Russian Chemical Reviews, 43 (7), 1974

Translated from Uspekhi Khimii, 43,1207 -1240 (1974)

Metallocarboranes

L.l.Zakharkin and V.N.Kalinin'

551

U.D.C. 547,401,547.401

A systematic account is given of the literature data on metallocarboranes. Particular attention is devoted to methods of their '
synthesis and their structures. The characteristic differences between metallocarboranes with =-linked carborany! ligands and

their m-cyclopentadieny) analogues are considered.

The bibliography inciudes 134 references.

CONTENTS
I. Introduction 551
Il. Nomenclature 551
111, w-Complexes based on products of partial degradation of carboranes 551
IV. Metallocarboranes obtained by the polyhedral expansion reaction 566
V. Carborane derivatives of non-transition metals 569

1. INTRODUCTION

A new field in the chemistry of organic derivatives of
the elements arose recently and has been developing
vigorously —the chemistry of polyhedral carboranes.

One of the most interesting properties of compounds of
this class is the ability of carboranes or products of their
partial degradation to react with derivatives of transition
or non-transition metals to form metallocarboranes con-~
taining metal atoms at one or several vertices of the
molecule, As a rule, transition metals combine with the
carborane fragment in 7 -type complexes, as happens in
their classical cyclopentadienyl derivatives. The bond
between non-transition metals and the carbon and boron
atoms of the polyhedron is described in terms of many-
centre bonds, the main principles of which have been
described in Lipscomb's monograph® on boron hydrides.
The vigorous development of the chemistry of metallo-
carboranes, particularly in recent years, led us to write
the present review, since the reviews in the literature
_ are obsolete®™ or deal with selected studies by individual
groups of workers °~®,

In the present review the data have been arranged
systematically in terms of types of metallocarboranes,
The dicarbollyl complexes of transition metals, the
largest class of metallocarboranes, are discussed first.
Problems associated with metallocarboranes based on
7 -mono- and 7 -hetero-carbollyl ligands isoelectronic with
the 7 -dicarbollyl ligand are considered next. This is
followed by an examination of metallocarboranes con-
taining a transition metal (in the vast majority of cases
cobalt) and 7 -linked ligands comprising lower carboranes.
The next section deals with metallocarboranes obtained
by the polyhedral expansion reaction. Metallocarboranes
containing a non-transition metal in the polyhedral mole~
cule are considered in the last section.

Particular attention has been devoted in this review
to the methods of synthesis and the structures of metallo-
carboranes and their most interesting physicochemical
characteristics are described, The review embraces
all studies in 1965-1972 (and partly in 1973).

~ II. NOMENCLATURE

The nomenclature in the field of metallocarboranes
constitutes a fairly complex problem in view of the wide

variety of carborane systems behaving as ligands and the
continuous appearance of new derivatives the names of
which do not fit within the framework of the IUPAC rules®.
Therefore, together with the adopted nomenclature, we
shall employ the trivial nomenclature widely used in the
literature, which greatly simplifies the discussion of the
problem and is to a large extent consistent with the litera-
ture data, The advantage of this approach to the problem
consists also in a considerable abbreviation of the names

of the compounds under consideration. For example,
instead of the IUPAC name “caesium 3,3’ -commo-bis(nona-
hydro-1,2-dicarba-3-chroma-closo-dodecaborate) we shall
call the compound [(BsCzH,:):Cr] Cs*, the “caesium salt

of bis(dicarbollyl)chromium”, We may note that in the
IUPAC nomenclature the terms “commo” and “closo”
denote a closed polyhedral system and the term “rido™
denotes structures containing open planes or B-H-B
bridging linkages. The presence of carbon atoms in the
polyhedron is designated by the term “caroa” and their
number is given by the prefixes mono-, di-, etc. The
number of boron atoms is designated respectively by mono-
bora, dibora, etc. One of the most widely investigated
ions employed as a 7-ligand, ByC:Hi;, has been called
“dicarbollide” and the isoelectronic ions B;oCHi;, B:CPH;s,
and B,CAsH3; have been called “carbollide”, “phospha-
carbollide”, and “arsacarbollide” respectively. The
numerals before the 7 -ligand formula denote the position

of the carbon atoms or those of carbon and an element
(phosphorus, arsenic) in the carborane moiety. For
example, the carbon atoms in 1,2-B4C:Hi; are in the 1-
and 2;lgositions of the dicarbollyl ligand and in 1,7- ]
B¢CPHio the carbon atom is in the 1-position and the phos-
phorus atom in the 7-position of the phosphacarbollyl
ligand. The number in brackets before the name of the
ligand denotes the position occupied by the metal in the
polyhedron.

OI. 7-COMPLEXES BASED ON PRODUCTS OF PARTIAL
DEGRADATION OF CARBORANES

1. Dicarbollyl Complexes of Transition Metals

Icosahedral carboranes ByoH;oCzH: interact with nucleo-
philic agents such as alkali metal alkoxides!°"1? and amines??,*
This results in the remgoval of the boron atom from the 3-
position in 0~ and m~carborane rings and in the formation
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As shown for the

of dicarbaundecaborate anions BgCoHy.
first time by Hawthorne and coworkers , dicarbaundeca-
borate anions are acids which split off a proton on treat-
ment with sodium hydride and give rise to the dicarbollide
ion BsCoH3{. The pKj of the dicarbaundecaborate anion
has been determined'””*® and amounts to 21.3. Butyl-
lithium has been used in some cases to generate the dicar-
bollide ion'®. It has been shown that in a strongly alka-
line medium there is an equilibrium between the
dicarbaundecaborate and dicarbollide ions'®; this has been
used to obtain transition metal complexes in an aqueous
medium. The (3)-1,2-BsC2H31 and (3)-1,7-B4C:His ions
are isoelectronic with the hypothetical ion By;Hi;. A
structural scheme for the synthesis of dicarbollide ions is
presented below (Fig.1). Fig.1 shows that the dicarbol-
lide ion is a fragment of an icosahedron and consists of
nine BH and two CH units. In the (3)-1,2-B,CzHi; ion the
carbon atoms adjoin one another and in the (3)-1,7-BsCoHo1
ion they are separated by a boron atom. According to the
quantum-mechanical description of the dicarbollide ion'¢,
five atomic orbitals, largely sp®-hybridised, are directed
from the five atoms in the pentagonal BsC: plane to the
vacant position at the apex; six electrons are distributed
in these orbitals. The combination of these atomic orbi-
tals leads to one strongly bonding a, -orbital, two degen-
erate bonding e, -orbitals, and two strongly anti-bonding
ez-orbitals. Six electrons occupy the @, - and both ¢, -
orbitals. In the reaction of the dicarbollide ion with
transition metal salts dicarbollide complexes of the
general type (1-BsCzH,;):M are formed. On the other
hand, when the reaction is carried out in the presence of
the cyclopentadienide ion, complexes of the type
[(r-CsHs)M (7 -BoCzHy,)] in some cases are formed.
shall examine the dicarbollyl complexes in terms of
groups of transition metals.

15,18

We

A. The Iron Group

In the iron group (Fe, Ru, Os) the dicarbonyl com-
plexes have been obtained for iron only. They were the
first examples of metallocarboranes in which the transi-
tion metal is linked by a m~bond to the carborane
moiety **”*°, Hawthorn and coworkers *"*® found that the
1,2-dicarbollide ion reacts with iron(II) chloride in tetra-
hydrofuran (THF) to_form the bis(dicarbollyl)iron dianion
[(m-1, 2-B,C4H;,)yFelI B~ in which the iron atom is in the
+2 formal oxidation state (FOS). This ion is readily
oxidised by atmospheric oxygen to [(r-1,2-BoCzH,; );Felll]-—
an analogue of the ferrocinium ion. The structures of
the dicarbollyliron complexes are presented in Fig. 2.
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A detailed method for their synthesis in an aqueous
medium has been published®. Iron(Il) complexes are
mainly obtained by the reduction of the corresponding
iron(llI) complexes with sodium amalgam:

Oy
1.2-B,CoH, + FeCl, — [(n-1, 2-B,CyHy)Fe!]> =2 S (ot 2-B;,CoHy), P .
a

Complexes based on CC' -dimethyl- and C -phenyl-1,2-
dicarbollide ions have been obtained'®. A method for the
synthesis of dicarbollyliron complexes via the dithallium
derivative of 1,2-dicarbollide was proposed recently,
The bis(dicarbollyl)iron(III) ion is resistant to the reaction
of strong acids and alkalies and is thermally stable up to
300°C, but the corresponding CC'-dimethyl- and C-
phenyl derivatives decompose in an aqueous alkaline solu-
tion on boiling via the mechanism

[[(5-1, 2-ByCaHMes)sFel™ + OH~ - 2H,0 — 2[4, 2-B,CybzoMesl~ -+ Fe (OH),.
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Like ferrocene, the iron(II) complexes have the d® conr
figuration and are diamagnetic, while the iron(III) com~
plexes are paramagnetic. When a mixture of CsHs and
1,2-BsC:Hi[ ions was treated with iron(II) chloride in THF,
low ylelds of 7 -cyclopentadienyl-m -dicarbollyliron com-
plexes with the iron atom in the +2 or +3 formal oxidation
state were obtained:

o1
CyHz + 1, 2-ByCoH}; + FeCly — [(-CHy) Fe (1, 2-ByCoHy))]™ e
2 (n-CgHy) Fe (1, 2-ByCyHu) o

G

CTG-—— S{;G

A convenient method for the synthesis of the neutral
complex (r-CsHs)Fe(1,2-BsCzH,;) in methanol with a yield
in excess of 50% was proposed recently?®, The structure
of the 7 -¢cyclopentadienyl-r -dicarbollyliron(III) was deter-
mined® and the sandwich type of binding in this complex
was confirmed (Fig.3). It is interesting that the dis-
tances from the iron atom to the carbon atoms of the cyclo-
pentadienyl ring and to the carbon and boron atoms in the
pentagonal plane of the dicarbolly] ligand are the same,
amounting to approximately 2.07 A. The ESR spectra of
all the dicarbollyliron(III) complexes showed the presence
of an unpaired electron®, The experimental effective
magnetic moments of the iron(Ill) complexes2® were found
to agree well with the values calculated theoretically?’,
Studies on the Mdssbauer spectra of the complexes

[(-1,2-B,C;H ), Fel!l|~,  (s-CgHy) Fellim-4, 2-B,CyHyy) .
(-1, 2-ByCsHn)Fe' '~ and [(w-CyHy) Pe! (-1, 2-ByCyHy)]™

showed®®*° that their quadrupole splitting parameters are
analogous to the values for the corresponding biscyclo-
pentadienyl derivatives, although they are somewhat
higher. The reason for this is the higher s-electron
density at the iron atom in the dicarbollyl complexes than
in the cyclopentadienyl complexes, which suggests a more
effective withdrawal of d electrons through 7 -bonding from
the metal in the former case.

In C -substituted derivatives the bis-(1,2-dicarboliyl)-
iron(I?~ residue exhibits powerful electron-donating
properties both via the inductive mechanism (o5 = -0.27 -
-0.43) and via the conjugative mechanism (og = ~0,15-~
~0.22), the properties being more pronounced than those
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of the ferrocenyl group®®. The 'H and ''B NMR spectra
and the oxidation-reduction potentials of dicarbollyliron

complexes have been published'®. The latter are pre-

sented in Table 1.

The reduction potentials of m-(3)-1,2-dicarbollyliron(II)
complexes in 50% aqueous acetone.

Ey, for MIIL+ £y, for Mill

Compound e'/2—> Ml my Compound E_: ML my
MegN [(1, 2-B,CyHyy)sFe] —0.424 | MegN (1, 2-BC,H,oPh),Pe] I —0.464
MeN[(1, 2-ByCeH; Me),Fe] —0.538 (CsHg)Pe(1, 2-ByC,Hy) —0.080

One should note the higher thermal stability and the
higher resistance to the action of acids and bases of the
dicarbollyliron complexes compared with their cyclopenta-
dienyl analogues—ferrocene and the ferrocenium ion.

In contrast to ferrocene, the dicarbollyliron(II) complexes
are rapidly oxidised to iron(III) complexes, which are
more stable in this case. ) .

When the 1,2-dicarbollide ion was treated with an
excess of iron pentacarbonyl, a dimeric carbonyl product
with 7 -dicarbollyl ligands was obtained *:

1, 2-B,GH}; + Fe (CO)y THE., ([n(3)-1, 2-B,CoHuhiFeq (COMY™ .

In the solid state the complex in the form of the tetra-
methylammonium salt decomposes slowly in air, while in
solution in acetone or acetonitrile the decomposition is
rapid. The frans-structure proposed initially for the
dimer ** was not confirmed and it was shown that, like
[r-CsHsFe(CO):k, the u-carbonylbis-[m(3)-1,2-dicarbollyln
iron] dianion has the c¢is-configuration *, N
The chemistry of dicarbollyliron complexes has been
little investigated. It has been established that in a
strongly acid medium (concentrated HC1, HC10,~CH,OH),
the complex [@ -1,2-BsCoHy, ) Fell]>”, which is an analogue
of ferrocene, is protonated *, but the 'H NMR spectrum of
[(-1,2-BsCzH11 e FellH]?~ in a high field does not show the
hydrogen signal characteristic of the protonated form of
ferrocene (CsHs:FeH'. The appearance in the infrared
spectrum of [(1,2-B¢Cz2Hi1):FeH]|™ of a band at 1835 cm ™
can equally indicate both the presence of an Fe—H bond and
of B-H-B bridging linkages. For this reason, the
available data do not allow a choice between these two
alternative schemes®, It has been shown that the pro-
tonated form of bis-(1,2-dicarbollyl)iron(Il) reacts .
smoothly with dialkyl sulphides, the reaction being accom-
panied by the evolution of hydrogen and the formation:of
b -substituted products **:

RS + [HPe'! (1, 2.B,C;Hy)al~ — Hy + [Fell (1, 2-ByCoHy) (1, 2-ByCaHioSR)I™

The latter are readily oxidised with formation of neutral
stable paramagnetic iron(IlI) complexes. The reverse
reduction process is atso possible:

[Fell (1, 2-B,CyHyy) (1, 2-B,CoHySRo) 1™ ;—’::[ Fe'™ (1, 2-B,CoHyy) (1, 2-B,C;HuoSRy) 0 .

When hydrogen chloride was passed into a suspension of
[(1,2-B4CzH;) 2 Felll]"Cs* in diethyl sulphide, a very low
yield of the disubstituted complex Fell(1,2-BsC.H,0SEt; ),
was isolated together with the monosubstituted product.
Chemical oxidation of the disubstituted complex led to the
first example of cationic bis(dicarbollyl)metal complexes,
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namely [(1,2-BC.H,oSEt2): FellI]', ** The substitution
mechanism at the boron atom of the dicarbollyl ligand is
regarded as acid-catalysed nucleophilic substitution in
which the proton removes the most hydridic hydrogen atom
of the ligand with subsequent attack by the nucleophile at
this position. The structure of the boron-substituted:
complexes, an example of which is presented in Fig.4, was
established on the basis of 'H and 'B NMR data.

When hydrogen chloride is passed into suspension of
[(1,2-B,C-Hn L FellI]"K" in C§; in the presence of AICls,
a bridge-type dicarbollyl consxplex with an electron~defi-
cient carbon atom is formed ™:

i1, 2-B,CeHy}gFe]~ +- CS, + H+ — J
1, 2-B,C;Hy,S

B. The Cobalt Group

In the cobalt group (Co, Rh; Ir) dicarbollyl complexes
are known for cobalt only. The reaction of the 1,2-dicar-
bollide ion with cobalt chloride gives a high yield of the
bis-(1,2-dicarbollyl)cobalt anion with the cobalt atom in the
+3 formal oxidation state'®’*®, the anion being an analogue
of the cobalticinium ion:

2(8)-1, 2-B,GHY, + 1, 5-CoCly — {[43)-1, 2:ByCyHy sCo}~ + 3C1~ + 0.5Co® .

A complex with the ion (3)-1,7-BCHsy - {[r-(3)-1,7-
BsCz2H1, LCO} ~ was obtained analogously. When CoClz _
interacts with a mixture of CsHs and 1,2- or 1,7-BeCzHE;
ions, neutral 7 -cyclopentadienyl-7 -(3)-dicarbollylcobalt
complexes are formed*®**,

Improved methods for the synthesis of {1 -CsHs)Co(m -
1,2-BsCzHy1) complexes were proposed recently***°.
Dicarbollylcobalt complexes can be obtained via the
dithallium dicarbollide®®. X-Ray diffraction analysis of
the caesium salt of bis-[(3)-1,7-dicarbollyl]cobalt(II) *'
confirmed that the structure presented in Fig.2 is general.

A series of 7-cyclopentadienyl-x -C -substituted 1,2-dicar- -

416,38

bollylcobalt complexes have been obtaine , among
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which the greatest. interest attaches to (CgH,)Colll[B,CaH .
.(CH:0H)].. When CrOs was allowed to react with this
complex, the C-formyl and C-carboxy-derivatives were
synthesised ®. - The greater ease of the oxidation of the
CH:OH group to CHO' compared. with the oxidation of the
latter to COOH is unusual in this case. The acid chloride
was obtained from the acid; it enters into the Friedel-
Crafts reaction with benzene in the presence of AlCls,
giving a ketone: ’

(CgHy)Co [ByCaHyo (COCN] + CoH, Ak, (CgHg) Co [ByCyHio (COCeHy)] +

The pK 5 for the acid (CsHs)Co[ByC2H;0(COOH)] in 50%
ethanol is 3.54, %

It is impossible to isolate dicarbollylcobalt(II) com-
plexes. This suggests that-the cobalt(II) complexes
formed initially are rapidly oxidised by cobalt chloride
with formation of very stable bis(dicarbollyl)cobalt(III)
salts with the d° configuration. However, the existence
of cobalt(II) complexes is supported by the oxidation-
reduction potentials obtained by polarographic and cyclic
volt-amperometric methods, which indicate the occur-
rence of one-electron reduction of bis(dicarbollyl)co-
balt(II) and its C -substituted derivatives, i.e. the transi-
tion d® — d" or MII + ¢~ — MII,

2B
OB-H
’ _ ‘ ®s-H
. -1 @Br.

In the case of an unsubstituted complex, the reversible
one-electron MII oxidation wave is observed at +1.57 mV,
which led to the hypothesis that a dicarbollyl complex with

- a cobalt atom in the +4 formal oxidation state exists'®,
A careful electrochemical study of dicarbollylcobalt com- -

plexes led tothe conclusion that the dicarbollyl ligand
stabilises the metal in both the highest and the lowest
oxidation states and for the complexes (r-CsHs)Co(n-1,2-
BgC2Hn) and [(1-1,2-BsC2H1).Co]” the MIII 4 ¢~ — M

transition is observed at —2.11 and -2.24 mV respectively
together with MII + ¢~ — MIIL, 3¢

Bromination of the rubidium salt of [(1,2-ByC2H1 }Co]~
in acetic acid gave the hexabromo-derivative '®, where
there are three halogen atoms in each 7-ligand according
to X-ray diffraction data*° (Fig.5). This compound is

=S
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interesting ih the sense that its two one-electron reduction
waves corresponding to the processes

—0.48mV -1.58 mV

Co'll 4 ¢~ — Co'l and Coll 4 ¢« ——7— Cot,

are displaced to the region of highly positive potentials
and clearly confirm the possibility of the existence of
7 -bonded cobalt d®-complexes?S.

The 1,2-dicarbollide ion reacts with dicobalt octa-
carbonyl to form 7 -dicarbollyldicarbonylcobalt, which is
readily oxidised *:

2(1, 2-ByC.H3; )+ Coy (COYg ~ 2 {[7-(3)1, 2:ByCaH]Co (CO)}™ + 4CO «

In the synthesis of dicarbollyl complexes in a highly
alkaline medium there is a possibility of further degrada-
tion of the dicarbollyl ligand in the complex with elimina-
tion of the BH unit. In this case the product is the biden-
tate m-bonding ligand BsCzHis, which has been called the
(3,6)-1,2-dicarbanastide ion, whose interaction with an
excess of the transition metal salt and the 7 -ligands leads
to two- and three-metal derivatives. Thus in a highly
alkaline medium [(1,2-BoCzHi12Co]" is converted by CoCl.
and 1,2-B,C.H;{ ions into

{{®3)1, 2-B,C;H1;1Co [(3, 6)-1, 2-BsCaHig] Co[(3)-1, 2-ByCollnn}*~
and  [{[(3)1, 2-B;CeHy1] Co [(3, 6)-1,2-BgCoHyo] }oCol’™

(Fig.6)

(Fig.7) (41-44),

(CsHs)CO(l,Z -BngHu) reacts with CoCl: and CsHs in the
presence of alcoholic alkali to form [(CsHs)Col [(3,6)-
BsCzHio] (Fig. 8) and { (CgH,)Co[(3,6)-1, 2-B,C4H,, |} ;Co
(Fig.9).>°® _ The ''B NMR spectra of the n[n-(3)-1,2-
BsC2H;, ]zCO}' ion and of its B-deuteriated and B-haloge-
nated derivatives have been recorded*® at '70.6 MHz and
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the signals in the spectrum have been assigned to the
corresponding boron atoms in the ligand, On the basis

of the *°Co NQR spectra of Cs(r-1,2-BsC2Hy;)2Co, Harris*
concluded that the 7 -dicarbollyl and 7 -cyclopentadienyl
groups are almost indistinguishable as regards binding to
Colll and Fell and the boron atoms in the dicarbollyl
ligand have an electron-donating capacity close to that of
carbon atoms. However, subsequently this view was
revised?®,

O st @ ot

Figure 8.

As a substituent linked via the carbon atoms of the
ligand, bis(dicarbollyl)cobalt is a weak electron acceptor
via the inductive mechanism (0 = —0.01-0.06) and a
moderately strong donor via the conjugative mechanism
(oR = -0.07- -0.12)*, The replacement of one dicar-
bollyl group by a cyclopentadienyl group increases the
inductive electron-accepting capacity of the complex
(0; = 0.21) but hardly alters the resonance electron-
donating component (og — —0.10). The ability of the
bis(dicarbollyl) complex to enter into conjugation with -
substituents has been confirmed by the electronic spectra
of bis-(C -alkenyldicarbollyl)cobalt *’.
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In their attempts to alkylate bis(dicarbollyl)cobalt(III)
under the conditions of the Friedel-Crafts reaction,
Francis and Hawthorne *!"*® observed an interesting reac-
tion involving the formation of a bridge-type derivative of
the dicarbollyl complex with an electron-deficient carbon
atom. When hydrogen chloride is passed into a suspen-
sion of bis(dicarbollyl)cobalt and AICls in CS,, the
=-S-CH=-S- bridge linked to the boron atoms of the ligands
is formed between dicarbollyl ligands:

(Fig.10) ¢

iy 2-5-‘1:“:;5\&,
[(1, 2-ByCaH11)aCo] "~ 4+ CSy 4+ H* = Co™ H
1. 2B,GHieS”

The complex (1,7-ByC;H;0:C0S:CH was obtained simi-
larly from {[(3)-1,7-BsCzH11kCo0}~. A bridge with an
electron-deficient carbon atom is formed also in an acetic
acid-acetic anhydride mixture in the presence of HC10,
as a catalyst:

[(4, 2-ByCaHus)Col" + MeCOOH > (1, 2-B,CaHun)Co (1, 2:ByCyHis00CMe) D>
— (1, 2-ByCyH;0)sCoO,CMe &

The carbonium ijonic centres in (1,2-ByCzH;0)C0S:CH
and (1,2-BsCzH;0%C00:CMe are relatively inactive with
respect to protic solvents, probably owing to the proxi-
mity of the negative charges of the heteroatoms. A
solution of NaBH; in ethanol reduces (1,2-BsC2H,;0)C08:CH
to [(1,2-BgCaH,0%C0SCHa]™ in quantitative yield. Agqueous
ethanol hydrolyses the bridge-type derivatives:

(1, 2B,CoHichCoS,CH —2agr— {[1, 2-B,CyHso (SH)LCo}™ 5

(1. 2B,CyHnCoOMe -5 ([4, 2:B,CiHhe (OH)ICo}™
Like bis(dicarbollyl)iron(ll), bis(dicarbollyl)cobalt(ITI)

enters into an acid-catalysed nucleophilic substitution .
reaction in diethyl sulphide, leading to a neutral product **:

(4, 2-ByCaHiCol™ + HCL - BtsS = Go (4, 2-B,Cab) [1. 2ByColiioSEYy]

When an aqueous solution of K(1,2-BsCaH;, kCo is
treated with phenyldiazonium tetrafluoroborate, cation
exchange and the formation of the phenyl diazonium salt of
bis(dicarbollyl)cobalt(PhNa)*[(1,2-BsCaH11 )Co]™ are
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observed®® instead of the expected formation of coupling
or arylation products. At room temperature the salt is
insoluble in benzene but on heating above 60°C it dissolves
completely with liberation of a gas and the formation of
biphenyl and a coupling product the structure of which is
illustrated in Fig.11, Decomposition of the phenyldiazo-
nium salt in toluene and of the tolyldiazonium salt in ben-
zene ylelded coupling products containing the tolyl and
phenyl groups respectively and methylbiphenyl, i.e. the
aryl group from the diazonium cation does not enter into
the composition of the complex. The reaction scheme in
Fig. 12 was put forward on the basis of these products.

O b1
o i
@B

Figure 11.

The complexes (1-CsHs)Co(n-1,2-BsC2Hu) and [(r-1,2-
BsC2Hn 2Co]~ served as the starting materials for the
synthesis of new metallocarboranes containing one and two
boron atoms less than in the initial metallocarboranes %,
The reaction has been called the “polyhedral contraction

reaction”. In general its equation is
~BH
[LCo (B,CoHly ) —E"m— [LCo (B,_,CaHp, )"

where z = 0 for L = C,Hy and z = =1 for L = (3)-1, 2~
BeCaHi; .

The base-catalysed degradation of the complexes with
subsequent oxidation of the products by hydrogen peroxide
gives rise to a new metallocarborane containing the 7-(1)-
2,4-BsCzHi¢ lon as one of the ligands (Fig. 13):

(-Cyby) Co (-4, 2:ByCaHy) —fiee— (7-CyHy)Co [1- ()-2) 4-ByCabuo]

[(ne1, 2. ByCaHuhCol” —ggr— {17-8)4,2-ByCabluy] Corln-(1)-2,4-BeCablyel}™ «
The last complex forms with pyridine an inner salt having
the composition [r-(3)-1,2-BeCaHy, JCo[r -(1)-2,4-BsCaH,o.
.CsHsNJ,** in which the 'onium nitrogen atom is linked to
the boron atom of the 7-(1)-2,4-BgC:zH,;0 ligand according
to X-ray diffraction analysis ****. ~Oxidation of com-
plexes containing the (1)-2,4-BsCaH)o ligand by iron(IlI)
chloride in boiling ethanol results in their further degra-
dation. In the case of the cyclopentadienyl-containing
complex, a nido-metallocarborane is formed as the main
product under these conditions. Like the neutral nido-
carboranes BeCzH,2, **~*" the nido-metallocarborane
(CsHs)Co(B«CzH,;) slowly splits off hydrogen on heating to
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Figure 12,

Figure 18,

70°C and is converted into a closo-metallocarborane with
the 7-(2)-8,7-B,CaH, ligand, However, at 70°C the 7 -
(2)-6,7-B+C3zH, ligand in the complex rearranges to m=-(2)-
1,6-B,CaHs. Further rearrangement to the 1,10-isomer
requires a temperature of 150°C.

The above sequence of reactions is illustrated sche-
matically in Fig.14. The complex {[r-(3)-1,2-BsCzHi [Co.
.[r-(2)-1,6-B,CzH; |}~ was obtained similarly from {[r-(3)-
1,2-BoCzHi, JCo[m-(1)-2,4-BeCzHio |}~ (Fig. 15).

An interesting property of m-cyclopentadienyl-m -(3)-
1,2-dicarbollylcobalt and its CC '-dimethyl derivative is
the ability to undergo a gas-phase rearrangement at 400~
700°C with formation of isomeric complexes differing in
the distribution of carbon atoms in the dicarbollyl ligand ®
(Fig.16). In none of the isomers obtained do the carbon
atoms in the ligand retain adjacent positions. Therefore
the driving force of the rearrangement in the isomerisation
of metallocarboranes as well as carboranes* is presum-
ably the mutual repulsion of the carbon atoms, which are
the most electropositive centres in the molecule,

C. The Nickel Group

In the nickel group (Ni, Pd, Pt) the dicarbollyl deriva-
tives of all the metals are known. The paramagnetic
complex [(1,2-BsCzH,1 N1l ]>~ with the d° configuration,
which is extremely readily oxidised to the nickel(III) com-
plex with the d” configuration, was obtained by the reaction
of the (3)-1,2-dicarbollide ion with nickel(II) salts in THF
or in a highly alkaline medium®®’*®, Oxidation of the
nickel(IlI) complex by iron(II) chloride leads to the neutral
diamagnetic complex (1,2-BoCzHy;)aNiIV with the d® con-
figuration, Nickel complexes with the (3)-1,7-BsCaHir
ligand in which the nickel atom is in the +2, +3, and +4
formal oxidation states were obtained similarly 't
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Figure 14.

Dicarbollylnickel complexes have characteristic struc-
tural features which depend on the formal oxidation state
of the metal. The nickel(II) complexes have a distorted
sandwich structure with the ligands displaced relative to
one another in opposite directions (Fig.17).%° The
nickel(III) complexes have the normal sandwich structure
(Fig.2), while a cisoid sandwich configuration, in which
both carbon atoms of each ligand are located on the same
side of the molecule, is characteristic of nickel(IV)
(Fig.18).®" This gives rise to an appreciable dipole
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moment in (1,2-B¢CzHy; NilV, amounting, for example, to
6.16 D in cyclohexane. Owing to the high positive charge
on the metal atom (+4), bis(dicarbollyl)nickel(IV) is a
powerful-electron accepting substituent (of = 0.50-0.65
Complexes with C-methyl- and C -phenyl-1,2-dicarbollyl
ligands have been obtained ®. In this case enantiomers
exist, so that three isomers are possible: the meso-iso-
mer and the (+)-recemate. This was confirmed by the
!F NMR spectra of p- and m -fluorophenyl-substituted
nickel(IV) complexes, which contain two fluorine signals
corresponding to the meso-form and the (£)-racemate. *
The complex (1,2-B¢C2Hn 1:NilV is readily reduced to
[(1,2-BoC2H,3 e Nilll]~ by “hard” Lewis bases with some
degradation of the complex®. An interesting property of

)'30

Figure 16.
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(1,2-BoC2H,;1 :NilV is the considerable acidity of the C-H
bond in the dicarbollyl ligand, which was shown by the
ease of deuterium exchange with D:O in an alkaline medi-
um, while in acid solutions (D2SO. in DOAc) the deuterium
exchange is slow and involves only the B—H bonds of the
ligand. “Soft” Lewis bases, for example C1~, Br~, and
SCN~, react with (1,2-B¢C-H,; :NilV to give 1:1 adducts,
which can be isolated in a crystalline form. Similar
adducts have been obtained with condensed aromatic hydro-
carbons—pyrene naphthalene, and phenanthrene—and aro-
matic n-bases such as dimethylaniline ®.

— "‘”_q

s i = B © <}

Figure 17.

Molecular rearrangements characteristic of metallo-
carboranes can be observed in CC ' -disubstituted dicar-
bollylnickel complexes. There is a possibility of three
isomeric series of compounds ®~%: series A—compounds
with adjacent carbon atoms on the binding surfaces of both
ligands; series B—compounds with adjacent carbon atoms
in both ligands but in one of the ligands one carbon atom
is displaced to the interior of the ligand so that its binding
plane contains four boron atoms and one carbon atom;
series C —compounds with adjacent carbon atoms in both
ligands and with (B,C) binding surfaces. The conversions
of series A compounds into series B and C compounds are
irreversible. The reaction sequences and the electro-
chemical characteristics of the reactions of the bis-(CC' -
dimethyldicarbollyl)nickel system are presented below:

Ni (acac)y + 2 [(3)-1, 2-ByCsHyMey =1 —
Series A

o

- [(MeCh)NilT—AJ~ —= V[(Me2Ch),Ni"’——A]‘ [
~-0.56m Jao0°

Series B
!
[(MegCh)pNil—B)2~ =—— [(Me,Ch),Ni!!'_BJ~ :=—== [(Me,Cb),Ni!¥—B]’
-1.02.mV 40,16 mV 100°
Series C

[(MeaCh),Nill —CJ2= =—— [(Me,Cb),Ni'!—C]~ ——= [(Me,Cb),Ni'Y—CJ]> |
-119mV -o.10mV

—

f Me&Cb = [(3)-1,2-B,C,H,Me, ).
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Fig. 19 illustrates the structure of bis-CC ' -dimethyl-
1,2-dicarbollylnickel(IV) with one isomerised ligand.

Unsubstituted bis-(1,2-dicarbollyl)nickel(IV) is con-
verted into the series B and C compounds in gas-phase
isomerisation at'300-400°C.

Figure 19.

A neutral mixed nickel(IlT) complex was obtained in a
low yield by the reaction of NiBr: with CsHs and 1,2~
ByC2H3i ions in THF %

CeH; 4 1, 2B,C;HE, + NiBry — [(-CgHy) Ni (1, 2-ByCHy) I~ 3!
~ (-CyHy) Ni (-1, 2-ByC,Hy) .,
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The cyclopentadienyl and dicarbollyl complexes of
nickel exhibit many characteristic differences. Whereas
the dicyclopentadienylnickel complex with the d® configu-
ration, i.e. (CsHs)}Ni**, has sometimes not been isolated,
bis(dicarbollyl)nickel(IV) is an entirely stable crystalline
compound. From this standpoint, the electrochemical
reactions (the E,/: values) of the nickel complexes are of
interest ®:

MV e —» MY and M M,

(CsHg)Ni +0.77 mV —0.09 mV
(CsHgNi (ByCaHyy) + 0.46 mV —0.52 mv
(B,C:Hu)eNi > 0.18 mV —0.56 mV

The wave corresponding to the oxidation of nickel to the
quadrivalent state in the dicyclopentadienylnickel complex
could be observed only at —40°C; above 0°C, this com-
plex decomposes rapidly. In the 4 state 7 -cyclopenta-
dienyl-n -dicarbollyinickel(VI) is more stable and decom-
poses much more slowly than (C5H5)2Ni2*, but it could not
be isolated. The higher stability of the dicarbollylnickel
complexes has been explained by the higher negative
charge of the dicarbollyl ligand (2- compared with 1- for
the cyclopentadienyl ligand), which leads to a less effec-
tive agsitive charge of the nickel atom in the d® electronic
state™.

When palladium acetylacetonate is added to an excess
of 1,2-dicarbollide ions, an unstable diamagnetic d®-
complex [(1,2-ByC:Hy,):PdII]?* extremely sensitive to air,
is formed %, Its solutions decompose on standing in
several hours, but, on rapid oxidation of the palladium(II)
complex, an electrically néutral d®-complex is formed in
high yield:

{1, 2-ByCoHu).PAP™ .= (4, 2-ByCiHy )P

When equimolar amounts of the palladium(II) and palla-
dium(IV) complexes are mixed, [(1,2-B¢C-Hn )Pd]” is
formed quantitatively ®. It has been shown that palladium
complexes have structures completely identical to those
of the corresponding nickel complexes discussed above ®,
Chemically they also have much in common. For
example, the neutral complex (1,2-BgCzH;,PdIV is a
strong Lewis acid and forms crystalline adducts with 7 -
and n-bases ®. Like the nickel complexes, the bis-(CC’-
dimethyl-1,2-dicarbollyl)palladium system undergoes
rearrangements leading to a change in the positions of the
carbon atoms in the ligands %:

Pd (acac); +- 2[(3)-1, 2-ByCHyMen ]~ —~
Series A

—[(MeyCh),Pd At~ = [(Me;Cb);Pai—a; — L
~0.44mV

Series C

. ]
[(MeyCh)pPd't —CJ~ —=—= [(MeCb),Pd"!'—C]~ —=> [(Me,Cb),Bd!V—C]° ,
-o.1mV -0.47 mV

Mixed neutral complexes have been synthesised (yield
10%) by the reaction of the 7 -tetraphenylcyclobutadienyl-
palladium(II) dichloride dimer with the (3)-1,2-dicarbollide
jon and its dimethyl derivative'®:

(7-C(PhPdCl,); -+ 2 [(3)-1,2-ByCsHyy ]2~ — 2 (-C4Phy) Pd [7-1,2-ByCoHy] «

A dicarbollide derivative of platinum was obtained by
the reaction of cyclo-octa-1,5-dieneplatinum dichloride
with the 1,2-dicarbollide ion%: .

(1,5-CyHi) PCI3+(3)—1,2-ByGaHY, — (4,5-CyHyg) PH{-(3)1,2-BeColual

A fundamentally new method of synthesising the dicar-
bollide complexes of nickel, palladium, and platinum was
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proposed by Stone and coworkerszz, who found that 1,8-
BsC2Hn (Tebbe et al. ®’) undergoes the polyhedral expan-
sion reaction on treatment with Ni(1,5-CgH2)2, (1,5-
CgH;2)Ni(PEts), Pd(t-BuNC),, Pt(PEts)s, or Pt(PMe:Ph)s,
yielding respectively (1,5-CgH;2)Ni(1,7-BsCzHj,),
(EtsP)Ni(1,7-BsCzHy, ), (t-BuNC):Pd(1,7-BsC-Hy),
(EtgP)an(l,'?-BgCaAHu), and (PhMezp)zPr(l,'?-BngHu).
The (3)-1,7-BoC2Hir ion then behaves as the dicarbollyl
ligand. The reaction of 1,8-dicarba-closo-undecabo-
rane(II) with bis(cyclo-octa-1,5-diene)nickel is illustrated
schematically in Fig. 20.%

Figure 20,

D. The Copper Group

The dicarbollyl derivatives of all the metals of the
copper group (Cu, Ag, Au) are known.

The addition of CuSOy in a highly alkaline medium to the
1,2-dicarbollide ion yields the paramagnetic ¢°-complex
[(1,2-BsC2Hn 2.Cull]>", which is unstable in air and is
readily converted into the diamagnetic 4°-complex (1,2-
BngHn)zCum:m'sa

O
CuSO,  1,2-B4CaH?] — [(1,2-ByCaHy),Cull 2 N:/_'x—% [(1,2-ByCyHy,),Cull}-
1)

The reaction of AuCls with a large excess of 1,2-dicar-
bollide ions in dimethoxyethane with subsequent oxidation
by aqueous hydrogen speroxide yields the stable complex
(1,2-BoCaHo)zAulll= ®  The salt is diamagnetic and can be
reduced to the paramagnetic complex [(1,2-BsCzHg)Aull]?":

O,
AuCly + 1,2 BGHE — (L2 BCH AL 2= (L2 BCHAu- .
a/xig

The attempts to obtain analogous bis(dicarbollyl) sys-
tems for silver were unsuccessful®, but subsequently %
the possibility of the existence of such complexes was
briefly reported. It has been suggested that the (3)-1,2-
dicarbollide ion be used for the qualitative detection of
copper in agueous solutions *°%,

According to data for the polarographic reduction of the
dicarbollyl complexes of copper and gold, the existence
of the d'°-complexes is possible, since the polarograms
show, together with the process MIII + ¢~ — MII, one-
electron reduction waves corresponding to the process
MI 4+ e” — MI (M = Cu or Au).

It is interesting that the most stable states of the copper
and gold complexes are those in which the metal atom is in
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the +3 formal oxidation state, i.e. the bivalent metal com-
plexes are very powerful reducing agents ®.

An X-ray diffraction study of the bis(dicarbollyl) com-
plexes of copper(ll) and copper(III) showed "V that they
have a distorted sandwich structure analogous to those of
the nickel(I) and palladium(Il) complexes. Thus exami-
nation of the structures of complexes with electronic
configurations ranging from d° to d° has shown that the
d®-, d°-, and d"-complexes have a symmetrical sandwich
structure, while the d°- and d°-complexes have a distorted
sandwich structure. Wing%™" explains the presence of
such structures by 7 -allyl bonding in which six boron atoms
enter into the first coordination sphere of the metal (three
atoms from each dicarbollyl ligand).

E. The Chromium Group

The dicarbollyl complexes of all the metals in the chro-
mium group (Cr, Mo, W) have been obtained. The reac-
tion of CrCls with the (3)-1,2- or (3)-1,7-BsCzH;; ions in
THF leads to paramagnetic bis(dicarbollyl)chromium in
which the metal atom is in the +3 formal oxidation state.
In contrast to the isoelectronic chromocenium salts, which
are readily hydrolysed in aqueous solutions ™,
[@r-BoCzH,,).Cr]~ salts are stable in air and are not decom-
posed by hot concentrated HoSOs. However, these com-
plexes decompose in a hot alkaline solution, regenerating
the dicarbollide ion in a quantitative yield . Neutral
7 -cyclopentadienyl-m -1,2-dicarbollylchromium has been
obtained by the reaction of CrCls with the CsHs and 1,2-
BCzHil ions. According to Clair et al., ™ bis-(1,2-dicar-
bollyl)chromium has a regular sandwich structure.

Chromium, molybdenum and tungsten hexacarbonyls
react with the 1,2-dicarbollide ion in THF on ultraviolet
irradiation with displacement of three carbon monoxide
molecules and the formation of 7 -dicarbollylmetal tricar-
bony! complexes 7% :

(3)-1,2-ByC.HiT -+ M (CO)s Y {[-(3)1,2-ByCaHn] M (COJo}*~

(M =Cr, Mo, W) ,
1 ~3CO

The complexes are isoelectronic with the complexes

(CsH;)M(CO)s and enter into protonation and alkylation
reactions'®:

[(1,2-ByCyHi)Mo (CO)sJ*~ = [(1,2-B5CsHyy) Mo (CO)HJ™
el
[(1,2-ByCoHyy)W (CO)s)2~ = 1(1,2-BsCiHu) W (CO)s Me]™ .

The reactions of the 1,2-dicarbollide ion with two moles
of M(CO)s and the reactions of M(CQ)s with (1,2~
ByC2Hi1 )M(CO);™ (M = W or Mo) lead to the same dinuclear
products with the empirical formula (BsCz2Hi )Mz(COR”
(x =T or 8).'° Fig.21 presents the structure of such a
dinuclear complex obtained by the reaction

{[m-(3)-1,2-ByC;Hit ] Mo (CO)s}2~ o W (CO)g —{ [~ (8)-1,2-ByCoHia JMo(CO)sW(CO)s } 2

F. The Manganese Group

Bromomanganese pentacarbonyl and bromorhenium
pentacarbonyl react rapidly with the 1,2-dicarbollide ion
at room temperature with liberation of one mole of carbon
monoxide. On heating, a further two moles of carbon
monoxide are evolved and a 7 -dicarbollylmetal tricarbonyl
anion is formed'®*™:

1,2-BCaH] b BrM (CO)g g5 [(0-1,2-BiCobun) M(COI- —2o5

- [(5-1,2-ByCoHi) M(COBIm (M == Mn, Re) .
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An X-ray diffraction analysis of the rhenium derivative
has been carried out™. The closeness of the C-Re and
B-Re distances (Fig.22), which are 2.31 and 2.35 A
respectively, is noteworthy.

- @ CH .O BH -

Figure 22,

When [(7-(3)-1,2-BsC2H,: (Mn)(CO)s]" is acted upon by
triphenylphosphine under ultraviolet irradiation in THF
for 12 h at 60°C, one carbonyl group is substituted by the
triphenylphosphine group ™:

ke
[(7-(3)-1,2-B,C.Hyy) Mn (CO)J™ -+ PPhy — [(-(3)-1,2-ByCyblye) M (CO)PPhy-

2. Mono- and Hetero-Carbollyl Complexes of Transition
Metals

The monocarbollide ion B,cCH;; is readily formed
in sitn on deamination and deprotonation of the carborane
BioH12CNMe; by metallic sodium in THF *°. This reac-
tion proceeds more readily and with a higher yield in the
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presence of naphthalene®®. Two general methods have
been proposed for the synthesis of 7 -complexes % ~8°,

1. By adding butyl-lithium or sodium hydride to a
mixture of B;ocH;2CNHzR or a salt of B,oH;2CH™ and the
metal halide in THF or by adding the metal halide to the
trisodium salt NasB,(CH;, obtained directly.

2. By the interaction in a highly alkaline medium
between B;oH:2CNHzR or a salt of B,oH;2CH™ and the metal
halide, This method gives high yields for nickel and
cobalt.

Both methods have been used to synthesise the bis-(m-
carbollyl) complexes of iron, cobalt, nickel, chromium,
and manganese. Fig.23 presents the general type of the
structure of the A-complexes obtained from the B,cCH3}
and B,,CH,,NH;R*" ions.

The 7-monocarbollyl ligand stabilises a high oxidation
state of the metal to an even greater extent than then -~
dicarbollyl ligand. Whereas the synthesis of (1,2-
BoC2H,, );NilV requires the oxidation of the nickel(Ill) com-
plex by iodine or iron(fl) chloride, [(BiocCHy )NiIV]®™ and
(B1oCHoNHR ) NilV are formed directly during isolation in
air. Moreover, the diamagnetic complex
[(Bio«CHy, 22Co]*~, which contains cobalt in the +3 formal
oxidation state, is oxidised by cerium(IV) ions to the
paramagnetic complex [(B1oCH;;)2C0]?" in which the cobalt
atom is in the +4 formal oxidation state.

In the monocarbollyl complexes isolated directly from
the reaction mixture, manganese is in the +4 formal
oxidation state and iron, cobalt, and chromium are in the
+3 formal oxidation state. All the complexes obtained,
with the exception of that of manganese, are stable in air
and do not decompose in acid media.
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The complexes obtained from B,cH;2CNH; are of interest
from the standpoint of reactions involving the amino-
group. For example, (B,oH;cCNH;);Ni reacts with nitric
acid and dimethyl sulphate to form 3[(}3101&“,001{)21\11]2' and
(B1oH10CNHMez kNi respectively %27,

Muetterties and coworkers® synthesised metallocar-
boranes with a monocarbollyl ligand starting with the
BicH;3 ion and Group VI metal carbonyls (ultraviolet
irradiation). The [(B,0Hi:0COH)M(CO):]" anions formed
initially react with sodium hydride to form the dianions
[(BicH1oCOH)NCO(CO);]?~, whose structure is illustrated
in Fig. 24 for the molybdenum derivative as an example.
Both types of compounds are decomposed quantitatively
by bases with the removal of a carbon atom from the
icosahedral skeleton and the formation of complexes
belonging to the class of nido-metalloboranes.

Figure 24.

Like carboranes(10) (B;oH,,Cz2H;), when acted upon by
piperidine, 1,2- and 1,7-phosphacarboranes and 1,2- and
1,7-arsacarboranes give rise to the phospha- and arsa-
carbaundecaborate anions, whose deprotonation generates
heterocarbollide ions®® isoelectronic with the dicarbollide
ion and capable of behaving as 7 -ligands in transition
metal complexes:

C.H oNH NaH 2
ByHyCHE ———— ByH;CHE= —— B,H,CHE (E=P, As) .

A characteristic feature of the heterocarbaundecaborate
anions is the presence of phosphorus or arsenic atoms
which can be alkylated; the compounds then become
neutral. Their deprotonation leads to heterocarbollide
ions with a single negative charge ®*’%¢:

. NaH
ByHy,CHE™ - Mel — ByH;,CHEMe —— B,H,CHEMe™ (E= P, As) »

When the 1,2- and 1,7-B;HsCHP”" ions are acted upon
by iron(Il) chloride in THF solution, salts of {(1,2-
BoH,CHP):Fell]*” and [(1,7-BsH,CHP 2 Fell]>~ are formed
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respectively®s®,  Treatment of [(1,7-BsHeCHPRFe]®~
with methyl iodide leads to the neutral compound (1,7-
BoHCHPMe)Fe, which is identical with the complex
obtained from 1,7-BHCHPMe™ and FeCl: (Little et al.*®):

[(1,7-ByHyCHP),Fe >~ 4 Mel — (1,7-BH,CHPMe),Fe — 1,7-BH;CHPMe~ - FeCl, ,

This complex exists as a mixture of isomers (the shaded
circles in Fig.25 indicate the possible positions of the
carbon atoms).

Figure 25.

In contrast to the bis(dicarbollyl) and bis(monocarbollyl)

complexes of iron, bis(phosphacarbollyl)iron(Il) is not

oxidised by air in aqueous solution, although oxidation with

cerium(IV) ions gives a small yield of the paramagnetic
complex [(1,7-BsHsCHP ) Felll]~, %

The neutral complex (7 -CsHs)Fe(-1,7-B,H,CHPMe) has
been obtained by the interaction of the Cs;Hs and 1,7-
B;H,CHPMe" ions and FeCl.. The reactions of 1,2- and
1,7-BsH,CHPMe"~ ions with CoC); give rise to bis(phospha-
carbollyl) complexes in which the metal atom is in the +2
formal oxidation state and does not exhibit a tendency
towards oxidation. In contrast, the reactions of the 1,2~
and 1,7-BsH,CHP? "~ ions with CoCl lead to complexes in
which the cobalt atom is in the +3 formal oxidation state.

The dianion 1,7-BeHsCHP?~ reacts with NiClz to form
bis-(1,7-phosphacarbollyl)nickel in which the nickel is in
the +2 formal oxidation state.®® The mixed complexes
(1,7-BsHCHPMe)Mn(SO); and [(1,7-BsHoCHP)Mn(CO)s]~
have been obtained®, The substitution of one carbonyl
group by a triphenylphosphine group in [(1,7-B;HsCHP)Mn.
.(CO)s]" takes place readily on ultraviolet irradiation ™,

The reaction of triphenylcyclopropenylnickel carbonyl
bromide with 1,7-BsHi«CHPMe™~ in THF gave a mixed
nickel complex in 40% yield®":

[CsPhNiBr (CO)l, 4 1,7-BH;CHPMe~ —> CgPhyNi (1,7-BgH,CHPMe) .

The interaction of allylmagnesium chloride and 1,7-
BoHsCHPMe™ with NiCl: results in the formation of a 7 -
allyl complex®”:

CH,-CHCH,MgCl +- 1,7-BgH,CHPMe™ - NiCl, — (C3Hy) Ni (1,7-ByH;CHPMe) .
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7 -Methylallyl-m -phosphacarbollylnickel has been
obtained similarly. When nitric oxide was passed through
a solution of 1,7-B;H,CHPMe™ and NiClz in THF, a nitro-
syl complex was isolated in a low yield:

NO 4 1,7-ByH;CHPMe~ - NiCly — (NO) Ni (1,7-B;H,CHPMe) .
The arsacarbollide ion reacts with transition metals

like the phosphacarbollide ion. This is illustrated by the
synthesis of m-cyclopentadienyl-m-1,2-arsacarbollylcobalt

with the metal atom in the +3 formal oxidation state®:

CgHj + 1,2-BgHyCHAs?™ = CoCl, — (CgHj) Co (1,2-B,H,CHAs) .

Arsacarbollyl complexes of manganese and iron have
been obtained®. Under the conditions of the photochemi-
cal reaction, bis-(1,7-heterocarbollyl)iron(Il) reacts with
Group VI metal hexacarbonyls to form complicated com-
plexes ®:

ke
[(4,7-ByHyCHE) Fe]t~ + M (CO)q = {[1,7-ByHyCHEM (CO)gly Fe}*~ (M = Cr, Mo, W) .

Figure 26.

In these complexes the heterocarbollyl ligand is 7 -bonded
to the iron atom and ¢ -bonded via the phosphorus or arse-
nic atom to the Group VI metal atom. The structure of
the {[1,7-BHsCHP.Cr(CO); ,Fe}?~ ion is illustrated in Fig.
26.

3. Complexes Based on the 7-B,C,H, Ligands

The axial hydrogen atoms of the methine groups in 1,3-
dicarba-nido-nonaborane(13) (1,3-B-C2H,;) are acidic and
when the carborane is treated with sodium hydride one
mole of H, is evolved with formation of the dianion
B.CaHir. °*'  The reaction of anhydrous CoCl, with
B+CzHil leads to additional liberation of Hz and the forma-
tion of a complex with the metal atom in the +3 formal
oxidation state. It is suggested that five atomic orbitals,
in which six electrons are located, originate from the five
atoms of the ligand (they are predominantly sp*-hybri-
dised). The ligand is illustrated schematically in Fig.27.
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The name dicarbazapide given to the B,C;H5" ligand
originates from the Greek work “zapato” (nine)f. In the
synthesis of bis(dicarbazapyl)cobalt products with different
positions of the carbon atoms in the ligand are obtained
depending on the reaction conditions®:

2 (1,3-B,CyHy)*~ ¢ 1.5.Co%+ = {[n-(2)-1,6-B,CsH,Jy Co}™ & 0.5 Co® ¢ 2H,
2 (1,3 B,CyHy)*~ + 4.5Co%* > {[n-(2)-6,7-B,CyHyhCo}™ 4 0.5C0 + 2H

O 8-t
Oc-#

Figure 27,

Figure 28.

At 70°C the product is a complex in which the carbon
atoms are located in the 1- and 6~ or 7-positions
according to X-ray diffraction®, There is a possibility
of the existence of syn- and anti-isomers (Fig.28), but
there is no information about the formation of more than
one isomer. An isomer with the carbon atoms in the 6~
and 7-positions is formed at room temperature (Fig.29).
A third isomer in which the carbon atoms are in the 1-
and 10-positions has been obtained by heating Cs(1,6-
B+C2H)2Co at 315°C for 24 h, %%

1 “Zapato” is a Spanish noun describing a shoe which
resembles the shape of the B,C.H3™ dianion® (Ed. of
Translation).
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The reaction of the B,CzHi; and CsHs ions with CoCl.
leads to (m-CsHs)Co(r~1,6-B-C2Hy). No data have been
obtained concerning the formation of the 6,7-isomer.

Like the symmetrical complex, 7 ~cyclopentadienyl-m -
1,6-dicarbazapylcobalt isomerises on prolonged heating at
315°C with formation of the 1,10-isomer (Fig. 30).

O=6i @=8H
Figure 29.

OG0

@ =584
Figure 30.

O = ot

Acetylation of 7 -cyclopentadienyl-w -1,6-dicarbazapyl-
cobalt under the conditions of the Friedel—Crafts reaction
yielded an acetyl derivative substituted at the boron atom *,
An attempt to rearrange the compound with the 1,6-car-
borane structure to the 1,10-structure was unsuccessful.
When the acetyl derivative is treated with LiAlHa, the
corresponding carbinol is not formed but the carbonyl
group disappears. When (CsHs)Co(1,6-B,CzH,) is bro-
minated in CCl; at room temperature, the b-dibromo-
derivative is formed together with an insignificant amount
of the b-tribromo-product. The bromine atoms are
probably bonded to the boron atoms in the 8- and 10-posi-
tions in the ligand *,
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Another method of synthesising this complex uses the
reaction of sodium tricarbahexaborate with bromomanga-
nese pentacarbonyl®. A o-derivative is then formed as
an intermediate and on heating is converted into a 7~-com-
plex:

NaMeC,BsH - BrMn (CO)y T‘;:—» (0-MeCsBsHz) Mn (CO)g —

100°

” + (-MeCyByHy) Mu (CO)ge

slow

Figure 31,

An attempt was made to synthesise carbonyl derivatives
of manganese with the 7 -B,C2H, ligand by treating B.CHor G g
in boiling THF with bromomanganese pentacarbonyl®**%, P \
However, the product was a complex with the 7-B¢C2Hs U/ 0
ligand for which the structure presented in Fig. 31 was I
proposed.

4, m-Complexes Based on the Lowest Carboranes Figure 33.

Certain nido -carboranes or their deprotonation prod-
ucts react with transition metal derivatives to form 7 -
complexes in which the 7 -carborane ligand is regarded as
isoelectronic with the 7 -cyclopentadienyl ligand.

b : [
VAR
@ Ounn o
Figure 34.

0
@ci Qs @c (b
) The interaction of 2,3-dicarbahexaborane(8) (C2B4Hs)
Figure 32. with iron pentacarbonyl at 240°C results in the formation
of two 7 -complexes®: (7-BsC2Hs)Fe(CO)s (Fig. 33) and
(m-BsC2H;)Fe(CO); (Fig. 34). The second complex is also
formed in the reaction between dicarba-nido -pentaborane(7)

2-Methyltricarbahexaborane(7) reacts with manganese with iron pentacarbonyl under ultraviolet irradiation!®,
carbonyl at 175-200°C in a sealed tube and gives rise to The iron complexes obtained are isoelectronic with the
a quantitative yield of the isoelectronic analogue (m-2- (m -CsHs)Fe(CO)j cation and the 7 -BsC2Hg and 7 -BsC.H,
MeC3B3;Hs)Mn(CO)s (whose structure is illustrated in ligands have two negative charges.
Fig. 32) of the known metallocene (1 -CsHs)Mn(CO)s:*’ Another pathway to the synthesis of 7 -carborane com-

1 1 plexes of iron consists of the reaction of sodium dicarba-
MeCyByHy - =5~ Mn, (COJy — (n-MeC,B,Hy) Mn (CO)s + —-Hy - hexaborate with cyclopentadienyliron dicarbonyl iodide and
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subsequent photochemical decomposition of the g-iron
complex'®:

NaCsB(H; +- (s1-CyHy) Fe (CO)ql = p-{(m-CgHs) Fe (CO)gJsCaBH; ad (-CgHg) Pell
(2-ByCyH,) + (m-CyHy) Felll (-B,C,H,) .

T oo

®
<*&F <F

Figure 35.

The structures of both complexes have been deduced
on the basis of ''B NMR spectra and are presented in
Fig. 35.

IV. METALLOCARBORANES OBTAINED BY THE POLY-
HEDRAL EXPANSION REACTION

The method of synthesis of metallocarboranes by the
reduction of closo-carboranes has been called the poly-
hedral expansion reaction, since the resulting metallocar-
boranes have the structure of a polyhedron in which the
number of vertices is greater by unity than in the initial
carborane. The polyhedral expansion reaction has been
largely applied to carboranes of the general type BpHnC2Hz.

The carborane 1,2-B,oH,C:Hz is reduced by two mo_le?m
of naphthalenesodium in THF to the dianion ByoH,oC-HZ ™, *®~
103 which reacts with sodium cyclopentadienide and with
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FeCl: or CoCl: to form 7-cyclopentadienyl-m -dodecahydro-
carba-nido-dodecaboratoiron(III) or the corresponding
cobalt(IIl) complex respectively '**"®:

CH + ByoHyGaHE™ 4 MCly — [(-Coly) M (n-B1CoHu)l™ —>
— (n-CgHp) M (70-B1oCaHiq)

The iron(IlI) complex is paramagnetic (the effective
magnetic moment is 2.12 Bohr magnetons) and is readily
reduced by NaBH, to the iron(II) complex'®,

The red cobalt(III) complex, obtained directly from the
reaction mixture, rearranges on boiling in hexane into an
orange cobalt(Ill) complex, which is in turn converted on
boiling in benzene into a red-orange cobalt(lII) complex.
X-Ray diffraction analysis'® of the red complex (-
C:sHs)Colll (7-B;oH,0C2Hz) showed that it exists in the form
of a pair of enantiomers with the carbon atoms in the 7-
and 9-positions or 7- and 11-positions (Fig. 36).

(M = Fa, Co) .

Onﬁ

Figure 37.

In the orange isomer the carbon atoms occupy the 6-
and 7-positions and in the red-orange isomer the 5- and
7-positions'”. Alkaline degradation of the orange com-
plex (7 -CsHs)Colil (r-B,dCzHi2) leads to a new metallocar-
borane-— -cyclopentadienyl-n -octahydro-2-carba-nido-
octaboratocobalt [(r-CsHs)Colll (r-2-B,CHg)]™,'*""* for
which the structure illustrated in Fig. 37 was proposed.

The reaction of the dianion B,cCz2H3s with cobalt(Il),
iron(lI), and nickel(II) salts proceeds in accordance with
the equation

2 Bmczl'[: - M™ = [(-ByCeHpp)e MI*™  (n=2.3)

and leads to bis-(r -dodecahydrodicarba-nido-dodecaborate)
complexes (Fig. 38)'%%"%,

The reaction of the dianion B,cCz2H}s with molybdenum
and tungsten hexacarbonyls under ultraviolet irradiation
leads to carboranylmetal tricarbonyl units'%:

BioCaHY, + M (CO)y g [(-ByCois) M (COBJE™ (M = Mo, W)

Zakharkin and Kalinin'*®***° found that the iron(III),
cobalt(llI) and nickel(II) complexes obtained from the
dianions of carborane(10) and its C -substituted derivatives
are readily oxidised by CuCl; with formation of carbo-
ranes. A characteristic feature of these complexes is the
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ease of their rearrangements associated with a change in
the relative positions of the carbon atoms in the 7-car-
borane ligand. While oxidation of the complexes obtained
directly by the reaction leads to the initial carborane 1,2-
B1cCz2Hy2 and its derivatives, oxidation of the rearranged
complexes yields the 1,7- and 1,12-B,,CzHi2 carboranes
and their derivatives. This method has been recommended
by the authors for the low-temperature isomerisation of
1,2-B,C2H;2 carboranes to 1,7-B,oC2H,2 carboranes. In
the (B1oC2H2):M1~* complexes reversible transitions from
the closo- to the nido-structure are observed in the lig-~
ands:

+2e"+MXp

closo-ByCoH,s C::]"‘—’ nido-(B1oCyHyg)y M™*
uCl

o(~2¢™)

The oxidation of the complexes (B1oC2Hi2)M™™* has also
been investigated by Brattsev and Stankom, but their
results require additional confirmation.

The polyhedral expansion reaction applied to the car-
borane 1,8-B,C:H;, leads to a metallocarborane containing
the 7-(3)-1,7-dicarbollyl ligand (see Section II, 1),

Polyhedral expansion of the carborane 1,6-BsC2H;o
using naphthalenesodium, sodium cyclopentadienide, and
CoCl: leads to two main products™'?: (r -ByC2H,0)Colll.
.(m-CsHs) (Fig. 39) and [(m-BgC2H,0)CollI]", Next, on
treatment of 7 -cyclopentadienyl-r -decahydrodicarba-nido -
decaboratocobalt with naphthalenesodium and subsequent
addition of sodium cyclopentadienide and CoClz, a two-
metal carborane complex was obtained *'*:

1 a(Na+.C,.H;)_
THF, 50° _
z‘sf‘l(a‘zciﬂi
C4H3CoB,C,Hyo ~> CgHyCoB4C,H;,CoCeHy

A structure with a bidentate 7 -linked BsCzH;o ligand
(dicarbacanastide), which, in contrast to the ligand con-
sidered previously (Fig.7), contains carbon atoms in the
8- a.rllii3 10-positions (Fig.40), was proposed for the com-
plex ™",
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Treatment of the carborane 1,7-B¢C:Hs with two equiva-
lents of naphthalenesodium in THF and subsequent addition
of sodium cyclopentadienide and CoC}: lead to the forma-
tion, together with the normal product (r-CsHs)ColIl(m-
BeC2Hs) (Fig. 41), of the two-metal complex'™*

(C-’bHS) 2C0,BC.Hy''

Figure 39.

Figure 41.

The complex was shown to have an unusual structure with
the two cobalt atoms occupying adjoining vertices of the
polyhedron (Fig.42).”® The structure quoted by Dunks
and Hawthorne '** is incorrect.
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Interesting results were obtained by Miller and Grimes
when they applied the polbyhedral expansion reaction to the
carborane 2,4-B¢CzHr. ''* Its treatment with two moles
of naphthalenesodium gave the dianion BsC:H3~ whose
interaction with sodium cyclopentadienide and CoClL and
subsequent oxidation by atmospheric oxygen leads to the
formation of more than twenty neutral metallocarboranes,
eight of which have been isolated and characterised.

The structures proposed for these complexes are illus-
trated in Fig.43, All the complexes are formally deriva-
tives of the ligands B.C2H;~, B«C:Hi ™, BsC:H3~, BsC:H?",
BeCzH3", and B«C:H3".
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The authors considered the possible mechanism of the
formation of the metallocarboranes and proposed the
following reaction sequence''®: (1) the formation of the
BsC2H:" dianion from BsCz2H- and naphthalenesodium; (2)
the formation of the (r -BsCzH7)Coll(m -CsHs)™ anion from
CoCl, NaCsHs, and BsCoH?"; (3) the reaction of the
(-ByC4Hy)CoII(CgHy)“ ion with B4C,H2" via electron
transfer (a) and alkaline degradation (b) mechanisms
leading to the formation of the open-chain metallocarbo-
rane anions (¥ -BsC-H;)Coll(n-C:Hs)*~ and (u-&CSHe)CoH(u-
C:sHs) ™ respectively; (4) the insertion of the Co®* ion in

Figure 43.
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certain open-chain metallocarborane ions with formation

of two-metal units; (5) oxidation by air of the cobalt(ll)
ions formed in stages (2), (8), and (4) to the neutral
cobalt(Ill) metallocarboranes {7 -Bn-2CaHp)Coll(r -CsHs)

and (7 -Bp-2C2Hn)Co:(m -CaHs); (6) side reactions associated
with the deprotonation of the carborane units and the for-
mation of their c-bonded derivatives.

Nor can one rule out the possibility of the disproportion-
ation of the B,C2H>" anion to B{CaH3", BeCzHz~, and other
units before the stage in which the metal is inserted into
the nido-carborane system''®, All the 7-carborane lig-
ands discussed above had a three-dimensional structure.
Grimes and coworkers''® were the first to obtain 7 -com-
plexes with planar 7-ligands. By treating the carborane
1,6-B,C,He with naphthalenesodium and the subsequent
reaction of the dianion B4CH3~ with CsHsNa* and CoCly, the
dinuclear complex [{r-1,7)-2,4-BsC2Hs]C02(m -CsHs). was
obtained; its structure is shown in Fig. 44.

The isomeric complex [(7-1,7-)-2,3-BsCaHsC 02 (7 -CsHs)
was synthesised by the reaction of sodium dicarba-nido-
hexaborate NaB,CzH; with CsHsNa and CoCl; (Fig. 44).''
Both complexes obtained are formally derivatives of the
BsCHi™ ligand. The 7-carborane complexes are struc-
turally similar to the complex [Ni(CsHs)sI'. " However,
in contrast to the [Ni:(CsHs)s]' system, which is readily
converted into nickelocene under the influence of moisture,
the (BsC:Hs)C0:(CsHs). systems are resistant to the action
of water, atmospheric oxygen, and solvents.

V. CARBORANE DERIVATIVES OF NON-TRANSITION
METALS

The possibility of the formal substitution of the BH
vertices in the polyhedral carborane structures by iso-
electronic units is clearly illustrated, for example, by the
isoelectronic series of compounds B2H3;, B, CH, and
B1oC2Hi2, from which it follows that the BH unit is iso-
electronic with the CH* unit.* By analogy, Be is isoelec-
tronic with the BH unit and therefore one might expect the
existence of the neutral compound BeBgC2H,:.

Using the familiar reaction whereby the dicarbollide
ion is built up with the aid of phenylboron dichloride to the
icosahedral carborane structure''®, Popp and Haw-
thorne ''®"2° attempted to build up the dicarbollide ion with
beryllium chloride:

(3)1,2-ByCgHI; < BeCly — (8)-BeCl — 1,2-ByCoHy, «

but they were unable to obtain a berylcarborane by this
reaction,

The ByCzH;s carborane, which may be regarded as a
diprotonated dicarbollide ion, was used to synthesise a
berylcarborane. Its reaction with metal alkyls should
result in the formation of an alkane on protolysis of the
metal-carbon bond and the metal should be inserted in the
open face of the icosahedral fragment. For dialkylberyi-
lium, the presence of electron-donating solvents is neces-
sary to stabilise the product. Accordingly, dimethyl-
berylliumdiether and diethylberyllium-diether were used
for the synthesis!t?»2%;

benzene/ether

(3)1,2-ByCyHyy -b BeR, - 2 (OEty) 2RH - (3)-Be-1,2-ByCsHy, - OEY, o

The product is very sensitive to moisture and on hydroly-
sis ylelds the (3)-1,2-BsCzH;z ion.

When the reaction was carried out with diethylberyllium
containing only one-third of the required amount of ether,
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an insoluble polymeric product consisting of [(3)-Be-1,2~
ByCaHi: In units with icosahedral geometry, linked by
Be-H-B bridges, was obtained. When the ether adduct
of the berylcarborane is treated with trimethylamine, the
complex (3)-[BeNMes]-1,2-B4CaH,1, whose structure is
illustrated in Fig. 45, is formed.

CHs

\!/0”3

bt

O Bt @ ot

Figure 45.

Mikhailov and Potapova obtained an aluminacarborane
in the form of an adduct with two THF molecules by the
reaction of the 1,2-dicarbollide ion with ethylaluminium
dichloride in THF ‘#:

1,2-BoCoHI & EtAICY, TS (3)-EtAL — 1,2-ByCyH,, - 2THF.

This compound was the first example of metallocarboranes
containing anon-transition metal in the polyhedron. Subse-
quently the ability of the carborane B,C,H,, to undergo protoly-
sis at the metal-carbon bond was used to synthesise alumina-
and galla-carboranes'?®!?,  When equimolar amounts of tri-
alkylaluminium and B;C,H,; were mixed and heated at 50°C
for1lh, 7,8-u-dialkylalumina-1, 2-dicarba-nido-undecabo-
rane(13) wasformed:

(8)-1,2-ByC,Hy, 4 RyAl - (3)-AlR;-1,2-B,CoHyg + RH &

According to X-ray diffraction '?***®*| the aluminium
atom in BsC:H,2AIR; deviates from the open face of the
icosahedral fragment and the angle between the B(p—Al=-B
and B(n=B@=Bw~-C w=C @ planes is 130° (Fig.46). It is
suggested that the aluminium atom is linked to the B and
B atoms by two bridging hydrogen bonds. A low-tem-
perature study of the **B NMR spectra established '2® the
occurrence of a tautomeric process involving the exchange
of the bridge positions between the dialkylaluminium frag-
ment and the proton Hp, as shown in Fig.46. At low tem-~
peratures the 'H NMR spectra reveal the splitting of the
signal corresponding to the Me:Al group, which indicates
the endo- and exo-locations of the methyl groups relative
to the open face'**, The gallium derivative was obtained
similarly:

(8)4,2-ByCaHis + EtyGa ~ (8)-GaEty-1,2-By,Cobya + CiHly «
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When 7,8-p-dialkylalumina-1,2-dicarba-nido -undeca-
borane(13) is heated in benzene, 3-alkyl-3-alumina-1,2-
dicarba-closo-dodecaborane(12) is formed:

(3)-AIRy—1,2-B,CoHy 7’57:» (3)-RAT —1,2-B,C;Hy, + RH .

C @ CH

Figure 46.

It has been established that the monoethylaluminium
derivative has the closed icosahedral structure with an
EtAl unit***"?®,  Thig compound forms with THF the
adduct obtained previously by Mikhailov and Potapova.,

Heating the diethylgallium derivative also leads to the
formation of a closed structure:

77°
(3)1,2-B,CoH,,GaEt, — (3)-GaEt — 1,2-B,CoHyy 4 CoH,

At 410°C 3-ethyl-3-alumina-1,2-carborane undergoes
thermal isomerisation in the gas phase forming 3-ethyl-
3-alumina-1,7-carborane '*°:

(3)-AIEt — 1,2 B,CHy —> (3)-AIEt — 4,7-BC,Hy «

The selective formation of the 1,7-isomer in the iso-
merisation process resembles the behaviour of the carbo-
rane 1,2-B,;oCzHz, which rearranges to 1,7-B1Cz2H;2 at
400-500°C, * but its behaviour differs from that of other
metallocarboranes, particularlg Ni[(3)-1,2-B;C-HsMez ]
and Pd[(3)-1,2-B,C:HoMe: ]2, 3% for which rearrange-
ments leading to a 1,6~ disposition of the carbon atoms
are characteristic.

Alumina- and galla-carboranes are sensitive to the
action of moisture and are readily hydrolysed with forma-
tion of the (3)-1,2-ByCzH,2 ion. Their reaction in benzene
with anhydrous HC1 gives a quantitative yield of (3)-1,2-
ByC:His. An interesting property of the compounds
BngszAlEtz and BngHuAlEtz is their ability to form with
TiCl, complexes whose solutions polymerise ethylene like
the Ziegler—-Nata catalysts '?*,

The dicarbollide ion interacts with bivalent Group IVB
metal salts, forming a product resulting from the inser-
tion of the metal in the open face of the dicarbollide '27"%:

(3)4,2-ByCaHET 4-MX, — (3)-M-4,2-B,C;H,, (Me=Ge, Sn, Pb) +

The metallocarboranes obtained are stable in air, but
are hydrolysed in acid and alkaline media to the anions
BoC2Hjz.
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A similar reaction involving the building up of 1,2- and
1,7-phosphacarbollide and 1,2- and 1,7-arsacarbollide ions
with the aid of Gel; leads to phospha~ and arsa-germacar-
boranes containing three heteroatoms in the icosahedral
structure *°:

1,2-ByH,CH3?~ < Gel — 1,2,3-GeByH,CHE,
1,7-BgH,CH3®~  Gel, — 1,2,7-GeB,H, CHE.

When the monocarbollide ion was built up with trichlo-
romethylgermane, a germacarborane was obtained **:

(E= P, As)

NayByyHioCH -+ MeGeCly — ByoH;CHGeMe — 1.2 .

The gas-phase reaction of trimethylgallium or trimethyl-
indium with 1, 3-dicarba-nido-hexaborane(8) yields 1-
methyl-1-galla- or 1-methyl-1-inda-2,4-dicarba-closo-
heptaborane(7); %12

216° 95-110°
B4C,H; + GaMes —> MeGaB,C,Hs; B,C,Hg -+ InMes— MelnB,C;Hs «

The structure of the gallacarborane is illustrated in Fig.
47. The indacarborane probably has a similar structure.

(en E)th; ()M @ on

Figure 47.

After the manuscript had been sent to the editors, a
number of papers on metallocarboranes were published.
Certain early investigations have been summarised in
Snaith and Wade's review'*®, The polyhedral expansion
reaction has been developed further. Hawthorne and
coworkers'* described in detail the application of this
reaction to the 1,7-C2Bg¢Hg, 4,5-C;B-Hy, 1,6-C2BgH,0, 1,10-
C2BgH,0, and 1,8-C»;BgH,, systems. Using CoCl; and
NaCsHs, metallocarboranes of the following types were
obtained: CsHsCoCzBnHnsz2, (CsHsC0)C2BnHp.2, and
CsHsCoC2BnHp+ 1(C2BpHns1). The formation of the mixed
ferracarboranes from the 1,7-C.BsH3™ and 1,6-C2BsH30
dianions, NaC:sHs, and FeCl; has been described .

The application of the polyhedral expansion reaction to
metallocarboranes yielded interesting results. The
reduction of the complex ( -CsHs)Colll{r-1,6-C¢B-Hs) by
naphthalenesodium in THF and its subsequent reaction
with NaCsHs and FeCl; led to the formation of the bimetal-
locarborane (@-CsHs)Co(@ -C2B-He)Fe(m -CsHs) in which

there is one paramagnetic and one diamagnetic centre®,
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The cobaltaferracarborane (7 -CsHs)CollI(r -
C:BgH,,)Felll(n -CsHs) was obtained 2y the alkaline degra-
dation of the complex (m -C5H5)COIH(TT -C2B;oH;2) in the
presence of FeCl; and CsHe.*

The reaction of the reduced form of (7 -CsHs)CoIll(n -

1 6°02B7H9) with NaCsHs and CoClL: leads to the formation
of (CsHsC0)%C2B7Hg and (CsHsCO)sC2B-He. '* 1t is sug-
gested that the last complex has an icosahedral structure
with the cobalt atoms at three vertices. The reaction of
the reduced complex [MesN]m -CsH;)Colll(m -C B,Hs) with

NaCsHs and NiBr. yielded the two-metal monocarbon
metallocarborane (1 -CsHs)Colll(m -C B/Hg)NilV (7 -C5H;). '™’

Salentine and Hawthorne'*” quote tentative structures
for metallocarboranes.
ties of certain metallocarboranes has been continued'®,
Hawthorne and coworkers'®® attempted to classify metallo-
carboranes in terms of the total number of electrons
involved in the formation of the polyhedra. The 27 + 14,
2u + 16, and 2r + 26 electron rules are valid for closo-
polyhedral heteroboranes containing one transition metal
at the vertex, for nido-polyhedra of this type, and for
closo-polyhedra with two transition metals at the
vertices respectively. A series of X-ray diffraction
studies have been made on metallocarboranes, confirming
the structures pr 4posed previously: (BeCzHa)Mﬂ(CO)B;HO
(BsCsz)Fe(CO 3, and (B9C2H11)2N1
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