and 2b for the complete reduction of
MeNC to Me,NH, whereas from Eq. (5) it can be seen
that two of these four hydrogen atoms would be lost to
the system prior to any such reduction. The monitoring
of the reaction system involving MeNC and the {Ru(n°-
Ce¢Meg)} compound 2a by NMR spectroscopy does,
however, show an unstable intermediate of formulation
{(CsMeg)RuBoH;(CH,NMe)} (species 19, proposed
schematic representation as in Fig. 12), which can be
isolated as an orange solid [42]. In this last species 19

22 CNR

Fig. 12. Schematic skeletal structures of reactants, proposed intermediates, isolated products, and isolated species that possibly represent
structural models of proposed intermediates, from reaction systems involving organyl isocyanides RNC with [6-(n%-CsMeg)-nido-6-RuBoH 5]
2a, [6-(n°-MeCgH,* Pr)-nido-6-RuByH 3] 2b and [6-(n°-CsMes)-nido-6-RhBgH 3] 16. Crystallographically determined molecular structures of
representatives of the structure types indicated by the bold numbers are to be found in the figures as follows: 2 Fig. 1, 17 Fig. 10, 18 Fig. 11,
21 Fig. 13, 22 Fig. 14, 23 Fig. 14, 25 Fig. 15 and 26 Fig. 16. Structures numbered 19 and 20 are proposed intermediates as discussed in the

text.
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bl
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Fig. 13. Crystallographically determined molecular structure of [(n°-
C¢Meg)RuBoH o(PMe,Ph)(NMe,)] 21 [42]. For a schematic line-
drawing of the skeletal structure, see Fig. 12. Selected interatomic
distances (A) are as follows: from Ru(l) to B(1) 2.212(5), to B(2)
2.178(5), to B(6) 2.300(5) and to B(10) 2.319(5), and to C(aryl) (mean)
2.245(4); from N(1) to C(1) 1.532(6), to C(2) 1.506(6), to B(6) 1.625(6)
and to B(9) 1.615(6).

the {~CH,—NMe-} unit is linked to the cluster, but this
species has so far proved to be unstable under the separ-
atory conditions that we have been able to use, and has
consequently so far defied isolation in a pure crystalline
state, and thence unequivocal characterisation. How-
ever, the NMR evidence strongly suggests a partial,
two-hydrogen, reduction of the MeNC moiety. From
such a species, an additional two-hydrogen reduction
and thence extrusion of the resulting Me,NH would
generate the observed ultimate [(n°-C¢Meg)RuBoHo]
product 17a. This may imply a penultimate Me,N-
bridged intermediate {(n6—C6Me6)RuB9H10(NMez)}
(species 20), which would require just one hydrogen-
atom transfer to complete the stoichiometry of Eq. (4).

In regard to such a proposed intermediate of the form
of 20 we have found that the quenching of the reaction
at the 19/20 stage by the addition of PMe,Ph (Fig. 12)
results in the formation of the isolatable {NMe,}-
bridged compound of formulation [(C¢Meg)RuBoH q-
(PMe,Ph)(NMe,)] (compound 21, Fig. 13) [42]. The
cluster of 21 is of arachno ten-vertex {RuBy} constitu-
tion, and in accord with this, and as with the arachno
ten-vertex compound 18 above (Fig. 11), it exhibits diag-
nostic open-face bridging hydrogen atoms at the cluster
(5,10) and (7,8) positions. Interestingly, the metal atom
is now in the 5-position in this quenched-out species,
rather than in the 6-position. The nitrogen-atom of the
{NMe,} residue is effectively a bifurcating bidentate
centre that coordinates endo to each of the B(6) and
B(9) positions, and thereby has a contrasting but elec-
tronically equivalent configuration to the {exo—exo}
coordination most typically exhibited by the well-recog-
nised simplest ten-vertex bis(ligand) arachno species

Fig. 14. Crystallographically determined molecular structures of
(upper) [1-(n’-CsMes)-closo-1,2-RhCBoHy-7-(CNEt)-2-(NH,Et)] 22
and (lower) [1-(n*-CsMes)-closo-1,2,4-RhC,BgH,-2-Me] 23 [52]. For
a schematic line-drawing of the skeletal structures see Fig. 12. Selected
interatomic distances (A) are as follows. For 22: from Ru(l) to C(2)
2.164(4), to B(3) 2.121(5), to B(4) 2.461(5), to B(5) 2.384(5), to B(6)
2.354(5), to B(7) 2.362(5), and to C(cyclopentadienyl) 2.177(4)-
2.283(4); C(2)-N(2) is 1.416(4) and B(7)-C(7) is 1.533(6). For 23:
from Ru(1) to C(2) 2.115(4), to C(3) 2.089(4), to B(4) 2.366(5), to B(5)
2.376(5), to B(6) 2.396(5), to B(7) 2.374(5), and to C(cyclopentadienyl)
2.185(4)-2.209(4); C(2)-C(21) is 1.520(6).

BigH,L, that are formed from two independent donor
molecules [46], and it is also in contrast to the {exo—
endo} configuration exhibited by compound 18 above
(Fig. 11). It is structurally closely related to the similarly
configured {endo—endo} mnon-metalla [u-6,9-(PPh,)-
arachno-B1gH 5]~ anion, which has been recognised for
some time [49,50].

In view of these interesting reaction sequences exhib-
ited by the ruthenium compounds 2a and 2b, and in
view of the overall reduction summarised by Eq. (4)
(see also Fig. 12), it is of interest to examine the corre-
sponding reactions of the rhodium congener [6-(n’-
CsMes)-nido-6-RhBoH 3] (compound 16) [51]. In our
hands so far this has exhibited quite a different reactiv-
ity. Thus, from a more prolonged reaction of com-
pound 16 with ethyl isocyanide, EtNC, the principal
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isolated product is compound 22, of formulation [I-
(n°-CsMes)-closo-1,2-RhCByHy-2-(NH,Et)-7-(CNEt)]
[Fig. 14 (upper)] [52]. In this species, a carbon atom of
one of the ethyl isocyanide residues has been incorpo-
rated into the cluster — a phenomenon not observed in
the ruthenium systems described above — and the
resulting eleven-vertex cluster is of closed {RhCBo}
geometry. This closo configuration implies an overall
cluster oxidation of the starting open-faced nido{RhBo}
cluster. Concomitant with this latter oxidation, there is
a two-hydrogen reduction of the {EtN} residue of the
cluster-assimilated EtNC unit to give an exo-cluster
{NH,Et} moiety, with an overall stoichiometry as in
Eq. (6), in sum implying an additional dihydrogen loss
from the system.

[(C5MC5)RhB9H13] 16 + 2EtNC
— [(CsMes)RuCBsHo(CNEt)(NH,Et)] 22+ H, (6)

In this last product 22 [Fig. 14 (upper)] the C-C-N-C
skeletal strings of the two starting EtNC substrates
can readily be traced, but this is not the case in the cor-
responding reaction with MeNC, in which the isolatable
product is [1-(n°>-CsMes)-closo-1,2,3-RhC,BgHy-2-Me]
[compound 23, Fig. 14 (lower)]. Again a closo eleven-
vertex geometry results, but now the cluster constitution
is {RuC,Bg}, implying the incorporation of two isocya-
nide carbon atoms into the cluster, and, also, showing
the loss of a cluster boron atom. The C-N-C skeletal
string units from the MeNC substrate are not now iden-
tifiable, as one cluster carbon atom is isolated in the
cluster as a single {CH(exo0)} unit, and the other cluster
carbon atom is bound to a terminal methyl group;
isocyanide nitrogen atoms are clearly lost [52]. There
are clearly intriguing mechanistic questions here, not
only concerning the fate of the nitrogen atoms, but
also in the contrasting behaviour between (a) this
rhodium system, in which the isocyanide carbon atoms
are incorporated into the cluster to form metallacarbab-
orane units (compare the iridium and platinum systems
above, near Eq. (3)), and (b) the ruthenium system
more immediately above (e.g. Eq. (4), see also Fig. 12
above), in which the isocyanide unit is initially bound
to the cluster and then reduced and extruded as
amine.

By modification of the conditions of the ruthenium
reaction, we have been able to isolate two products in
which the structures show cluster characteristics that
can be regarded as being at a point of notional decision
related to that postulated for the acetylene reactions
mentioned above: whether (a) to assimilate elements of
the isocyanide unit, expel dihydrogen, and produce a
condensed metallacarbaborane system, or (b) to reduce
and extrude the intact elements of the isocyanide unit
as an amine.

Fig. 15. Crystallographically determined molecular structure of the
species 25 of formulation [(M®-CsMeg)RuCBoN;o(OMe)NMe] [52].
For a schematic line-drawings of the skeletal structure, see V and
also Fig. 12. Selected interatomic distances (A) are as follows: from
Ru(5) to B(1) 2.221(1), to B(2) 2.252 (11), to B(6) 2.336(9), to B(10)
2.352(9) and to C(aryl) 2.183(6)-2.259(6); N(6,7) to B(6) is
1.488(10), to B(7) 1.528(12), to C(6,7) 1.484(10) and to C(8.,9)
1.570(12); B(9)-H(8,9) is 1.50(1), C(8,9)-H(89) is 1.330(11) and
B(7)-0O(7) is 1.398(12).

Thus, firstly, reaction of MeNC with a substituent
derivative of compound 2a, specifically the B-methoxy-
substituted nido-6-ruthenadecaborane [6-(n°®-CsMeg)-
nido-6-RuBoH ,-8-(OMe)] (compound 24), gives the
species 25, of formulation [(n6-C6Me6)RuCB9H10(O-
Me)NMe] [52]. Compound 25 (Fig. 15 and schematic
cluster structure V) has an open {RuCNBo} twelve-
vertex cluster structure that has three open faces (bold
lines in V). These three open faces consist of a six-
membered RuBNCBB face, a five-membered BNBBB
face, and a four-membered BNCB face. There are three
bridging hydrogen atoms associated with the six-
membered open face. The structure can be regarded in
terms of a ten-vertex {MBy} quasi-nido-5-ruthenadecab-
orane geometry (schematic cluster structure VI) with a
{-NMe-CH,-} unit bridging across between the B(7)-
B(8), B(6)-B(7) and B(8)-B(9) {MBy} cluster vectors,
thereby engendering some ten-vertex arachno character
in the {RuBy} unit. The {~CH,-} unit appears to exhibit
a rare incidence of a carbon-hydrogen—boron open-face
bridging hydrogen atom, and also indicates an incipient
more complete accommodation of the isocyanide car-
bon unit into the cluster. There are relationships to the
proposed intermediate 19 of formulation {(CgMeg)-
RuByH;;(CH,NMe)} discussed above (Fig. 12), which
appears to have a more straightforward {-CH,-} meth-
ylene unit [50,51]. In gross terms, a transfer of the open-
face {Ru-H-B} bridging hydrogen atoms of compound
25 to the {CH,NMe} moiety, with the extrusion of
the latter as Me,NH and cluster closure to [(CsMeg)-
RuByHg(OMe)], could be envisaged as a model for the
final stages of the mechanistic pathway of Eq. (4) and
Fig. 12.
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Fig. 16. Crystallographically determined molecular structure of [(n°-
Ce¢Meg)RuCBoH (N*“"'Bu] 26 (CCDC 255857). For schematic line-
drawings of the skeletal structure, see VIIA and also Fig. 12. Selected
interatomic distances (A) are as follows: Ru(2) to B(1) 2.174(3), to B(3)
2.198(4), to B(6) 2.208(3), to B(7) 2.270(3), to C(8) 2.066(3) and to
C(aryl) 2.244(3)-2.305(3); from N(12) to B(7) 1.608(4), to C(8)
1.478(4), to B(9) 1.561(4) and to C(13) 1.532(3); B(7)-B(11) is
1.990(5), B(9)-B(10) is 2.079(5) and B(10)-B(11) is 1.786(5).

The second model for an intermediate, compound 26,
of formulation [(n°-C¢Meg)RuCBoH;oN""'Bu] (Fig. 16
and schematic cluster structure VIIA), is isolatable from
the reaction between compound 2a and “’BuNC. The
cluster is seen to be more condensed than that of
25, with only two open faces: four-membered {RuCNB}
and five-membered {BNBBB} (bold lines in structure
VIIA). There is now only one bridging hydrogen
atom, which is associated with the {NB,} five-membered
open face. The isocyanide carbon atom is now more inti-
mately associated with the structure than as in
compound 25, and, in general terms, a mechanism
can be envisaged in which dihydrogen loss would con-
vert a structure with the general shape of that of
compound 25 (schematic V) to one with a shape like
that of compound 26 (schematic VIIA). As with
compound 25 (schematic VI), in compound 26 an
arachno-type {MBo} unit is again readily traced when
the eclements of the isocyanide string are removed
from the cluster structure (hatched lines in schematic
VIIB).

Fig. 17. Crystallographically determined molecular structures of
(upper) the species [6,6,6,6-(MeNC),(PPh;)H-arachno-6-1rByH;-9-
(CNMe)] 27 (CCDC 255858) and (lower) [1,1,1-(PMe,Ph),H-isocloso-
1-OsBgHg-5-(PMe,Ph)] 30 (CCDC 255859) [53]. Selected interatomic
dimensions (A) are as follows. For 27: from Ir(6) to C(1) 1.971(7), to
C(3)2.016(8), to B(2) 2.244(7), to B(7) 2.287(8), to B(5) 2.299(7), to P(1)
2.323(2), and to H(6) 1.56 (9); B(8)-B(9) is 1.858(12), B(9)-B(10) is
1.878(11), B(9)-C(9) is 1.533(11) and C(9)-N(9) is 1.141(9). For 30:
from Os(1) to B(2) 2.177(4), to B(3) 2.162(4), to B(4) 2.104(4), to P(1)
2.3966(11), to P(2) 2.3821(11), to to B(5) 2.437(4), to B(6) 2.408(4), to
B(7) 2.412(4) and to H(1) 1.599(34); P(3)-B(5) is 1.909(4).

VIIA viiB

An extrusion of the {N""’Bu} moiety from 26 could
thence be visually entertained, to give the free amine
“'"BuNH, and a closed cluster product, although from
this particular species an additional redox process, for
example by additional ““BuNC addition to give
[(CsMeg)RuCBoHo(CN*"“Bu)], would be required for
this to occur. In this regard, compound 26 models a pos-
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sible structural type on the pathway to such species as 23
and 24 above, rather than being a direct analogue of an
intermediate.

There will clearly be merit in the continued investiga-
tion of these and related metallaborane reaction systems,
in order further to unravel details of these competing reac-
tion processes and to see what other interesting structural
types may emerge. There is also interest in the examina-
tion of the reactions of the isocyanides with the iridium
species such as compound 5 and 8 mentioned above in
view of the interesting reactions that these two iridabor-
anes undergo with acetylenes (e.g. Egs. (1) and (2) above).
However, the heating of [6,6,6-(PPh;),H-nido-6-1rBoH 3]
(compound 8) with MeNC at reflux in solution in CH,Cl,
gives only products related to the bis(alkylisocyanide)
arachno compounds [Ar(RNC)MByH;{(CNR)] men-
tioned above (e.g. compound 18, Fig. 11), rather than
any species resulting either from incorporation of isocya-
nide carbon atoms into the cluster, or from reduction and
extrusion of the MeCN unit. Thus the species [6,6,6,6-
(MeNC)y(PPh3)H-arachno-6-IrBoH;-9-(CNMe) [com-
pound 27, Fig. 17 (upper)] is the predominant product
[53]. Here, the nido compound 8 has therefore undergone
a similar transformation to that undergone by
[6-(n°-MeCH4*° Pr)-nido-6-RuByH 3] (compound 17b)
to give compound 18 (e.g. Eq. (5) above), but in addition
has suffered a replacement of a PPh; ligand on the iridium
centre by a methyl isocyanide ligand (Eq. (7)).

[(PPh;),HIrByH3] 8 + 3MeNC

— [(MeNC), (PPhy)HIrBoH,; (CNMe)] 27 + H, + PPh,
()
As with compound 18 (Fig. 11 above), the arachno config-
uration of the cluster unit of compound 27 [Fig. 17
(upper)] is readily apparent. The compound has open-face
hydrogen atoms in the endo Ir(6) and B(9) positions, in a
direct parallel to the very well-examined non-metal-
containing decaboranyl analogues such as [6,9-(MeCN),-
ara- chno-B1oH;], which has methyl cyanide, rather than
methyl isocyanide, ligands [54]. An interesting contrasting
reaction, but yielding the same type of product, occurs in
the reaction of compound 8 with MeCOOH, which yields
[2,2-(CO)(PPh3)-p-2°,9°-(MeCO,)-closo-2-IrBoH, ;- 10-
(PPh3)] (compound 28) of the same type of conventional
closo ten-vertex [L;HIrBoHoL] constitution as com-
pound 7 (Fig. 5 above) [55].

In another interesting contrast, we have found that a
phosphine osmium congener of compound 8, viz. the
species  [6,6,6-(PMe,Ph)s-nido-6-OsBoH 3] (compound
29), reacts with ““BuNC to give a different type of prod-
uct, now more related to the isocloso [ArRuBgHy] prod-
ucts 17a and 17b obtained as in Eq. (4) above. In this
osmaborane reaction, the predominant metallaborane
product is the species [1,1,1-(PMe,Ph),H-isocloso-1-
OsByHg-5-(PMe,Ph)] [compound 30, Fig. 17 (lower)]
[53]. However, we have not yet been able to investigate

this reaction system for reduced and/or oligomerised
isocyanide reaction products, although an interesting
by-product is the five-vertex osmapentaborane [2,2,2-
(PMe,Ph);-nido-2-OsB4Hg] (compound 31) [53], a vari-
ant of the species [2,2,2-(PPh;3),(CO)-nido-2-OsB4Hg],
which has been known for some time [56].

vilie

IXB

A further interesting variation in the reactions of iso-
cyanides with metallaboranes is afforded by the reaction
of MeNC with the macropolyhedral iridaborane 32 of

B(10)

B(8)

Fig. 18. Crystallographically determined molecular structure of [(n’-
CsMes)HIrB sH 9{C(NHMe),}] 33 (schematic cluster structures IXA
and IXB) [58] (CCDC 165856). Selected interatomic distances (A) are
Ir(9)-B(4) 2.170(4), Ir(9)-B(5) 2.178(5), 1r(9)-B(8) 2.203(4), Ir(9)-
B(10) 2.234(4), Ir(9)-H(9) 1.6097, Ir(9)-C(CsMes) 2.214(4)-2.254(4),
B(7)-B(8) 1.890(5), B(7)-B(11) 1.885(5), B(7)-B(2’) 1.823(5), B(7)-
B(10") 2.038(6), B(8)-B(2) 1.776(5), B(8)-B(7’) 1.871(6), B(10)-B(11)
1.917(6), B(7)-B(8’) 1.934(6), B(8')-B(9’) 1.797(7), and B(9')-B(10")
1.787(6), with other interboron distances between 1.726(6) and
1.823(6)/°X for the {IrBjo} subcluster and between 1.706(6) and
1.809(6);\ for the {Bjo} subcluster. Within the carbene ligand,
B(11)-C(1) is 1.583(5), C(1)-N(1) is 1.326(4) and C(1)-N(2) is
1.311(5), with N(1)-C(2) 1.455(5) and N(2)-C(3) 1.445(5) A, with
angles B(11)C(1)N(1) 123.2(3), B(IDC(I)N(2) 118.53) and
N(1)C(1)N(2) 118.3(3)°.
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formulation [(n°-CsMes)IrB,sHyo] (schematic configura-
tion VIITA). Compound 32 is a fused-cluster species, of
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the oligomerisations could be engendered by smaller,
more accessible, boranes.
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which the basic cluster structure consists of a nido
twelve-vertex {IrB;;} subcluster and a nido ten-vertex
{B1o} subcluster fused with three atoms in common
(schematic VIIIB) [57,58]. The predominant product of
the reaction of 32 with MeNC is [(n°-CsMes)-
HIrB gHo{C(NHMe),}] (compound 33, Fig. 18, sche-
matic cluster structure IXA) [58]. In compound 33, the
basic cluster structure now consists of an eleven-vertex
nido {IrB;o} subcluster and a nido ten-vertex {B;o} sub-
cluster, and now fused with only two boron atoms in
common (schematic IXB). The essence of the reaction
is the formal addition of the two-electron ligand
{:CH(NHMe),} to the cluster structure of compound
32 (schematically represented in Eq. (8)).

[(C5M€5)II'B18H20] + L— [(C5MC§)HIFB18H19L] (8)

The carbene ligand {:C(NHMe),} (schematic X) on the
cluster of compound 31 merits brief further comment.
There has been a reductive dimerisation of the MeNC
units, but it is clear that the reaction has also involved
the loss of one carbon atom. This type of process has
also been recognised in reactions of ““BuNC and
MeNC with the non-metal-containing macropolyhedral
species anti-BigH»,, from which products B;gH,oL have
been identified, where L is, for example, either of the
two carbene ligands {(“”’BuNHCH){*”’BuNHC(CN)}
CH,:} (schematic XI) or {(MeNH)C;N,HMe,} (sche-
matic XII) [59,60]. In the first of these two (schematic
XI) a reductive oligomerisation of three “"'BuNC units
has occurred, with the loss, now, of two carbon atoms,
together with an implied rearrangement; in the second
(schematic XII) a reductive trimerisation has occurred,
but now without carbon-atom loss, to give an imidaz-
ole-like ring. There may be scope here to tailor borane
systems for the synthesis of polynitrogen organic spe-
cies that may be difficult to obtain by other routes:
for this to be practicable, however, a cleavage of the
carbenes from the borane residue would have to be de-
vised, and it would additionally be more practicable if

An additional feature worthy of comment is that the
reaction of Eq. (8) represents one of the two competing
consequences of the addition of electrons to a fused-
cluster macropolyhedral species [61]: the addition of
an electron-pair to a fused-cluster macropolyhedral
species can either (a) open up one of the individual sub-
clusters one step along the classical Williams—Wade clo-
so-nido-arachno, etc. sequence, or (b) reduce the
intimacy of inter-cluster fusion, here from a three-
atoms-in-common to a two-atoms-in-common fusion
mode. These competing principles are further illustrated
by species such as [(n>-CsMes)HIrB,sH,o(PMe,Ph)]
(compound 34), which is isostructural in cluster terms
with compound 33 (schematics IXA and IXB above).
Such boron-ligated species can readily lose dihydrogen
(Eq. (9)) to give species such as represented by [(n’-
CsMes)IrBgH s(PH,Ph)] (compound 35) [58,61]. The
dihydrogen loss removes two electrons, one associated
with each hydrogen atom, from the cluster bonding
scheme. This results in an increase in the inter-cluster
bonding intimacy from two-atoms-in-common, entail-
ing a reversion to the three-atoms-in-common fusion
mode (schematics VIIIA and VIIIB above).

[(C5M€5)HITB18H19L] — [(C5MC5)II‘B18H18L} + Hz
9)

These competing principles are further exemplified in
the reaction of elemental sulphur with compound 33.
The product of this reaction, of anionic formulation
[(nS—CsMeS)IrBlnggs]* (species 36) has a cluster archi-
tecture (schematic XIIIA) that consists of a nido twelve-
vertex {IrB;;} subcluster and an arachno ten-vertex
{SBo} subcluster fused with two atoms in common
(schematic XIIIB). Addition of the sulphur atom to
the skeleton of compound 33 (schematic VIIIA above)
has effectively added four extra electrons to the dou-
ble-cluster system: two electrons reduce the fusion
intimacy from three-atoms-in-common VIII to two-
atoms-in-common XIII, and two electrons convert one
of the two subclusters from nido to arachno.
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Fig. 19. Crystallographically determined molecular structures of
(upper diagram) dark purple [(PMe,Ph),Pt,B;oH;o] 37 (CCDC
115796) and (lower diagram) its dioxygen adduct [(PMe,-
Ph)4(0,)Pt,B;oHo] 39 (CCDC 235553) [67,68]. For 39, there is
crystallographically imposed twofold symmetry, so that Pt(1) = Pt(2),
B(7) = B(4), B(8)=B(5), B(12)=B(10) and B(11) = B(9); selected
interatomic distances (A) for 37 are: from Pt(2) to Pt(1) 2.965(1), to
P(1) 2.336(2), to P(2) 2.343(3), to B(6) 2.299(11), to B(7) 2.199(13) and
to B(8) 2.238(12). The PPtP angle is 96.94(10)°, and the PtPtP angles
are 114.84(6)° and 116.80(7)°. For 39, selected interatomic distances
(A) are: from Pt(1) to Pt(2) 2.7143(3), to O(1) 2.141(4), to P(11)
2.3525(16), to B(3) 2.312(7), to B(4) 2.192(7), to B(5) 2.201(7), and to
B(6) 2.291(7); from Pt(2) to O(2) 2.151(4), to P(21) 2.3898(16), to B(3)
2.287(7), to B(6) 2.317(7), to B(7) 2.212(7), and to B(11) 2.207(8);
O(1)-0(2) is 1.434(6). There is a ca. 15° twist between the {O,} and the
{Pt,} units, with torsion angles PtOOPt 19.9°, OPtPtO 10.6°, and
OOPtPt 15.8° and 21.6°, and there are associated differences in the
angles to phosphorus: Pt(2)Pt(1)P(11) and O(1)Pt(1)P(11) are
130.55(4)° and 86.38(12)°, respectively, whereas Pt(2)Pt(1)P(12) and
O(HPt(1)P(12) are 117.08(4)° and 72.15(11)°, respectively.
Pt(2)Pt(1)O(1) is 76.38(13)°, Pt(1)O(1)O(2) is 106.0(3)° and
P(11)Pt(1)P(12) is 99.25(6)°: the corresponding angles around Pt(2)
are similar to all these. In solution, the {O,} and the {(PMe,Ph),} units
fluxionally exchange to their mirror positions either side of the
Pt(1)Pt(2)B(9)B(12) plane, with AG* (190-212 K) ca. 37.5 kJ mol ™! as
measured by >'P and "H NMR spectroscopy.

XA XiiB

Oxygen is in the same group as sulphur in the Periodic
Table, and in view of sulphur addition to the macropolyhe-
dral metallaborane 33 as mentioned in the last paragraph
[57], and as also established for single-cluster metallabo-
rane species [37,62], the reactivity of elemental oxygen with
metallaboranes is of interest. Certainly the serendipitous
incorporation of oxygen into metallaborane clusters has
been noted, albeit rarely, for example in the oxaferrabo-
rane species [(n°-CsHs)FeOBgH 5] [63], in oxarhodabo-
rane species such as [(1°-CsMes)RhOBoH; (NEt3)]
[64-66], and, most recently, in [(n6—C6Me6)RuOB9H13]
[10]. We now have recently established an interesting diox-
ygen reaction with the dimetallaborane [(PMe,Ph),-
Pt;BioHig] [compound 37, Fig. 19 (upper)] [67].
Compound 37 is derived from nido-B;oH 4, not by the no-
tional replacement of {BH(exo)} units by metal centres as
in compounds 2a, 2b and 16 above, but by the experimen-
tally realisable addition of two metal centres to the nido-
decaboranyl cluster. It may be obtained, for example, by
the successive addition of two {Pt(PMe,Ph),} units to
the nido-decaboranyl residue by the utilisation of two suc-
cessive treatments with [PtCl,(PMe,Ph),] and non-nucleo-
philic base (Egs. (10) and (11)) [28,67,68]. The intermediate
species [(PMe,Ph),PtB;oH,] (compound 38) is well recog-
nised [69-71].

B10H14 + [PtC12 (PMezph)z] + 2base

— [(PMe,Ph),PtBoH),] 38 + 2baseHCl (10)

[(PMCQPh)thBlole] + [PtClz(PMCzPh)z} + 2base
— [(PMCzPh)AlPtzBl()H]()} 37+ 2baseHCI (1 1)

Compound 37 is a dark purple crystalline solid. It has a
closed twelve-vertex {Pt,B;,} icosahedral cluster config-
uration, which is distorted from regular to accommo-
date the two platinum atoms, and in which the two
platinum centres are adjacent, although not strongly
connected, separation 2.965(1) A. In solution, it rapidly
takes up dioxygen across the {Pt-Pt} linkage to give a
dark orange dioxygen adduct [(PMe,Ph)4(O,)Pt,B1oH ;0]
[compound 39, Fig. 19 (lower)]. In 39 the interplatinum
distance has contracted to 2.7143(3) A, and the overall
cluster configuration is now that of a {Pt,0,] exo-cluster
four-membered ring fused to the twelve-vertex {Pt,B(}
icosahedron with the two platinum atoms held in com-
mon. The resulting exo-cluster Pt-O-O-Pt linkage is
peroxidic in nature, and there has been consequently
an effective oxidative addition of the dioxygen unit to
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Fig. 20. Crystallographically determined molecular structures of
adducts of compound 37: (upper diagram) the CO adduct
[(PMe,Ph)4(CO)Pt,B oH o] 40 (CCDC 254027) and (lower diagram)
the SO, adduct [(PMe,Ph)4(SO,)Pt,B0H ] 41 (CCDC 254028) [68].
Selected interatomic distances (A) are as follows. For 40: from Pt(1) to
Pt(2) 2.7487(3), to C(1) 2.098(6), to P(1) 2.340(2), to P(2) 2.352(2), to
B(3) 2.332(7), to B(4) 2.264(7), to B(5) 2.255(7) and to B(6) 2.305(6);
from Pt(2) to C(1) 2.106(6), to P(3) 2.333(2), P(4) 2.344(2), to B(3)
2.298(7), to B(6) 2.348(7), to B(7) 2.271(7) and to B(11) 2.261(7); C(1)-
O(1) is 1.174(7). For 41: from Pt(1) to Pt(2) 2.8194(4), to S(1) 2.388(2),
to P(1) 2.383(3), to P(2) 2.353(2), to B(3) 2.339(10), to B(4) 2.258(10),
to B(5) 2.219(12), and to B(6) 2.322(10); from Pt(2) to S(1) 2.355(2), to
P(3) 2.345(2), to P(4) 2.376(2), to B(3) 2.301(9), to B(6) 2.343(9), to
B(7) 2.247(10) and to B(11) 2.261(11); S(1)-O(1) is 1.454(7) and S(1)—
0O(2) is 1.461(7).

the cluster. An interesting feature of the linkage is that it
is fluxional: the {O,} unit is skewed relative to the Pt—Pt
vector, across what would be a mirror plane in an idea-
lised C»5, {Pt,B;o} unit, and the {O,} reversibly reverses
its skew across this plane with a low activation energy of
ca. 37.5kJmol~!. An additional interesting feature is
that the dioxygen uptake to give compound 39 is revers-
ible. Gentle heating, reduction of pressure, or purging
with an inert gas removes the dioxygen, and there is a
consequent reversion to the dark purple compound 37
[67].

Such reversibility of dioxygen sequestration is remi-
niscent of the behaviour of the haems in mammalian
blood, and in this regard the reaction of carbon monox-
ide with compound 37 is of interest. In this context we
have found that the passage of carbon monoxide
through a solution of 37 gives an immediate addition
to form the yellow carbon monoxide adduct
[(PMGzPh)4(CO)Pt2B10H10] [Compound 40, Flg 20
(upper)] [68]. In contrast to the dioxygen sequestration,
this carbon monoxide addition is not reversible. Carbon
monoxide also readily displaces dioxygen from 39 to
give 40, rather than adding to give a {COs3} carbonate
bridge. The carbon atom of the {CO} unit in compound
40 bridges the two platinum atoms, and the oxygen
atom projects radially out from the cluster. We have
also found that sulphur dioxide similarly adds irrevers-
ibly across the {Pt,} unit, to give [(PMe,Ph)4(SO,)-
Pt,BoH o] [compound 41, Fig. 20 (lower)] [68]. In a
similar manner to the carbonyl carbon atom in com-
pound 40, the sulphur atom bridges the two platinum
atoms, with the two oxygen and the two platinum atoms
generating an approximately tetrahedral disposition
about the sulphur centre. As with the dioxygen adduct
39, the interplatinum distances in compounds 40 and
41 are somewhat shorter than those in the starting com-
pound 37, at 2.7488(3) and 2.8194(4) A, respectively.

3. Conclusions

In this survey of the reactions of a relatively small
suite of metallaborane substrates with a relatively small
selection of small reactive molecules, it is apparent that a
rich variety of chemistry is revealed, presaged or sug-
gested. All of the above reaction systems suggest future
work, for example in terms of more detailed investiga-
tions of the individual systems to elucidate mechanisms
for the processes, of which some are very unusual and
therefore portend unpredicted chemistries, and also,
for example, further work in the development of the
new ideas and the new chemistries implicit in the results
will also be valuable. In the small amount of work so far
done, the emphasis of chemical elucidation has been on
the metallaborane and metallaheteroborane products
from these reactions; non-boron-containing products
from the acetylene and isocyanide reactions in particular
have not yet been investigated. It is hoped that this ac-
count will stimulate new work in these and related areas.

4. Experimental

The bulk of this overview article is based on reported
species as given in individual references. The following
summarises the experimental procedures and results
for the reactions that gave the species in Figs. 2, 11, 16
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and 17, for which such details are not reported elsewhere
in the formal literature: [NMey][(CO);WBoHy] 3a [Fig. 2
(upper)], [6-(n°-CsMes)-6-(EtNC)-arachno-6-RhBoH; -
9-(NCEt)] 18 [Fig. 11], [(n%-C¢Mes)RuCBoH;(N"'Bu]
26 Fig. 16], [6,6,6,6-(MeNC),(PPhs)H-arachno-6-
IrBoH1-9-(CNMe)] 27 [Fig. 17 (upper)] and [1,1,1-
(PMe,Ph),H-isocloso-1-OsBoHg-5-(PMe,Ph)] 30 [Fig.
17 (lower)].

4.1. General

Initial reactions were carried out under a dry nitrogen
atmosphere, with subsequent manipulations, chroma-
tography, etc., carried out in air. Preparative thin-layer
chromatography (TLC) was carried out using 1 mm lay-
ers of silica gel G (Merck, type GF254), made from
water slurries on glass plates of dimensions
20 cm x 20 cm, followed by drying in air at 80 °C.
Eluted TLC components were extracted from the silica
matrix with CH,Cl,, and evaporated to dryness for fur-
ther examination and or manipulation. HPLC was per-
formed on a 16 mm x 25 cm column (Knauer, Lichosorb
Si60, 7 mm), using a flow rate of 10 ml min~!, with
detection by change in the UV absorption of the eluant
at 2 =254 nm. NMR spectroscopy was performed at ca.
2.3 and 9.4 T (fields corresponding to nominal 100 and
400 MHz 'H frequencies, respectively) using commer-
cially available instrumentation and using techniques
and procedures as adequately described and enunciated
elsewhere [72-78]. Spectra were recorded at 294-297 K
for solutions in CDCl; or CD;CN as indicated.
Chemical shifts 6 are given in ppm relative to
2 =100 MHz for ('"H) (+0.05 ppm) (nominally TMS),
2 =32.083972 MHz for §(''B) (£0.5 ppm) (nominally
Et,OBF; in CDCls) [72], and E = 40.480730 MHz for
OC'P) (0.5 ppm) (nominally 85% aqueous H;POy). =
is as defined by McFarlane [79]. Mass spectrometric
data are from positive-ion 70 eV electron-ionisation
spectra.

The minimum criterion of purity and identity con-
sisted of the results of the single-crystal X-ray diffraction
analysis experiments allied with clean multinuclear
NMR spectra of the compounds in question.

4.2. Isolation of salts of the [1,1,1-( CO)s-isocloso-1-
WBoH, ]2 ~ anion 3

[W(CO)3(MeCN);] (100 mg, 250 umol) and [NMey]
[nido-BoH15] (90 mg, 500 pmol) were stirred in deoxygen-
ated CH,Cl, (25 ml) under N, for 3 h. The resulting
brown precipitate was filtered off and washed with
CH,Cl, (3x10ml) and then redissolved in MeCN
(10 ml) to give a straw-coloured solution. Dropwise addi-
tion of Et,O then resulted in a brown precipitate of the
[NMe,]* salt 3a of the [1,1,1-(CO)3-isocloso-1-WBoHg]* ~
anion 3 [Fig. 2 (upper)], which became somewhat lighter

in colour upon drying in vacuo (12 mg, 20 umol, 8%);
Vmax(CO) 1890 and 1972 cm ™. Cluster NMR data for
3a (CD3;CN, 294K): BH(2,3,4) +93.7 [+9.70],
BH(8,9,10) +18.9 [+3.87], BH(5,6,7) —20.8 [—0.48], with
O('H) for [NMe,]" at +3.09. Yields of between 4% and
5% of 3a and of other salts of 3, all of which were air-
stable, were also similarly obtainable by performing the
above procedure using the following salts of the [ara-
chno-BoH 4]~ anion: [NMey][arachno-BoH 4] (90 mg,
480 pmol), [NEty][arachno-BoH 4] (120 mg, 500 pmol),
and [N"Bugy][arachno-BoH 4] (180 mg, 500 pmol). Purple
crystals of the MeCN solvate of 3a, suitable for the X-
ray diffraction experiment summarised below, were
grown by the overlayering with Et;O of a concentrated
solution of 3ain MeCN in a 5 mm tube, and allowing slow
diffusion to occur. The purple crystals lost MeCN over a
few days at room temperature, yielding a tan powder.

4.3. Isolation of [6-(n’-CsMe,)-6-( EtNC)-arachno-6-
RhBoH;;-9-(NCEt)] 18

[6-(n5-C5Mes)-nz’do-6-RhB9H13] 16 (prepared as in
[51]; 50 mg, 140 umol) was dissolved in toluene (20 ml)
and a solution of EtNC (15 mg, 280 umol) in toluene
(1.0 ml) was added, whereupon the colour of the solu-
tion changed from yellow to red. The reaction mixture
was stirred for 45 min, the volatile components removed
in vacuo, the residue dissolved in minimum CH-Cl,, and
subjected to separation by preparative TLC using
CH,Cl, 100% as liquid phase. The major component
(yellow; Rg 0.8, 100% CH,Cl,) is characterised as [6-
(n°-CsMey)-6-(EtNC)-arachno-6-RhBoH | 1-9-(NCEt)]
18 (Fig. 11) (43 mg, 90 pmol, 63%). Found for com-
pound 18: C 42.0, H 6.0, N 8.0%, calculated for
C16H44N2B9Rh C 421, H 61, N 80(:70, the mass
spectrum (70 eV EI) exhibited a high-mass cut-off corre-
sponding the highest-mass isotopomer of C;sHjs¢-
N,ByRh. NMR data for 18 (CDCl;, 294-297 K):
BH(2) +16.5 [+3.50], BH(4) +8.5 [+3.25], BH(5,7)
—2.0 [+2.24], BH(8,10) —18.1 [+1.96], BH(1,3) —31.7
[+0.84], BH(9) —37.8 [+0.55], with O('H) for
uH(5,7;8,10) at —3.13, for CsMes at +1.77 and for
CH, at +3.77 and +3.63 (both 1:3:3:1 quartets, splitting
ca. 7.3 Hz), and for CH; +1.47 (two accidentally coinci-
dent 1:2:1 triplets, splitting ca. 7.3 Hz). Crystals of 18
suitable for the X-ray diffraction experiment, summa-
rised below, were grown by the overlayering with hexane
of a concentrated solution of 18 in CH,Cl, in a 5 mm
tube, and allowing slow diffusion to occur.

4.4. Isolation of[(n6—CﬁMeﬁ)RuCBgHmN"’”Bu] 26

[6—(n6-C6Me6)-nido-6-RuB9H1 3] 2a (prepared as in
[11]; 150 mg, 400 pumol) was dissolved in toluene (25 ml)
and a solution of “”’BuNC (70 mg, 800 umol) in toluene
(2.5 ml) was added. The reaction mixture was stirred for
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20 min, the volatile components removed in vacuo, the
residue dissolved in minimum CH,Cl,, and subjected to
separation by preparative TLC using CH,Cl, 100% as li-
quid phase. The major yellow component (Rg 0.3; 100%
CH,Cl,) is provisionally characterised by NMR spec-
troscopy as  [6,6-(“""BuNC)(n°®-C¢Meg)-arachno-6-
RuBoH,;-9-(NC*"Bu)] 42 (94 mg, 175 umol, 44%).
There were several minor yellow components, of which
one, of Rr ca. 0.95, after purification by repeated pre-
parative TLC using CH,Cly/hexane mixtures, is charac-
terised as [(N®-CeMeg)RuCBoH;(N*“"Bu] 26 (Fig. 16)
(Rr 0.75, CH,Cly/hexane {50/50}; 8 mg, 20 umol, 5%).
We would hope to report on other products later. Found
for compound 26: C 44.6, H 8.5, N 3.4%, calculated for
C,7H37NBgy Ru C45.0, H 8.2, N 3.1%; the mass spectrum
(70 eV EI) exhibited a high-mass cut-off corresponding
the highest-mass isotopomer of C;;H3;;NBgRu. NMR
data for 26 (CDClsy, 294297 K), ordering {d(''B)
[6('H) of directly bound H(terminal) in square brackets]}
+34.4 [+5.18], +33.0 [+5.52], +11.2 [+3.71], +10.4
[+1.62], +2.3 [+2.12], —7.5 [+2.10], —11.9 [+0.93],
—12.9 [+1.54] and —27.2 [+0.91], with d('H) for uH at
—0.77, for C¢Meg at +2.21 and for “"’Bu at +1.12; and
for 42 (CDCl3, 294-297 K) BH(2) +16.2 [+3.16], BH(4)
+6.8 [+3.11], BH(5,7) —6.9 [+1.83], BH(8,10) —17.3
[+1.91], BH(1,3) —32.7 [+0.80] and BH(9) —40.5
[+0.59], with o('H) for wuH(5,7;8,10) at —3.35, for
CgMeg at +2.21 and for “"’Bu at +1.49 and +1.43. Crystals
of 26 suitable for the X-ray diffraction experiment, sum-
marised below, were grown by the overlayering with hex-
ane of a concentrated solution of 26 in CH,Cl, in a 5 mm
tube, and allowing slow diffusion to occur.

4.5. Isolation of [6,6,6,6-( MeNC),( PPhs)H-arachno-
6-IVBQH]1-9-(CNM€)] 27

A solution of MeNC in CH,Cl, (5.7 ml of a 0.074 M
solution, corresponding to 422 pmol MeNC) was added
to a solution of [6,6,6-(PPh3),H-nido-6-1rBoH 3] 8 (pre-
pared as in [79]; 85 mg, 103 pmol) in CH,Cl, (15 ml).
The resulting solution was then heated to reflux temper-
atures and stirred at reflux for 4.5 h (during which time a
colour change from bright yellow to very pale yellow
was observed) and then cooled to room temperature.
The volatile components were removed in vacuo, the
residue dissolved in CH,Cl, (ca. 5 ml) and subjected to
separation by preparative TLC using CH,Cly/hexane
{60/40} as liquid phase, yielding three principal compo-
nent bands, A at Rg ca. 0.45 (yellow), B at Rg ca. 0.25
(pale yellow) and C at Rg ca. 0.1 (two overlapping very
pale yellow bands). Component mixture C was dissolved
in CH,Cly/hexane (90/10) (ca. 1.5 ml) and purified by
HPLC, using CH,Cly/hexane (90/10) as the liquid phase,
to yield two colourless species, colourless [6,6,6,6-
(MeNC),(PPhs3)H-arachno-6-1rBgH;1-9-(CNMe)] 27
[Fig. 17 (upper)] (Rt 53-60 min; 28 mg, 31 umol, 42%)

and [6,6,6,6-(MeNC),(PPhs)H-arachno-6-1rBoH;1-9-
(PPh3)] 43; (Rt 37-46 min; 24 mg, 26 pmol, 35%). Com-
ponent A, upon crystallisation from CH,Cl,/hexane,
yielded unreacted compound 8 (24 mg, 29 umol, 28%
recovery); "B NMR spectroscopy showed that compo-
nent mixture B was a weak mixture of many boron-
containing species. Colourless [6,6,6,6-(MeNC),(PPh;)-
H-arachno-6-IrBogH;;-9-(CNMe)] 27 exhibited v, (NC)
2180 and 2200 cm™'. Its mass spectrum (FAB ionisa-
tion) exhibited a high-mass cut-off at m/z 686 corre-
sponding to the empirical formula IrBoC,4H35N;5P, i.e.
the highest-mass isotopomer of the molecular ion (which
would have m/z 687) minus one H atom. NMR data for
27 (CDCl;, 297 K): BH(2) and BH(4) ca. +10 (acciden-
tally coincident) [+4.32 and +4.00], BH(5) and BH(7) ca.
—15 (accidentally coincident) [+2.50 and +2.27], BH(8)
and BH(10) ca. —17 (accidentally coincident) [ca. +1.8
(accidentally coincident)], BH(1), BH(3) and BH(9) ca.
—35 (all three accidentally coincident) [+1.03, +0.93
and +0.31], with 6(‘H) for wuH(5,7) and uH(8,10)
—3.58 and —4.72, for IrH —15.52 [doublet, 2J(*'P-'H)
16 Hz], and for MeNC +3.37 [singlet, bound to B(9)],
+3.04 [bound to Ir(6), doublet, *JC'P-"H) ca. 1.5 Hz]
and +2.96 [bound to Ir(6), doublet >JC'P-'H) ca.
1.6 Hz]; 6C3'P) (CDCls, 223 K) +9.1 ppm (sharp). Crys-
tals suitable for the X-ray diffraction experiment, sum-
marised below, were grown by slow evaporation from
a concentrated solution of 27 in CDClI; held in a 5 mm
tube. Colourless [6,6,6,6-(MeNC),(PPhs)H-arachno-6-
IrBoH;;-9-(PPh3)] 43 was tentatively characterised as
such by comparison with 27. It exhibited v, (NC)
2180 and 2200 cm~'. Its mass spectrum (FAB ionisa-
tion) exhibited a high-mass cut-off at m/z 863 corre-
sponding to the highest-mass isotopomer of the
molecular ion (of which the empirical formula
IrByC4oH4sN,P, would give m/z 908) minus one MeNC
unit and two dihydrogen units. NMR data for 43
(CDCl3, 297 K): BH(2) and BH(4) ca. +9 (accidentally
coincident) [+4.28 and +3.94], BH(5) and BH(7) ca.
—14.5 (accidentally coincident) [+2.60 and +2.38],
BH(8) and BH(10) ca. —18 (accidentally coincident)
[ca. +1.79 and+1.70], BH(9) ca. —25.1 [+1.39], BH(1)
and BH(3) (accidentally coincident) [+0.94 and +0.91],
with d('H) for pH(5,7) and xH(8,10) —3.22 and —4.40,
for IrH —15.18 [doublet, 2JC'P-'H) 16 Hz], and for
MeNC +3.04 and +2.96 [both doublets, >J(*'P-'H) ca.
1.5 Hz]; 6C'P) (CDCls, 223 K) +16.1 (broader) and
+8.9 ppm (sharper).

4.6. Isolation of [1,1,1-( PMe,>Ph),H-isocloso-1-
OsBoHg-5-(PMeyPh) ] 30 and [2,2,2-( PMe,Ph) ;-nido-
2-0SB4H8] 31

"r'BuNC (70 ul, 52mg, 625 pmol) was added to a
solution of [6,6,6-(PMe, Ph)s-nido-6-OsBgH;3] 29 (pre-
pared as in [80], 100 mg, 140 pmol) in toluene (15 ml),
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which was then heated to reflux temperatures and stirred
at reflux for 16 h (during which time a colour change
from yellow to yellow—green was observed) and then
cooled to room temperature. The volatile components
were removed in vacuo, the residue dissolved in CH»Cl,
(ca. 5ml) and subjected to separation by preparative
TLC using CH,Cl, 100% as liquid phase, yielding three
principal component bands, A at Rg ca. 0.85 (almost col-
ourless), B at Rg ca. 0.5 (yellow) and C at Rg ca. 0.3
(yellow). The first of these, A, upon crystallisation from
CH,Cl,/hexane, yielded [2,2,2-(PMe,Ph);-nido-2-
OsB4Hg] 31 as a pale yellow solid (9 mg, 14 umol, 10%),
which darkened considerably over a few days, but with
no apparent change in its NMR spectra; the mass spec-
trum (FAB ionisation) exhibited a high-mass cut-off at
mlz 656 corresponding to the empirical formula
OsB4C,4H41P3, i.c. the highest-mass isotopomer of 31.
NMR data for 31 (CDCls, 293 K): BH(4) +3.2 [+6.05],
BH(3,5) —11.9 [+2.61], BH(1) —38.3 [-0.29], with
O('H) for pH(3,4:4,5) at —2.14, for pH(2,3;2,5) at
—11.69 [doublet structure 2J('P-'H) ca. 25Hz], for
PMe, at (B-coordinated PMe,Ph ligand) at +1.74
PJC'P-'H) ca. 13Hz], for PMey(Os-coordinated
PMe,Ph ligands) +1.50 [NC'P-"H) ca. 8 Hz] and +1.49
[NC'P-'H) ca. 7.5Hz]; in the *'P spectrum (CDCls,
223 K)both expected resonance positions were acciden-
tally coincident at 5(*'P) ca. —31 ppm. The second com-
ponent, B, was further purified somewhat by TLC, using
CH,Cly/pentane {60/40} as liquid phase, yielding a yel-
low solid, Rg ca. 0.2, which was then re-dissolved in
CH,Cl,y/hexane {80/20} (ca. 2 ml) and purified by HPLC,
using CH,Cly/hexane {80/20} as the liquid phase, to yield
a final bright yellow air-stable crystalline form of
[1,1,1-(PMe,Ph),H-isocloso-1-OsByHg-5-(PMe,Ph)] 30
[Fig. 17 (lower)] (Rt ca. 10.5min; 15mg, 21 pmol,
15%). The mass spectrum (FAB ionisation) exhibited a
high-mass cut-off at m/z 709 corresponding to two Dal-
tons fewer than the empirical formula OsByC,4Hy4,P3,
i.e. the highest-mass isotopomer of the molecular ion
minus a dihydrogen molecule, perhaps signifying a P-
methyl ortho-cycloboronation in the mass spectrometer.
NMR data for 30 (CDCl;, 294-297 K): BH(4) +81.8
[+9.91], BH(2,3) +75.3 [+9.26, doublet structure
3J3'P-"H) ca. 16 Hz], BH(10) +19.0 [+4.59], BH(8,9)
+13.9 [+4.01], BH(5) —23.1 [PMe,Ph ligand site, no ter-
minal H, observed splitting from 'JC'P-''B) ca.
125 Hz], BH(6,7) —25.7 [—0.80], with d("H) for OsH at
—11.9 [1:2:1 triplet, 2JC'P-'H) ca. 28 Hz], for PMe,
(B-coordinated PMe,Ph ligand) +1.58, for PMe, (Os-
coordinated PMe,Ph ligands) +1.50 and +1.40
[NC'P-"H) ca. 12 Hz for both]; 6C'P) (CDCls, 223 K)
+36.3 (broader) and +14.7 pm (sharper). A sample for
the X-ray diffraction analysis (see below) was obtained
by slow diffusion of hexane, through a thin layer of ben-
zene, into a concentrated solution of 30 in 1,2-Cl,C,H4 in
a 5 mm tube. The second component, C, was shown by

"TB NMR spectroscopy to be a complex mixture, of
which no one component was present to any significant
extent. The various TLC experiments also revealed sev-
eral other minor yellow components, for which ''B
NMR spectroscopy similarly suggested other osmabor-
anes, which were, however, individually present in quan-
tities too small for characterisation.

5. Single-crystal X-ray diffraction analysis

The previously unreported crystallographic data for
compounds 1, 2a, 3, 4, 18, 26, 27 and 30 are summarised
below. Data for compound 4 have been previously re-
ported [17], but we have now been able to collect a better
data set at low temperature. Solution and refinement pro-
grams were standard, and from the sHELX suite. Structural
diagrams were prepared using the orRTEP-3 program [81].

For compound 1 (prepared as in [10]): [4-(n°-CsMeg)-
nid0—4—RuB5H9] 1, C34_5H57B10CI3OP4Pt2, M= 121631,
monoclinic, space group P2i/n, a=8.622(2), b=
10.175(2), ¢ = 18.889(3) A, f=99.76(2)°, U = 1.632 nm°,
Z=4, Deue=1327Mgm>, 2=0.71069 A (Mo K,),
1 =838 mm ', T=ambient, R =0.0318 for 2571 reflec-
tions with 7 > 2.0a(/), and R,, = 0.0322 for all 3049 unique
reflections; CCDC 255652.

For compound 2a (prepared as in [11]): [6-(n®-CsMeg)-
nido-6-RuBoH 3] 2a, C|,H3BgRu, M =373.73, mono-
clinic, space group P2; (no. 4), a=843.3(2),
b=1345.8(3), ¢=863.72)A, p=110.032)°, U=
0.9209 nm?>, Z =2, Deye = 1.347 Mgm™, 1=0.71073 A
(Mo K,), ©=0.748 mm ', T=290K, R=0.0266 for
1768 reflections with 7> 2.00(/), and R,, 0.0273 for 1828
observed reflections; CCDC 255653.

For the [1,1,1-(CO)s-isocloso-1-WBoHo]*~ anion 3 in
its [NMey]" salt 3a (prepared as described above):
[NMeyo[(CO);WByHg] 3a (CH3CN  monosolvate),
C11H33B9N203W(C2H3N), M= 56360, orthorhombic,
space  group P2,2,2;, a=28.848(1), b =15.636(3),
c=18455(3) A, U=2.553nm’, Z=4, D= 1466
Mgm™>, 2=0.71069A (Mo K,), p=434mm ',
T = ambient, R =0.0335 for 2308 reflections with
I1>2.00(l), and R,, = 0.0335 for 2507 unique reflections;
CCDC 255654.

For compound 4 (prepared as in [17]): [1,1,1-
(PMej),H-isocloso-1-IrBgH7-8-Cl] 4, CgH,5BgClIrP,,
M =473.33, monoclinic, space group P2/c,
a=9.11600(10), b=15.91002), ¢=12.59902) A, B=
99.738(1)°, U=1800.97(4) A>, Z=4, Dy =1.746
Mgm >, 1=0.71073A (Mo K,), u=7.175mm
T=1202) K, R;=0.0638 for 3755 reflections with
1>2.0 o(l), and wR, 0.1682 for all 4131 independent
reflections; CCDC 255860.

For compound 18 (prepared as described above): [6-
(n°-CsMes)-6-(EtCN)-arachno-6-RhBoH;-9-(EtCN)] 18,
C16H36BoN,Rh, M =456.67, triclinic, space group PI,
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a=89102(1), b5=10.1790(1), ¢=13.3184Q2) A, «=
102.508(1), f=91.610(1), y =91.479(1)°, U=1178.17(2)
A3, Z=2, Deye=1287Mgm™, /=0.71073A (Mo
K,), ©=0729mm', T=15002)K, R;=0.0255 for
4436 reflections with 1> 2.00(/), and wR, 0.0666 for all
9102 independent reflections; CCDC 255856.

For compound 26 (prepared as described above): [(n°-
C6Me6)RuCB9H10Nthu] 26, C22H50B9N2Ru, M= 541,
orthorhombic, space group Pna2; a=26.2710(5),
b=8.5020(1), ¢=10.0930(1)A, U=2254.33(6) A%,
Z=4, Do =1.594Mgm™>, 2=0.71073 A (Mo K,),
p=0.714mm~', T=1502)K, R, =0.0266 for 4060
reflections with 7> 2.0g(/), and wR, 0.0669 for all 4289
independent reflections; CCDC 255857.

For compound 27 (prepared as described above):
[6,6,6,6-(MeNC),(PPh3)H-arachno-6-1rBoH | -9-(CNMe)]

27 (CHC]} bisolvate), C24H36BQIIN3P(CHCI3)2,
M =925.82, monoclinic, space  group  P2/c,
a=10.049009), b=30.318(3), c¢=13.52005)A, B=
95.650(5)°, U=4017.8(6)A’>, Z=4, Dy.=1.530

Mgm >, 2=0.71069A (Mo K,), x=3.785mm ',
T=200(1)K, R;=0.0431 for 5743 reflections with
1>2.00(1), and wR, 0.1160 for all 7060 independent reflec-
tions; CCDC 255858.

For compound 30 (prepared as described above): [1,1,1-
(PMe,Ph),H-isocloso-1-OsBoHg-5-(PMe,Ph)] 30, Coyy-
Hy:BoOsP;, M =710.97, triclinic, space group P1,
a=9.75712), b=10.204(2), c¢c=16.5932)A, «o=
87.721(12)°, B =77.355(12)°, y=7L711(11)°, U=
1529.8(5) A%, Z=1, Dye=1.544 Mgm >, /. =0.71069
A (Mo K,), x=4.339mm™", T=200(1) K, R, = 0.0197
for 4818 reflections with 7> 2.00(1), and wR, 0.0459
for all 5403 independent reflections; CCDC 255859.

6. Data for deposition

For convenience, it may be noted that crystallo-
graphic data for the previously crystallographically
unreported species 1, 2a, 3, 4, 18, 26, 27 and 30 are
deposited at the Cambridge Crystallographic Data
Centre, CCDC, with deposition numbers 1 CCDC
255652; 2a CCDC 255653; 3 (as its [NMe,]" salt 3a)
CCDC 255654; 4 CCDC 255860; 18 CCDC 255856; 26
CCDC 255857; 27 CCDC 255858; and 30 CCDC
255859, as indicated in the text and figure captions for
the individual compounds. Previous recent depositions
associated with cited reports are for species 31, 33, 37,
39, 40 and 41, with deposition numbers 31 CCDC
165856 [60]; 33 CCDC 165856 [58]; 37 CCDC 115796
[66] and CCDC 254127 [71]; 39 CCDC 235553 [66]; 40
CCDC 254027 [71]; and 41 CCDC 254028 [71]. These
data can be obtained free of charge at www.ccdc.cam.
ac.uk/conts/retrieving.html [or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cam-

bridge CB2 1EZ, UK fax: (internat.) +44-1223/336-033;
E-mail: deposit@ccdc.cam.ac.uk].
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