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Abstract: New applications in which the carborane and metallacarborane species play a cru-
cial role have been recently developed. In these applications, clusters display many particu-
lar characteristics that do not find parallel in their organic counterparts. The o-carborane can
modulate the C---C distances depending on the substituents bonded to the cluster carbon atom
and can lead to the formation of uncommon halogenophosphane charge-transfer “spoke”
complexes with iodine due to their electron-withdrawing capacity. Besides, metallacar-
boranes have been used as doping agents in organic conducting polymers and as catalysts in
Kharasch reactions.

INTRODUCTION

Boron clusters, boranes and carboranes, display many particular characteristics that do not find parallel
in their organic counterparts. On the other hand, the chemistry of carboranes seems to be very much re-
lated to organic chemistry. This is why in attempting new reactions chemists working with boron clus-
ters get inspired in operative organic. The opposite is, however, seldom true. The view of boranes or
carboranes as rare, strange, or esoteric, in addition to having a high price and an assumed, unrealisti-
cally low stability precludes synthetic chemists in other areas to think of these clusters as real building
blocks. The advent of materials science with emphasis in new tridimensional structures should correct
this vision. In this paper, we report briefly on some recent new applications developed in our group in
which the carborane or metallacarborane species play a crucial role. We will not report on applications
such as BNCT [1], weakly coordinating anions for catalysis [2], other sorts of homogeneous catalysis
[3], or the well-known radionuclides extraction [4,5], as they are very well acknowledged, and exten-
sive reviews already exist.

METALLACARBORANE ANIONS AS DOPING AGENTS IN CONDUCTING ORGANIC
POLYMERS

One of the potential applications of organic conducting polymers (COPs) is to use them as substitutes
for metals or inorganic semiconductors [6]. However, a major obstacle to their commercialization is the
relatively poor stability of the conducting polymer-based devices [7] which present several degradation
mechanisms. One is associated with rapid oxidation by water or oxygen [8—10]. The conducting phase
can be made insulating by applying a reducing potential. Therefore, conducting and reducing states can
be electrochemically generated. The conducting state is the one requiring the doping anions, and is pro-
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duced by oxidizing the insulating material. Common doping agents responsible for the switch between
the insulator and conducting phases, e.g., CI7, [NO3]’, dodecylbenzene sulfonate (DBS), dodecyl sul-
fonate, naphthalene sulfonate [11-13], are coordinating anions, therefore nucleophiles. One of their
main characteristics is the minor delocalization of the anionic charge throughout its volume.
Considering that nucleophilicity is a problem, anions with high charge delocalization could improve the
overoxidation resistance of the COPs [14]. We recently [15] have defined the practical charge density
of the doping anions (p_), as p_= q/N where p_ = practical charge density, q = charge, and N = prac-
tical number of atoms among wh1ch the charge is formally dissipated. In this sense, p(Cl") = 1/1,
p(INOs]") = 1/3, pc([SO4]2 ) = 2/4, pc([R SO;17) = 173, p([Cgol") = 1760, p ([CBoH,,17) = 1/20,
P ([Co(CyBoH,(),]7) = 1745, p ([B10C11O] 7) = 2/20. Although p_ may not have a real physical mean-
ing, it provides a convenient value at the time of choosing a possible doping agent Then, if a small p,
is sought, [Co(C,BgH|),]”, would be superior than [CBoH,,]", and [B10C110] in improving the
overoxidation resistance of the material. The cobaltabisdicarbollide anion, [Co(C,BgH|),]”, whose
molecular structure is depicted in Fig. 1, consists of a Co(III) ion sandwiched by two dicarbollide moi-
eties. Each dicarbollide unit [C,BoH; 1]2’ bears two negative charges, overall producing a mononega-
tive species. This cobaltabisdicarbollide anion presents a great chemical resistance [5], e.g., it with-
stand in HNO5 2 M and in concentrated HCI for several days without apparent decomposition [16-18].
Potentiodynamic overoxidation measurements [19] on several polypyrrole membranes PPy[X] (X=
common doping agent or cluster anionic agent) have been performed, and their overoxidation resist-
ance expressed in volts with reference to Ag/AgCl/CI™ (0.1 M acetonitrile) indicated in parenthesis
PPy[ClO4] (0.91); PPy[B,,Cl;o] (0.89); PPy[CB, H,] (1.09); PPy[Co(C,ByHgBr3),] (1.11);
PPy[Co(C,B4HgCl5),] (1.18); PPy[Co(C,BoH,),] (1.25). The higher the potential the more resistant
the material to overoxidation. The gap between the set of common anions and this of the low nucle-
ophilic species is of 300 mV approximately. The high overoxidation potential is presumably due to the
high hydrophobicity of [Co(C,BqH|),]™ [20] that shields the polymer from the nucleophilic attack by
OH™ [21]. These differentiating results suggest that they must be due, in great part, to the nonnucle-
ophilic anion in the polymer. We observe, then, that not all clusters produce a high overoxidation re-
sistance, and that the dianionic cluster [BIOCIIO]Z’ produces PPy[B,Cl,,] with an overoxidation re-
sistance similar to those measured for materials doped with common anions. We have presented this
example to show one particular case where the cluster nature of the anion, the delocalization of its
charge and their “three-dimensional aromaticity” can make these borane anions very relevant. The Cg~
or similar anions could do a similar task according to their p_, however, their large spherical nature
could prevent an adequate packing of the polymer threads.
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METALLACARBORANES AS KHARASCH REACTION CATALYSTS

In 1945, the seminal paper reported on the direct addition of carbon tetrachloride to olefinic double
bonds (eq. 1). This process was catalyzed by peroxides as radical initiators [22].

R" R" Cl

. )\ +  col > R.X/ch (1)

This simple reaction is a classic example of anti-Markovnikov addition and is known as the Kharasch
addition reaction, in honor of its discoverer, M. S. Kharasch. A free-radical mechanism was presented
to explain this kind of addition reaction, and it is now generally accepted to occur in this manner. The
widespread use of the original free-radical addition is, however, limited because of competing telomer-
ization and polymerization reactions.

By the mid-1950s, several groups began to investigate the use of transition metals and other com-
pounds to promote this addition reaction. A number of species were found to initiate free-radical addi-
tion of polyhalogenated alkanes to alkenes. Telomerization and polymerization were still a recurring
problem, however. Minisci was among the first to observe that CCl, could be added to olefins to yield
only the 1:1 adduct [23]. Research has clearly shown that a variety of polyhalogenated compounds can
be added across a C=C bond, and that virtually any olefin can serve as the source of reactive unsatura-
tion. The list of promoters is now quite extensive and includes transition-metal complexes [24]. In con-
trast to AIBN [o,0/-azo-bis-(isobutyronitrile)]- or peroxide-promoted addition of halocarbons to
alkenes, transition-metal complexes have demonstrated higher chemo- and regioselectivity for similar
transformations. Ruthenium, in particular, has played a prominent role in Kharasch chemistry with
[RuCl,(PPh,),] displaying some of the highest efficiency and versatility for halocarbon activation and
addition to alkenes [25]. Despite its interest in organic synthesis, [RuCl,(PPh;),] suffers from two se-
vere limitations. (i) A relatively high amount of catalyst is needed, around 1-15 mol % depending on
the halocarbon and the olefin used. (ii) Rather harsh reaction conditions are often used with tempera-
tures ranging from 80 °C (with CCl, as the halocompound) to 140 °C with chloroform [26]. In search
of more active ruthenium-based systems, we have recently reported on the use of Grubbs’ ruthenium-
benzylidene complexes, [RuCl,(=CHPh)(PR;),] [27] and [RuCl(Cp#)(PAr3)2] (Cp# = Cp, Cp*, and in-
denyl) [28] as efficient catalysts for Kharasch reactions.

Since formation of unsaturated 14-electron ruthenium species through phosphine dissociation
from [RuCl,(PPh;),] is assumed to take place prior to halocarbon activation [28,29], we anticipated that
stable, well-defined 14-electron complexes should give a direct access to the catalytic species. With this
in mind, we investigated in Kharasch chemistry the catalytic activity of unsaturated 14-electron ruthe-
nium complexes [Ru(7,8-(PPh,)-7,8-nido-C,BoH ;)X (PPh;),] (2) with anionic carborane phosphine

PPh,
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Fig. 2 2
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ligands, in which the empty coordination sites at the metal are stabilized by two B—-H — Ru agostic in-
teractions (see Fig. 2).

For addition of carbon tetrachloride to model substrates such as n-butyl acrylate, methyl
methacrylate, styrene, and 1-decene, complexes 2 showed a reactivity profile similar to that of
[RuCl,(PPhs);] (3) [30].

Recent research has also demonstrated that [RuCl(Cp*)(PPh;),] (4) and [RuCl(Ind)(PPh;),] (5)
were excellent catalyst precursors for promoting the Kharasch addition of CCl, and CHCl; across
olefins under mild reaction conditions (at temperatures as low as 40 °C with CCl,) [28]. The effect of
the substituents on the cyclopentadienyl ring has been investigated. [RuCl(Cp*)(PPhs),] and
[RuCl(Ind)(PPh;),] surpass in terms of efficiency and activity the best ruthenium systems reported so
far. As with [RuCl,(PPh;);], a two-step mechanism has been suggested, in which the extrusion of a
phosphine ligand occurs prior to the activation of the halogenated compound by the unsaturated ruthe-
nium center. Since Kharasch addition relies on the capacity of the metal complex to undergo a pseudo-
oxidative one-electron addition of the carbon-halogen bond of the polyhalogenated compound, for-
mally yielding a ruthenium(IIl) species, we reasoned that the catalyst might be fine-tuned through
modification of the Cp# ligand.

H
Ph3P\ [/ PPh,
Ru

@ @ % RIR2SZ 4
CI/ \‘Bﬁh CI/ \‘Bﬁh CI/ \‘Bﬁh m ’

3 4 5

With this in mind and with the interest of developing new synthetic opportunities for metal-
lacarboranes, ruthenium complexes (6) were prepared in which the umnegatlve carborane anion was ob-
tained by introducing sulfonium substituents to the parent anion [CZBQH] 1] . Gratifyingly, complexes
(6) proved to highly outperform their isolobal Cp analogs (3—4) in Kharasch chemistry, both in
turnover frequencies (TOFs) and total turnover numbers (TONs). TON of 4300 and 9000, and initial
TOF of 800 and 1500 h™! were obtained at 40 °C with methyl methacrylate and styrene, respectively,
as opposed to maximum TON of 1700 and TOF of 400 h~! observed with [RuCl(Cp*)(PPhs),] (4). In
addition, the TONs were even higher than with the diaminoarylnickel(Il) “pincer” complexes, to this
point the most efficient catalysts ever reported for Kharasch addition [31].

0-CARBORANYL AS A UNIQUE ORGANIC GROUP

The o-carborane, 1,2—C2B]OH12, is an icosahedral cluster with the two carbon atoms in adjacent posi-
tions. One way to build the orbital set of o-carborane is to consider that each participating atom has its
valence orbitals set as two sp, and two p orbitals. This situation is very similar to the molecular orbital
requirements in acetylene. As a consequence, the C—H of o-carborane is acidic and may be removed by
strong bases. More on it, the closo-o-carborane cage through substitution on carbon is extremely elec-
tron-withdrawing. This characteristic and the fact that o-carborane has a rotating volume similar to the
phenyl group should make this fragment attractive in organic chemistry reactions. The electron-with-
drawing capacity of the C-o-carboranyl group and its singularity has been tested in producing the un-
common halogenophosphane molecular charge-transfer “spoke” structure. Although compounds of sto-
ichiometry R;PX, (R = organic substituent, X = halogen) have been known for over 100 years, their
solid-state structure remains largely unexplored. Three basic structural motifs are found in the solid-

© 2003 IUPAC, Pure and Applied Chemistry 75, 1305-1313



Boron clusters 1309

state structures of R;PX,: the trigonal bipyramidal found in Ph3PF, [32], (C4F5);PCl,, Phy(C(F5)PCl,
[33], and Ph;PCl, [34]; the molecular charge-transfer “spoke” structure for fBu;PI, [35]; and the ionic
form, e.g., in [nPryPCI]CI [33] and [Ph;PCI]CI [36]. The existence of significant iodine-iodine inter-
action [35] in fBusPI, stimulated research in the area, since a novel four-coordinate molecular structure
in phosphane chemisty was found [37] However, the I-I distance in tBusPI, [3.326(1) A] was longer
than in Ph;Asl, [d (I-I)= 3.005(1) A] [38], the first reported molecular charge-transfer “spoke” struc-
ture. Other examples have also been reported, the observed I-I distances with the P-I distances are in
parentheses are shown, P-I are in brackets, Ph;PI, (3.161(2) A) [2.481(4)] [37a] PhMe,PI, (3.408(2)
A) [2.410(2)] [37b], iPr;PI, (3.383(1) A) [2.409(2)] [39], and Bu;PI, (3.326(2) A) [2.461(2)] [35]. The
shortening of the I-I distance implies that elongation of P-I takes place. However, in no case the I-1
distance has been found as short as in Ph3Asl, [38]. For comparison, the I-I distance in I, is 2.660 A
[40]. The elongation of the I-I bond is expected since electron density is transferred into the 6* orbital
of the diiodine by the electron donor. As a consequence the more basic are the phosphanes the longer
will be the I-I distance and the shorter the P-I. Therefore, this was an adequate area in which to test the
singularity of the o-carboranyl fragment.

There were several o-carboranylmonophosphines of the type (o-carboranyl)R,P available, but we
decided to look for one of the highest basicity. For this occasion, we have chosen 1-PiPr,-2-Me-1,2-
C,BoH,,. The decision to test a basic carboranylphosphine was to compensate for the I (inductive ef-
fect) influence of the o-carboranyl cluster, on phosphorus. Again, the results have proven the unique-
ness of the o-carboranyl fragment and (1-PiPr,-2-Me-1,2- C2B10H10) I, was synthesized (see Fig. 3)
and characterized prov1d1ng the shortest I-I contact 3.021(1) A and the corresponding longest P-I dis-
tance 2.5978 (14)A [41] in a phosphane compound.
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Fig. 3

0-CARBORANE AS A FRAGMENT TO MODULATE C---C DISTANCES

The C---C single, double, and triple bond distances are well defined in conventional organic compounds
and distances of 1.54, 1.34, and 1.20 A are, respectively, considered standard. Some important excep-
tions exist, among them cationic norbornenyl derivatives, on which extensive theoretical studies have
been conducted to evaluate the existence of nonclassical bonding. As an example, in
[Sm(C Me5)2(02C7Me5)] the O,C,Mes adopts a norbornadiene structure [42], and a long C7-C2 of
1.876 A is found. This is much longer than two times the C single bond radii (1.54 A) [43]. Besides iso-
lated cases, however, the possibility to tune up the C—C distance in conventional organic compounds is
rare. Cluster boron chemistry, in particular the o-carborane derivatives, provides the possibility to mod-
ulate the C—C distance in an almost continuous way within the same family of compounds. The C_--C,

distance in o-carborane is 1.64 A, longer than the C—C single bond. Examples of C.C, elongatlon in
metallacarboranes have been found with different metal ions [44—48]. Steric effects have been invoked
to be responsible for C_-C_ elongation [44a,49], but other data [45,50] suggest that electronic contri-
butions may also be relevant. If Pauling’s equation relating distance and bond order is applied we would
encounter for the o-carborane cluster a bond order of 0.47, already indicating that o-carborane itself has
a nonconventional C—C bond. Therefore o-carborane derivatives could provide a whole range of C—C
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distances that would be of use, e.g., in chelating ligands. The C—C distance of 1.876 A in the norbor-
nadiene cation corresponds to a bond order of 0.33. To modulate the bond order, hence the distance in
o-carborane derivatives a combination of steric and electronic effects is adequate. The steric effects can
be obtained modifying the volume of the substituents. This, however, does not modify largely the C---C
distance. The major effects are obtained when elements with lone pairs are directly connected to the
cluster carbon atoms. In this case, large C---C elongatlons are found. For instance, 1,2- C2B]0H1
1.629 A (1.624) [51], 1,2- -Et,-1,2-C,B o H,( (1.687 A), 1,2- -Ph,-1,2-C,B oH;y 1.733(4)/1. 7204)° A
(1.764 A) [52], 1,2- (SH),-1,2-C,B,(H,, (1.803 A), 12- (SPh),-1,2-C,B | H,, 1.798(3) A (1.818 A)
[53], 1,2-(SMe),-1,2- C2B10H1,0 1.803(2) A (1.836 A) [54], and 1,2-u- SCH,(CH,0CH,),CH,S-1,2-
C2B10H10 1.858(5)/1.826(5) A" (1.900 A) [55]. The B3LYP/6-31G computed C_---C_ distances are
given in parenthesis [53].

As it is shown there, binding of ethyl groups to C_ does not change significantly the C_--C, dis-
tance. The presence of an electron-withdrawing and bulkier group, such as phenyl does increase this
distance more, however, the most striking results, are the large CC---CC distances in thio-CC-substituted
o-carboranes.

Considering that o-carborane has a volume comparable to a rotating aromatic ring, it provides a
convenient building block to construct new structures with more versatile C---C distances.

The lengthening caused by elements having lone pairs is interpreted by fragment orbital analysis
considering partial filling of the cluster LUMO (W*) orbital, mostly sited on the two carbon atoms, by
the electron filled nonsymmetric orbital combination of the external sulfur atoms [53]. The new gener-
ated orbital has a non-negligible contribution of the former cluster LUMO, then producing an elonga-
tion of the C---C distance.

To summarize, and as it has been shown by the above results, the CC---CC distance in Cc-substi-
tuted o-carboranes can be modeled as function of the substituents. Purely alkyl substituents do not sub-
stantially alter the C_--C, distance of the parent compound, implying that steric effects, although rele-
vant, are not the major cause of the lengthening. In contrast, substituents with lone pairs alter the C_---C,
distance substantially. This cannot be explained by lone pair/lone pair repulsion or by the effect of elec-
tron-polarizing groups. The more plausible explanation is the transfer of electron density from the avail-
able lone pairs on the carbon substituents to the W* orbitals, producing a decrease in the C_---C_ bond
order and, thereby, an increase in the Cc--~CC distance.
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