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3. CONCLUSIONS OF THE THESIS 

The ortho-carborane cluster can be the core of multibranched dendrimeric molecules or arborols. A 

first approach to the synthesis of these unimolecular nanoparticles has been done by Kumada cross-

coupling reaction of  9,12-I2-closo-1,2-C2B10H10 (2)  and 8,9,10,12-I4-closo-1,2-C2B10H8 (3) with several 

Grignard reagents, generating B-C bonds from the corresponding B-I bonds. Allylmagensium chloride, 

phenylmagnesium chloride and phenylethynylmagnesium chloride have been used as a source of 

organic moieties. Using allylmagensium chloride, 9,12-(CH2=CHCH2)2-closo-1,2-C2B10H10 (4) and 

8,9,10,12-(CH2=CHCH2)4-closo-1,2-C2B10H8 (6) were produced providing ‘‘free’’ ends for further 

functionalization reactions.  

 

The four-fold phenylation of (3) with phenylmagnesium chloride under Kumada conditions have not 

been achieved, only two iodine atoms were readily exchanged, but the coupling of a third phenyl ring 

into the cage was extremely slow, producing 8,10-Ph2-9,12-I2-closo-1,2-C2B10H8 (8). The design of a 

new synthetic strategy to get 8,9,10,12-Ph4-1,2-closo-C2B10H8 has been performed, first reacting (2) 

with phenylmagnesium chloride to display phenyl groups into the neighboring vertexes B(9,12), second, 

inducing an electrophilic iodination over the unsubstituted boron vertexes B(8) and B(10) by a solvent 

free reaction with I2 in a sealed tub to obtain the corresponding geometrical isomer 9,12-Ph2-8,10-I2-

closo-1,2-C2B10H8 (11). Unfortunately, the cross coupling reaction of (11) with PhMgCl did not lead to 

the expected four-fold phenylation of the o-carborane. 

 

Reaction of (2) with phenylethynylmagnesium chloride proceeded completely to give 9,12-(PhC≡C)2-

1,2-closo-C2B10H10 (5), in contrast, the same reaction of (3) leads to the exchange of three of the four 

iodine atoms to give 8,9,10,12-(PhC≡C)3I-1,2-closo-C2B10H8 (7). 

 

Subsequent functionalization of 9,12-(CH2=CHCH2)2-closo-1,2-C2B10H10 (4) and 8,9,10,12 

(CH2=CHCH2)4-closo-1,2-C2B10H8 (6) were performed either by Heck cross coupling reactions with 

phenyl iodide, thus obtaining (12) and (13) with a highly regioselective and stereospecific introduction of 

aryl groups into double bonds, or by hydro-boration/oxidation reaction of the corresponding olefinic 

moieties to regioselectively achieve terminal OH groups in (14) and (15), ready for further derivatization. 

 

Derivatization of terminal hydroxyl groups of 9,12-(HOCH2CH2CH2)2-1,2-closo-C2B10H10 (14) and 

8,9,10,12-(HOCH2CH2CH2)4-1,2-closo-C2B10H8 (15) by exchanging OH unites for better leaving groups, 
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such as chloride, bromide or tosil group have been accomplished. Moreover, oxidation reaction to the 

corresponding carboxylic acid and Steglich esterification reaction with benzoic acid have also been 

successfully performed. 

 

The basic degradation process of closo B-iodinated derivatives (2) and (3) afforded the expected nido 

anions [5,6-I2-nido-7,8-C2B9H10]- ([26]-) and [1,5,6,10-I4-nido-7,8-C2B9H8]- ([28]-). The acidity of the B-H-

B bridging hydrogen of the latter anion, located over the C2B3 open face, has been estimated by means 

of NMR experiments (pKa near 5.5). It is noticeable that, as for the closo species, B-iodine substitution is 

responsible for the high acidity of the related nido anions. Furthermore, basic degradation process of 

several closo B-alkylated derivatives has been achieved, obtaining the corresponding nido species (30), 

(32), (33) and (34).   

 

Subsequent complexation reaction with Co (II) over the B-iodined nido counterparts afforded the 

expected cobaltabisdicarbollide polyiodinated derivatives: [N(CH3)4][3,3’-Co-(9,12-I2-1,2-closo-C2B9H9)2] 

(27) and [N(CH3)4][3,3’-Co-(8,9,10,12-I4-1,2-closo-C2B9H7)2] (29). The octaiodinated 

cobaltabisdicarbollide (29) is the highest iodinated derivative reported so far. Electrochemical studies 

have shown an additive behaviour in respect to their redox potential E1/2(CoIII/CoII), experimentally 

determined by cyclic voltammetry. In other words, each generated B-I bond causes an anodic shift of 

the cobaltabisdicarbollide framework of 0.133V, producing a stepwise tunable redox potential system. 

Electrochemical growth of PPy doped with polyiodinated cobaltabisdicarbollide frameworks have been 

performed showing that any differences in the growth of PPy will depend little on the number of iodine 

substituents and largely on their E1/2(CoIII/CoII). 

, 

Synthesized B-substituted molecules keep their Ccluster-H vertexes intact and able to introduce 

different substituents, therefore electrophilic substitution on carbon cluster vertexes of (4) and (6) have 

been carried out using allyl bromide, thus obtaining tetra- and hexa-branched molecules. Subsequent 

derivatization reaction over all olefinic groups of (35) and (36) to hydroxyl, chloride and bromide unites 

have been successfully afforded. Substitution of both carbon cluster hydrogen atoms by thiol groups 

have been performed on 8,9,10,12-I4-closo-1,2-C2B10H8 (3) isolating the corresponding dithiol by 

acidification of the dithiolate to give 1,2-(SH)2-8,9,10,12-I4-1,2-closo-C2B10H6 (42). Nevertheless, a 

certain tendency to oxidation was observed giving the corresponding dimer (43) where the carborane 

units are linked through disulfide bridges.  
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Polyanionic water-soluble molecules have been obtained by the ring-opening reaction of the 

zwitterionic compound 3,3′-Co(8-(OCH2CH2)2-1,2-C2B9H10)(1′,2′-C2B9-H11). This molecule has a 

positively charged oxygen atom connected to the B(8) vertex of cobaltabisdicabollide which is 

susceptible to nucleophilic substitution by hydroxyl groups of (14), (15) and (39). These ring-opening 

reactions lead to the formation of polyanionic high-boron-content compounds such as, the dianion [9,12-

{3’,3’’-Co(8’-((OCH2CH2)2O(CH2)3-1’,2’-C2B9H10)(1’’,2’’-C2B9H11)}2-1,2-C2B10H10]2- ([24]2-), the tetra-anion 

[8,9,10,12-{3’,3’’-Co(8’-((OCH2CH2)2O(CH2)3-1’,2’-C2B9H10)(1’’,2’’-C2B9H11)}4-1,2-C2B10H8]4- ([25]4-) and 

the hexa-anion [1,2,8,9,10,12-{3’,3’’-Co(8’-((OCH2CH2)2O(CH2)3-1’,2’-C2B9H10)(1’’,2’’-C2B9H11)}6-1,2-

C2B10H6]4- ([41]6-). 

 

Electrophilic iodination on carbon cluster vertexes of o-carborane and C-monosubstituted o-carborane 

derivatives: 1,2-closo-C2B10H12 (1), 1-Me-closo-1,2-C2B10H11 (47) and 1-Ph-closo-1,2-C2B10H11 (49) have 

been performed to obtain 1,2-I2-closo-C2B10H10 (1)1-Me-2-I-closo-1,2-C2B10H10 (48) and 1-Ph-2-I-closo-

1,2-C2B10H10 (50). 

 

Highly B-iodinated o-carborane derivatives, 4,5,7,8,9,10,11,12-I8-1,2-closo-C2B10H4 and 8,9,10,12-I4-

closo-1,2-C2B10H8 (3) have been tested as X-ray contrast agents in acrylic bone cements for 

Vertebroplasty purpose. Polymeric microspheres and subsequent bone cement containing 8,9,10,12-I4-

closo-1,2-C2B10H8 (3) have been successfully prepared. Main chemical and physical properties of the 

prepared bone cement have been evaluated and compared with the commercial BaSO4 cement. The 

cement containing 8,9,10,12-I4-closo-1,2-C2B10H8 (3) featured less viscous dough phase, excellent cell-

compatibility in vitro, as well as sufficient radiopacity in a realistic experimental set-up  
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a b s t r a c t

Bone cements for vertebroplasty must have a much better radiocontrast level than cements for knee or
hip arthroplasty. This is generally accomplished by adding a relatively large portion of BaSO4, although
this affects the physical-mechanical and biological properties of the cement. This prompted us to develop
an alternative radiopaque cement, on the basis of unique highly radiopaque methacrylic microspheres.
These contain iodine in two modalities: (i) covalently linked to the methacrylic polymer, and (ii) as
constituent of the stable tetraiodocarborane 8,9,10,12-I4-1,2-closo-C2B10H8. The total iodine content in
these particles exceeded 30% by mass. These radiopaque microspheres as well as the cement made
thereof were characterized extensively, e.g., by scanning electron microscopy, X-ray contrast measure-
ments, X-ray photoelectron spectroscopy, measurements of compressive strength, infrared spectroscopy,
and solid state 11B{1H} NMR spectroscopy. Furthermore, the new cement was subjected to several
biocompatibility tests in vitro. The results show that the new bone cement fulfills all physico-chemical
criteria for use in vertebroplasty. Further data on the cement’s biocompatibility (in vitro), as well as
on the handling parameters and doughviscosity, indicate that this material has a potential to become an
alternative to vertebroplasty cements with a high BaSO4 content. The new cement provides two
significant advantages: (i) controlled viscosity in the dough phase, which facilitates precise injection
during the vertebroplasty procedure; (ii) excellent structural stability, which precludes leaching of
contrast post-implantation.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Vertebroplasty has become a widely used technique to treat
patients with one or more vertebral compression fractures [1e3].
Such fractures are usually related to osteoporosis, i.e., age-related
demineralization and weakening of bone. Osteoporotic vertebral
compression fractures constitute a major health care problem; it
has been estimated that there are around 1.4 million new cases
annually around the globe [4]. In essence, vertebroplasty comprises
percutaneous injection of cement into a weakened osteoporotic
vertebral element. The cement provides additional strength and
stiffness after hardening in situ, causing effective pain reduction,
both in the short term and in the long term.

Two recent randomized studies on the clinical outcome of ver-
tebroplasty have caused enormous controversy [5,6]. Both studies
compared vertebroplasty with sham treatment, 1 and 6 months
post procedure. Patients with osteoporotic vertebral fractures up to
1 year old were included. Surprisingly, both studies indicated that
vertebroplasty and sham treatment are equally effective. It was
emphasized that vertebroplasty, however widespread and popular,
is not an evidence-based treatment. A very recent study from 7
clinics in the Netherlands and Belgium, comprising 202 patients
with persistent pain, has indicated that vertebroplasty is effective
and safe [7]. The effects of the technique, in terms of immediate and
long-term (>1 year) pain relief are substantially greater in
comparison with conservative treatment. Furthermore, the cost of
vertebroplasty appears to be acceptable [7].

Looking at vertebroplasty from the perspective of biomaterials
science, it seems clear that the cements as they are currently
provided by industry are, in fact, a point of weakness. It has already
been suggested that new cement formulations, tailored to

* Corresponding author.
** Corresponding author.

E-mail address: l.koole@bioch.unimaas.nl (L.H. Koole).
1 A. Pepiol is enrolled in the PhD Program of the UAB.

Contents lists available at ScienceDirect

Biomaterials

journal homepage: www.elsevier .com/locate/biomater ia ls

0142-9612/$ e see front matter � 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2011.05.056

Biomaterials 32 (2011) 6389e6398

111

mailto:l.koole@bioch.unimaas.nl
www.sciencedirect.com/science/journal/01429612
http://www.elsevier.com/locate/biomaterials
http://dx.doi.org/10.1016/j.biomaterials.2011.05.056
http://dx.doi.org/10.1016/j.biomaterials.2011.05.056
http://dx.doi.org/10.1016/j.biomaterials.2011.05.056


vertebroplasty, could help to further improve clinical outcomeof the
procedure [8e11]. Current commercial vertebroplasty cements are
eessentially- derived from the classical formulations of cements for
hip and knee arthroplasty. The most important adjustment is the
addition of extra BaSO4, since higher X-ray contrast is required in
vertebroplasty. Accurate real-time monitoring of the flowing
cement during injection is critical to detect possible cement leakage
[12,13]. Displaced cement can cause severe complications. Cement
in the spinal canal can cause neuropathic pain or even paralysis,
cement in the azygos vein can cause pulmonary embolism [14e16].
Some of the commercial vertebroplast cements contain no less than
30% of BaSO4 in the powder. Such high loadings of contrast agent
havenegative impactson (i), theviscosity/injectabilityof the cement
dough; (ii), physical properties of the cement (especially fatigue
resistance), and (iii), the long-termbiocompatibility; release of Ba2þ

ions has been associated with increased activity of osteoclasts
(locally) and ehence- increased bone resorption [17,18].

It has already been shown that interesting new methacrylic
cements can be developed on the basis of all-polymeric formulations,
inwhich enhanced X-ray contrast is introduced via covalently bound
iodine [9,19e21]. Previously, we have used copolymers of methyl-
methacrylate (MMA) and 4-iodobenzoyl-oxo-ethylmethacrylate
(4-IEMA, Fig. 1) for this purpose. 4-IEMA was our building block of
choice, since it is a crystalline compound that can be manufactured
relatively easily in a highly pure form, even on a multi-kg scale. This
methodhas yieldedmore homogeneous cements,which is explained
by the absence of inorganic contrast agents. Radiopaque cements
containing theMMA/4-IEMA copolymer have relatively low viscosity
in the dough-phase (i.e. they are easily injectable), and post-curing
they have improved fatigue resistance properties and they are
significantly less cytotoxic, at least in vitro.

However, MMA/4-IEMA copolymers could not provide the high
level of radiopacity that is required for vertebroplasty. Here, we
introduce an original new method to boost the radiopacity of the
iodine-containing cement, while its attractive features are main-
tained. We again used the MMA/4-IEMA copolymer concept, and in

addition to this, we used 8,9,10,12-I4-1,2-closo-C2B10H8 (Fig. 1) as
a contrast additive [22]. Due to its high iodine content, its excep-
tional stability, its complete insolubility in aqueous media, and the
fact that I4C2B10H8 can be prepared on large (kg) scale, we
hypothesized that this compound would be particularly suitable to
improve radiopacity of our cements. Recently, we reported the

Fig. 1. (a) Structural formula of the iodine-containing methacrylic monomer (4IEMA)
that was used in this work. (b) Molecular structure of 8,9,10,12-I4-1,2-closo-C2B10H8.

Fig. 2. Scanning electron micrographs of the radiopaque iodine-containing micro-
spheres that were prepared and used in this work. (a) I-microspheres; (b) IC-
microspheres.

Fig. 3. Size distribution diagrams of I-microspheres and IC-microspheres (mass
distribution).
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synthesis of highly iodinated orthocarborane derivatives that have
iodine contents in the range 88.2e90.5% in mass [23e25]. Carbor-
anes already find use in Boron Neutron Capture Therapy (BNCT)
and in the design of new antiviral, antibacterial and antitumor
drugs [26e31].

We report synthesis of new radiopaquemicrospheres, built from
MMA, 4-IEMA, and a dimethacrylate crosslinker, with I4C2B10H8
embedded therein. The microspheres and the cement prepared
thereof were studied with different techniques; all data were
compared with microspheres and cement without I4C2B10H8, as
well as with a commercial vertebroplasty cement that owes its
radiopacity to the incorporation of BaSO4.

2. Materials and methods

2.1. Materials

Chemicals were purchased from Sigma/Aldrich/Fluka (Zwijndrecht, The
Netherlands), Acros Organics (Landsmeer, The Netherlands) or Jansen Chimica (Geel,
Belgium).MMAwasdistilledatatmosphericpressureandstoredat�20 �C.4-IEMAwas
synthesized from 4-iodobenzoyl chloride as described previously [32]. The cluster
compound 8,9,10,12-I4-1,2-closo-C2B10H8was synthesized according to the literature
[22]. Benzoyl peroxide (BPO), Trigonox-C (t-butylperoxybenzoate), N,N-dimethyl
4-toluidine (DMPT, 99%), tetraethylene glycol dimethacrylate (TEGDMA), poly(vinyl
alcohol) (PVA; MW 86000; 99e100% hydrolyzed), poly(ethylene glycol) (PEG; MW
1000) and poly(vinyl pyrrolidone) (PVP; K-23e32;MW5800)were used as purchased.
Commercial vertebroplastycment (Vertaplex�) was obtained from the company
EMCMBV, Nijmegen, The Netherlands). Cell culturemedium (DMEM/F12, MEM), fetal
bovine serum (FBS), and antibiotics were from Invitrogen (Breda, The Netherlands).
PMMA microspheres were prepared in house through a suspension polymerization
reaction, as described previously [20].

2.2. Preparative procedures

The first step was to synthesize microspheres on the basis of three methacrylic
monomers: MMA, 4-IEMA, and TEGDMA. Our attempts to maximize the iodine
content showed that the polymerization becomes troublesome if the content of
4-IEMA in the feed exceeds 30 M %. For this reason, we prepared microspheres with
the following composition: MMA : 4-IEMA : TEGDMA¼ 32.5 : 13.9 : 1 (molar ratios).
Trigonox-C (t-butylperoxybenzoate, [33]) was used as the polymerization initiator at
a concentration of 10 M %, relative to all other monomers. These microspheres and

the cement derived thereof are designated as “I-microspheres”, and the “I-cement”,
respectively. These materials served as controls throughout this study.

The second step was the preparation of microspheres with elevated iodine
content, through addition of the cluster I4C2B10H8. Keeping the formulation of the
methacrylic monomers unchanged, we added the I4C2B10H8 as long as solubility
permitted. This led to the composition:MMA : 4-IEMA : TEGDMA : I4C2B10H8¼ 32.5 :
13.9 : 1 : 0.74 (molar ratios). The same amount of Trigonox-C was used in the
suspension polymerization. The resulting microspheres and the cement derived
thereof are designated “IC- microspheres” and “IC-Cement”, respectively. Further
synthetic details are given below.

Table 1
Composition of the threecementsthatwerecompared in thiswork.

Cement Powder part Liquid part

PMMA (g) I-spheres (g) IC-spheres (g) BaSO4 (g) BPO (mg) MMA (g) DMPT (mg) HQa (ppm)
Vertaplex� 14 e e 6 360 8.75 100 80
I-cement 5 5 e e 150 12.00 125 e

IC-cement 5 e 5 e 150 12.00 125 e

a HQ ¼ hydroquinone.

Fig. 4. Temperature-time curves measured during the preparations of I-cement, IC-
cement, and Vertaplex�.

Fig. 5. Backscatter Scanning Electron Micrographs showing characteristic morphologic
details of the three cements. (a) I-cement; note the reflective iodine-containing
microspheres embedded in the non-reflective PMMA matrix. (b) IC-cement. Note the
close resemblance between micrographs 5(a) and 5(b). The microspheres in 5(b)
appear lighter, due to the combined effect of iodine that is linked to the copolymer and
iodine that is part of the iodocarborane cluster compound. (c) Vertaplex� cement.
Here, the microspheres (PMMA) are surrounded by a PMMA matrix that is loaded with
highly reflective white BaSO4 granules.

A. Pepiol et al. / Biomaterials 32 (2011) 6389e6398 6391

113



2.2.1. Preparation of I-microspheres
A solution of poly(vinyl alcohol) (3.75 g), poly(ethylene glycol) (2.50 g), and

poly(vinyl pyrrolidinone) (0.375 g) in 150 mL distilled water was magnetically
stirred (900 rpm) and heated to 90 �C. A mixture of MMA (3.25 g, 32.46 mmol),
4IEMA monomer (4.25 g, 11.8 mmol), Trigonox-C (1 mL, 5.35 mmol) and TEGDMA
(0.33 mL, 1.08 mmol) was added dropwise. Heating and stirring were continued for
3 h. The microspheres precipitated immediately as stirring was stopped, and the
supernatant was decanted carefully. The microspheres were allowed to cool to room
temperature, and washed with water (6�). The microspheres were decanted, frozen
(�180 �C, liquid nitrogen), and lyophilized. Yield: 6.2 g (83%). Microspheres between
200 and 300 mm were separated through sieving, and these particles were used
subsequently in our cement preparations.

2.2.2. Preparation of IC-microspheres
Essentially same procedure was followed, except that a mixture of MMA

(812 mg, 8.11 mmol), 4IEMA (1.06 g, 2.94 mmol), I4C2B10H8 (120 mg, 0.183 mmol),
Trigonox-C (0.25 mL, 1.34 mmol) and TEGDMA (76.2 mL, 0.25 mmol) was added
dropwise to 75 mL of the stirred aqueous phase. The yield of the IC microspheres
was: 1.65 g (88%). IC microspheres with a diameter between 200 and 300 mmwere
used in the preparation of IC-cement.

2.2.3. Preparation of I-cement and IC-cement
The powder portion of each cement batch was prepared by mixing equal

amounts of PMMA microspheres (vide supra) with either I-microspheres or
IC-microspheres. Typically, 5.00 g of PMMA microspheres was mixed with 5.00 g of

the iodine-containing microspheres. Then, we added benzoylperoxide to the
combined microspheres (150 mg per 10.00 g). The liquid portion of the cement was
prepared by dissolving 125 mg of DMPT in 12.00 g of MMA.

Cements were prepared in the fume hood in an open bowl, by mixing powder
and liquid with a spatula. After mixing for about 3 min, a slightly viscous homog-
enous mixture was obtained. The material was carefully poured into vertically
placed polypropylene cylinders with the dimensions: 8 mm diameter and 80 mm
height, avoiding inclusion of air bubbles. The ongoing polymerization could be noted
clearly; a clear rise in temperature occurred after 10e12 min. Samples were left
untouched for 24 h at least.

2.2.4. Preparation of test specimens
The cement rods were carefully removed from the polypropylene molds using

a sharp knife, and were then processed with a computer-controlled lathe-machine
into two types of specimens: (i) 8.0 mm diameter/2.0 mm height discs for cell-
contact experiments, and (ii) 8.0 mm diameter/8.0 mm height cylinders for
several physical-mechanical characterization methods.

2.3. Methods

2.3.1. Microscopy
Morphology and size of the microspheres were characterized using scanning

electronmicroscopy (SEM) analysis (Philips XL30, Eindhoven, The Netherlands). The
microspheres were stuck on an aluminum stub with double-face adhesive carbon
tape. The stubs were coated under vacuum for 2 min with a thin layer of gold and
examined at an accelerating voltage of 5 kV. The morphology of the cements has
been studied with a Philips XL30 equipped with a solid-state backscattered electron
detector operated at an accelerating voltage of 25 kV. All cement samples were
supplied with a thin carbon conductive layer. Sputter coating was performed with
a 108 auto/SE sputter coater (Cressington Scientific Instruments Ltd., Watford, U.K.).
Fluorescence microscopy was performed with Nikon Eclipse E800, equipped with
a RS photometric cooled CCD camera.

2.3.2. Time-temperature curves during cement curing
Liquid (2.4 g) and powder (2.0 g) portions were hand-mixed with a spatula. The

resulting cement dough was wrapped in aluminum foil, and a thermometer was
inserted into the center of the cementmass. Temperatureswere recorded every 30 s;
when a rise of the temperature was noted (after appr. 8 min), temperatures were
recorded every 10 s.

Fig. 6. Swelling of an IC-microsphere upon immersion in MMA, observed with fluo-
rescence microscopy. Uptake of MMA leads to a volume increase of appr. 40% within
10 min. Afterward, equilibrium swelling is achieved. The 10 min time interval coincides
with the time scale of cement mixing, handling and hardening. Most probably, uptake
of MMA by the microspheres prior to polymerization is a critical parameter governing
the hardened cement’s physicalemechanical properties.

Fig. 7. X-Ray fluoroscopic images of the cylindrical specimens (height ¼ diameter ¼ 8 mm) of the three cements.(X-ray beam of 80 kV). (a) IC-cement (left) and I-cement (right).
Note that the samples were placed under a 45� angle with respect to the X-beam. (b) IC-cement (upper right), I-cement (upper left) and Vertaplex� (below). Now, the vertical axes
of the cylinders are aligned with the X-beam. Note the improved contrast of IC-cement vs. I-cement, as well as the granular contrast of Vertaplex�.

Table 2
Apparent concentrations (atom %) measuredwith XPS at: (i) the fracturesurface of
the three cement specimens (spot size 100 mm scannedacrossan area of
1200 � 500 mm), and (ii) at the surface of radiopaquemicrospheres (spot size
100 mm, non-scanning).

Atom B1s C1s I3d5 I4d5 I4s O1s

Line position (eV) 190.5 284.8 286.5 288.7 620.7 50.7 187.8

CeH CeO CO(O)
IC-cement 0.34 41.1 16.9 13.4 0.6 0.6 0.6 26.5
I-cement e 42.6 16.6 13.7 0.1 0.2 0.1 26.7
IC-microspheres 1.9 38.9 16.6 6.5 1.9 2.2 2.2 24.1
I-microspheres e 37.9 16.8 6.4 0.8 1.1 0.8 30.6
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2.3.3. X-Ray visibility
The three cements were studied with a high-resolution X-ray imaging system

(Philips BV Pulsera; 46 kV, 1.04 mAs, autofocus). X-ray imaging during injection of
the IC-cement in the human vertebra was performed with a C-arm system that is in
routine clinical use.

2.3.4. Cytocompatibility
Two cell lines have been used to test the cytocompatibility of the cements, 3T3

mouse fibroblasts and Saos-2 osteoblasts. 3T3 mouse fibroblasts were routinely
grown in DMEM/F12 þ Glutamax medium containing 10% FBS and antibiotics
(100 U/mL penicillin, 100 mg/mL streptomycin, 0.25 mg/mL amphotericin B). Saos-2
osteoblasts were grown in MEM with 10% FBS, 2 mM L-glutamine, and antibiotics
(100 U/mL penicillin, 100 mg/mL streptomycin, 0.25 mg/mL amphotericin B) [34].The
two cell lines were harvested using trypsin/EDTA (0.05%/0.53 mM) and grown at
37 �C/5%CO2. To eliminate as much as possible the effect of residual MMA, the
experiments were performed two months after cement preparation. Two different
experiments were performed to test the cytocompatibility of the cements (i) Live/
Dead assay and (ii) MTT test [35,36].

(i) Live/Dead assay (Molecular Probes, Reduced Biohazard Viability/Cytotoxicity
Kit #1 (L-3224)) was used to test the surface cytotoxicity of the cements
(8 mm diameter, 2 mm thickness disks). After washing each disk with at least
5 mL of FBS, 10.000 Saos-2 osteoblasts were inoculated and incubated for 42 h
at 37 �C/5% CO2. The cells on the disks were washed with PBS and then
incubated with PBS containing 2 mM calcein-AM and 4 mM ethidium-
homodimer-1 for 30 min at room temperature. The cells were directly
observed with a fluorescence microscope. All tests were run in duplicate.

(ii) Cement extracts cytotoxicity was performed with MTT test using Minimum
essential medium with Earle’s salts, Glutamax-I, and 25 mM HEPES and
supplemented with 10 wt.% fetal bovine serum and antibiotic/antimycotic
solution (1�) as a culture medium. Small fragments (total mass of approx. 1 g)
of the cured cements, exposed to ambient laboratory air for 2 months were
sterilized using ultra-violet light and then put in approx. 10 mL (final
concentration 0.1 g/mL) of cell culture medium at 37 �C. The medium was

removed after 2 days (stored at 4 �C) and fresh medium was added. This was
repeated twice. The collected media were put on 3T3 fibroblasts in a 96-wells
plate (10.000 cells/well) and the cells were allowed to grow for 24 or 48 h at
37 �C/5% CO2. MTT assay was conducted by adding methyl thiazol tetrazolium
in medium (0.5 mg/mL) to the cells for 1.5 h at 37 �C. Conversion of soluble
MTT into the dark blue insoluble MTT formazan is directly related to mito-
chondrial activity and subsequently to cell viability. The resulting blue crystals
were dissolved in isopropanol and the optical absorbance at 550 nm was
measured using a micro-plate reader. The cell survival in pure culturemedium
was set to 100% and latex extract was set as a negative control.

2.3.5. Compressive modulus
All specimens (machined cylinders with diameter¼ height¼ 8.0 mm)were first

incubated in sterile PBS buffer during 4 weeks (pH 7.4, ambient temperature). Then,
each specimen was compressed at ambient temperature at a true strain rate of
3 � 10�3 s�1. Force and displacement were recorded continuously. Although the
ASTM F451-99a standard specification for acrylic bone cements prescribes the
sample height to be twice the diameter, we used samples with h/d¼ 1. This low ratio
proved to be favorable to study large strain deformations since buckling of the
sample is avoided. A minimum of 8 independent measurements was done for each
of the three cements.

2.3.6. XPS
These experiments were carried out with a Quantera SXM� instrument from

Ulvac-PHI. The measurements were performed using monochromatic AlKa-radia-
tion. Various spot sizes have been used. The take-off angle of the detected electrons
was 45� , which corresponds to an information depth of 7 nm. Bymeans of wide-scan
measurements, all elements present at the surface have been identified. The
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Fig. 8. XPS spectra of a fresh fractured surface of the IC-cement, measured with
a measurement spot size of 1200 � 500 mm. (a) Survey spectrum. (b) Narrow-scan
spectrum showing the I3d5 line at 621 eV. (c) Narrow-scan spectrum showing the
overlapping B1s and I4s lines. Blue spectra were obtained after deconvolution; B1s is at
190 eV, and I4s is at 188 eV.

Fig. 9. Results of the XPS line-scan experiments on the fresh fractured surface of the
IC-cement; the measurement spot size (focussed X-ray beam) now used was 8 � 8 mm.
(a) Measured profile of the iodine at the surface concentration. The position of the spot
is on the x-axis. (b) Secondary X-ray induced image of a part of the fresh fractured of
the IC cement, also showing the trajectory of the measurement spot (diagonal black
line). This was exactly across a broken iodine containing microsphere at the surface.
Note that the profile in (a) corresponds with the absence of iodine between 0 and
120 mm, and beyond 300 mm; this is outside the microsphere. Between 120 and
350 mm, iodine is definitely present. The profile is M-shaped, which reveals that the
I4C2B10H8 cluster is localized predominantly near the inner surface of the microsphere,
rather than in the core.
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chemical state and the atomic concentrations of the elements were obtained from
accurate narrow-scan measurements. Standard sensitivity factors were used to
convert peak areas into atomic concentrations. Consequently, concentrations may
deviate from reality in the absolute sense (generally not more than 20% relative).

2.3.7. Solid-state NMR
One-dimensional 1H-NMR and 11B{1H}-NMR spectra of I4C2B10H8, I-micro-

spheres, IC-microspheres, I-cement, and IC-cement were recorded at room
temperature on a Bruker WB 400 MHz spectrometer at a MAS spinning rate of
12 kHz. The 11B{1H}-NMR spectra were run with a pulse program hpdec.av;
frequency of observed channel (SF): 128.38 MHz; time domain size (TD): 16384;
number of scans (NS): 32-2048; sweep width (SW): 4099.44 ppm; acquisition time
(AQ): 0.0156 s 1H-NMRspectra were run using the pulse program zg,; frequency of
observed channel: 400.16 MHz; time domain size: 4096; number of scans: 2; sweep
width: 374.84 ppm; acquisition time: 0.0137 s.

3. Results and discussion

3.1. Microsphere synthesis and cement preparation

The suspension polymerization reactions leading to either the I-
or IC-microspheres proved to be sensitive to a multitude of
experimental parameters, such as stirring speed, method of addi-
tion of the monomer droplets, concentration of the radical initiator,
reaction temperature, scale, etc. Also, the composition of the

aqueous phase (PVA, PVP, and PEG dissolved in water) was critical.
After a number of trial experiments in which we optimized the
experimental conditions, we succeeded in the reproducible fabri-
cation of the desired iodine-containing spherical particles (Fig. 2)
on a scale of 6e7 g per batch for the I-microspheres, and 1.5e2 g per
batch for the IC-microspheres. The size distribution diagrams of
a typical batch are displayed in Fig. 3; the average diameter is
between 200 and 300 mm. Clearly, there is no significant difference
between the sizes of the I-microspheres and IC-microspheres. Size
distributions were reproducible.

Preparation of the two experimental cements (I- and IC-cement)
proceeded without technical difficulties. For benchmarking, we
also included a commercial vertebroplasty cement in this study;
this cement (Vertaplex� cement) was obtained from the company
EMCM (Nijmegen, the Netherlands). Vertaplex� is a methacrylic
cement that contains BaSO4 in its powder part, in a concentration of
35% by mass. The detailed compositions of the 3 cements used in
this study are compiled in Table 1. During ourcement preparations,
we transferred the dough that was obtained after approx. 3 min. of
mixing, into cylindrical molds (vide supra). In one case per cement,
we used the material to monitor the temperature of the curing
cement as a function of time. The resulting time-temperature
curves for each of the three cements are shown in Fig. 4. These
data clearly reflect the well-known exothermic nature of meth-
acrylic polymerizations. The commercial cement achieved
a maximum temperature of approx. 113 �C, whereas both experi-
mental cements did not become hotter than approx. 84 �C. The
curing parameters were approximately equal for the three cements.
For example, the setting times were 8.1, 11.1 and 10.3 min for I-,
IC-cement and Vertaplex�, respectively.

3.2. Physical characterization of the cements

3.2.1. Scanning electron microscopy
SEM in the backscatter mode was first used to characterize the

three cements. This required careful polishing of the cement speci-
mens, followed by sputter coating with carbon. Fig. 5 shows

Table 3
Results of the measurements of the compressive modulus of the three cements.

Experiment # Compressive modulus (MPa)

I-cement IC-cement Vertaplex

1 79.1 98.9 97.3
2 85.3 111.2 94.2
3 85.4 100.0 76.3
4 76.9 98.2 76.0
5 65.6 102.5 74.2
6 81.5 86.9 100.4
7 78.8 102.3 96.6
8 55.9 111.0 76.6
9 75.2 94.3 105.0
Average 76.0 100.6 88.5
Standard deviation 9.6 7.6 12.4

Fig. 10. (a) 11B{1H}-CPMAS NMR solid state spectra of I4C2B10H8 (red), IC-microspheres (green), IC-cement (blue). 11B-{1H} NMR spectrum of I4C2B10H8 in d6-acetone (black)
shows a pattern 2 : 4 : 2 : 2 in the range - ppm. (b) 1H CPMAS NMR spectra of I4C2B10H8, IC-microspheres, IC-cement, and 1H NMR spectrum of I4C2B10H8in d6-acetone. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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a representative SEM backscatter micrograph for each of the three
cements. I-cement (Fig. 5a) consists of I-microspheres embedded in
a continuous matrix of PMMA. The iodine (bound to the MMA-
4IEMA copolymer) in the I-microspheres explains why the parti-
cles appear lighter than the matrix. The IC-microspheres, shown
analogously in Fig. 5b, are lighter than the I-microspheres, due to the
combined effect of iodine bound to theMMA-4IEMA copolymer and
iodine in I4C2B10H8. Note that the microspheres in Fig. 5a and b all
have a corona, indicating that someswellinghas occurredduring the
cementmixing phase, throughuptake ofMMA. This swelling dilutes
the contrast, and this explains why the outer ring of most particles
appears relatively dark. We believe that this absorption of MMA is,
actually, a positive feature. Polymerization of the MMA molecules
after the diffusionwill lead to integration of the contrast particles in
the continuous phase, and this structural merging is expected to be
beneficial for the physical properties of the material. Fig. 5c shows
the backscatter SEM image of Verteplex� cement (containing
BaSO4). Clear discrete black circles due to (radiolucent) PMMA are
seen. The continuous matrix contains granular particles of BaSO4
(white), embedded in PMMA. Although no clumping of contrast
particles appears in Fig. 5c, it seems clear that such a high loading of

contrast particles in the continuous matrix will have a profound
impact on the material as a whole. We decided to study swelling of
the I- and IC-microspheres in MMA in some more detail. We
immersed microspheres in a thin (approx. 1-mm) layer of MMA
under continuous examination with fluorescence microscopy.
Photographs were taken every min., and the images clearly verified
that expansion (swelling) through MMA uptake takes place (Fig. 6).
Image analysis revealed that the diameter of a typical
IC-microsphere expanded by approximately 13% during 10 min
immersion in MMA. Note that this corresponds with a volume
expansion of 44%. Although swelling during cement hardening can
occur only during thefirst fewminutes, it seems clear that this effect
is significant, and eprobably- essential with regard to the physical
properties of the resulting materials.

3.2.2. X-ray imaging
Fig. 7 shows high-resolution images of the three cements; the

measurements were performed on cylindrical specimens with
diameter ¼ height ¼ 8.0 mm. Note that the images of the three
materials are clearly different. As expected, the contrast of mate-
rials increases in the order: I-cement< IC-cement< Vertaplex�. In
the left image, the cylindrical specimens were tilted by appr. 30�

with respect to the X-beam, this explains why the images appear
darker in the centre than at the top or bottom parts. The right image
shows X-absorption images of the three cements when the speci-
mens are exactly parallel to the X-beam. The contrast in the I- and
IC-cement is distributed more evenly throughout the volume, in
comparison with Vertaplex�. On the latter cement, clumps of
contrast could be clearly discerned.

3.2.3. X-ray photoelectron spectroscopy
These experiments were also based on the cylindrical specimens

with diameter ¼ 8.0 mm; height ¼ 8.0 mm. First, we treated the
specimenswith a saw in a radial plane close to the specimen’s centre.
After removing approximately 60%, sawing was stopped. Then, the
samplewas carefully broken, and the fracture surfaces were used for
XPS. This method ensures that data reflect the chemical composition
of the genuine materials, free of any contaminants. The XPS spectra
confirmed the chemical composition of the I-cement and the
IC-cement (Table 2). A clear boron peak appeared in the spectrum of
the IC-cement (190.5 eV, Fig. 8), even though boron is known to be
relatively insensitive inXPS.Wealsosubjectedthe IC-microspheresas
well as pure I4C2B10H8 (a powder) to XPS,finding that the boronpeak
appears inexactly the sameposition in all three cases. The sameholds
true for the iodine peaks: both in the IC-microspheres, at fracture
surfaces of the IC-cement, and in pure I4C2B10H8 we found the same
peak positions. This strongly indicates that the tetraiodocarborane
molecules in the IC-cementhave remained fully intact during the two
subsequent free-radical polymerizations that occurred around them
(firstly during IC-microsphere synthesis, and secondly during bone
cement hardening). Interestingly, further XPS experiments could
prove that the tetraiodocarborane molecules are spread throughout
the volume of the microspheres, but not in a homogeneous manner.
This was demonstrated by measuring a series of high-resolution XPS
spectra (using a measurement spot of 20 mm) by moving the
measurement spot stepwise alonga straight lineacross a fractured IC-
microsphere at the cement’s fracture surface. It was found that the
element iodine (chemically bound in I4C2B10H8) has a clear tendency
to accumulate near the inner walls of the microspheres (Fig. 9).

3.2.4. Compressive modulus
We again used the cylindrical specimens with diameter

¼ height ¼ 8.0 mm in these experiments. Specimens were weighed
prior to the experiments, and discarded if the mass was low (due to
enclosed air bubbles). Using 9 specimens per material, we obtained

Fig. 11. (a) Deconvolution of I4C2B10H8CPMAS spectrum 11B{1H}-NMR, (b) deconvolu-
tion of IC-microspheres CPMAS spectrum 11B{1H}-NMR .The tables summarize the
disarticulation of the 11B NMR spectra for I4C2B10H8 and IC-microspheres together with
peak assignments.
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the compressive moduli as compiled in Table 3. Note that the speci-
mens were first equilibrated in aqueous medium (PBS) during 4
weeks prior to these experiments. Thiswas done tomimic the in vivo
situation as closely as possible. It is known that acrylic bone cements
absorb some water (despite their hydrophobic nature), and it is also
known that absorbedwatermolecules act as a plasticizer. Hence, pre-
incubation of the cement samples led to a more fair resemblance of
the in vivo situation, as compared to the use of dry specimens. The
I-cement has the lowest compressive modulus (76.0 � 9.6 MPa),
comparedwith theothercements (100.6�7.6MPa for the IC-cement,
and 88.5 � 12.4 MPa for Vertaplex�). Note that all these differences
are statistically significant. Furthermore, it must be noted that the
moduli for the IC-cement and for Vertaplex� correspond very well
with literature data on bone cements for hip and knee arthroplasty,

for which compressive moduli between 80 and 110 MPa have been
reported [37]. The relative softness of I-cement probably disqualifies
this material for use as a vertebroplasty cement.

3.2.5. Solid state NMR spectroscopy
11B-NMR spectroscopy has proven to be a powerful tool for the

study of boron-containing compounds in solution [38]. Neverthe-
less, in the solid state this technique has been applied to borosili-
cate glasses, boron halides, and organoboron compounds, but there
are very few examples for boron hydride clusters in the literature
[39]. Magic-angle-spinning solid state NMR spectroscopy with
a focus on boron and hydrogen was used to characterize the
IC-microspheres and IC-cement. The 11B{1H}-CPMAS NMR spectra
of I4C2B10H8, IC-microspheres and IC-cement are shown in Fig. 10a.

Fig. 12. Live/Dead assayfluorescentmicrographs of (a) I-cement, (b) IC-cement, (c) Vertaplex� cementand on (d) the glass control material, and graphical representation of cell
viability after 24 h, where (a) corresponds to I-cement, (b) to IC-cement, (c) to Vertaplex� cement, and (d) Latex, negative control; and after 48 h, where (e) corresponds to
I-cement, (f) to IC-cement, (g) to Vertaplex� cement, and (h) Latex, negative control. All cement extracts do not show significant toxicity (student t test p < 0.05).
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The 11B{1H}-CPMAS NMR spectra of IC-microspheres and IC-cement
show very broad resonances typical of amorphous compounds.
However, the 11B resonances appear in the same chemical shift
region (þ10/�40 ppm) as the starting I4C2B10H8, which demon-
strates its presence in IC-microspheres and IC-cement.

The 1H CPMAS NMR spectra of the IC-microspheres (green)
contains signals of all the chemical groups incorporated inside
polymer (Fig. 10b), such as phenyl units from 4IEMA (8 ppm),
methylene (4 ppm) andmethyl groups (2 ppm). For comparison, we
have also given the 1H CPMAS NMR spectrum of the pure carborane
to showwhere the proton bonded to the Ccluster appears (5.57 ppm).
This signal it is not detectable in our 1H solid state NMR spectra due
to the small amount of I4C2B10H8 included in our materials.

In order to understand the 11B{1H}-CPMAS NMR spectra and
assign the peaks corresponding to the I4C2B10H8 cluster we used
computer deconvolution. The boron signal of I4C2B10H8 solid state
NMR spectra is made up by seven peaks with a total relative area of
20 boron atoms (Fig. 11a), showing the two clusters per unit cell, as
is previously reported in its crystal structure [22]. Analyzing the
deconvolution of the 11B{1H}-CPMAS NMR spectrum in the
IC-microspheres (Fig. 11b) we can confirm the same solid structure
of the I4C2B10H8 inside the polymer, since the same number of
boron atoms (same symmetry, in fact) is obtained.

3.2.6. Interaction with cells in vitro
Fig. 12 shows fluorescence photo-micrographs as taken at the

end of the LIVE-DEAD assay (48 h). Note that (i), osteoblasts cells
(Saos-2) were used I these tests, and (ii), all specimens were thor-
oughly washed prior to the analysis, to ensure that potential toxic
effects relate to the material, not to toxic leachables. The I- and
IC-cements, as well as VertaplexTM showed the presence of
predominantly alive cells (green); almost no red spots (indica-
ting.cell necrosis) could be found. The results of the MTT assay are
also shown in Fig. 12. None of the three cements showed toxic
effects in the aqueous extracts; survival of the cells was >90%
during the first 24 h, and between 85 and 90% during the next 24 h.

4. Conclusion

The alternative radiopaque cement that is described in this work
contains methacrylic radiopaque microspheres that contain iodine
in two modalities: iodine is linked covalently to the methacrylic
polymer, or iodine belongs to the stable iodocarborane cluster
I4C2B10H8. The cluster compound is spread over the entire volume
of these microspheres, but in such a manner that the periphery of
each microsphere is richer in the cluster compound than the core.
The structure is stabilized through H-bonding between the cluster
and C]O groups of the embedding poly(methacrylate) crosslinked
polymer network. Compared to existing vertebroplasty cements,
the new cement is less viscous in its dough phase (i.e. several
minutes after mixing of the powder and liquid portions). This
facilitates fast and accurate injection of the material through the
relatively thin vertebroplasty needle. It is anticipated that this will
improve the clinical outcome of vertebroplasty procedures.
Furthermore, the cement featured excellent cell-compatibility
in vitro, as well as sufficient radiopacity in a realistic experi-
mental set-up. Further work to examine the potential utility of the
new cement is currently ongoing in our laboratories and clinic.
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Electron transfer is fundamental to many processes of life,
including oxygen binding, photosynthesis, and respiration.[1]

All organisms obtain energy by transferring electrons from an
electron donor to an electron acceptor.[2] For example, the
electron-transport chain in photosynthesis is remarkable.[3] In
this work we show the first case of an artificial energetically
favorable (downhill) sequence having well-defined, charac-
terized, and structurally similar individual electron donors
and acceptors made from a common frame. This example was
made possible by using a metallacarborane cluster. There has
been interest in producing systems with similar characteristics
in highly predominant electroactive frameworks such as
ferrocene (Fc), C60, or perylene diimide.[4] The results have
been, however, very limited.[5]

In the early 1970s, it was realized that the geometry of
boron clusters is related to the number of electron pairs
available for bonding.[6] The electronic and structural rela-
tionship between boron clusters having a common number of
atoms in the cluster is shown in Scheme 1 for the case in which
there are 11 vertices. These relationships suggest that the
reversible transition from one cluster to its neighbor in
Scheme 1 could be done through a redox process. This
scenario, however, is seldom the case as there are frequently

chemical reactions coupled to the redox process to make them
irreversible.

Ferrocene, C60, and perylene diimide are the most
predominant electroactive frameworks. C60 can be structur-
ally compared with 1,2-, 1,7-, or 1,12-C2B10H12 closo-carbor-
anes because all are neutral icosahedral molecules. However,
C60 requires much less energy to incorporate 2e� than the
carboranes, that is, �0.98 V for C60

� and �1.37 V for C60
2�

(Fc+/Fc)[7] versus �2.5 V (SCE)[8] (corresponding to �2.91 V
(Fc+/Fc)). Also, there is no appreciable change in the C60

structure after the incorporation of 4e� ,[7] whereas the
carboranes alter their shape dramatically.[6] The low reduction
potential of C60 has made it very attractive as an electron
acceptor in devices,[9] whereas carboranes have not found a
parallel application. In contrast, C60 appeared as an excellent
platform to generate a large sequential set of electron
acceptors; this proposal, however, seems to be hardly
attainable.[10] Therefore carboranes could not compete with
C60 as electron acceptors. However, the B�X bond (X = hal-
ogen) in boron clusters is much more stable to reduction than
the C�X bond in sp2 carbon atoms and this could be used as
an advantage for the redox tuning of boron clusters.[11]

If carboranes are geometrically analogous to C60, metal-
lacarboranes such as [3,3’-Co(1,2-C2B9H11)2]

� , [1]� , are anal-
ogous to Fc. Therefore, to bypass the inevitable relationship
between the structure and the number of electron pairs in
boron clusters, and to benefit from the strength of the B�X
bond, we focused our attention on the less severe electron
regulated metallacarboranes, and in particular on [1]� .[12]

Compound [1]� shows three quasireversible waves in cyclic
voltammetry at + 1.18, �1.80, and �2.75 V (Fc+/Fc) assigned
to CoIV/CoIII, CoIII/CoII, and CoII/CoI, respectively.[13] The
cathodic peaks indicate that high energy is required to
introduce one and two electrons into the system, but this
energy could be lowered given that B�X bonds can be
produced and that their presence in the cluster could really
make the cathodic peaks more positive. This assumption was
supported by the E1/2(CoIII/CoII) values of [1]� in acetonitrile:
�1.80 V for [1]� , and �1.48 V (Fc+/Fc) for [3,3’-Co(8-Cl-1,2-
C2B9H10)2]

� . These two anions can be made with good purity
and their E1/2(CoIII/CoII) values calculated.[13] The large
number of boron atoms in the cluster offer the possibility of
multiple B�X substitutions that could gradually and system-
atically decrease the E1/2(CoIII/CoII) value. However, no other
chlorinated derivative of [1]� is available in the pure form.
The commonly described [Co(8,9,10-Cl3-1,2-C2B9H8)2]

� , (Cl6-
[1]�) is indeed a mixture of penta-, hexa-, and heptachlori-
nated [1]� derivatives.[14] No higher chlorinated derivatives of

Scheme 1. Electronic and structural relationship for borane clusters
having 11 vertices.
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[1]� had been described until recently when the whole series
from mono to dodecachlorinated [1]� derivatives was
reported.[14]

Each new dehydrochlorination step of [1]� brought about
a decrease of the E1/2(CoIII/CoII) value near 0.1 V. Thus for ten
Cl substitutions, [Co(C2B9H6Cl5)2]

� (Cl10-[1]�), an E1/2(CoIII/
CoII) near �0.8 V (Fc+/Fc) was expected, and this was
confirmed by experiment.[14] The described E1/2 tunability
makes [1]� a unique platform for achieving the targeted E1/2

values. This valuable finding, however, faces a problem: it is
impossible to get pure samples of each independent chlori-
nated species in practical quantities. Each sample was made of
four to five components.[14] This problem precluded their use
in devices, and also generated some controversy as the E1/

2(CoIII/CoII) values of the different compounds could not be
measured independently. To progress on the stepwise redox
potential diminution we moved to the iodinated species of
[1]� . The synthesis of [3,3’-Co(8-I-1,2-C2B9H10)(1’,2’-
C2B9H11)]� (I-[1]�),[15] [3,3’-Co(8-I-C2B9H10)2]

� (I2-[1]�),[16]

and [3,3’-Co(8,9,10-I3-1,2-C2B9H8)2]
� (I6-[1]�)[13c] in pure

form and in practical quantities had been described. Also
their E1/2(CoIII/CoII) values had been measured,[13, 15, 17] but no
relationship between them had been highlighted. To prove the
E1/2(CoIII/CoII) dependence upon the number of iodine
substituents in the platform, [3,3’-Co(9,10-I2-1,2-C2B9H9)2]

�

(I4-[1]�) and [3,3’-Co(8,9,10,12-I4-1,2-C2B9H7)2]
� (I8-[1]�)

needed to be prepared. Considering the stepwise lowering
of the E1/2(CoIII/CoII) value with added chlorine substituents
on [1]� , and the E1/2(CoIII/CoII) values for I-[1]� , I2-[1]� , and
I6-[1]� , it was expected that with I8-[1]� it would be possible to
reach E1/2(CoIII/CoII) values in the �0.6 to �0.8 V (Fc+/Fc)
range. Indeed this was the case. The synthesis of I8-[1]� was
possible by using the steps and reaction conditions indicated
in Scheme 2.

I8-[1]� is the highest iodinated derivative of [1]� reported
so far and can be made in useful quantities as the NMe4

+ salt
for its possible applications. Its 11B and 1H NMR spectrosco-
py, MALDI-TOF and EA data (see the Supporting Informa-
tion) confirmed its structure, along with the structure from the
X-ray analysis that is presented in Figure 1.[18]

The X-ray crystal structure of the intermediate [HNMe3]
[1,5,6,10-I4-7,8-C2B9H8] shown in Figure 2,[18] was also solved.
In a similar way the missing [NMe4][4,5-I2-7,8-C2B9H10] and
[NMe4][3,3’-Co(9,10-I2-1,2-C2B9H9)2] have also been synthe-
sized. See reaction conditions and steps needed in Scheme 3
(R = H). The E1/2(CoIII/CoII) values for [1]� ,I-[1]� , I2-[1]� , I4-
[1]� , I6-[1]� , and I8-[1]� were experimentally determined by

Scheme 2. Synthesis of I8-[1]� and its Cclusters derivatives (R= H, Me,
Ph). THF = tetrahydrofuran.

Figure 2. Ortep plot of [1,5,6,10-I4-7,8-nido-C2B9H8]
� anion. Thermal

ellipsoids are shown at 30% probability. Selected bond lengths [�] and
angles [8]: C7-C8 1.533(9), I–B from 2.183(6) to 2.197(6), C7-C8-B9
113.3(5), C8–C7 B11-114.8(5) and B9-B10-B11 102.1(5).

Figure 1. Ortep plot of [3,3’-Co(8,9,10,12-I4-1,2-C2B9H7)2]
� anion (I8-

[1]�). Thermal ellipsoids are shown at 30% probability. Selected bond
lengths [�] and angles [8]: C1–C2 1.64(2), C1’–C2’ 1.68(2), Co–C from
2.00(1) to 2.05(1), Co–B from 2.09(1) to 2.17(1), I–B from 2.15(2) to
2.23(2), C1-Co3-C2’ 179.0(5), C1’-Co3-C2 179.5(5) C1-Co3-C1’ 132.1(4)
and C2–Co3–C2’ 131.4(5).

Scheme 3. Synthesis of I4-[1]� and its Cclusters derivatives (R = H, Me,
Ph).
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cyclic voltammetry and their values versus Fc+/Fc are
tabulated in Table 1.

A plot of the E1/2(CoIII/CoII) values against the number of
iodine substituents on the platform is given in the Supporting
Information. Each new iodine averages a shift of + 0.133 V,
thus the not yet produced [Co(C2B9H6I5)2]

� would have an E1/

2(CoIII/CoII) value near �0.48 V (Fc+/Fc). Therefore just by
the addition of ten iodine substituents on boron in [1]� the E1/

2(CoIII/CoII) value drops from �1.80 V to �0.48 V (Fc+/Fc).

This is an unprecedented finding that allows the tuning of
the redox potential of a platform with a minor change in its
shape and dimensions so as to adjust its E1/2 value to a specific
purpose. To compare the E1/2(CoIII/CoII) value after substitu-
tion on C or on B anions [3,3’-Co(1-Ph-9,10-I2-1,2-C2B9H8)2]

�

(Ph2I4-[1]�), [3,3’-Co(1-Me-9,10-I2-1,2-C2B9H8)2]
� (Me2I4-

[1]�), [3,3’-Co(1-Ph-8,9,10,12-I4-1,2-C2B9H6)2]
� (Ph2I8-[1]�),

and [3,3’-Co(1-Me-8,9,10,12-I4-1,2-C2B9H6)2]
� (Me2I8-[1]�)

were synthesized using similar strategies as those used for
I4-[1]� and I8-[1]� . Their E1/2(CoIII/CoII) values are tabulated
in Table 1. The first noticeable point is that the Ccluster

substitution produces an anodic shift as it does on B, but it
is smaller; second, the effect of Me, near 0.07, is larger than
the effect of Ph, in the range from + 0.04 to + 0.06.

Once it had been demonstrated that [1]� allows a stepwise
tunable redox potential system, it was our goal to observe if
the latter tunable property transcended into a different
observable one.

We chose the growth of polypyrrole (PPy) to explore this
possibility. The motivation of this study was the potential use
of conducting polymers for practical applications in active
areas of research in fields as varied as rechargeable batteries,
electrochromic displays, information memory, antistatic
materials, anticorrosives, electrocatalysis, sensors, electrome-
chanical devices, infrared polarizers, radars, and biomedical
applications, among others.[19]

Besides, it was already known that [1]� facilitated the
electrochemical growth of PPy from pyrrole, thus producing
an extraordinary overoxidation resistance to the material.[20]

The electrochemical synthetic procedure we have used for
PPy doped with the iodinated derivatives of [1]� consists of
applying a linear potential ramp versus time to a solution of
pyrrole and the doping anion, up to a certain oxidizing

voltage.[21] The current is measured between the working
electrode and the reference electrode. Once the oxidizing
potential target is reached, the polarity of the working
electrode is reversed to a specified reducing voltage. This
cycle is applied repeatedly and in each cycle a higher intensity
is observed, thus indicating the growth of the material.

The synthetic procedure is similar to that of the cyclic
voltammetry electrochemical method of a reversible system,
and in favorable cases produces an oxidation peak that has a
similar shape to the reduction peak. As can be seen in
Figure 3 for PPy/[In-1]� , both the forward and reverse scans
produce current peaks. The separation between the anodic
and cathodic peaks is, however, much larger than the
equivalent separation in an electrochemical reversible
system.

One could argue that the obvious difference between the
PPy/[In-1]� growth traces is due to the different shape of the
anions. This difference should not be the case as it has been
demonstrated that the geometry and apparent size of the
boron clusters with different numbers of like substituents is
strongly influenced by the type of boron cluster framework.
This influence is observed in the ease of the formation of solid
solutions by different types of boron clusters. For instance, a
mixture of 9-X-12-Y-3,4,5,6,7,8,10,11-Me8-1,2-C2B10H2, in
which (X,Y) are (I,Cl), (I,H), (H,H), and (H,Cl) combines
into a single crystal to produce an average formula of 9-
I0.707H0.293-12-Cl0.566H0.434-3,4,5,6,7,8,-10,11-Me8-1,2-
C2B10H2.

[21] Other examples are found in [PdBr1.133Cl0.867-

Table 1: E1/2 data for In-[1]� (n =0, 1, 2, 4, 6, 8) and Cclusters derivatives.[a]

Compound E1/2 vs. Fc+/Fc [V] Compound E1/2 vs. Fc+/Fc [V]

[1]� �1.80 Me2I4-[1]� �1.00
I-[1]� �1.50 I6-[1]� �0.82
I2-[1]� �1.32 I8-[1]� �0.68
I4-[1]� �1.15 Ph2I8-[1]� �0.61
Ph2I4-[1]� �1.03 Me2I8-[1]� �0.54

[a] Cyclic voltammogram responses were recorded at the glassy carbon
electrode in MeCN 5x10�3In-[1]� using [NBu4][PF6] (0.1 m) as the
supporting electrolyte. The electrochemical cell contained Ag/AgCl/KClsat

as the reference electrode and a platinum wire as the auxiliary electrode.
All experiments were performed at room temperature. The potential
values have been referenced to the Fc+/Fc couple [E1/2(Fc+/Fc) = 0.64 V
versus a standard hydrogen electrode (SHE)].

Figure 3. Growth curves of PPy doped with In-[1]� (n = 0, 2, 6, 8). The
red arrows correspond to the E1/2 value for In-[1]� .
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(1,2-(PPh2)2-1,2-C2B10H10)]·CH2Cl2 and [PdBrCl0.541Me0.459-
(1,2-(PPh2)2-1,2-C2B10H10)]·CH2Cl2, which were made from
[PdBr2(1,2-(PPh2)2-1,2-C2B10H10)], [PdCl2(1,2-(PPh2)2-1,2-
C2B10H10)], [PdBrCl(1,2-(PPh2)2-1,2-C2B10H10)], and
[PdBrMe(1,2-(PPh2)2-1,2-C2B10H10)] mixtures.[22]

Therefore, it shall be assumed that any differences in the
growth of PPy doped with derivatives of the platform [3,3’-
Co(1,2-C2B9H11)2]

� will depend little on the number of iodine
substituents and largely on their E1/2 redox potential. Figure 3
shows the growth of four PPy/In-[1]� conducting organic
polymers with n = 0, 2, 6, and 8 and with the E1/2 value for In-
[1]�=�1.80 (n = 0), �1,32 (n = 2), �0.82 (n = 6), and �0.68
(n = 8) V (Fc+/Fc). The E1/2 potentials for In-[1]� are more
negative than the cathodic peak for PPy/[1]� and PPy/I2-[1]� ,
and in between the cathodic and anodic peaks for PPy/I6-[1]�

and PPy/I8-[1]� . The red arrows in Figure 3 indicate E1/2 value
for the doping of In-[1]� .

The traces for the couple PPy/[1]� and PPy/I2-[1]� , on one
side and the couple PPy/I6-[1]� , and PPy/I8-[1]� , on the other
are very different. Notably, PPy/I6-[1]� and PPy/I8-[1]�

display: 1) a much smaller separation between the anodic
and cathodic peaks, 2) more slender peaks, and 3) have a well-
defined plateau between the anodic peak and the slope
starting between 0.65 and 1 V. All these differences are
related to how close the E1/2 value for In-[1]� is to the gravity
center between the anodic and cathodic peaks, (Ea�Ec)/2.
Remarkably, the gravity center for the anodic and cathodic
peaks is �0.63(2) V (Fc+/Fc) for all four PPy/In-[1]� materials
(n = 0, 2, 6, 8). As seen in Figure 3 the effect of the
electroactive anion, all other conditions being equal, on the
growth of the PPy/In-[1]� material is clear.

What are the implications of a predictable and accessible
E1/2 tunable platform? Our opinion is that the possibilities are
numerous, mainly in nanoscience and molecular materials.
They offer a unique opportunity to combine different, but
highly compatible materials with different electron-transfer
characteristics. At this moment we are studying the gener-
ation of electron-transfer-cascade materials made of thin
layers, each with distinct electron-transfer characteristics. The
[1]� platform, as a result of its high stability, availability,
possibility for functionalization, and tunable electroactivity,
offers a wide range of possibilities that are not encountered
for other popular electroactive platforms.
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Stepwise Sequential Redox Potential
Modulation Possible on a Single Platform

Step by step : The cluster [3,3’-Co(1,2-
C2B9H11)2]

� is an excellent platform for
making a stepwise tunable redox poten-
tial system by dehydroiodination. With
the addition of up to eight iodine sub-
stituents (purple; see picture), there is a
fall in the E1/2(CoIII/CoII) value from
�1.80 V to �0.68 V (vs. Fc+/Fc; Fc = fer-
rocene). A practical application of this
tunability has been observed in the
growth of polypyrrole.
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Finland 

 

Experimental Section 

Materials and instrumentation: All metallacarborane anions prepared are air and 

moisture stable. All manipulations were carried out under inert atmosphere. 1,2-

dimethoxyethane (DME) and THF were distilled from sodium benzophenone prior to 

use. Reagents were obtained commercially and used as purchased. 1,2-closo-C2B10H12, 

1-Me-1,2-closo-C2B10H12, 1-Ph-1,2-closo-C2B10H12 were obtained from Katchem. [3,3’-

Co(8-I-1,2-C2B9H10)(1’,2’-C2B9H11)]
-
, (I-[1]

-
);

 [1]
  [3,3’-Co(8-I-C2B9H10)2]

-
, (I2-[1]

-
);

[2]
 

3,3’-Co(8,9,10-I3-1,2-C2B9H8)2]
-
, (I6-[1]

-
)
[3]

 were synthesised as reported at the 

literature. 

Elemental analyses were performed in our laboratory using a Carlo Erba EA1108 micro 

analyzer. IR spectra (, cm
-1

; KBr pellets) were obtained on a Shimadzu FTIR-8300 

spectrophotometer. The 
1
H- and 

1
H{

11
B}-NMR (300.13 MHz), 

13
C{

1
H}-NMR (75.47 

MHz) and 
11

B- and 
11

B{
1
H}-NMR (96.29 MHz) spectra were recorded on a Bruker 

ARX 300 instrument equipped with the appropriate decoupling accessories. All NMR 

spectra were performed in deuterated solvents at 22ºC. The 
11

B- and 
11

B{
1
H}-NMR 
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shifts were referenced to external BF3·OEt2, while the 
1
H, 

1
H{

11
B}, and 

13
C{

1
H}-NMR 

shifts were referenced to SiMe4. Chemical shifts are reported in units of parts per 

million downfield from reference, and all coupling constants in Hz. The mass spectra 

were recorded in the negative ion mode using a Bruker Biflex MALDI-TOF-MS [N2 

laser; exc 337 nm (0.5 ns pulses); voltage ion source 20.00 kV (Uis1) and 17.50 kV 

(Uis2)]. 

For voltammetric determinations, an electrochemical system, VoltaLab (Universal 

Electrochemical Laboratory System) interfaced with a PGZ100 potentiostat 

(Radiometer Analytical) and controlled by the VoltaMaster 4 software, was used. The 

electrochemical cell contained glassy carbon electrode as working electrode, a reference 

Ag/AgCl/KClsat electrode and platinum wire as auxiliary electrode. The solutions were 

deaerated with analytical grade nitrogen at the start of each experiment to prevent 

oxygen interference. All experiments were performed at room temperature. All the 

potential values were referred to the Fc
+
/Fc couple [E1/2 (Fc

+
/Fc) = 0.64 V vs. Standard 

Hydrogen Electrode (SHE)]. 

 

Synthesis of [HNMe3][5,6-I2-7,8-nido-C2B9H10]. To a solution of KOH (177 mg, 

3.15mmol) in degassed EtOH (4 mL) was added 9,12-I2-1,2-closo-C2B10H10 (250 mg, 

0.63 mmol). The solution was refluxed for 5 h. After cooling to room temperature, the 

solvent was removed under reduced pressure and the solid residue was dissolved in 10 

mL of water. The solution was neutralized with 1M HCl. Afterwards, an aqueous 

solution of [HNMe3]Cl was added dropwise until no more precipitate was formed. The 

white solid was filtered and rinsed with water obtaining [HNMe3][5,6-I2-7,8-nido-

C2B9H10]. Yield: 230 mg (82%). Elemental analysis for C5B9H20I2N: calc: C 13.47, H 

4.99, N 3.14; found C 13.13, H 4.51, N 2.97; IR (KBr): = 3024 (s; s(Cc-H), 2970 (s; 

s(Calkyl-H), 2723 (vs; s(N-H)), 2538 (s; s(B-H)), 1465 cm
-1 

(s; s(N-CH3)); 
1
H NMR 

(300 MHz, [D6]acetone, 25º, TMS): = 3.50-1.00 (s, 7H, B-H), 3.08 (s, 9H, NH(CH3)3), 

2.32 (s, 1H, N-H),  2.08 (s, 2H, Ccluster-H),  -2.00--2.20 ppm (s, 1H, B-Hbridge); 
1
H{

11
B} 

NMR (300 MHz, [D6]acetone, 25º, TMS): = 3.08 (s, 9H, NH(CH3)3), 2.38 (br s, 3H, 

B-H), 2.32 (s, 1H, N-H), 2.08 (br s, 2H, Ccluster-H), 1.86 (s, 3H, B-H), 1.76 (s, 1H, B-H), 

1.14 (s, 1H, B-H), 1.08 (d, 
1
J(Hbridge,H)= 9.5 Hz, 1H, B-H), -2.15 ppm (d, 

1
J(Hbridge,H)= 

9.6 Hz, 1H, B-Hbridge); 
13

C{
1
H} NMR (75 MHz, [D6]acetone, 25º, TMS): = 44.66 ppm 

(s, HN(CH3)3); 
11

B RMN (96 MHz, [D6]acetone, 25º, BF3OEt2): = -9.3 (d, 
1
J(B,H)= 
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142 Hz, 2B, B(9,11)), -16.9 (d, 
1
J(B,H)= 164 Hz, 1B, B(3), -21.1 (d, 

1
J(B,H)=152 Hz, 

2B, B(2,4)), -24.0 (br s, 2B, B(5,6)), -27.7 (d, 
1
J(B,H)=137 Hz, 1B, B(10), -33.5 ppm 

(d, 
1
J(B,H)= 147 Hz, 1B, B(1)); MALDI-TOF MS: m/z (%): 386.4 (70) [M-1]

-
, 126.9 

(100) [I
-
]. 

Synthesis of [HNMe3][1,5,6,10-I4-7,8-C2B9H8]. To a solution of KOH (120 mg, 2.14 

mmol) in degassed EtOH (4 mL) was added 8,9,10,12-I4-1,2-C2B10H8 (300 mg, 0.463 

mmol). The solution was refluxed for 5 h. After cooling to room temperature, the 

solvent was removed under reduced pressure and the solid residue was dissolved in 10 

mL of water. The solution was neutralized with 1 M HCl. Afterwards, an aqueous 

solution of [HNMe3]Cl was added dropwise until no more precipitate was formed. The 

white solid was filtered and rinsed with water obtaining [HNMe3][1,5,6,10-I4-7,8-

C2B9H8]. Yield: 258 mg (80%). Elemental analysis for C5B9H18I4N: calc: C 8.61, H 

2.60, N 2.01; found C 8.94, H 2.55, N 2.07; IR (KBr): = 3121 (s; vs(N-H)), 2567 cm
-1

 

(s; vs(B-H)). 
1
H NMR (300 MHz, [D6]acetone, 25º, TMS): = 3.5–1.5 (br s, 5H, BH), 

3.15 (s, 9H, CH3NH), 2.50 (br s, 2H, CclusterH), 0.4--0.6 ppm (br s, 1H, BHbridge); 

1
H{

11
B} NMR (300 MHz, [D6]acetone, 25º, TMS): = 3.15 (s, 9H, CH3NH), 2.83 (br s, 

3H, BH), 2.50 (br s, 2H, CclusterH), 2.18 (s, 2H, BH), -0.09 ppm (br s, 1H, BHbridge); 

13
C{

1
H} NMR (75 MHz, [D6]acetone, 25º, TMS): = 54.1 ppm (s, CH3NH); 

11
B NMR 

(96 MHz, [D6]acetone, 25º, BF3OEt2): = -7.0 (d, 2B, 
1
J(B,H)= 148 Hz, B(9,11)H), -

14.5 (d, 1B, 
1
J(B,H)= 174 Hz, B(3)H), -16.4 (m, 4B, B(5,6)I + B(2,4)H), -33.9 ppm (s, 

2B, B(1,10)I); MALDI-TOF MS: m/z (%): 636.9 (100) [M]
-
, 126.9 (81) [I

-
]. 

Synthesis of [NMe4][3,3’-Co-(9,12-I2-1,2-closo-C2B9H9)2], I4-[1]
-
. To a stirring 

solution of [HNMe3][5,6-I2-7,8-C2B9H10] (220 mg, 0.5 mmol) in THF (5mL) cooled to 

0 ºC in an ice-water bath was added, drop wise, a solution of butyllithium in hexanes 

(0.63mL, 1.6M,  1.01mmol). The suspension was stirred for 1 hour at 0ºC at room 

temperature. Volatiles were removed under reduced pressure. The resulting solution was 

then transferred via a syringe onto solid CoCl2 anhydrous (196mg, 1.5mmol), following 

which the reaction was heated to reflux for 15 minutes. After stirring for 1 hour, the 

solvent was removed under reduced pressure. Then, 10mL of diethyl ether and 10mL of 

water were added to the residue. The mixture was thoroughly shaken, and the two layers 

separated. The organic layer was separated from the mixture, and the aqueous layer was 

extracted with diethyl ether (3 x 10mL). The combined organic phase was dried over 
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MgSO4, filtered and the solvent removed under reduced pressure. Afterwards, an 

aqueous solution of [NMe4]Cl was added drop wise until no more precipitate was 

formed. The orange solid was filtered and rinsed with water obtaining [NMe4][3,3’-Co-

(9,12-I2-1,2-closo-C2B9H9)2]. Yield: 160 mg (76%). Elemental analysis for 

C8B18H30CoI4N: calc: C 10.72, H 3.23, N 1.58; found C 10.65, H 3.23, N 1.55; IR 

(KBr): = 3020 (s; s(Ccluster-H)), 2950, 2921 (s; s(Calkyl-H), 2578 (vs; s(B-H)), 1479 

(s(N-CH3)), 945 cm
-1 

(s; as(CH3)). 
1
H NMR (300 MHz, [D6]acetone, 25º, TMS): = 

4.44 (br s, 4H, CclusterH), 4.0–1.5 (br s, 5H, B-H), 3.45 ppm (s, 12H, N(CH3)4); 
1
H{

11
B} 

NMR (300 MHz, [D6]acetone, 25º, TMS): = 4.44 (br s, 4H, CclusterH), 4.20 (br s, 2H, 

B-H), 3.63 (br s, 4H, B-H), 3.45 (s, 12H, N(CH3)4)), 3.36 (br s, 8H, B-H), 1.63 ppm (br 

s, 2H, B-H); 
13

C{
1
H} NMR (75 MHz, [D6]acetone, 25º, TMS): = 68.35 (Ccluster), 55.29 

ppm (N(CH3)4); 
11

B NMR (96 MHz, [D6]acetone, 25º, BF3OEt2): = 6.9 (d, 
1
J(B,H)= 

161 Hz, 2B, B(8,8’), 4.6 (d, 
1
J(B,H)= 146 Hz, 2B, B(10,10’), -5.6 (d, 4B,

 1
J(B,H)= 155 

Hz, B(4,4’,7,7’), -15.5 (d, 4B,
 1

J(B,H)= 149 Hz, B(5,5’,11,11’)), -15.3 (br s, 4B, 

B(9,9’,12,12’)), -22.3 ppm (d, 
1
J(B,H)= 167 Hz, 2B, B(6,6’)); MALDI-TOF MS: m/z 

(%): 828.6 (100) [M-1]
-
. 

Synthesis of [NMe4][3,3’-Co-(8,9,10,12-I4-1,2-closo-C2B9H7)2]. To a stirring solution 

of [HN(CH3)3] [1,5,6,10-I4-7,8-C2B9H8] (125mg, 0.18mmol) in THF (5mL) cooled to 0 

ºC in an ice-water bath was added, dropwise, a solution of butyllithium in hexanes 

(0.24mL, 1.6M,  0.38mmol). The suspension was stirred for 1 hour at 0ºC at room 

temperature. Volatiles were removed under reduced pressure. The resulting solution was 

then transferred via a syringe onto solid CoCl2 anhydrous (73.5 mg, 0.56mmol), 

following which the reaction was heated to reflux for 15 minutes. After stirring for 1 

hour, the solvent was removed under reduced pressure. Then, 10mL of diethyl ether and 

10mL of water were added to the residue. The mixture was thoroughly shaken, and the 

two layers separated. The organic layer was separated from the mixture, and the 

aqueous layer was extracted with diethyl ether (3 x 10mL). The combined organic phase 

was dried over MgSO4, filtered and the solvent removed under reduced pressure. 

Afterwards, an aqueous solution of [NMe4]Cl was added dropwise until no more 

precipitate was formed. The orange solid was filtered and rinsed with water obtaining 

[NMe4][3,3’-Co-(8,9,10,12-I4-1,2-closo-C2B9H7)2]. Yield: 155 mg (73%). Elemental 

analysis for C5B9H18I4N: calc: C 8.61, H 2.60, N 2.01; found C 8.94, H 2.55, N 2.07; IR 

(KBr): = 3022 (s; s(Ccluster-H)), 2956, 2921 (s; s(Calkyl-H), 2621, 2584 (s; s(B-H)), 
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1477 cm
-1

 (s; s(N-C)); 
1
H NMR (300 MHz, [D6]acetone, 25º, TMS): = 5.12 (br s, 4H, 

CclusterH), 3.5–1.5 (br s, 5H, B-H), 3.43 ppm (s, 12H, N(CH3)4)); 
1
H{

11
B} NMR (300 

MHz, [D6]acetone, 25º, TMS): =5.12 (br s, 4H, CclusterH), 3.62 (br s, 4H, B-H), 3.43 (s, 

12H, N(CH3)4), 2.75 (br s, 4H, B-H), 2.65 ppm (br s, 2H, B-H); 
13

C{
1
H} NMR (75 

MHz, [D6]acetone, 25º, TMS): = 60.78 (Ccluster), 55.32 ppm (N(CH3)4); 
11

B NMR (96 

MHz, [D6]acetone, 25º, BF3OEt2): = -3.0 (d, 
1
J(B,H)=170 Hz, 4B, B(4,4’,7,7’), -5.1 (s, 

2B, B(8,8’)), -8.0 (s, 2B, B(10,10’), -10.9 (s, 4B, B(9,9’,12,12’)), -14.4 (d, 
1
J(B,H)=157 

Hz, 4B, B(5,5’,11,11’)), -21.6 ppm (d, 
1
J(B,H)= 174 Hz, 2B, B(6,6’)); MALDI-TOF 

MS: m/z (%): 1331.2 (100) [M-1]
-
. 

X-ray structure analysis 

X-ray crystal structure analyses were performed by using an Enraf Nonius CCD area 

detector diffractometer with MoKα radiation (λ = 0.71073 Å) equipped with an Oxford 

Cryostream low-temperature unit. The data sets were corrected for abortion using 

SADABS program 
[4] 

.The structures were solved with the program SIR97
[5]

; full-least-

squares refinements on F
2
 were performed with SHELXL97 

[6] 
using anisotropic 

displacement parameters for most of the non-H atoms: two B atoms in [NMe4][3,3’-Co-

(8,9,10,12-I4-1,2-closo-C2B9H7)2] were refinened isotropically. The hydrogen atoms 

were treated as riding atoms using the SHELX97 default parameters or their positional 

parameters were refined isotropically according to the riding model. All calculations 

and graphics were done at WinGX 
[7] 

platform. 

 

[HNMe3][1,5,6,10-I4-7,8-C2B9H8]: C5H18B9I4N, Mr = 697.09, crystal dimensions 0.20 x 

0.18 x 0.16 mm
3
, monoclinic, space group P21/c (No.14), a = 8.1945(3), b = 14.7772(8), 

16.3516(6) Å; α = 90, β =102.154(6), γ = 90 °, V = 1935.66(15) Å
3
, Z = 4, T = 173(2), 

ρcalcd = 2.392 g cm
-3

, μ =6.42 mm
-1

, 10297 reflections collected, 4218 unique reflections 

(Rint = 0.0336), 199 parameters, R1 = 0.0369 (I >2σ(I)); wR2 = 0.0748 (all data). 

 

[NMe4][3,3’-Co-(8,9,10,12-I4-1,2-closo-C2B9H7)2]: C8H26B9CoI8N, Mr = 1405.01, 

crystal dimensions 0.12 x 0.10 x 0.08 mm
3
, monoclinic, space group P212121 (No.2), a = 

9.5648(4), b = 14.0855(6), 26.9740(12) Å; α = β = γ = 90 °, V = 3634.1(3) Å
3
, Z = 4, T 

= 173(2), ρcalcd = 2.568 g cm
-3

, μ = 7.275 mm
-1

, 21164 reflections collected, 5943 

unique reflections (Rint = 0.0501), 324 parameters, R1 = 0.0434 (I >2σ(I)); wR2 = 

0.0729 (all data). 
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Figure S1. E1/2(Co
III

/Co
II
) values with regard to the number of iodine substituents on 

the [3,3’-Co(1,2-C2B9H11)2]
-
 platform. 
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Reactivity studies of Li/Cl phosphinidenoid W(CO)5 complexes 2a,b toward various iodine
compounds are reported. Transiently generated complexes 2a,b yielded no selective reactions with
3-, 9-, and 9,12-diiodo o-carbaboranes 3a-c, whereas clean transfer-iodination reaction occurred
with C-iodo-substituted o-carbaboranes 3d,e, thus giving chloro(iodo)phosphane complex 6a in the
case of 2a. Complex 2awas also reacted with iodo(phenyl)acetylene to yield complexes 6a, 8, and 9 in
competing reactions. An independent pathway to chloro(iodo)phosphane complexes 6a,b was
reaction of complexes 2a,b with elemental iodine at low temperature. All compounds were
unambiguously characterized by elemental analysis, multinuclear NMR, IR, MS studies, and, in
the case of 6a and 9, single-crystal X-ray diffraction.

Introduction

Carbenoids I1 and silylenoids II2 are versatile reactive
intermediates in organic synthesis (Scheme 1). In contrast,
phosphinidenoids III are still unknown, although some
authors speculated3 about their existence.
Recently, we reported the first examples of Li/X phosphi-

nidenoidW(CO)5 complexes (IV; X=F,4 Cl5), stable in THF
solution (X= F) up to 10 �C but unstable in the case of X=
Cl above -40 �C, which decomposed upon warming to give
mono- and dinuclear diphosphene complexes.4,5 Reaction of
the complex [W(CO)5(Li/ClPCH(SiMe3)2)] with methyl io-
dide yielded the correspondingP-Me-substituted phosphane
complex and thus provided evidence for a nucleophilic,

phosphanide complex-like reactivity. In addition, reactions
of the same Li/Cl phosphinidenoid complex with π-systems
such as dimethyl cyanamide, phenylacetylene, or benzalde-
hyde led to three-membered heterocycle complexes, which
demonstrated a phosphinidene complex-like behavior.More
recently, we obtained the first strong NMR spectroscopic
evidence for complexes [W(CO)5(Li/FPCH(SiMe3)2)] and
[W(CO)5(Li/ClPC5Me5)], although the bonding of lithium
remained unclear. The latter complex also decomposed
above -40 �C, giving a P,C-cage complex (cf. Scheme 2)
comprising formally two phosphinidene complex units and
revealing that one C5Me5 (=Cp*) ring was involved.6 Here,
results on new nucleophilic as well as iodination and ex-
change reactions of Li/Cl phosphinidenoid complexes are
reported.

Results and Discussion

In order to start examining the scope of nucleophilic
reactions while focusing on iodine derivatives, we decided
to start first on multifunctional iodocarbaboranes. These
present Cc-H, B-H, B-I, and C-I functional groups and a

Scheme 1. Carbenoids, Silylenoids, Phosphinidenoids, and
Complexes Thereofa

aR = ubiquitous organic substitutents; M0 = main group element
metal; X = halogen; MLn = transition metal complex.

*Corresponding authors. (R.S.) E-mail: r.streubel@uni-bonn.de.
Fax: (49)228-739616. Tel: (49)228-735345. (C.V.) E-mail: clara@
icmab.es. Fax: (34) 935805729. Tel: (34) 935801853.
(1) (a)K€obrich,G. Angew.Chem. 1967, 79, 15; Angew. Chem., Int. Ed.

1967, 6, 41. (b) Kirmse, W. Angew. Chem. 1965, 77, 1; Angew. Chem., Int.
Ed. 1965, 4, 1. (c) Boche, G.; Lohrenz, J. W. Chem. Rev. 2001, 101, 697.
(2) (a) Tamao,K.;Kawashi,A. Angew.Chem. 1995, 107, 886; Angew.

Chem., Int. Ed. 1995, 34, 818. (b) Tamao, K.; Kawashi, A.; Asahara, M.;
Toshimitsu, A. Pure Appl. Chem. 1999, 71, 393. (c) Lee, M. E.; Cho, H. M.;
Lim, Y. M.; Choi, J. K.; Park, C. H.; Jeong, S. E.; Lee, U. Chem.;Eur. J.
2004, 10, 377. (d) Antolini, F.; Gehrhus, B.; Hitchcock, P. B.; Lappert, M. F.
J. Chem. Soc., Chem. Commun. 2005, 5112. (e) Flock, M.; Marschner, C.
Chem.;Eur. J. 2005, 11, 4635. (f) Weidenbruch, M. Angew. Chem. 2006,
118, 4347; Angew. Chem., Int. Ed. 2006, 45, 4241. (g) Molev, G.; Bravo-
Zhivotovskii, D.; Karni, M.; Tumanski, B.; Botoshansky, M.; Apeloig, Y.
J. Am. Chem. Soc. 2006, 128, 2784.
(3) For speculations on ClMg/Cl phosphinidenoids, see: Yoshifuji,

M. J. Chem. Soc., Dalton Trans. 1998, 3343.
(4) €Ozbolat, A.; von Frantzius, G.; Marinas P�erez, J.; Nieger, M.;

Streubel, R. Angew. Chem., 2007, 119, 9488; Angew. Chem., Int. Ed.
2007, 46, 9327.
(5) €Ozbolat, A.; von Frantzius, G.; Hoffbauer, W.; Streubel, R.

J. Chem. Soc., Dalton Trans. 2008, 2674. (6) Bode, M.; Daniels, J.; Streubel, R. Organometallics 2009, 28, 4636.
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modulated reactivity depending on the occupied site in the
cluster;7 Cc corresponds to the cluster’s carbon atoms. An-
other strong motivation was to get access to B-phosphanyl
functional o-carbaboranes (hitherto unknown) by reac-
ting phosphinidenoid complexes with various carbaborane
species (Figure 1). With this aim in mind we generated
Li/Cl phosphinidenoid complexes 2a,b as previously de-
scribed from complexes 1a8 and 1b9 in the presence of 3-
iodo-, 9-iodo-, and 9,12-diiodo o-carbaboranes 3a-c7,10-12

(Scheme 2).
Unfortunately, 31P and 11B NMR studies of the reactions

did not provide spectroscopic evidence of products posses-
sing a B-P bond. Instead exclusively formation of 45 and 56

was observed. Nevertheless, in one of the reactions of com-
plex 2a with 9,12-diiodo o-carbaborane 3c new products
were observed by 31P NMR spectroscopy that displayed
resonances at 190.9 (1J(W,P) = 268.3 Hz) and 170.6
(1J(W,P)=260.7 Hz, 2J(P,H) = 15.3 Hz), which perhaps
point to o-carbaboranyl-substituted chloro-(organo)-
phosphane complexes, but due to rapid decomposition
further investigations were prevented. Thus, after having
observed the lack of reactivity of complexes 2a,b toward B-I
bonds, we addressed the question whether C-iodo o-carba-
boranesmight be better substrates for substitution reactions.
To learn more about this possibility, 1-iodo-2-methyl- and
1-iodo-2-phenyl-substituted carbaboranes 3d,e were synthe-
sized on purpose by reaction of 1-methyl and 1-phenyl
carbaborane, 7a,b, respectively, with butyllithiumand iodine
at 0 �C. Li/Cl phosphinidenoid complexes 2a,b were gener-
ated and reacted with 1-iodo-2-methyl- or 1-iodo-2-phenyl-
substituted carbaboranes 3d,e. Instead of a nucleophilic

iodine substitution, we obtained an unprecedented intermo-
lecular iodine-transfer reaction, thus resulting in the forma-
tion of P-iodo-substituted chlorophosphane complexes 6a,b
together with deiodinated carboranes 7a,b (Scheme 3) as
the major products. During these studies it did not became
apparent if C-Li-carbaborane derivatives were transiently
formed that eventually yielded 7a,b (Scheme 3). The 31P
NMR spectra of complexes 6a,b displayed data (6a: δ =
78.2, 1J(W,P)=311.5Hz; 6b:δ=98.6, 1J(W,P)=309.0Hz)
with downfield-shifted resonances and increased tungsten-
phosphorus coupling constant magnitudes, which both
reflect the formal exchange of hydrogen by iodine in 1a,b.
One straightforward way to deal with the relative acidity

of the Cc-H bonds in carboranes is to consider that the
Cc-H bond is the result of the overlap of an sp orbital on
C with the hydrogen s orbital, and a similar picture can be
drawn for the C-H bond in acetylene, and thus for the C-I
bond in iodoacetylene derivatives. To check the consistency
of the model, in situ generated iodo(phenyl)acetylene was
mixed with the Li/Cl phosphinidenoid complex 2a (instead
of the carbaborane 3d). Again, complex 6a was formed but
not as the major product, thus partly fulfilling our expecta-
tions. If the ratio of complex 2a to iodo phenylacetylene was
1:1.6, a mixture of complexes 6a, 8, and 9 (ratio 6:1:11.7)
was obtained (Scheme 4); if the ratio of the startingmaterials
was 1:1, we obtained a different product ratio of 6:1:2.
Formation of 6a may be interpreted as substitution of Liþ

by Iþ, partly meeting our expectations and thus backing the
beforehand made assumption on the C-iodo carbaborane
acting as a clean source of iodonium. In contrast, the
formation of 8 and 9 is not understood.
Comparing the reactions of the alkyne or the carbabor-

anes with 2a, the formation of 9 is of particular interest, as it
clearly evidences the disparity in behavior of “1-R-1,2-
C2B10H10R” and “R-CtC-” units. The idea that complex
6a was formed via some kind of iodine-atom transfer reac-
tion (from 3c,d) prompted us to investigate the reaction of in
situ generated 2a,bwith elemental iodine at low temperature.
Under these conditions complexes 6a,b and lithium iodide
were selectively formed; noteworthy is that oxidation of the
Li/Cl phosphinidenoid complexes was not observed.
All final products were obtained in pure form by low-

temperature columnchromatography andwereunambiguously

Scheme 2. Generation and Reaction of Li/Cl Phosphinidenoid Complexes 2a,b in the Presence of B-Iodo-Substituted o-Carbaborane 3b
(shown as example)

(7) Barber�a, G.; Vaca, A.; Teixidor, F.; Sillanp€a€a, R.; Kivek€as, R.;
Vi~nas, C. Inorg. Chem. 2008, 47, 7308.
(8) 1a: Streubel, R.; Priemer, S.; Ruthe, F.; Jones, P. G.Eur. J. Inorg.

Chem. 2000, 1253.
(9) 1b: Streubel, R.; Rohde, U.; Jeske, J.; Ruthe, F.; Jones, P. G.Eur.

J. Inorg. Chem. 1998, 2005, 7308.
(10) Li, J.; Logan, C. F.; Jones, M. Inorg. Chem. 1991, 30, 4866.
(11) (a) Zakharkin, L. I.; Kalinin, V. N. Izv. Akad. Nauk SSSR, Ser.

Khim. 1966, 3, 590. (b) Zakharkin, L. I.; Ol'Shevskaya, V. A.; Poroshin, T. Y.;
Balgurova, E. V. Zh. Obshch. Khim. 1987, 57, 2012. (c) Andrews, J. S.;
Zayas, J.; Jones, M.Jr. Inorg. Chem. 1985, 24, 3715.
(12) (a) Li, J.; Logan, C. F.; Jones,M.Jr. Inorg. Chem. 1991, 30, 4866.

(b) Batsanov, A. S.; Fox, M. A.; Howard, J. A. K.; Hughes, A. K.; Johnson,
A. L.; Martindale, S. J. Acta. Crystallogr. C 2003, 59, O74.
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characterized by elemental analysis, NMR and IR spectros-
copy, mass spectrometry, and single-crystal X-ray diffraction
studies in the cases of complexes 6a and 9 (Figures 1 and 2).13

Structure Discussion

The unambiguously confirmed molecular structures of 6a
and 9 are displayed in Figures 2 and 3.13 Complex 6a shows a
typical tetrahedral environment at the phosphorus center
with a small C1-P-I (95.78(6)�) and a largeW-P-C1 angle
(120.05(16)�). In complex 6a P-W, P-C1, and P-Cl bond
lengths are slightly elongated compared to the corresponding
dichlorophosphane tungsten complex reported before (P-W
2.4589(7), P-C1.804(3), P-Cl 2.0598(9) Å), which probably
is due to the larger iodine atom.14

A comparison of selected distances in complex 9 with
corresponding bonds of [Cr(CO)5P(CtCPh)3]

15 (CtC
1.176, P-C 174.8 and 175.3 Å) revealed more elongated
CtC and P-C bonds in the case of 9 (C8-C9 1.202(4),
C16-C17 1.205(4), P-C8 1.762(3), and P-C16 1.762(3) Å).
The P-CtC bond angles of 9 are 167.5(3)� and 167.0(3)�
and, thus, slightly bent toward the W(CO)5 group.

Conclusions

The reactivity of the transient Li/Cl phosphinidenoid
complexes 2a,b toward various iodine-containing com-
pounds was examined in a series of experiments. With B-I
containing o-carbaboranes 3a-c no selective reactions were
obtained with complexes 2a,b, whereas with 1-iodo o-carba-
boranes 3d,e reacted with 2a,b to yield the I/Cl mixed-sub-
stituted organophosphane complexes 6a,b via iodine-transfer

Figure 1. Carbaborane derivatives.

Scheme 3. Reaction of Li/Cl Phosphinidenoid Complexes 2a,b with C-Iodo-Substituted o-Carboranes 3d,e

Scheme 4. Reaction of Li/Cl Phosphinidenoid Complex 2a with Iodo(phenyl)acetylene

(13) The constitution of 8was confirmed by X-ray structure analysis,
too, but because of disorder of phenyl carbon atoms the data will not be
discussed further.
(14) Khan, A. A.; Wismach, C.; Jones, P. G.; Streubel, R. Dalton

Trans. 2003, 2483.
(15) Kunishima, M.; Nakata, D.; Tanaka, S.; Hioki, K.; Tani, S.

Tetrahedron 2000, 56, 9927.
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reaction.Complexes 6a,b could also be obtainedwith elemental
iodine. Further studies using complex 2a as a good case in point
and iodo(phenyl)acetylene showed the formation of a mixture
of complexes 6a, 8, and 9, thus revealing multiple reaction
pathways in this particular case; current studies are devoted to
elucidate this problem. In total, these first results reveal that
these novel reactive intermediates have a rich and surprisingly
new chemistry.

Experimental Section

All operations were performed in an atmosphere of purified
and dried argon. Solvents were distilled from sodium. NMR
data were recorded on a Bruker Avance 300 spectrometer at
25 �C (if not mentioned otherwise) using C6D6 (6a,b) or CDCl3
(8, 9) as solvent and internal standard; shifts are given relative to
tetramethylsilane (1H, 300.1 MHz; 13C, 75.5 MHz), external
BF3rOEt2 (11B and 11B{1H} 96.29 MHz), and 85% H3PO4

(31P:, 121.5 MHz) in ppm. Mass spectra were recorded on a
Kratos MS 50 spectrometer (EI, 70 eV); only m/z values are
given. Elemental analyses were performed using an Elementa
(Vario EL) analytical gas chromatograph. Infrared spectra were

collected on a FT-IR Nicolet 380. Melting points were obtained
on a B€uchi 535 capillary apparatus. For compounds 3d,e,
elemental analyses were performed using a Carlo Erba
EA1108 microanalyser, and IR spectra were recorded from
KBr pellets on a Shimadzu FTIR-8300 spectrophotometer.
X-ray crystallographic analysis of 6a and 9: Data were collected
on a Nonius KappaCCD diffractometer at 100 K using MoKR
radiation (λ= 0.71073 Å). The structures were refined by full-
matrix least-squares on F2 (SHELXL-9716). All non-hydrogens
were refined anisotropically. The hydrogen atomswere included
in calculated positions using a riding model.

Synthesis of 1-Me,2-I-1,2-closo-C2B10H10 (3d). To a stirring
solution of 1-Me,1,2-closo-C2B10H11 (500 mg, 3.16 mmol) in
diethyl ether (20 mL) cooled to 0 �C in an ice-water bath was
added, dropwise, a solution of n-butyllithium in hexane (2 mL,
1.6 M, 3.32 mmol) under nitrogen atmosphere. The suspension
was stirred at room temperature for 0.5 h, then cooled again to
0 �C, at which point I2 (842.0 mg, 3.32 mmol) was added in a
single portion. The resulting solution was stirred at 0 �C for
30 min and at room temperature for a further 30 min, then
extracted with 5% aqueous Na2S2O3 (20 mL) and washed with
water (2 � 5 mL). The organic phase was dried over MgSO4,
filtered, and evaporated in vacuo to give a pale yellow solid. The
crude product was purified by silica gel flash chromatography
at -10 �C under argon atmosphere, using diethyl ether as the
eluting solvent to yield 1-Me,2-I-1,2-closo-C2B10H10 (691 mg,
77%).

3d: 1H NMR (CD3COCD3) [ppm] δ 2.25 (3 H, s); 1H{11B}
NMR (CD3COCD3) [ppm] δ 2.83 (s, 3H), 2.66 (s, 3H), 2.31 (s,
2H), 2.25 (s, 3H), 2.13 (s, 2H), 1.91 (s, 1H); 13C{1H} NMR
(CD3COCD3) [ppm] δ 75.68 (s), 27.81 (s), 16.93 (s); 11B NMR
(CD3COCD3) [ppm] δ -3.3 (d, 1J(B,H)=75 Hz, 2B), -5.4 (d,
1J(B,H)=90 Hz, 1B), -6.4 (d, 1J(B,H)=90 Hz, 2B), -6.9 (d,
1J(B,H)=87 Hz, 2B), -8.7 (d, 1J(B,H)=83 Hz, 2B), -9.5 (d,
1J(B,H)=80 Hz, 2B); FTIR (KBr) ν (cm-1) 2937 (s, Calkyl-H),
2590 (s, B-H). Anal. Calcd for C3B10H13I: C 12.62, H 4.61.
Found: C 13.04, H 4.74.

Synthesis of 1-Ph,2-I-1,2-closo-C2B10H10 (3e). The synthetic
procedure was the same as for 3d using 1-Ph,1,2-closo-C2B10H11

(250 mg, 1.14 mmol) in diethyl ether (25 mL) and a solution of
n-butyllithium in hexane (0.75 mL, 1.6 M, 1.2 mmol) and I2
(303.0 mg, 1.2 mmol). The workup was followed to obtain
1-Ph,2-I-1,2-closo-C2B10H10 (278 mg, 71%).

3e: 1H NMR (CD3COCD3) [ppm] δ 7.77 (d, 3J(H,H)=3 Hz,
2H), 7.55 (m, 3H); 1H{11B}NMR(CD3COCD3) [ppm]δ 7.77 (d,
3J(H,H) = 3 Hz, 2H), 7.55 (m, 3H), 3.23 (br s, 2H), 2.88 (br s,
3H), 2.44 (br s, 2H), 2.26 (br s, 3H), 2.15 (br s, 1H); 13C{1H}
NMR (CD3COCD3) [ppm] δ 132.87 (s), 131.34 (s), 128.98 (s),
84.67 (s), 20.89 (s); 11B NMR (CD3COCD3) [ppm] δ -2.9 (d,
1J(B,H)= 72 Hz, 2B),-6.9 (d, 1J(B,H)= 81 Hz, 2B),-8.8 (m,
1J(B,H)= 76 Hz, 6B); FTIR (KBr) ν (cm-1) 3064, 2962 (w,
Caryl-H), 2632, 2599, 2574, 2572 (s, B-H), 1494 (s, Caryl-Caryl).

Reaction of Complexes 2a,b with 3d,e. To a solution of 0.11
mmol of lithiumdiisopropylamide (LDA, freshly prepared from
0.07mL (0.11mmol) of n-butyllithium and 16 μL (0.11mmol) of
diisopropylamine) in 0.5 mL of diethyl ether cooled to -80 �C
was slowly added a solution of 55.1 mg (0.1 mmol) of 1a (or 53.0
mg (0.1 mmol) of 1b) and 17 μL (0.11 mmol) of 12-crown-4 in
0.5 mL of diethyl ether. Then a solution of 0.2 mmol of 3d (57
mg) or 3e (69 mg) in 0.5 mL of XXXX was added, and the
reaction mixture was stirred for 2.5 h while gently warming to 0
�C.The solvent was removed under vacuum, and the residuewas
dissolved in C6D6 and analyzed by multinuclear NMR spec-
troscopy.

Synthesis of Complex 6a. To a solution of 0.44 mmol
of lithium diisopropylamide (LDA, freshly prepared from

Figure 2. Structure of complex 6a (50% probability level; hy-
drogen atoms are omitted for clarity). Selected bond lengths
[Å] and angles [deg]: W-P 2.4742(12), P-C1 1.819(5), P-Cl
2.0988(17), P-I 2.4489(12), W-P-C1 120.05(16), Cl-P-I
95.78(6), C1-P-I 105.21(16), C1-P-Cl 106.89(17), W-P-C1
107.64(6).

Figure 3. Structure of complex 9 (50%probability level; hydro-
gen atoms are omitted for clarity). Selected bond lengths [Å] and
angles [deg]: W-P 2.5426(8), P-C1 1.859(3), P-C16 1.762(3),
C16-C17 1.205(4), C17-C18 1.436(4), P-C8 1.762(3), C8-C9
1.202(4), C9-C10 1.440(4), I-C1 2.191(3); W-P-C1
130.35(10), C16-P-C8 102.12(14), C17-C16-P 178.5(3), C9-
C8-P 167.0(3), P-C1-I 103.66, P-C1-Si1 112.43(15),
P-C1-Si2 115.63(15).

(16) Hengefeld, A.; Kopf, J.; Rehder, D. Organometallics 1983, 2,
114.

(17) Sheldrick, G. M. SHELXL-97; Universit€at G€ottingen, 1997.
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0.28mL (0.44mmol) of n-butyllithium and 0.06mL (0.44mmol)
of diisopropylamine) in 10mL of diethyl ether cooled to-80 �C
was slowly addded a solution of 221 mg (0.4 mmol) of 1a and
65 μL (0.4 mmol) of 12-crown-4 in 5 mL of diethyl ether. Then a
solution of 112mg (0.44mmol) of iodine in 5mLof diethyl ether
was dropped into the phosphinidenoid complex solution, and
the reaction mixture was stirred for 3.5 h while gently warming
to þ10 �C. The solvent was removed under vacuum. The
product was extracted five times with 3 mL of n-pentane. After
evaporation, the yellow solid was dissolved with 2 mL of
n-pentane and cooled to-80 �C. The precipitated crystals were
separated from the solution by a syringe. The residue was dried
under vacuum.

6a: yellow solid; yield 195 mg (0.29 mmol, 72%); mp 64-
69 �C (dec); NMR spectroscopy (C6D6, 30 �C): 1H NMR [ppm]
δ 0.21 (s, 9H, SiMe3), 0.27 (d, 4J(P,H) = 0.57 Hz, 9H, SiMe3),
2.55 (d, 2J(P,H)=5.19 Hz, 1H, PCH); 13C{1H} NMR [ppm] δ
0.0 (d, 3J(P,C)=4.5Hz, SiMe3), 1.0 (d,

3J(P,C)=3.2Hz, SiMe3)
39.5 (d, 1J(P,C) = 31.7 Hz, PC), 195.8 (dSat,

1J(W,C) = 128.0
Hz, 2J(P,C) = 7.1 Hz, cis-CO), 196.8 (dSat,

2J(P,C) = 44.3 Hz,
trans-CO); 31P{1H} NMR [ppm] δ 78.2 (sSat,

1J(W,P)=311.5
Hz); MSm/z (%) 675.9 (4) [(M)þ]; FTIR (KBr) ν(CO) ν~=1951
(s), 1997 (m), 2079 (m) [cm-1]. Anal. Calcd: C 21.30, H 2.83.
Found: C 21.50, H 3.04. X-ray crystallographic analysis: Sui-
table pale yellow single crystals were obtained from concen-
trated n-pentane solutions. C12H19ClIO5PSi2W; crystal size 0.54
� 0.16 � 0.10 mm3, monoclinic, P21/n, a = 14.7403(4) Å, b=
9.6381(2) Å, c=15.3230(3) Å, R=90�, β=101.3970(10)�, γ=
90�, V=2133.99(8) Å3, Z=4, 2θmax=55�, collected (indepen-
dent) reflections= 20 403 (4838),Rint=0.0856, μ=7.188mm1,
218 refined parameters, R1 (for I > 2σ(I)) = 0.0394, wR21 (for
all data) = 0.1042, max./min. residual electron density=1.749/
-4.643 e Å3.
Synthesis of Complex 6b.To a solution of 0.5 mmol of lithium

diisopropylamide (LDA, freshly prepared from 0.32 mL (0.5
mmol) of n-butyllithium and 0.07 mL (0.5 mmol) of
diisopropylamine) in 5 mL of diethyl ether cooled to -80 �C
was slowly added a solution of 221 mg (0.42 mmol) of 1b and
68μL (0.42mmol) of 12-crown-4 in 5mLof diethyl ether. Then a
solution of 107mg (0.42mmol) of iodine in 1mLof diethyl ether
was dropped into the phosphinidenoid complex solution, and
the reaction mixture was stirred for 3.5 h while gently warming
to 0 �C. The liquid was filtered from the solid and dried under
vacuum. The raw product was purified further by column
chromatography (Al2O3, -20 �C) using n-pentane.

6b: orange solid; yield 161 mg (0.25 mmol, 59%); mp 104 �C
(dec); NMR spectroscopy (C6D6, 30 �C): 1HNMR [ppm] δ 1.37
(d, J(P,H) = 16.4 Hz, 3H, Cp*(C1)-CH3), 1.56 (ddq, J(P,H) =
7.4Hz, J(H,H)=3.2Hz, J(H,H)=1.1Hz, 6H,Cp*-CH3), 1.75
(br s, 3H, Cp*-CH3), 1.79 (br s, 3H, Cp*-CH3);

13C{1H} NMR
[ppm] δ 10.4 (d, J(P,C) = 2.6 Hz, Cp*-CH3) 10.5 (d, J(P,C) =
2.6 Hz, Cp*-CH3) 11.8 (d, J(P,C) = 0.6 Hz, Cp*-CH3) 12.1 (s,
Cp*-CH3) 16.5 (d,

2J(P,C)=6.8Hz, Cp*(C1)-CH3) 65.5 (d,
1J(P,

C)= 19.4 Hz, Cp*(C1)), 133.5 (d, J(P,C)= 3.2 Hz, Cp*), 133.6
(d, J(P,C) = 1.3 Hz, Cp*), 145.0 (d, J(P,C)=10.0 Hz, Cp*),
145.1 (d, J(P,C)=9.7 Hz, Cp*), 195.6 (dSat,

2J(P,C) = 7.1 Hz,
cis-CO), 196.7 (dSat,

2J(P,C) = 44.9 Hz, trans-CO); 31P{1H}
NMR δ 98.6 (sSat,

1J(W,P)=309.0 Hz); MS m/z (%) 652 (1)
[(M)þ]; FTIR (KBr; ν(CO)) ν~=1939 (s), 1995 (m), 2078 (m)
[cm-1]. Anal. Calcd: C 27.61, H 2.32. Found: C 28.26, H 2.50.
Synthesis of Complexes 8 and 9. To a solution of 1.1 mmol of

lithium diisopropylamide (LDA, freshly prepared from 0.69mL
(1.0 mmol) of n-butyllithium and 0.14 mL (1.0 mmol) of
diisopropylamine) in 10 mL of diethyl ether cooled to -90 �C

was slowly added a solution of 550mg (1mmol) of 1a and 180μL
(1.1 mmol) of 12-crown-4 in 10 mL of diethyl ether. After 5 min
an in situ prepared solution of iodo phenylacetylene was added.
The reactionmixture was stirred for 2 hwhile slowly warming to
0 �C. Then the solvents were evaporated, and the residue was
suspended with 10 mL of diethyl ether. The products were
adsorbed on Al2O3 purified by column chromatography
(Al2O3, -20 �C) using (1) petroleum ether and (2) a mixture of
petroleum ether and diethyl ether (19:1 and 18:2). The second
fraction contained 8, which after removal of the solvents was
obtained as a pale yellow solid and was subsequently washed
with 2 mL of n-pentane. 9 was obtained from the third and
fourth fraction as a sunflower yellow powder, which was
subsequently washed three times with 2 mL of n-pentane to
yield the pure product as a pale yellow powder.

8: pale yellow solid; yield 74 mg (0.095 mmol, 10%); mp
132-135 �C (dec); 1H NMR [ppm] δ 0.30 (s, 18H, (SiMe3)2),
1.69 (d, 1H, 2J(P,H) = 4.96 Hz, PCH), 7.40 (d, 1H, 2J(P,H) =
16.8 Hz, PCH), 7.45 (m, 2H, Ph), 7.28 (m, 3H, Ph); 13C{1H}
NMR [ppm] δ 1.6 (d, 1J(P,C)=4.1Hz, SiMe3), 2.2 (d,

1J(P,C)=
2.7 Hz, SiMe3), 33.1 (d,

1(P,C) = 9.1 Hz, P-CH), 112.6 (d, 3J(P,
C) = 3.3 Hz, i-Ph), 127.6 (s, o-Ph), 127.7 (s, m-Ph), 128.8 (s, p-
Ph), 139.8 (d, 2J(P,C)=4.4Hz, PCHCIPh), 140.7 (d, 1J(P,C)=
11.0 Hz, PCHCIPh), 195.7 (d, 1J(W,C) = 127.6 Hz, 2J(P,C) =
7.1 Hz, cis-CO), 197.8 (d, 2J(P,C)=33.0 Hz, trans-CO) ppm;
31P{1H}NMR [ppm] δ 89.7 (dSat,

1J(W,P)=283.6Hz);MSm/z
(%) 777.9 (1) [(M)þ]; FTIR (KBr) ν(CO) ν~=2074 (m), 1984 (m),
1923 (s); ν(CdC): 1598 (w), 1967 (w), 1581 (w) [cm-1]. Anal.
Calcd C 30.85, H 3.24. Found: C 30.53, H 3.32.

9: pale yellow solid; yield 159 mg (0.19 mmol, 19%); mp
116-120 �C (dec); 1H NMR [ppm]: δ 0.5 (s, 18H, (SiMe3)2), 7.4
(m, 10H, CCPh 2�); 13C{1H} NMR [ppm] δ 3.5 (s, (SiMe3)2),
85.5 (d, 1J(P,C) = 73.9 Hz, P-CC-Ph), 109.1 (d, 2J(P,C) = 13.7
Hz, P-CC-Ph), 120.7 (s, ipso-Ph-C), 128.3 (s, ortho-Ph-CH),
129.9 (s, para-Ph-CH), 131.7 (s, meta-Ph-CH), 198.0 (d, 2J(P,C)
= 6.6 Hz, cis-CO), 200.1 (d, 2J(P,C) = 28.6 Hz, trans-CO);
31P{1H}NMR [ppm] δ 19.2 (dSat,

1J(W,P)=265.8Hz);MSm/z
(%): 715.1 (0.5) [(M)þ - I]; FTIR (KBr) ν(CO) ν~ = 2070 (m),
1981 (m), 1924 (s); ν(CtC) 2163 (m) [cm-1]. Anal. Calcd: C
39.92, H 3.35. Found: C 39.77, H 3.42.

X-ray Crystallographic Analysis. Suitable pale yellow single
crystals were obtained from concentrated diethyl ether solu-
tions. C28H28IO5PSi2W; crystal size 0.44 � 0.40 � 0.39 mm3,
monoclinic, P21/n, a = 12.4156(3) Å, b=14.4943(5) Å, c =
17.6597(5) Å, R=90�, β=91.404(2)�, γ=90�, V=3177.00(16)
Å3, Z = 4, 2θmax=55�, collected (independent) reflections =
31 420 (7154), Rint=0.0535, μ=4.767 mm1, 349 refined para-
meters,R1 (for I>2σ(I))=0.0263,wR21 (for all data)=0.0685,
max./min. residual electron density=1.726/-1.684 e Å3.
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Additive Tuning of Redox Potential in Metallacarboranes by Sequential
Halogen Substitution

Patricia Gonz�lez-Cardoso,[a] Anca-Iulia Stoica,[a, b] Pau Farr�s,[a] Ariadna Pepiol,[a]

Clara ViÇas,[a] and Francesc Teixidor*[a]

Introduction

Electron transfer (ET) is fundamental in many processes of
life, including oxygen binding, photosynthesis and respira-
tion.[1] All organisms obtain energy by transferring electrons
from an electron donor to an electron acceptor.[2] Besides,
ET attracts considerable attention because of the possible
application in energy storage and photovoltaic energy con-
version.[3–6]

Maximum efficiency in photosynthesis is obtained when
electrons pass from one carrier molecule to another in a
downhill direction. Nature has found its way to succeed in
this task, but this appears hard with man-made molecules, as
incompatibility among the different donors and acceptors
may easily occur.[7] By using a unitary platform, this prob-
lem could be largely eliminated facilitating ET. However,
tuning of a redox potential in an additive and stepwise fash-
ion by fixed increments on a single platform has never been
achieved. Typical electrochemical platforms, such as ferro-

cene, C60, or perylene diimide, have never been proven ca-
pable to produce such stepwise tuning. These first-choice
platforms have available sites to produce successive substitu-
tions to get a redox potential modulation, but the resulting
E1/2 is not additive.[8–18]

In this work, we describe the largest set of molecules
based on a unique frame that show a stepwise and additive
tuning of the redox potential. This platform is [3,3’-Co-ACHTUNGTRENNUNG(C2B9H11)2]

� (1�) and it has many sites for substitution; in
addition, the B�Cl bonds are very strong, stronger than the
C�Cl sites. This may have been the reason for such unique-
ness.

Boron clusters approximate to deltahedra or to deltahe-
dra with one or more vertices missing. In the early 1970s, it
was realised that the geometry of boron clusters is related to
the number of electron pairs available for bonding; there-
fore, redox processes should be able to produce structural
change.[19–22]

Although C60 and 1,2-, 1,7- and 1,12-C2B10H12 closo-car-
boranes, see Figure 1, are all neutral molecules characterised
by a closed-cage structure, the first requires much less
energy to incorporate 2 e� than the carboranes, �0.87 versus
�2.50 V, respectively, being both values referred to saturat-
ed calomel electrode (�1.03 and �2.66 V, respectively, re-
ferred to the Fc+/Fc couple; onwards, all the potential
values in this paper will be referred to this couple).[23,24] The
low-lying LUMO in C60 and the structural rearrangement
required upon ET for the carboranes account for this large
voltage difference. The low reduction potential of C60 has
made it very valuable as an electron acceptor in devices,[14–18]
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and could have been an excellent platform to generate a
large sequential set of electron acceptors. However, up to
now, this has not been achieved,[25–27] and does not seem to
be possible.

According to their reduction potentials, carboranes could
not compete with C60 as electron acceptors; however, the
B�X bond (X= halogen) in boron clusters is much more
stable to reduction than the C�X bond in sp2 carbon atoms
and this could make it valuable for the sought redox
tuning.[28]

As borane clusters are not suited to be redox modulated
due to the structural changes caused by addition or removal
of electrons, we considered a system that keeps the proper-
ties of boron clusters, but avoids rearrangement. Thus, atten-
tion was set on the less severe electron-counting rules
demand of metallacarboranes, and in particular to the
known CoIII species Cs ACHTUNGTRENNUNG[3,3’-Co ACHTUNGTRENNUNG(C2B9H11)2], Cs[1].[29,30] In this
work, we show how the stepwise chlorination of 1� parallels
an easier electron reduction in all three redox couples exist-
ing in Cs[1]. Besides, the ease of electron reduction is addi-
tive by a fixed amount upon each new chlorination step.

Results and Discussion

Experimental studies : [3,3’-Co ACHTUNGTRENNUNG(C2B9H11)2]
� shows three

quasi-reversible waves in cyclic voltammetry at + 1.47,
�1.51 and �2.46 V versus Fc+ /Fc assigned to CoIV/CoIII,
CoIII/CoII and CoII/CoI, respectively.[29,31] The negative E1/2

peaks indicate that introducing one and two electrons into
the CoIII system is energy intensive. It is known that the
redox potential of the dichlorinated anion [NMe4]ACHTUNGTRENNUNG[3,3’-
Co(C2B9H10Cl)2] is �1.19 V for the couple CoIII/CoII,[32]

about 0.3 V more positive than for 1�. This corresponds to
0.3 V for two steps of chlorination, and we wanted to learn
if it was possible that with a higher number of chlorination
steps whether the ease of reduction would increase accord-
ingly. To prove the potential tuning of Cs[1], it was neces-ACHTUNGTRENNUNGsary to have a wide set of consecutive halogenated deriva-
tives. The only reported synthesis of chlorinated derivatives
of Cs[1] was based on the reaction of Cl2 with Cs[1]; this re-
action produced mixtures of complexes with several Cl
atoms ranging from 2 to 6.[33] On the other hand, pure
[HNMe3]ACHTUNGTRENNUNG[3,3’-Co(C2B9H10Cl)2] has been reported to be syn-

thesised by reaction of N-chlorosuccinimide with Cs[1] in
THF.[34] To easily correlate the number of Cl substituents on
platform 1� and the additive potential shift described in this
work, we have named the halogenated species Cs ACHTUNGTRENNUNG[3,3’-
Co(C2B9H11�yCly)(C2B9H11�zClz)] as CsACHTUNGTRENNUNG[Clx-1], with x being
the total number of chlorine atoms exchanged for hydrogen
atoms in Cs[1].

As previously said, only [HNMe3]ACHTUNGTRENNUNG[Cl2-1] and CsACHTUNGTRENNUNG[Cl6-1]
were known before this work, the latter being indeed a mix-
ture of species from Cs ACHTUNGTRENNUNG[Cl2-1] to CsACHTUNGTRENNUNG[Cl6-1].[33] This had pre-
vented an accurate calculation of E1/2 for CsACHTUNGTRENNUNG[Cl6-1] as the
cyclic voltammetry (CV) wave was very complex (see Fig-
ure 2 a). Even so, the CV wave corresponding to the CsACHTUNGTRENNUNG[Cl2-1] to CsACHTUNGTRENNUNG[Cl6-1] mixture was shifted to more positive E1/2

values than for Cs ACHTUNGTRENNUNG[Cl2-1] and, furthermore, the CV wave
corresponding to Cs ACHTUNGTRENNUNG[Cl2-1] was shifted to more positive
values than that for Cs[1]. These facts motivated us to find a
more efficient chlorination method that eventually would
lead to more chlorine-enriched mixtures.

The objective was to see if the CV wave really moved to-
wards more anodic voltages with an increase in the degree
of chlorination of Cs[1]. After several unsuccessful trials, we
discovered a useful method to increase the chlorination
degree of Cs[1] by reacting N-chlorosuccinimide with Cs[1]
in the oven at 200(�6)8C in a vacuum sealed tube. By vary-
ing the ratio of reagents, a set of series of Cs ACHTUNGTRENNUNG[Clx-1] (x>2)
was obtained, each series consisting of a limited number of
x values in an approximately Gaussian distribution (see Sup-
porting Information). The Gaussian curve shifted to more
enriched chlorinated derivatives of Cs[1] by increasing the
NCS/Cs[1] ratio. The CV of the synthesised mixtures proved
our hypothesis that the higher the degree of chlorination,
the more positive the redox potential became. To unambigu-
ously validate the former experiments, it was necessary to

Figure 1. Schematic representation of C60, 1,2-C2B10H10 and CsACHTUNGTRENNUNG[3,3’-Co-
(1,2-C2B9H11)2] (Cs[1])molecules.

Figure 2. a) Cyclic voltammogram and b) square wave voltammogram re-
sponses recorded at a glassy carbon electrode in MeCN of 5� 10�3

m Cs-ACHTUNGTRENNUNG[Clx-1] (x =2–6) with [NBu4] ACHTUNGTRENNUNG[PF6] (0.1 m) as the supporting electrolyte.
The electrochemical cell contained Ag/AgCl/KClsat as the reference elec-
trode and a platinum wire as the auxiliary electrode. The potential values
have been referred to Fc+/Fc. Scan rate: a) 0.2 Vs�1, b) 0.025 Vs�1.
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find a reliable analytical tool that provided a measure of the
components of each mixture. The molecular composition
was obtained by MALDI-TOF-MS analysis by comparing
the areas under each peak envelope (see Table S1 in Sup-
porting Information). This was possible because the Cs ACHTUNGTRENNUNG[Clx-
1] mixtures are made of chemically and structurally very
similar compounds, so their MALDI-TOF-MS represent the
chemical composition of the studied samples extremely well.
Each peak in each mixture had the appropriate isotopic
composition and was separated from its neighbour either 35
or 36 mass units. The most chlorine-enriched derivative pro-
duced was the Cs ACHTUNGTRENNUNG[Cl9-1] salt.

Electrochemistry of chlorinated mixtures : The CV of each
of these mixtures is very similar to the wave shown in Fig-
ure 2 a, but all of them were consistently shifted to anodic
potentials as the average x value in the CsACHTUNGTRENNUNG[Clx-1] mixture
was increased. Therefore, our hypothesis was qualitatively
proven by the CV of the different mixtures, but we had not
yet proven the additivity by a fixed amount upon each new
chlorination step on the platform Cs[1]. To reach this point,
we needed a set of adequate mixtures and an electrochemi-
cal method capable of providing E1/2 values for each individ-
ual species. Thus, we prepared samples A–F (see Table 1) to
study their redox potentials. The square wave voltammetry
(SWV) was the technique that provided more fine structure

in the electrochemical wave to warrant individual E1/2 calcu-
lations. In Figure 2 b, the SWV for CsACHTUNGTRENNUNG[Clx-1] (x=2–6) is indi-
cated. When the chemical composition, drawn from
MALDI-TOF MS, and deconvolution into Gaussian curves
of the corresponding SWV were combined, a set of self-con-
sistent E1/2 values for each x value could be obtained for the
CoIII/CoII redox process, as outlined in Figure 3. The
MALDI-TOF MS and SWV data are periodic, the first with
regard to mass, and the second with regard to potential. Im-
portantly, both also present the same intensity pattern, a
property that is related to the quantity of different compo-
nents in the mixture.

The MALDI-TOF MS in Figure 3 (top) corresponds to
sample B, made up of Cs ACHTUNGTRENNUNG[Cl2-1], Cs ACHTUNGTRENNUNG[Cl3-1], Cs ACHTUNGTRENNUNG[Cl4-1], Cs ACHTUNGTRENNUNG[Cl5-
1] and Cs ACHTUNGTRENNUNG[Cl6-1]; each peak shows the proper isotopic distri-
bution centred at 391.51, 426.53, 461.53, 495.51 and 530.50,
respectively. The difference in m/z between these peaks is
constant and due to the addition of an extra chlorine atom

and the loss of hydrogen; that
is, the chlorination step. The
SWV plot in Figure 3 deconvo-
lutes into five Gaussian curves
that correspond to the number
of chlorinated species in the
mixture. The intensities of each
Gaussian parallel the intensity
of each peak in the MALDI-
TOF MS and they are separat-
ed from its neighbours by a

fixed potential, as also happens in the MALDI-TOF MS in
which the peaks are separated a fixed m/z. In consequence,
the change in mass and potential proceeds in a parallel fash-
ion and one can conclude that the periodic anodic shift in
the SWV is also due to the influence of one extra chloride
on Cs ACHTUNGTRENNUNG[Clx�1-1]. The periodicity in the E1/2 values shown in
Figure 3 (bottom) proves the chlorination mass and poten-
tial additivity described above for the first six members of
the series. Similar studies have been conducted with directly
out of the oven mixtures with higher chlorination patterns
or with purposely prepared mixtures after combining differ-
ent synthetic procedures. The results are displayed in
Table 2, together with the whole sequence of E1/2 potentials.
For each x value, E1/2 has been calculated as many times as
Cs ACHTUNGTRENNUNG[Clx-1] has been found in the different synthetic mixtures;
the dispersion of E1/2(x) is very low, proving that the values
are self-consistent (see Figure 4). The E1/2 values for the
higher CsACHTUNGTRENNUNG[Clx-1] members of the series are not given, only

Table 1. Percentage composition of the mixtures of Cs ACHTUNGTRENNUNG[Clx-1] used for the calculation of the E1/2 values dis-
played in Figure 4. The composition of each sample has been determined by the analysis of the corresponding
MALDI-TOF mass spectrum.ACHTUNGTRENNUNG[Cl2-1]� ACHTUNGTRENNUNG[Cl3-1]� ACHTUNGTRENNUNG[Cl4-1]� ACHTUNGTRENNUNG[Cl5-1]� ACHTUNGTRENNUNG[Cl6-1]� ACHTUNGTRENNUNG[Cl7-1]� ACHTUNGTRENNUNG[Cl8-1]� ACHTUNGTRENNUNG[Cl9-1]�

A 20.4 62.8 16.8 – – – – –
B 2.7 49.1 34.1 8.2 5.9 – – –
C – – 5.2 14.2 16.4 31.1 30.7 2.3
D – – – – 22.6 42.9 32.4 2.1
E 29.9 25.1 13.7 3.2 11.4 12.9 3.7 –
F 18.4 11.1 15.4 4.7 21.2 23.5 5.8 –

Figure 3. MALDI-TOF mass spectrum of Cs ACHTUNGTRENNUNG[Clx-1] with x=2–6 (top) and
deconvolution into Gaussians of its CoIII/CoII SWV (bottom) from sam-
ple B.

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 6660 – 66656662

F. Teixidor et al.

140

www.chemeurj.org


traces of such species were found in all the mixtures pre-
pared, preventing an accurate measure of E1/2.

Examining the E1/2 values, one can see that each Cl addi-
tion results in an increase of 0.12 V. Thus, the addition of
eight chloride ions would imply an increase of 0.96 V. For
Cs ACHTUNGTRENNUNG[Cl8-1], an estimated E1/2 value near �0.55 V=�1.51+

0.96 V would be expected, and the real value is found at
�0.56 V. The additivity is satisfied very reasonably and also
applies to the CoII/CoI couple and most probably to the
CoIV/CoIII couple. Some values are slightly out of the rule,
for example, the E1/2 value for Cs ACHTUNGTRENNUNG[Cl9-1], but this may be
due to the always low yield of this particular anion in any
sample produced, more than to a failure of the additivity. In
Figure 2 b, the SWV for the CoIII/CoII and CoII/CoI look very
similar. This has allowed us to double check the goodness of
fit of the Gaussian deconvolution. Less data has been ob-

tained for the CoIV/CoIII couple due to the overall anodic
shift upon higher chlorination that has taken the E1/2 value
for this couple to the anodic edge of the solvent.

Preliminary results show that the E1/2 additivity modula-
tion also occurs with Br and I derivatives of Cs.[1] For the
same number of halogen substituents, the anodic shift fol-
lows the next order: E1/2(Cl)<E1/2(Br)<E1/2(I). Each redox
potential is shifted near 0.10 V for CoIII/CoII and 0.07 V for
CoII/CoI when moving from Cl to Br and 0.10 V for both
redox processes when moving from Br to I.

DFT calculations : To find a theoretical basis on the redox
tunability of Cs ACHTUNGTRENNUNG[Clx-1] species, the E1/2 values for the redox
couple CoIII/CoII have been correlated with their HOMO
and LUMO energies. Table 2 displays the HOMO and the
LUMO energies along with the E1/2 for the couple CoIII/
CoII. The cluster total charge (CTC) is also shown.[35] CTC is
a useful property to interpret the behaviour of boron clus-
ters, since it computes all charges on the cluster atoms, not
only these in the periphery. In this case, CTC has been com-
puted with the natural population analysis (NPA) method.[36]

There is a good parallel between the plots of E1/2 and
�ELUMO, as well as between E1/2 and �EHOMO. Although the
E1/2 correlation with both ELUMO and EHOMO may seem con-
tradictory, it is not if the first relates to the reduction of
CoIII to CoII and the second relates to the oxidation of CoIII

to CoIV. The easiest Cs ACHTUNGTRENNUNG[Clx-1] compound to be oxidised is
that with x= 0, which is the one with the more positive
HOMO energy, in agreement with the Koopman�s theorem.
Conversely, the easiest Cs ACHTUNGTRENNUNG[Clx-1] to be reduced is that with
x=12, as it has the more stable LUMO. There is also notice-
able correlation between E1/2 and the CTC: the species with
a more negative CTC charge are more difficult to reduce;
see, for example, Cs[1], which has the highest negative CTC.
In contrast, the compounds that are reduced most easily are
those with the more positive CTC charge.

Conclusion

These redox values are very comparable to the first two re-
duction waves of C60 at �0.64 V for [C60]

0/�I and �1.03 V for
[C60]

�I/�II versus Fc+/Fc, which is remarkable considering
that C60 is a neutral molecule, whereas [3,3’-Co ACHTUNGTRENNUNG(C2B9H11)2]

�

is an anionic species. These results show that, with a higher
degree of chlorination, it should be possible to attain even
positive values of E1/2. We are currently developing a new
method of synthesis that should allow us to synthesise spe-
cific species up to the Cs ACHTUNGTRENNUNG[Cl12-1].

Experimental Section

Materials and instrumentation : All metallacarborane anions prepared
were air and moisture stable. N-Chlorosuccinimide (NCS) was purchased
from Aldrich and used as received. Cs ACHTUNGTRENNUNG[3,3’-Co ACHTUNGTRENNUNG(C2B9H11)2] was supplied
by Katchem. The mass spectra were recorded in the negative ion mode

Table 2. Calculated energy values of the HOMO and LUMO of CsACHTUNGTRENNUNG[Clx-
1] compared with the E1/2 value for their corresponding CoIII/CoII process
(versus Fc+/Fc).

E1/2 [V] �EHOMO [eV] �ELUMO [eV] CTC

Cs[1] �1.51 3.963 �0.546 �3.48
Cs ACHTUNGTRENNUNG[Cl1-1] – 4.060 �0.379 �3.25
Cs ACHTUNGTRENNUNG[Cl2-1] �1.21 4.163 �0.153 �3.10
Cs ACHTUNGTRENNUNG[Cl3-1] �1.09 4.261 0.019 �2.94
Cs ACHTUNGTRENNUNG[Cl4-1] �0.98 4.409 0.195 �2.79
Cs ACHTUNGTRENNUNG[Cl5-1] �0.88 4.492 0.344 �2.65
Cs ACHTUNGTRENNUNG[Cl6-1] �0.77 4.609 0.496 �2.51
Cs ACHTUNGTRENNUNG[Cl7-1] �0.67 4.698 0.596 �2.37
Cs ACHTUNGTRENNUNG[Cl8-1] �0.56 4.784 0.698 �2.24
Cs ACHTUNGTRENNUNG[Cl9-1] �0.52 4.838 0.819 �2.13
Cs ACHTUNGTRENNUNG[Cl10-1] – 4.984 0.925 �2.01
Cs ACHTUNGTRENNUNG[Cl11-1] – 5.017 1.026 �1.90
Cs ACHTUNGTRENNUNG[Cl12-1] – 5.149 1.130 �1.78

Figure 4. E1/2 of all the Cs ACHTUNGTRENNUNG[Clx-1] calculated from the deconvolution into
Gaussians of the SW voltammograms of the mixtures which contain
them. The horizontal lines (c) represent the individual E1/2 values
whereas the empty circles (*) represent the average E1/2 versus Fc+/Fc
for each number of chlorine atoms.
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by using Bruker Biflex MALDI-TOF MS [N2 laser; lexc 337 nm (0.5 ns
pulses); voltage ion source 20.00 kV]. For voltammetric determinations,
an electrochemical system, VoltaLab (Universal Electrochemical Labora-
tory System) interfaced with a PGZ100 potentiostat (Radiometer Analyt-
ical) and controlled by the VoltaMaster 4 software was used. The electro-
chemical cell contained a glassy carbon electrode as working electrode, a
reference Ag/AgCl/KClsat electrode and platinum wire as auxiliary elec-
trode. The solutions were deaerated with analytical grade nitrogen at the
start of each experiment to prevent oxygen interference. All experiments
were performed at room temperature. All the potential values were re-
ferred to the Fc+/Fc couple [E1/2 (Fc+/Fc)= 0.20 V versus Ag/AgCl/
KClsat] .

General synthetic procedure for the preparation of chlorinated deriva-
tives of [3,3’-Co(1,2-C2B9H11)2]

�: Cs[1] (�0.1 mmol), and the correspond-
ing molar quantity of N-chlorosuccinimide (NCS), for the main target
anion expected in the resulting mixture, were crushed together in a glove
box until a homogeneous powder was obtained. As an example, if [Cl6-
1]� was the desired dominant anion in the mixture, a 1:6 ratio of Cs[1]
and NCS was to be mixed. A thick-walled Pyrex tube (20 cm long, 5 mm
id and 8 mm od) was charged with the powder. The lower part of the
tube was then cooled with liquid N2, evacuated and sealed under vacuum
with an energetic flame. Afterwards, the tube was placed inside a protec-
tive iron cylinder and put inside a preheated tubular furnace. The tem-
perature of the furnace was maintained for 2 h at 194�6 8C. The protec-
tive cylinder containing the tube was then carefully removed and the
whole cooled down to room temperature. The tube was then opened and
THF was added in order to perform the characterisation by negative
MALDI-TOF MS and get the CV and SWV for the mixture of anions.

Computational methods : Calculations were performed with the Gauss-ACHTUNGTRENNUNGian 03 suite of programs.[37] Geometries of [3,3’-Co(1,2-C2B9H11)2]
� and

its chlorinated derivatives were fully optimised and HOMO–LUMO en-
ergies and NPA (natural population analysis) charges calculated at the
B3LYP/3–21G* and B3LYP/6–31+G ACHTUNGTRENNUNG(d,p) level of theory, respectively.[36]

All stationary points were found to be true minima (number of imaginary
frequencies, Nimag =0).
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Experimental Section 

Cs[3,3’-Co(1,2-C2B9H11)2], Cs[1], near 0.1 mmol, and the corresponding molar quantity of N-

chlorosuccinimide, NCS, for the main target anion in the expected resulting mixture, were 

crushed together in a glove box until a homogeneous powder was obtained. As an example, if 

[Cl6-1]- was aimed as one of the dominant anions in the mixture, a 1:6 ratio of Cs[3,3’-Co(1,2-

C2B9H11)2] and NCS would be mixed. A thick-walled Pyrex tube (20 cm long, 5 mm id and 8 mm 

od) was charged with the powder. The lower part of the tube was then cooled with liquid N2, 

evacuated and sealed under vacuum with an energetic flame. Afterwards, the tube was placed 

inside a protective iron cylinder and put inside a preheated tubular furnace. The temperature of 

the furnace was maintained for 2 hours at 194±6ºC. The protective cylinder containing the tube 

was then carefully removed and the whole cooled down to room temperature. The tube was then 

opened and THF was added in order to perform the characterization by negative MALDI-TOF-

MS and get the CV and SWV for the mixture of anions. 
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Table S1. Experimental results for the mixture [3,3’-Co(1,2-C2B9H11)2]- and NCS from reagent 

ratios 1:1 to 1:20. Experiments are done at 194±6ºC for 2 h. In the column headed by y, the 

species observed by MALDI-TOF-MS are indicated in bold numbers, indicative of the number of 

inserted chlorine atoms. In parenthesis is indicated the molar fraction of the different chlorinated 

species. 

Reagent ratio y 

1:1 0 (0.24), 1 (0.46), 2 (0.31) 

1:2 0 (0.05), 1 (0.15), 2 (0.52), 3 (0.19), 4 (0.09) 

1:3 2 (0.25), 3 (0.35), 4 (0.26), 5 (0.11) 

1:4 2 (0.09), 3 (0.14), 4 (0.25), 5 (0.35), 6 (0.18) 

1:5 4 (0.11), 5 (0.34), 6 (0.46), 7 (0.09) 

1:6 5 (0.25), 6 (0.54), 7 (0.22) 

1:7 5 (0.09), 6 (0.35), 7 (0.39), 8 (0.12) 

1:8 6 (0.21), 7 (0.46), 8 (0.31) 

1:9 7 (0.32), 8 (0.51), 9 (0.17) 

1:10 7 (0.10), 8 (0.54), 9 (0.33) 

1:11 7 (0.19), 8 (0.50), 9 (0.28) 

1:12 7 (0.04), 8 (0.42), 9 (0.40), 10 (0.14) 

1:13 7 (0.09), 8 (0.44), 9 (0.38), 10 (0.09) 

1:14 7 (0.06), 8 (0.45), 9 (0.39), 10 (0.10) 

1:15 7 (0.04), 8 (0.44), 9 (0.39), 10 (0.11) 

1:16 8 (0.32), 9 (0.45), 10 (0.21) 

1:17 8 (0.33), 9 (0.46), 10 (0.21) 

1:18 8 (0.36), 9 (0.46), 10 (0.18) 

1:19 8 (0.16), 9 (0.45), 10 (0.31), 11 (0.08) 

1:20 8 (0.19), 9 (0.47), 10 (0.29), 11 (0.05) 
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6.- ANNEX II 
(Manuscrits pendents de publicació posteriors a 

la Comissió de Doctorat del setembre de 2011) 
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Highly iodinated molecules have been of interest in 

materials science and medical applications
[1]

 including 

the potential use of iodinated ortho-carboranes as next-

generation radiopaque contrast agents for X-ray 

diagnostic imaging.
[2]

 These compounds have a much 

greater proportion of iodine in the structures compared 

to the iodinated organic compounds currently used in 

X-ray contrast agents. Clean and effective syntheses are 

still the critical issue for the consideration of highly 

iodinated ortho-carboranes as realistic candidates for X-

ray contrast agents.
[3]

 However, the recent development 

of a fast and solvent free synthetic procedure has 

allowed the preparation of 1-R-9,12-I2-1,2-closo-

C2B10H10 and 1-R-8,9,10,12-I4-1,2-closo-C2B10H8 (R = 

H, Me, Ph) derivatives by direct reaction of o-

carboranes (1,2-closo-C2B10H12, 1-Me-1,2-closo-

C2B10H11, 1-Ph-1,2-closo-C2B10H11) and iodine in 

sealed tubes.
[4]

 Additionally, the procedure does not 

require any further solvent-based workup and an excess 

the of iodine is recovered and re-utilized. For the C-

substituted counterparts slightly shorter reaction times 

for the same degree of iodination compared to the 

parent o-carborane were needed. This result is 

consistent with both theoretical
[5]

 and experimental 

data
[6]

 reported by Lipscomb and co-workers, which 

showed that the electron-donating effect of methyl 

groups bonded to the Ccluster atoms causes a uniform 

increase in electron density on the B atoms while 

having little or no effect on the sequence of 

substitution. 

Since the best method to obtain halocarboranes is by 

electrophilic halogenation with iodine or bromine of the 

boron atom vertices, the most common halogenated 

nido carboranes are those substituted at the 9 and 11 

positions, the sites of highest electron density as a result 

of their position in the open pentagonal face of the nido 

cluster.
[7]

 Consequently, producing iodo and bromo 

derivatives substituted in other positions of the nido 

cluster is relatively difficult, due to the insusceptibility 

of these sites to electrophilic attack. As far as we are 

aware, bromination of a nido carborane is only known 

at the 9 and 11 positions. For iodocarboranes the nido 

anion enantiomers 5-I-nido-7,8-dicarbaundecaborate 

and 6-I-nido-7,8-dicarbaundecaborate have been 

additionally been obtained, through the deboronation of 

9-I-o-carborane with KOH
[8]

 or tetrabutylammonium 

fluoride hydrate, TBAFH.
[9]

 

In spite of the fact that halogenated nido carboranes 

have potential relevance to important topics such as 

radioiodine carry and as boron neutron capture therapy 

(BNCT) reagents;
[10]

 relatively few iodinated and 

brominated nido carboranes are known. 

The synthetic strategy leading to selective B-

iodinated cobaltabisdicarbollide [3,3’-Co(1,2-
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C2B9H11)2]
-
 derivatives. As far as we are aware, 

regioselective substitutions have not been possible, and 

specific derivatives could only be obtained after careful 

separations of complex mixtures. Here, we first 

describe the deboronation with EtOK in EtOH of a 

series of closo iodinated derivatives of o-carborane 

which leads us to achieve highly regioselective B-

iodinated nido counterparts. Upon controlled 

deboronation, new iodinated derivatives of 

cobaltabisdicarbollide [3,3’-Co-(1-R-9,12-I2-1,2-closo-

C2B9H8)2]
-
 and [3,3’-Co-(1-R-8,9,10,12-I4-1,2-closo-

C2B9H6)2]
- 

(R= H, Me, Ph) through the complexation 

reaction with cobalt (II) of the appropriate nido 

compounds [7-R-5,6-I2-1,2-nido-C2B9H9]
-
 and [7-Ph-

8,9,10,12-I4-1,2-nido-C2B9H7]
-
 have been synthesized. 

In this work we show a first case of an artificial 

large downhill sequence with well defined and 

characterized, and structurally very similar, individual 

electron donors and acceptors made from a common 

frame. This has been possible by using a 

metallacarborane cluster. There has been interest in 

producing systems with similar characteristics in highly 

prevailing electroactive frameworks such as ferrocene, 

C60, or perylene diimide.
[11]

 The results have been, 

however, very limited.
[12] 

Metallacarboranes are part of 

the boron clusters family of compounds with the 

particularity that have a metal in its framework. Boron 

clusters have a molecular structure that approximates to 

deltahedra or to deltahedra with one or more vertices 

missing. 

The low reduction potential of C60 has made it very 

attractive as an electron acceptor in devices,
[13] 

whereas 

carboranes have not found a parallel application. On the 

other hand, C60 appeared as an excellent platform to 

generate a large sequential set of electron acceptors; this, 

however, seems to be hardly attainable.
[14]

 Therefore, 

from the reduction potentials point of view, carboranes 

could not compete with C60 as electron acceptors, 

however the B-X bond, (X= halogen), in boron clusters 

is much more stable to reduction than the C-X bond in 

sp
2
 carbon atoms and this could be taken in advantage 

for the boron clusters to be redox tuned.
[15]

 

The closo halogenated compounds 1-R-9,12-I2-1,2-

closo-C2B10H9 and 1-R-8,9,10,12-I4-1,2-closo-C2B10H7 

(R= H, Me, Ph) have been synthesized as previously 

reported
[16]

 and used as starting materials for partial 

degradation to respective nido clusters and subsequent 

complexation with Co(II) to the metallacarboranes 

formation.   

The deboronation of these compounds with KOH-

EtOH under reflux conditions for 3 h and following 

precipitation with [HNMe3]Cl lead to the formation of 

[HN(CH3)3][7-R-5,6-I2-7,8-nido-C2B9H9] and 

[HN(CH3)3][7-R-1,5,6,10-I4-7,8-nido-C2B9H8] in good 

to high yield (Scheme 1). Compounds 1, 4 and 7 were 

synthesized as previously reported.
 [17]

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Partial degradation process of iodinated closo carboranes 

1-R-9,12-I2-1,2-closo-C2B10H10 and 1-R-8,9,10,12-I4-1,2-closo-

C2B10H8 (R = H, Me, Ph). 

 

Complexation reaction of each nido compound was 

performed by extracting the bridging proton with 

tBuOK or n-butillitium. The addition of one more 

equivalent of n-butillitium permits the 

trimethylamonium acidic proton extraction and 

consequent trimethylamine elimination in vacuum. 
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After the addition of CoCl2 the reaction was refluxed 

for 15 minutes and precipitated with [N(Me)4]Cl to 

obtain [N(Me)4][3,3’-Co-(1-R-9,12-I2-1,2-closo-

C2B9H9)2] and [N(Me)4][3,3’-Co-(1-R-8,9,10,12-I4-1,2-

closo-C2B9H7)2] (R= H, Me, Ph) in good to high yield 

(Scheme 2).  

Compounds [10] and [13] were synthesized as 

reported in the literature.
 [17]

  

 

  

 

 

 

 

 

 

 

 

 

 

Scheme 2. Complexation reaction of nido clusters to 

metallacarboranes of Co(III) to obtain [N(Me)4][3,3’-Co-(1-R-9,12-

I2-1,2-closo-C2B9H9)2] and [N(Me)4][3,3’-Co-(1-R-8,9,10,12-I4-1,2-

closo-C2B9H7)2] (R= H, Me, Ph). 

 

All the synthesized compounds have been fully 

characterized using 
1
H-, 

11
B-, 

13
C-NMR and MALDI-

TOF spectroscopy, and in the case of 1-Me-9,12-I2-1,2-

closo-C2B10H9 and [HNMe3][7-Ph-1,5,6,10-I4-7,8-nido-

C2B9H7] using X-ray diffraction.  

An example of MALDI-TOF spectrum is displayed 

in Figure 1, showing a peak with isotopic distribution at 

m/z = 1332.4 corresponding to [I8C4B18H14Co]
-
, 

whereas the peak at m/z = 1458.3 corresponds to 

[I8C4B18H14Co + I]
-
. 

Crystals suitable for X-ray diffraction of 1-Me-9,12-

I2-1,2-closo-C2B10H9 [2] (Figure 2) and of the 

trimethylammonium salt of the protonated monoanion, 

[NHMe3][7-Ph-1,5,6,10-I4-7,8-nido-C2B9H7] [9] were 

grown from a chloroform solution (Figure 3).  

 

 

 

 

 

 

 

 

 

Figure 1.  MALDI-TOF spectrum of [3,3’-Co-(8,9,10,12-I4-1,2-

closo-C2B9H7)2]
- 

 

 

 

 

 

 

 

 

 

 

Figure 2. Crystal packing of [2] showing the periodical Cc-H···I-B 

interactions. White = H, pink = B, grey = C). Contacts shorter than 

the sum of Van der Waals radii (-0.2Å) are plotted as dashed dark 

lines. 

 

 

 

 

 

 

 

Figure 3. Crystal packing of [9] showing the periodical Cc-H···I-B 

interactions. White = H, pink = B, grey = C). Contacts shorter than 

the sum of Van der Waals radii (-0.2Å) are plotted as dashed dark 

lines. 

 Influence of B-I vertexes on the bridging proton of 

nido species: The bridging proton in [7,8-nido-

C2B9H12]
-
 derivatives is relatively acidic and can be 

removed by the addition of a strong base. Comparing 
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the chemical shift (δ) of this bridging proton in 

unhalogenated [7,8-nido-C2B9H12]
-
 with di- and tetra-

iodinated nido compounds, we observe that the 

presence of halogen groups on boron vertexes shift δ to 

lower fields
[18]

 (Table 1).  The presence of an iodine 

substituent on the open face boron vertex of nido 

compounds produces even a larger effect on the 

bridging proton chemical shift to lower fields compared 

to the di-iodinated counterparts. In addition, methyl or 

phenyl groups in C-monosubstituted B-iodinated nido 

carboranes produce an electron donating effect towards 

the cluster shifting the bridging proton signal to lower 

fields in comparison to C-unsubstituted carboranes. 

 

 

 

 

 

 

 

Table 1. Chemical shift of bridge BHB protons in nido-carboranes. 

Although it is possible to calculate nido-carborane 

pKa values from DFT methods,
[12]

 can be found little 

experimental data in the literature. The reported pka 

value for this bridging proton in [7,8-nido-C2B9H12]
- 
is 

14.25 (in water),
[19]

 and considering the variation on δ 

of BHB protons on iodinated nido compounds we 

decided to study the protonation process of dicarbollide 

anions: [7-R-5,6-I2-7,8-nido-C2B9H8]
2-

 and [7-R-

1,5,6,10-I4-7,8-nido-C2B9H6]
2-

 in order to determinate 

the acidity of the bridging proton and, consequently, the 

influence of iodine groups attached to boron vertexes.  

A straightforward way was recording 
11

B NMR 

spectra of its potassium salt in aqueous solution, as a 

function of pH. Significant shifts were observed from 

acidic to basic solutions. Figure 4 shows a comparison 

of spectra recorded from pH = 0 to pH= 8 of the dianion 

[1,5,6,10-I4-7,8-nido-C2B9H7]
2-

 (left) and at pH = 3 to 

pH= 11 of the [7-Me-1,5,6,10-I4-7,8-nido-C2B9H6]
2-

(right). Spectra recorded at basic solution are identical 

to that of compound [HNMe3][7]
 

and [HNMe3][8] 

indicating that the monoanions are present. The basic 

forms show a quite different pattern.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 11B{1H} NMR spectra of the acid/base pair [1,5,6,10-I4-

7,8-nido-C2B9H8]
-/[1,5,6,10-I4-7,8-nido-C2B9H7]

2- (left) and [7-Me-

1,5,6,10-I4-7,8-nido-C2B9H7]
-/[7-Me-1,5,6,10-I4-7,8-nido-C2B9H6]

2- 

in water. The highest field peaks in the spectra at pH = 3 (ca. -33.9 

and -35.2 ppm) are assigned to the overlapped signals of B(1) and 

B(10). At pH = 8 or pH = 11 the peaks of B(1) are shifted to higher 

field (ca. -8 and -9.1 ppm, respectively) whereas that of B(10) are 

shifted to low field (ca. +12.0 and +15.2 ppm, respectively). 

 

Upon deprotonation, the resonance due to B(10) are 

shifted to low field, whereas that of B(1) are clearly 

shifted upfield, in the same way as for the cases of [7,8-

nido-C2B9H11]
2-

,
[20]

 [7,8-μ-SCH2CH2S-7,8-nido-

C2B9H9]
2- [21]

 and [1,2,3,4,5,6,9,10,11-I9-7,8-nido-

C2B9H2]
2-

.
[22]

 A more accurate value could be 

determined by reacting the dianion with different acids 

in aqueous solution. The strongest acid which is unable 

to protonate [1,5,6,10-I4-7,8-nido-C2B9H7]
2-

 is 

[NH3OH]
+
. In addition, acetic acid readily protonates it. 

Thus, pKa of the bridging proton of [7]
-
 must lie near 

5.5, which means that iodine substitution on nido-

carboranes enhances their acidity. Nevertheless, for the 

Compounds 
Chemical shift of bridge 

BHB protons (ppm) 

[7,8-nido-C2B9H12]
- -2.90 

[5,6-I2-7,8-nido-C2B9H10]
- -2.15 

[7-Me-5,6-I2-7,8-nido-C2B9H9]
- -1.89 

[7-Ph-5,6-I2-7,8-nido-C2B9H9]
- -1.58 

[1,5,6,10-I4-7,8-nido-C2B9H8]
- -0.09 

[7-Me1,5,6,10-I4-7,8-nido-C2B9H7]
- +0.19 

[7-Ph-1,5,6,10-I4-7,8-nido-C2B9H7]
- +0.40 
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case of [5,6-I2-7,8-nido-C2B9H9]
2-

 the addition of 

distillated water was enough to introduce the bridging 

proton into the open face. 

Influence of B-I vertexes on the 
11

B{
1
H}-NMR 

spectrum: In Figure 5 can be noticed that the presence 

of iodine atoms attached to boron vertexes cause the 
11

B 

resonance to appear at higher field in comparison to non 

halogenated counterparts.  

Since the same effect is observed for iodinated-nido 

clusters, either for iodinated-cobaltabisdicarbollide 

complexes, only the iodine atom effect on boron 

chemical shift for nido compounds will be largely 

discussed.  

 

 

 

 

 

 

 

 

 

Figure 5. Diagram 11B{1H}-NMR spectra with the peak assignments 

for the compounds: [HN(CH3)3][7,8-nido-C2B9H12], 

[HN(CH3)3][5,6-I2-7,8-nido-C2B9H10] [4] and [HN(CH3)3][1,5,6,10-

I4-7,8-nido-C2B9H8] [7]. 

 

The 
11

B{
1
H}-NMR spectra of [HN(CH3)3][7,8-nido-

C2B9H12], [HN(CH3)3][5,6-I2-7,8-nido-C2B9H10] [4], 

and [HN(CH3)3][1,5,6,10-I4-7,8-nido-C2B9H8] [7], are 

in the range -7 to -38 ppm, characteristic of o-carborane 

nido species.
 [23]

 The [HNMe3][5,6-I2-7,8-nido-C2B9H10] 

spectrum displays a 2:1:2:2:1:1 pattern (low to high 

field), same as uniodinated nido cluster. Instead, for the 

case of [HNMe3][1,5,6,10-I4-7,8-nido-C2B9H8], the 

pattern is 2:1:4:2 (low to high field). For the case of 

[HNMe3][5,6-I2-7,8-nido-C2B9H10] (δB(5,6) = -24.0 ppm), 

the presence of iodine on B(5,6) causes the resonance to 

appear at clear higher field in comparison to 

unsubstituted [HNMe3][7,8-nido-C2B9H12] (δB(5,6) = -

16.6 ppm).  

In a different way, for [HNMe3][1,5,6,10-I4-7,8-

nido-C2B9H8] the presence of the iodine atoms have no 

significant effect on the chemical shift of B(5,6), either 

on B(10,1), in comparison to unsubstituted nido cluster. 

The only considerable variation observed on 
11

B{
1
H}-

NMR spectrum of [HNMe3][7], is the spectrum pattern, 

due to the simultaneous peak position of B(1,10) at δ = 

-33.9 ppm, and B(2,4,5,6) at δ = -16.4 ppm. 

Influence of B-I vertexes on the redox potential 

E1/2(Co
III

/Co
II
): The E1/2(Co

III
/Co

II
) for [3,3’-Co(1,2-

C2B9H11)2]
-
, [10]

-
, [11]

-
, [12]

-
, [13]

-
, [14]

-
 and [15]

-
 were 

experimentally determined by cyclic voltammetry and 

their values with regard to Fc
+
/Fc are tabulated in Table 

2.  

 

Table 2. E1/2 data for [3,3’-Co(In-1,2-C2B9H11-n)2]
-  (n=0,1,2,3,4) and 

Cc derivatives. 

A representation of the E1/2(Co
III

/Co
II
) values with 

regard to the number of iodine substituents on the 

platform are given in Figure 6, which indicates that 

each new iodine averages a shift of +0.133V, therefore 

Compound E1/2 vs Fc+/Fc 

[3,3’-Co(8-I-1,2-C2B9H10)2]
-
 

[3,3’-Co(8-I-1,2-C2B9H10)(1,2-C2B9H11)]
- 

[3,3’-Co(8-I-1,2-C2B9H10)2]
- 

[3,3’-Co(9,12-I2-1,2-C2B9H9)2]
-
 

[3,3’-Co(1-Ph-9,12-I2-1,2-C2B9H8)2]
-
 

[3,3’-Co(1-Me-9,12-I2-1,2-C2B9H8)2]
-
 

[3,3’-Co(8,9,12-I3-1,2-C2B9H8)2]
-
 

[3,3’-Co(8,9,10,12-I4-1,2-C2B9H7)2]
-
 

[3,3’-Co(1-Ph-8,9,10,12-I4-1,2-C2B9H6)2]
-
 

[3,3’-Co(1-Me-8,9,10,12-I4-1,2-C2B9H6)2]
-
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the up to now not yet produced [Co(C2B9H6I5)2]
-
 

expectedly would have a E1/2(Co
III

/Co
II
) near -0.48V (vs 

Fc
+
/Fc).  

Therefore just by the addition of 10 iodine 

substituents on boron in [3,3’-Co(1,2-C2B9H11)2]
- 

the 

E1/2(Co
III

/Co
II
) drops from -1.80 V to -0.48V (vs Fc

+
/Fc). 

This is an unprecedented finding that allows tuning the 

redox potential of a platform with a minor change in its 

shape and dimensions so to adjust its E1/2 to a specific 

purpose.  

To compare the effect on E1/2(Co
III

/Co
II
) of the 

substitution on C instead on B in the platform, anions 

[3,3’-Co(1-Ph-9,10-I2-1,2-C2B9H8)2]
-
 [12], [3,3’-Co(1-

Me-9,12-I2-1,2-C2B9H8)2]
- 

[11], [3,3’-Co(1-Ph-

8,9,10,12-I4-1,2-C2B9H6)2]
- 

[15] and [3,3’-Co(1-Me-

8,9,10,12-I4-1,2-C2B9H6)2]
-
 [14] were synthesized. The 

corresponding E1/2(Co
III

/Co
II
) values are tabulated in 

Table 2. First noticeable point is that the effect of the 

Ccluster substitution is an anodic shift as upon 

substitution on B, but it is smaller; second, the effect of 

–Me, near 0.07, is larger than the effect of –Ph, in the 

range +0.04 to +0.06. 

 

 

 

 

 

 

 

 

 

 

Figure 6. Cyclic voltammetries of [3,3’-Co(In-1,2-C2B9H11-n)2]
-  

(n=0,1,2,3,4) and Cc derivatives. 

Experimental Section 

Materials and instrumentation: All metallacarborane anions prepared 

are air and moisture stable. All manipulations were carried out under 

inert atmosphere. 1,2-dimethoxyethane (DME) and THF were 

distilled from sodium benzophenone prior to use. Reagents were 

obtained commercially and used as purchased. 1,2-closo-C2B10H12, 

1-Me-1,2-closo-C2B10H12, 1-Ph-1,2-closo-C2B10H12 were obtained 

from Katchem. [5,6-I2-7,8-nido-C2B9H10]
-,

[17]
 [1,5,6,10-I4-7,8-nido-

C2B9H8]
-,

[17]
 [3,3’-Co-(9,12-I2-1,2-closo-C2B9H9)2]

-,
[17]

 [3,3’-Co-

(8,9,10,12-I4-1,2-closo-C2B9H7)2]
-,

[17]
 [3,3’-Co(8-I-1,2-

C2B9H10)(1’,2’-C2B9H11)]
-,

[24]
 [3,3’-Co(8-I-C2B9H10)2]

-,
[25]

 3,3’-

Co(8,9,10-I3-1,2-C2B9H8)2]
-,

[26]
 were synthesised as reported at the 

literature. 

Elemental analyses were performed using a Carlo Erba EA1108 

micro analyzer. IR spectra (, cm-1; KBr pellets) were obtained on a 

Shimadzu FTIR-8300 spectrophotometer. The 1H- and 1H{11B}-

NMR (300.13 MHz), 13C{1H}-NMR (75.47 MHz) and 11B- and 

11B{1H}-NMR (96.29 MHz) spectra were recorded on a Bruker 

ARX 300 instrument equipped with the appropriate decoupling 

accessories. All NMR spectra were performed in deuterated acetone 

at 22ºC. The 11B- and 11B{1H}-NMR shifts were referenced to 

external BF3·OEt2, while the 1H, 1H{11B}, and 13C{1H}-NMR shifts 

were referenced to SiMe4. Chemical shifts are reported in units of 

parts per million downfield from reference, and all coupling 

constants in Hz. The mass spectra were recorded in the negative ion 

mode using a Bruker Biflex MALDI-TOF-MS [N2 laser; exc 337 

nm (0.5 ns pulses); voltage ion source 20.00 kV (Uis1) and 17.50 

kV (Uis2)]. 

For voltammetric determinations, an electrochemical system, 

VoltaLab (Universal Electrochemical Laboratory System) interfaced 

with a PGZ100 potentiostat (Radiometer Analytical) and controlled 

by the VoltaMaster 4 software, was used. The electrochemical cell 

contained glassy carbon electrode as working electrode, a reference 

Ag/AgCl/KClsat electrode and platinum wire as auxiliary electrode. 

The solutions were deaerated with analytical grade nitrogen at the 

start of each experiment to prevent oxygen interference. All 

experiments were performed at room temperature. All the potential 

values were referred to the Fc+/Fc couple [E1/2 (Fc+/Fc) = 0.64 V vs. 

Standard Hydrogen Electrode (SHE)]. 

Synthesis of 1-Me-9,12-I2-1,2-C2B10H9 [2]: Method A. A thick-

walled Pyrex tube charged with 1-Me-1,2-closo-C2B10H11 (250 mg, 

1.57 mmol) and iodine (4002 mg, 15.79 mmol) was put under 

vacuum, cooled down with liquid nitrogen and sealed. The tube was 

then placed in a furnace and the temperature was raised to 170°C 

during 30 minutes, maintained for 3.5 hours and allowed to drop 

slowly to room temperature. Then, diethyl ether enough to dissolve 

the product and a 10% aqueous solution of sodium metabisulphite 

were added to the residue. The mixture was hardly shaken and the 

two layers were separated. The organic layer was washed in this 
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way several times, until the complete quenching of the excess iodine. 

The organic phase was then dried over MgSO4, filtered and the 

solvent removed under reduced pressure, to give 1-CH3-9,12-I2-1,2-

closo-C2B10H9 as a yellowish solid. (470 mg, 73 %). 

Method B. A thick-walled Pyrex tube charged with 1-Me-1,2-closo-

C2B10H11 (250 mg, 1.57 mmol) and iodine (4002 mg, 15.79 mmol) 

was put under vacuum, cooled down with liquid nitrogen and sealed. 

The tube was then placed in a furnace and the temperature was 

raised to 170°C during 30 minutes, maintained for 3.5 hours and 

allowed to drop slowly to room temperature. Excess iodine was 

effectively separated by sublimation from the reaction mixture at 

50 °C under reduced pressure to give 1-Me-9,12-I2-1,2-closo-

C2B10H9 as a yellowish solid. (485 mg, 75 %). IR (KBr): = 3041 

(Cc-H), 2936, 2863  (Calkyl-H), 2621, 2575 (B-H). 1H (CDCl3): = 

4.01 (br s, 1H, Cc-H), 3.75–1.75 (B-H), 1.98 (s, 3H, CH3). 
1H{11B} 

(CD3COCD3): = 4.01 (br s, 1H, Cc-H), 2.85 (br s, 2H, B-H),  2.78 

(br s, 4H, B-H),  2.49 (br s, 2H, B-H), 1.98 (s, 3H, CH3). 
13C{1H} 

(CDCl3): = 68.11 (s, Cc-CH3), 59.17 (s, Cc-H), 25.49 (s, CH3). 
11B 

(CDCl3): = -10.5 (d, 1J(B,H)= 156, 2B), -14.8 (d, 1J(B,H)= 177, 

2B), -15.9 (d, 1J(B,H)=173, 2B), -16.7 (d, 1J(B,H)=184, 2B), -18.4 

(br s, 1B), -21.7 (br s, 1B). MALDI-TOF MS: m/z= 408.69 (23%) 

[M], 525.09 [M + I -B] (100%),   536.25 [M + I] (75%). 

Synthesis of 1-Ph-9,12-I2-1,2-closo-C2B10H9 [3]: A thick-walled 

Pyrex tube charged with 1-Ph-1,2-closo-C2B10H11 (250 mg, 1.12 

mmol) and iodine (4002 mg, 11.29 mmol) was put under vacuum, 

cooled down with liquid nitrogen and sealed. The tube was then 

placed in a furnace and the temperature was raised to 170°C during 

30 minutes, maintained for 3.5 hours and allowed to drop slowly to 

room temperature. Then, diethyl ether enough to dissolve the 

product and a 10% aqueous solution of sodium metabisulphite were 

added to the residue. The mixture was hardly shaken and the two 

layers were separated. The organic layer was washed in this way 

several times, until the complete quenching of the excess iodine. 

The organic phase was then dried over MgSO4, filtered and the 

solvent removed under reduced pressure, to give 1-Ph-9,12-I2-1,2-

closo-C2B10H9 as a brownish oil. (470 mg, 79 %). IR (KBr): = 3042 

(aromatic CH), 2923 (Cc-H), 2610 (B-H). 1H (CDCl3): = 7.47 (d, 

3H, 3J(H,H)= 6, Caryl-H), 7.39 (dd, 2H, 3J(H,H)= 6, Caryl-H), 4.38 (br 

s, 1H, Cc-H), 3.75–1.75 (B-H). 1H{11B} (CD3COCD3): = 7.47 (d, 

3H, 3J(H,H)= 6, Caryl-H), 7.39 (dd, 2H, 3J(H,H)= 6, Caryl-H), 4.38 (br 

s, 1H, Cc-H), 4.38 (br s, 1H, Cc-H), 3.09 (br s, 2H, B-H),  3.00 (br s, 

2H, B-H), 2.86 (br s, 2H, B-H), 2.76 (br s, 2H, B-H). 13C{1H} 

(CDCl3): = 131.81, 131.00, 130.79, 130.05, 129.30, 127.52 (C6H5), 

57.91 (Cc-H). 11B (CDCl3): = -5.8 (d, 1J(B,H)= 160, 2B), -10.4, -

11.4, -12.1 (6B), -14.0 (br s, 1B), -15.1 (br s, 1B).  

Synthesis of [HNMe3][7-CH3-5,6-I2-7,8-nido-C2B9H9] [5]: To a 

solution of KOH (102 mg, 1.829 mmol) in degassed EtOH (5 ml) 1-

Me-9,12-I2-1,2-closo-C2B10H9 (150 mg, 0.365 mmol) was added. 

The solution was refluxed for 2 h. After cooling down to room 

temperature, the solvent was removed under reduced pressure and 

the solid residue was dissolved in 10 ml of water. The solution was 

neutralized with HCl 0.25 M. Afterwards, aqueous solution of 

[HNMe3]Cl was added dropwise until no more precipitate was 

formed. The white solid was filtered and rinsed with water to give 

[HNMe3][7-CH3-5,6-I2-7,8-nido-C2B9H9] (151 mg, 87%). IR (KBr): 

= 3026 (N-H), 2957 (Cc-H), 2925 (Calkyl-H), 1480 (N-C), 2541 (B-

H). 1H (CD3COCD3): = 3.47 (s, 12H, N(CH3)4), 1.30 (s, 3H, CH3). 

1H{11B} (CD3COCD3): = 3.47 (s, 12H, N(CH3)4), 2.40-1.05 (s, B-

H), 1.30 (s, 3H, CH3), -1.89 (s, 1H, Hbridge). 
13C{1H} (CDCl3): = 

55.38 (N(CH3)4), 23.91 (CH3). 
11B (CDCl3): = -7.6 (d, 1J(B,H)= 

144, 1B), -8.8 (d, 1J(B,H)= 140, 1B), -12.2 (d, 1J(B,H)=164, 1B), -

16.4 (d, 1J(B,H)=171, 1B), -20.2 (d, 1J(B,H)=156, 1B), -23.4 (br s, 

1B), -24.2 (br s, 1B), -27.3 (d d, 1J(B,H)=138, 1J(H,H)=34, 1B), -

31.8 (d, 1J(B,H)=150, 1B). MALDI-TOF MS: m/z= 398.60 [M, 

100%]. 

Synthesis of [HNMe3][7-Ph-5,6-I2-nido-7,8-C2B9H9] [6]: The 

same procedure as for the obtaining of compound [5] was followed. 

The used reactants quantities were: KOH (0.5 g, 1.06 mmol), EtOH 

(15 ml), 1-Ph-9,12-I2-1,2-closo-C2B10H7 (500 mg, 1.06 mmol). The 

final white solid product, [HNMe3][7-Ph-5,6-I2-7,8-nido-C2B9H9] 

was obtained with a yield of 73% (395 mg). IR (KBr): = 3077 (N-

H), 3026 (Cc-H), 2543 (B-H) 1479 (N-C). 1H (CD3COCD3): = 

7.22-7.07 (m, 5H,C6H5), = 3.46 (s, 12H, N(CH3)4). 
1H{11B} 

(CD3COCD3): = 7.22-7.07 (m, 5H,C6H5), = 3.46 (s, 12H, 

N(CH3)4), 2.81-1.24 (s, B-H), -1.58 (s, 1H, Hbridge). 
13C{1H} 

(CDCl3): = 55.35 (N(CH3)4), 127.56, 126.65, 125.22 (C6H5). 
11B 

(CDCl3): = -6.4 (d, 1J(B,H)= 153, 1B), -8.1 (d, 1J(B,H)= 151, 1B), 

-12.3 (d, 1J(B,H)= 162, 1B), -17.7 (d, 1J(B,H)= 162, 1B), -20.4 (d, 

1J(B,H)= 152, 1B), -22.5 (br s, 1B), -23.8 (br s, 1B), -26.4 (d d, 

1J(B,H)= 150), -30.9 (d, 1J(B,H)= 147, 1B). MALDI-TOF MS: m/z= 

462.81 [M, 100%]. 

Synthesis of [HN(CH3)3][7-Me-1,5,6,10-I4-7,8-nido-C2B9H7] [8]: 

The same procedure as for the obtaining of compound [5] was 

followed. The used reactants quantities were: KOH (0.63 g, 1.13 

mmol), EtOH (5 ml), 1-Me-8,9,10,12-I4-1,2-closo-C2B10H7 (150 mg, 

0.226 mmol). The final white solid product, [HNMe3][7-Me-

1,5,6,10-I4-7,8-nido-C2B9H7], was obtained with a yield of 63% 

(100 mg, 0.14mmol). IR (KBr):  = 3115 (s, (N-H)), 2923 (w, 

(Ccluster-H st.)), 2865 (w, (Calkyl-H st.)), 2555 (s, (B-H st.)), 1462 

(w, (N-C)).  1H-NMR (CD3COCD3) δ = 8.51, (t, 1J(N,H) = 111, 1H, 
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NH(CH3)3), 3.2 (d, 3J(H,H) = 3, 9H, NH(CH3)3),  2.37 (s, 3H, CH3 

cluster).  
1H{11B}-NMR (CD3COCD3) δ = 8.51, (t, 1J(N,H) = 111, 1H, 

NH(CH3)3), 3.2 (d, 3J(H,H) = 3, 9H, NH(CH3)3), 2.60 (m, 4H, B-H), 

2.37 (s, 3H, CH3 cluster), 2.19 (s, 1H, B-H), 0.19 (s, 1H, Hbridge). 

13C{1H} (CD3COCD3): =45.5 (s, HN(CH3)3), 23.5 (CH3). 
11B-

NMR (CD3COCD3) δ = -7.50 (d, 1J (B,H) = 144, 1B), -8.73 (d, 1J 

(B,H) = 131, 1B), -12.18 (d, 1J (B,H) = 195, 1B), -14.21 (d, 1J (B,H) 

= 160, 1B), -17.97 (s, 2B, B-I), -17.97 (d, 1J (B,H) = 93, 1B), -35.23 

(s, 2B, B-I).  MALDI-TOF-MS: m/ z (%) = 524.98 (M-I, 24%), 

651.40 (M, 100%). 

Synthesis of [HN(CH3)3][7-Ph-1,5,6,10-I4-7,8-nido-C2B9H7] [9]: 

The same procedure as for the obtaining of compound [8]  was 

followed. The used reactants quantities were: KOH (0.77 g, 1.38 

mmol), EtOH (5 ml), 1-Ph-8,9,10,12-I4-1,2-closo-C2B10H7 (200 mg, 

0.27 mmol). The final white solid product, [HNMe3][7-Ph-1,5,6,10-

I4-7,8-nido-C2B9H7], was obtained with a yield of 73% (156 mg, 

0.20 mmol).  IR (KBr):  = 3111 (s, (N-H)), 2548 (s, (B-H st.)), 

1463 (w, (N-C)). 1H-NMR (CD3COCD3) δ = 8.71 (s, 1J(N,H) = 

102, 1H, NH(CH3)3), 7.23-7.17 (m, 5H, C6H5), 3.19 (d, 3J(H,H) = 6, 

9H, NH(CH3)3).   
1H-{11B}-NMR (CD3COCD3) δ = 8.71 (s, 1J(N,H) 

= 102, 1H, NH(CH3)3), 7.23-7.17 (m, 5H, C6H5), 3.19 (d, 3J(H,H) = 

6, 9H, NH(CH3)3), 2.93-1.2 (m, 5H, B-H), 0.4 (s, 1H, Hbridge). 

13C{1H} (CD3COCD3): = 141.7 (Cipso of C6H5), 128.0, 126.6, 126.1 

(C6H5),  45.5 (s, HN(CH3)3).  
11B-NMR (CD3COCD3) δ = -6.5 (d, 1J 

(B,H) = 147, 1B), -8.0 (d, 1J (B,H) = 148, 1B), -12.4 (s, 1B, B-I), -

15.5 (d, 1J (B,H) = 135, 1B), -17.2 (m, 1B, B-I), -18.2 (m, 2B, B-H), 

-34.5 (s, 2B, B-I, B(1,10)). 

MALDI-TOF-MS: m/ z (%) = 587 (M-I, 55%), 713 (M, 100%). 

Synthesis of [N(CH3)4][3,3’-Co-(1-Me-9,12-I2-1,2-closo-

C2B9H8)2] [11]: To a stirring solution of [HNMe3][7-Me-5,6-I2-7,8-

nido-C2B9H9] (120 mg, 0.25 mmol) in THF (10 ml) cooled to 0 ºC 

in an ice-water bath was added, dropwise, a solution of KtBuO in 

THF (1.3ml, 1M, 1.26mmol). In parallel a CoCl2 (165mg, 

01.26mmol) solution in THF (5ml) was prepared. The solution was 

then transferred via a syringe over the initial reaction mixture, 

previously cooled to 0 ºC. The resulted mixture was heated to reflux 

for 6 hours. The solvent was then removed under reduced pressure. 

10ml of diethyl ether and 10ml of HCl (37%, 1M) aqueous solution 

were then added to the residue. The mixture was hardly shaken and 

the two layers separated. The organic layer was separated from the 

mixture and the aqueous layer was extracted with diethyl ether (3 x 

10ml). The combined organic phase was dried over MgSO4, filtered 

and the solvent removed under reduce pressure. Afterwards, an 

aqueous solution of [NMe4]Cl was added dropwise until no more 

precipitate was formed. The orange solid was filtered and rinsed 

with water to give [NMe4][3,3’-Co-(1-CH3-9,12-I2-1,2-closo-

C2B9H8)2] (165 mg, 70%). IR (KBr): =3020 (Cc-H), 2922, 2853 

(Calkyl-H), 2577 (B-H), 1479 (N-CH3). 
1H(CD3COCD3): = 3.45 

(N(CH3)4), 2.42 (s, 3H, Ccluster-CH3),  2.29 (s, 3H, Ccluster-CH3)). 

1H{11B} NMR (CD3COCD3): 3.76-1.71 (m, B-H), 3.48 (s, 12H, 

N(CH3)4), 2.42 (s, 3H, Ccluster-CH3),  2.29 (s, 3H, Ccluster-CH3)) 

13C{1H} NMR (CD3COCD3): =65.47 (Ccluster-CH3), 55.52 

(N(CH3)4), 54.13 (Ccluster-H), 22.45 (CH3). 
11B NMR (CD3COCD3): 

=8.9, 5.0, -2.7, -4.2 (m, B-H), -8.8, -12.9, -14.9 (m, B-I). MALDI-

TOF MS: m/z=1117.6 [M+2I, 47%], 990.1 [M+I, 100%], 862.6 [M, 

88%]. 

Synthesis of [N(CH3)4][3,3’-Co-(1-Ph-9,12-I2-1,2-closo-C2B9H8)2] 

[12]: The same procedure as for the obtaining of compound [11] 

was followed. The used reactants quantities were: [HN(CH3)3][7-

Ph-5,6-I2-7,8-nido-C2B9H9] (200 mg, 0.39 mmol), THF (10 ml), 

solution of KtBuO in THF (1.95 ml, 0.195 mmol), CoCl2 (254 mg, 

1.95 mmol), 5ml of THF, 10ml of HCl (37%, 0.25M) aqueous 

solution. The final orange solid compound, [N(CH3)4][3,3’-Co-(1-

C6H5-9,12-I2-1,2-closo-C2B9H8)2] was obtained with a yield of 71%  

(295 mg). IR (KBr): =3027 (Cc-H), 2951, 2923, 2854 (Calkyl-H), 

2558 (B-H), 1479 (N-CH3). 
1H(CD3COCD3): =7.66-7.14 (m, 10H, 

C6H5), 4.63 (s, 2H, Ccluster-H), 3.47  (N(CH3)4). 
1H{11B} 

(CD3COCD3): =7.66-7.14 (m, 10H, C6H5), 4.80-1.53 (m, B-H), 

4.63 (s, 2H, Ccluster-H), 3.47  (N(CH3)4).  13C{1H}(CD3COCD3): 

=141.45, 140.70 (Cipso of C6H5), 129.15, 128.45, 127.97, 127.29, 

125.59, 122.88 (C6H5), 71.29 (Ccluster-C6H5), 55.46 (N(CH3)4), 53.94, 

50.59 (Ccluster-H). 11B NMR (CD3COCD3): =9.4, 5.6, -3.7, -9.4 (m, 

B-H), -14.6 (s, B-I). MALDI-TOF MS: m/z=1115.8 [M+I, 17%]. 

988.2 [M, 100%], 860.8 [M-I, 17%].  

Synthesis of [N(CH3)4][3,3’-Co-(1-Me-8,9,10,12-I4-1,2-closo-

C2B9H6)2] [14]: The same procedure as for the obtaining of 

compound [11] was followed. The used reactants quantities were: 

[HNMe3][7-Me-1,5,6,10-I4-7,8-nido-C2B9H7] (60 mg, 0.08 mmol), 

THF (5 ml), solution of butyllithium in hexane (0.105ml, 1.6M, 

0.168mmol), CoCl2 (32.8g, 0.253mmol), 10ml of diethyl ether, 

10ml of HCl (37%, 0.25M) aqueous solution. The final orange solid 

compound, [NMe4][3,3’-Co(1-Me-8,9,10,12-I4-1,2-closo-C2B9H6)2],  

was obtained with a yield of 65%  (64 mg, 0.04 mmol). IR (KBr):  

= 3022 (w, (Ccluster-H)), 2952, 2924, 2853 (s, (Ccluster-CH3), 

(N(CH3)4)), 2590 (s, (B-H)).  1H-NMR (CD3COCD3) δ = 5.18 (s, 

2H, Ccluster-H), 3.45 (s, 12H, N(CH3)4), 2.55 (s, 3H, Ccluster-CH3).   

1H-{11B}-NMR (CD3COCD3) δ = 5.18 (s, 2H, Ccluster-H), 4.25 (s, B-

H), 3.45 (s, 12H, N(CH3)4), 2,93 (s, B-H), 2.84 (s, 3H, Ccluster-CH3), 

2.55 (s, 3H, Ccluster-CH3).  
13C{1H} NMR (CD3COCD3):  = 69.77 

(Ccluster-CH3), 60.66 (Ccluster-H), 55.36 (N(CH3)4), 22.42 (CH3).   
11B-
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NMR (CD3COCD3) δ = -0.5, -1.3, -3.2, -4.9 (m, B-H), -7.4, -9.4 (m, 

4B, B-I), -11.7, -13.2 (m, B-H).  MALDI-TOF-MS: m/ z (%) = 1363 

(M, 27%), 1237 (M-I, 10%), 837 (M-4I, 100%). 

Synthesis of [NMe4][3,3’-Co-(1-Ph-8,9,10,12-I4-1,2-closo-

C2B9H6)2] [15]: The same procedure as for the obtaining of 

compound [11] was followed. The used reactants quantities were: 

[HNMe3][7-Ph-1,5,6,10-I4-7,8-nido-C2B9H7] (100 mg, 0.12 mmol), 

THF (5 ml), solution of butyllithium in hexane (0.16ml, 1.6M, 

0.258mmol), CoCl2 (50.2g, 0.387mmol), 10ml of diethyl ether, 

10ml of HCl (37%, 0.25M) aqueous solution. The final orange solid 

compound, [NMe4][3,3’-Co(1-Ph-8,9,10,12-I4-1,2-closo-C2B9H6)2],  

was obtained with a yield of 69%  (42 mg, 0.02 mmol). IR (KBr):  

= 3030 (w, (Ccluster-H)), 2952, 2923, 2853 (s, (N(CH3)4), 2606 (s, 

(B-H).  1H-NMR (CD3COCD3) δ = 7.26-6.98 (m, 10H, C6H5), 5.71 

(s, 2H, Ccluster-H), 3.45 (s, 12H, N(CH3)4).  1H{11B}-NMR 

(CD3COCD3) δ =  7.26-6.98 (m, 10H, C6H5), 5.71 (s, 2H, Ccluster-H), 

4.50 (s, B-H), 2.63 (s, B-H), 2.41 (s, B-H), 3.45 (s, 12H, N(CH3)4).  

13C{1H} NMR (CD3COCD3):  = 137.40 (Cipso of C6H5), 129.93, 

128.73, 128.12, 127.03, 126.63 (C6H5) 64.01 (Ccluster-H), 55.29 

(N(CH3)4).  
11B-NMR (CD3COCD3) δ = -1.89, -6.70, -11.30, -14.02 

(m, 18B, B-H + B-I).  MALDI-TOF-MS: m/ z (%) = 1486 (M, 17%), 

1359 (M-I, 33%), 1232 (M-2I, 20%), 1104 (M-3I, 12%), 978 (M-4I, 

16%), 840 (M-5I, 32%), 713 (M-6I, 100%). 

X-ray structure analysis 

X-ray crystal structure analyses were performed by using an Enraf 

Nonius CCD area detector diffractometer with MoKα radiation (λ = 

0.71073 Å) equipped with an Oxford Cryostream low-temperature 

unit. The data sets were corrected for abortion using SADABS 

program.
[27] The structures were solved with the program SIR97;

[28] 

full-least-squares refinements on F2 were performed with 

SHELXL97
[29] using anisotropic displacement parameters for most 

of the non-H atoms: two B atoms in [NMe4][3,3’-Co-(8,9,10,12-I4-

1,2-closo-C2B9H7)2] were refinened isotropically. The hydrogen 

atoms were treated as riding atoms using the SHELX97 default 

parameters or their positional parameters were refined isotropically 

according to the riding model. All calculations and graphics were 

done at WinGX
[30] platform. 

1-Me-9,12-I2-1,2-closo-C2B10H9 [2]: C3H12B10I2, Mr = 410.05, 

monoclinic, space group P21/n, a = 8.9345(3), b = 12.7332(3), c = 

11.4559 (3) Å; α = 90, β =97.6710(10), γ = 90 °, V = 1291.61 Å3, Z 

= 2, T = 173(2). 

[NHMe3][7-Ph-1,5,6,10-I4-7,8-nido-C2B9H7] [9]: C9H22B9CoI4N, 

Mr = 749.19, monoclinic, space group P21/c, a = 13.5502(2), b = 

12.3860(2), c = 14.9886(2) Å; α = 90, β = 113.7250(10), γ = 90 °, V 

= 2302.98 Å3, Z = 2, T = 173(2). 
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Abstract 

o-Carborane derivatives with precisely defined patterns of substitution have been prepared from 9,12-I2-1,2-closo-

C2B10H10 and 8,9,10,12-I4-1,2-closo-C2B10H8 by replacing the iodine atoms, bonded to adjacent boron vertices in 

the cluster, with allyl, phenyl and phenylethynyl groups through a Kumada cross coupling reaction. Moreover, the 

Ccluster–H vertices on the rigid o-carborane head are available as further linking points for organic moieties, 

hydrogen bond acceptors, transition metals, nanoparticles or surfaces. The generation of diverse macromolecules 

and supramolecular assemblies constitutes a main focus for our current research and related advances will be 

reported in the near future. 

  

Introduction 

Carborane clusters are molecules of great interest as 

building blocks in macromolecular and supramolecular 

chemistry. Moreover, despite showing remarkable 

chemical inertness, they can be functionalized by 

different straightforward reactions. Thus, a number of 

dendrimers,
[1]

 macrocycles,
[2]

 self-assembled 

monolayers
[3] 

and supramolecular assemblies,
[4], [5] 

with 

special mention for host-guests adducts
[6]

 incorporating 

ortho-carboranes have been prepared and structurally 

characterized.  

A useful and general method for the functionalization 

of o-carboranes through their boron atoms is 

electrophilic iodination followed by Kumada cross-

coupling reaction that allows the introduction of organic 

moieties. This has led to mono- and disubstituted 

compounds, starting from 9-I-1,2- closo-C2B10H11, 

9,12-I2-1,2-closo-C2B10H10, 3-I-1,2-closo-C2B10H11 or 

3,6-I2-1,2-closo-C2B10H10,
[7]

 but, as we are aware, never 

to a higher degree of substitution. Recently, we reported 

the regioselective synthesis of 9,12-I2-1,2-closo-

C2B10H10 [1] and 8,9,10,12-I4-1,2-closo-C2B10H8 [2],
[8] 

where the B–I vertices reside at the compacted adjacent 

positions antipodal to the two carbon atoms. By 

substitution of iodine with the appropriate organic 

groups, the o-carborane cluster can be envisaged as a 

robust dendritic core for multiple and diverse types of 

ramifications. Two or four arms may be densely 

appended to the cluster through four boron vertices 

located at a compact area of the cluster, whilst the two 

C–H vertices occupying the two positions furthest away 

from them remain ready for further functionalization or 

complexation. These prospects prompted us to study the 

reactivity of [1] and [2] in order to performe 

polyfunctionalized synthons.  

Here, we report the synthesis of such structures, 

which may offer a unique platform for the construction 
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of large molecules with full control over the position of 

the substituents.  

In the present study,  both boron di- and 

tetraiodinated o-carborane have been chosen as the 

platform to prepare multiple regioselective derivatives 

with different patterns of substitution (Figure 1). It was 

our main target to elucidate if the highly crowded 

iodine atoms in a compact region of the boron cluster 

could be replaced. To achieve so, the cross-coupling 

reaction on B-iodinated o-carboranes with Grignard 

reagents in the presence of Pd(II) and Cu(I) catalysts 

was studied. 

 

 

 

 

 

 

 

Figure 1. Vertex numbering in di- and tetra-iodinated o-carborane 

derivatives [1] and [2]. 

Results and Discussion 

In order to obtain the desired products, three types of 

Grignard reagents were used, allylmagnesium, 

phenylethynylmagnesium and phenylmagnesium 

chlorides. The first produce a more relaxed space and, 

in addition it could provide ‘‘free’’ ends for further 

reactions whereas, the second and the third, were 

chosen to produce a highly congested region in o-

carborane derivatives.  

The same synthetic procedure was performed in all 

cases, first the corresponding organomagnesium 

chloride and the catalyst cis-[PdCl2(PPh3)2] were added 

to a solution of the B-iodinated derivative in anhydrous 

THF and the mixture was left under reflux overnight. 

The corresponding crude products were purified 

through a bed of silica, modulating the eluent polarity 

(Table 1).  

The reaction of [1] with allylmagnesium chloride 

proceeded completely after several hours to give 9,12-

(CH2CHCH2)2-1,2-closo-C2B10H10 [3] as a colourless oil 

in high yield (see Scheme 1, (i)), and 8,9,10,12-

(CH2CHCH2)4-1,2-closo-C2B10H8 [4] (see Scheme 2, 

(i)) was synthesized according to the literature.
[9] 

 

 

 

Table 1. Experimental details for Palladium-catalyzed Kumada cross 

coupling reactions. 

 

 

  

 

 

 

 

 

Scheme 1. Kumada cross coupling reactions on [1] using cis-

[Pd(PPh3)2Cl2] and CuI as a catalysts, in THF refluxing overnight. 

(i) CH2=CHCH2MgCl, (ii) PhC≡CMgCl, (iii) PhMgCl, (iv) solvent 

free electrophilic iodination with I2 (10 eq.) at 210ºC during 4h and 

(v) PhMgCl. 

 

The allylation of both o-carborane clusters in [3] and 

[4] was confirmed by multinuclear NMR and FT-IR 

spectroscopic techniques, mass spectrometry and 

elemental analysis.  

Grignard  

Reagent 
Reagent 

Catalyst  

(% molar) 

Purification 

eluent (volume) 
Product 

Yield 

(%) 

CH2=CHCH2MgCl 

[1] 4 Hexane/CHCl3 (1:1) [3] 92 

[2] 4 Hexane/CHCl3 (5:1) [4] 92 

[8] 4 Hexane/CHCl3 (3:1) [9] 75 

PhC≡CMgCl 

[1] 8 CHCl3 
[5] 70 

[2] 8 CHCl3 
[6] 65 

PhMgCl 

[1] 4 CHCl3 [7] 72 

[2] 4 CHCl3 [8] 81 
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Crystals suitable for X-ray diffraction of compound 

[4] were obtained from the reaction mixture. The crystal 

structure proved the identity of [4] as 8,9,10,12-

(CH2CHCH2)4-1,2-closo-C2B10H8 (Figure 2). The 

crystal lattice packing is directed by intermolecular 

interactions between the Cc-H vertexes and the terminal 

olefinic branches, which drives to infinite layers 

perpendicular to the crystallographic bc plane.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2. Kumada cross coupling reactions on [2] using cis-

[Pd(PPh3)2Cl2] and CuI as a catalysts, in THF refluxing overnight. 

(i) CH2=CHCH2MgCl, (ii) PhC≡CMgCl, (iii) PhMgCl, (iv) 

CH2=CHCH2MgCl and (v) PhC≡CMgCl. C-dithiolation reaction of 

[2] with 2 equivalents of n-butillitium and ¼ S8 to generate the C-

dithiolate salt of [2] (vi) and acidification with diluted HCl to obtain 

tetraiodinated C-dithiol o-carborane [11], (vii). 

 

While the cross coupling reaction of [1] with 

phenylethynylmagnesium chloride proceeded 

completely to give 9,12-(PhC≡C)2-1,2-closo-C2B10H10 

[5] in good to high yield (Scheme 1, (ii)), the same 

coupling with [2] lead to the exchange of three of the 

four iodine atoms to give 8,9,10,12-(PhC≡C)3I-1,2-

closo-C2B10H8 [6] (Scheme 2, (ii)). The identity of both 

products was confirmed by mult inuclear NMR and FT-

IR spectroscopic techniques, mass spectrometry and 

elemental analysis. Although, the exact position of the 

iodine atom in the cluster remains unclear, taking into 

account esteric impediments in the compact region of 

B(9) and B(12) vertexes, one can consider the 

unsubstituted iodine to remain in one of these two 

positions.  

 

 

 

 

 

 

 

 

Figure 2. Crystal packing of [4] showing the periodical Ccluster-

H/olefinic group interactions, view down crystallographic a axis. 

White = H, pink = B, grey = C). Contacts shorter than the sum of 

Van der Waals radii are plotted as dashed dark lines. 

Crystals suitable for X-ray diffraction of compound 

[5] were grown in chloroform. Resolution of the crystal 

structure proved that the obtained compound was 9,12-

(PhC≡C)2-1,2-closo-C2B10H10 [5]. An interesting 

packing driven by strong Ccluster–H/π interactions, 

established between Ccluster-H vertices and the centers of 

benzene ring planes, is observed in the crystal lattice 

(Figure 3). Directed by such interactions, the molecules 

of [5] pack into infinite layers perpendicular to the 

crystallographic ab plane. Thus, the crystal structure of 

[5] clearly reflects the ability of Ccluster–H vertices in o-

carboranes to participate in non conventional hydrogen 

bonds with aromatic π systems. As previously reported, 

these interactions may serve as useful vectors in crystal 

engineering and supramolecular recognition.
 [5], [10] 

 

In contrast, and as previously reported at the 

literature,
[9]

  when [2] reacted with phenylmagnesium 

chloride, two iodine atoms were readily exchanged, but 
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the coupling of a third phenyl ring into the cage was 

extremely slow, as observed by 
11

B NMR monitoring. 

The resulting diiodo-diphenyl-mixed substituted o-

carborane was isolated and characterized by different 

spectroscopy techniques. The resolution of the crystal 

structure proved that the obtained compound was 8,10-

Ph2-9,12-I2-1,2-closo-C2B10H8 [8].  

Steric hindrance could be the reason for the 

substitution restriction to B(8,10), since these B–I 

vertices are the furthest removed from each other in 2, 

whereas the iodine atoms at B(9,12) lie at crowded 

positions. The system also offers the possibility for 

uneven substitution, e.g., 8,10-aryl-9,12-I2-1,2-closo-

C2B10H8 in which the two iodine atoms are ready for 

substitution with less crowded substituents.  

 

 

 

 

 

 

 

Figure 3. Crystal packing of [5] showing the periodical Ccluster-H/π 

interactions. White = H, pink = B, grey = C). Contacts shorter than 

the sum of Van der Waals radii are plotted as dashed dark lines. 

 

In addition, [8] was also used as starting material for 

the cross coupling reaction with 

phenylethynylmagnesium chloride, but the coupling 

was unsuccessful since any iodine was exchanged 

(Scheme 2, (v)). Instead, when using a less crowded 

organomagnesium chloride, such as CH2=CHCH2MgCl, 

the coupling reaction with [8] lead to the formation of 

8,10-Ph2-9,12-(CH2CHCH2)2-1,2-closo-C2B10H8 [9] in 

good to high yields (Scheme 2, (iv)). The diallyl-

diphenyl-mixed substituted ortho-carborane was 

isolated and characterised. Crystals suitable for X-ray 

diffraction were grown from a chloroform solution. 

Resolution of the crystal structure proved that the 

obtained compound was 8,10-Ph2-9,12-(CH2CHCH2)2-

1,2-closo-C2B10H8 [9] (Figure 4). The Ccluster–H vertices 

on the rigid o-carborane head are available as further 

linking points for organic moieties, hydrogen bond 

acceptors, transition metals, nanoparticles or surfaces. 

The generation of diverse macromolecules and 

supramolecular assemblies constitutes a main focus for 

our current research and related advances will be 

reported in the near future. 

 

 

 

 

 

 

 

 

 

 

Figure 4. Crystal packing of [9] showing the periodical Ccluster-H/π 

interactions. White = H, pink = B, grey = C). Contacts shorter than 

the sum of Van der Waals radii are plotted as dashed dark lines. 

 

Since the four-fold phenylation of the o-carborane 

was proved to be unsuccessful when reacting [2] with 

phenylmagnesium chloride, we design a new synthetic 

strategy in order to get the 8,9,10,12-Ph4-1,2-closo-

C2B10H8. First, we perform the cross coupling reaction 

of [1] with phenylmagnesium chloride to obtain 9,12-

Ph2-1,2-closo-C2B10H10 [7] as previously reported at the 

literature.
[7c]

 Then we induce an electrophilic iodination 

over the unsubstituted boron vertexes B(8) and B(10) 

by a solvent free reaction with I2 in a sealed tub at 

210ºC during 4h, to finally obtain [10] in good yield 

(see Scheme 1, (iv)).  

The different allocation of the four substituents in 

[10] may decrease the esteric effect of the two bulky 

phenyl groups since they are displayed in neighboring 

vertexes B(9,12), and the two remaining iodine atoms 
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are placed one far from the other, so the substitution for 

phenyl groups is, in principle, esterically viable. 

Unfortunately, the cross coupling reaction of [10] with 

PhMgCl did not lead to the expected four-fold 

phenylation of the o-carborane.  

Figure 5 shows a comparison of 
11

B NMR diagram 

spectra for unsubstituted o-carborane and two 

synthesized geometrical isomers [8] and [10]. While the 

presence of phenyl groups on B(9,12) in [10] and on 

B(8,10) on [8] causes the boron resonance to appear at 

clear lower field in comparison to unsubstituted o-

carborane cluster (ca. +8 and +9 ppm, respectively), the 

iodine substituents on B(8,10) on [10] and on B(9,12) 

on [8] shift the NMR boron peak to higher field (ca. -11 

and -8 ppm, respectively).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Diagram 11B{1H}-NMR spectra with the peak assignments 

for the o-carborane and the geometric isomers 8,10-I2-9,12-Ph2-1,2-

closo-C2B10H8 [10] and 8,10-Ph2-9,12-I2-1,2-closo-C2B10H8 [8].  

 

The di-C-thiolate salt of [2] was obtained according 

to an adaptation of a previously reported 

methodology
[11]

  using n-butillitium and S8 (see Scheme 

2, (vi)). It is known that iodine substitution on the 

cluster boron atoms makes electron density decrease on 

the carbon atoms, making hydrogen atoms more 

acidicSo, sulfur atoms in the dithiolate salt of [2] are 

expected to be less basic, but their coordination ability 

is not completely lost, they can still bind to metals.  

It should be noticed that the relative acidity of the C–

H vertices in these clusters is useful in supramolecular 

chemistry, due to the possibility to participate in weak 

H-bonding.
[5] 

In addition, a range of organic moieties, 

heteroatoms and metal centres can be bonded to the 

carbon atoms in straightforward pathways, i. e. 

deprotonation followed by treatment with the proper 

electrophile. It is our purpose to study the C-thiolate 

formation on these systems, as good coordination 

abilities are known for them, both to metal centres and 

nanoparticles.  

Nevertheless, during the isolation of the 

corresponding dithiol by acidification of the dithiolate 

with diluted HCl to give 1,2-(SH)2-8,9,10,12-I4-1,2-

closo-C2B10H6 [11], a certain tendency to oxidation was 

observed, possibly due to the above mentioned decrease 

in the electron density of the sulfur atoms (see Scheme 

2, (vii)). The oxidation reaction was forced by the use 

of iodine under basic conditions, giving the 

corresponding dimer where the carborane units are 

linked through disulfide bridges.
 [12]

 

Conclusion 

The synthetic importance of B-iodo-o-carboranes relies 

on the possibility of exchanging iodine with organic 

moieties using the Kumada cross-coupling reaction, 

opening new possibilities of constructing 

macromolecules. These boron substituted o-carborane 

derivatives can in turn serve as synthons for many 

applications.  

Experimental Section 

Materials and instrumentation: All o-carboranes prepared are air and 

moisture stable. All manipulations were carried out under inert 

atmosphere. THF were distilled from sodium benzophenone prior to 

use. Reagents were obtained commercially and used as purchased. 
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1,2-closo-C2B10H12 was obtained from Katchem. 9,12-I2-1,2-closo-

C2B10H10 [1], [8] 8,9,10,12-I4-1,2-closo-C2B10H8 [2], [8] 8,9,10,12-

(CH2CHCH2)4-1,2-closo-C2B10H8 [4] [9] and 8,10-Ph2-9,12-I2-1,2-

closo-C2B10H8 [8] [9] were synthesised as reported at the literature. 

Elemental analyses were performed using a Carlo Erba EA1108 

micro analyzer. IR spectra (, cm-1; KBr pellets) were obtained on a 

Shimadzu FTIR-8300 spectrophotometer. The 1H- and 1H{11B}-

NMR (300.13 MHz), 13C{1H}-NMR (75.47 MHz) and 11B- and 

11B{1H}-NMR (96.29 MHz) spectra were recorded on a Bruker 

ARX 300 instrument equipped with the appropriate decoupling 

accessories. All NMR spectra were performed in deuterated acetone 

at 22ºC. The 11B- and 11B{1H}-NMR shifts were referenced to 

external BF3·OEt2, while the 1H, 1H{11B}, and 13C{1H}-NMR shifts 

were referenced to SiMe4. Chemical shifts are reported in units of 

parts per million downfield from reference, and all coupling 

constants in Hz. The mass spectra were recorded in the negative ion 

mode using a Bruker Biflex MALDI-TOF-MS [N2 laser; exc 337 

nm (0.5 ns pulses); voltage ion source 20.00 kV (Uis1) and 17.50 

kV (Uis2)], and using a FIA-ES/MS (Shimadzu AD VP/ API 150) 

instrument for neutral species. 

Synthesis of 9,12-(CH2=CHCH2)2-1,2-closo-C2B10H10 [3]: To a 

stirring solution of 9,12-I2-1,2-closo-C2B10H10 (0.50 g, 1.26 mmol) 

in THF (10 mL) cooled to 0 ºC in an ice-water bath was added 

dropwise to a solution of allylmagnesium chloride in THF (2.6 mL, 

2M, 5.2 mmol). After stirring at room temperature for 30 minutes, 

cis-PdCl2(PPh3)2 (35.0 mg, 4% equiv.) and CuI (9.6 mg, 4% 

equiv.) were added in a single portion, following the reaction was 

heated to reflux overnight. The solvent was removed and 20 mL of 

diethyl ether were added to the residue. The excess of Grignard 

reagent was destroyed by slow addition of dilute HCl. The organic 

layer was separated from the mixture, and the aqueous layer was 

extracted with diethyl ether (3 x 10 mL). The combined organic 

phase was dried over MgSO4, filtered and the solvent removed 

under reduced pressure. The crude product was dissolved in 

hexane/chloroform mixture (1:1 by volume, ca. 5 mL) and passed 

through a bed of silica. The solvent was removed in vacuo to give 

9,12-(CH2=CHCH2)2-1,2-closo-C2B10H10 as a yellowish oil. Yield: 

260 mg (92 %). Elemental Analysis for C14B10H28: calc: C 42.50, H 

8.80; found: C 42.56, H 8.27. IR (KBr):  [cm-1] =3072 (vs, 

s(Ccluster-H i =CH2)), 2995, 2962, 2900, 2885 (vs, s(=CH and 

CH2)), 2594 (vs, s(B-H)), 1633 (vs, s(C=C)), 1089, 1022 (s, 

as(=CH2)). 
1H NMR:  [ppm] =5.77 (m, 2H, CH2=CH-CH2), 4.84-

4.76 (m, 4H, CH2=CH-CH2), 3.42 (s, 2H, Ccluster-H), 3.10–1.00 (m, 

8H, B-Hterminal), 1.64 (s, 4H, CH2=CH-CH2). 
1H{11B} NMR:  

[ppm]=5.77 (m, 2H, CH2=CH-CH2), 4.84-4.76 (m, 4H, CH2=CH-

CH2), 3.42 (s, 2H, Ccluster-H), 2.23 (s, 2H, B(3,6)-Hterminal), 2.10 (s, 

2H, B(8,10)-Hterminal), 2.05 (s, 4H, B(4,5,7,11)-Hterminal), 1.64 (d, 

3J(H,H)=7.9 Hz, 4H, CH2=CH-CH2). 
13C{1H} NMR:  

[ppm]=140.2 (s, CH2=CH-CH2), 111.8 (s, CH2=CH-CH2), 48.3 (s, 

Ccluster), 22.6 (m, CH2=CH-CH2). 
11B NMR:  [ppm]=7.5 (s, 2B, 

B(9,12)), -8.6 (d, 1J(B,H)=145 Hz, 2B, B(8,10)), -14.3 (d, 

1J(B,H)=164 Hz, 4B, B(4,5,7,11)), -16.3 (d, 1J(B,H)=195 Hz, 2B, 

B(3,6)). MALDI-TOF MS: m/z (%)=224.4 (100) [M-1]-. 

Synthesis of 9,12-(Ph-C≡C)2-1,2-closo-C2B10H10 [5]: To a stirring 

solution of 9,12-I2-1,2-closo-C2B10H10 (295 mg, 0.8 mmol) in dry 

THF (5 mL) cooled to 0 ºC in an ice-water bath was added dropwise 

a solution of phenylethynylmagnesium bromide solution in THF (3 

mL, 1M, 3 mmol). After stirring at room temperature for 30 minutes, 

cis-PdCl2(PPh3)2 (42.0 mg, 8% equiv.) and CuI (11.4 mg, 8% 

equiv.) were added in a single portion, following the reaction was 

heated to reflux overnight. The solvent was removed and 20 mL of 

diethyl ether were added to the residue. The excess of Grignard 

reagent was destroyed by slow addition of dilute HCl. The organic 

layer was separated from the mixture, and the aqueous layer was 

extracted with diethyl ether (3 x 10 mL). The combined organic 

phase was dried over MgSO4, filtered and the solvent removed 

under reduced pressure. The crude product was dissolved in 

chloroform (5 mL) and passed through a bed of silica. The solvent 

was removed in vacuo to give 9,12-(Ph-C≡C)2-1,2-closo-C2B10H10 

as a brown oil. Yield: 180 mg (70 %). Elemental Analysis for 

C18B10H20: calc: C 62.79, H 5.81; found: C 62.70, H 5.93. IR (KBr): 

 [cm-1] =3211 (m, s(Cphenyl-H)), 3065 (vs, s(Ccluster-H)), 2607 (vs, 

s(B-H)), 2189 (s, s(C≡C)), 1597, 1489 (vs, s(C-Cphenyl)).
1H NMR: 

 [ppm]=7.44 (s, 2H, Hphenyl-para), 7.27 (s, 8H, Hphenyl-ortho, Hphenyl-meta), 

3.43 (s, 2H, Ccluster-H), 2.50–1.50 (m, 8H, B-Hterminal). 
1H{11B} 

NMR:  [ppm]=7.44 (s, 2H, Hphenyl-para), 7.27 (s, 8H, Hphenyl-ortho, 

Hphenyl-meta), 3.43 (s, 2H, Ccluster-H), 2.58 (s, 2H, B(8,10)-Hterminal), 

2.34 (s, 4H, B(4,5,7,11)-Hterminal), 2.29 (s, 2H, B(3,6)-Hterminal). 

13C{1H} NMR:  [ppm]=131.9 (s, Cphenyl-para), 128.0 (s, Cphenyl-ortho, 

Cphenyl-meta), 124.1 (s, Cphenyl-ipso), 48.3 (s, Ccluster). 
11B NMR:  

[ppm]=-0.7 (s, 2B, B(9,12)), -6.9 (d, 1J(B,H)=125 Hz, 2B, B(8,10)), 

-13.5 (m, 4B, B(4,5,7,11)), -15.7 (m, 2B, B(3,6)). ESI MS: m/z 

(%)=344.3 (100) [M-1]-. 

Synthesis of 8,9,10,12-{(Ph-C≡C)3I}-1,2-closo-C2B10H8 [6]: To a 

stirring solution of 8,9,10,12-I4-1,2-closo-C2B10H8 (300 mg, 0.46 

mmol) in dry THF (5 mL) cooled to 0 ºC in an ice-water bath was 

added dropwise a solution of phenylethynylmagnesium bromide 

solution in THF (5.6 mL, 1M, 5.6 mmol). After stirring at room 

temperature for 30 minutes, cis-PdCl2(PPh3)2 (25.0 mg, 8% equiv.) 

and CuI (7.0 mg, 8% equiv.) were added in a single portion, 
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following which the reaction was heated to reflux overnight. The 

solvent was removed and 20 mL of diethyl ether were added to the 

residue. The excess of Grignard reagent was destroyed by slow 

addition of dilute HCl. The organic layer was separated from the 

mixture, and the aqueous layer was extracted with diethyl ether (3 x 

10 mL). The combined organic phase was dried over MgSO4, 

filtered and the solvent removed under reduced pressure. The crude 

product was dissolved in chloroform (5 mL) and passed through a 

bed of silica. The solvent was removed in vacuo to give 8,9,10,12-

{(Ph-C≡C)3I}-1,2-closo-C2B10H8 as brown oil. Yield: 155 mg 

(60 %). Elemental Analysis for C26B10H23I: calc: C 54.73, H 4.03; 

found: C 55.82, H 4.24. IR (KBr):  [cm-1] =3211 (m, s(Caromatic-

H)), 3059 (vs, s(Ccluster-H)), 2617 (s, s(B-H)), 2195 (vs, s(C≡C)), 

1597, 1490 (vs, s(C-Cring)).
1H NMR:  [ppm]=7.41 (s, 15 H, Hpheny), 

5.04 (s, 1H, Ccluster-H), 4.77 (s, 1H, Ccluster-H), 2.50–1.50 (m, 6H, B-

Hterminal). 
1H{11B} NMR:  [ppm]=7.41 (s, 2H, Hpheny), 5.04 (s, 1H, 

Ccluster-H), 4.77 (s, 1H, Ccluster-H), 2.63 (s, 6H, B-Hterminal). 
13C{1H} 

NMR:  [ppm]=132.1 (s, Cphenyl-para), 128.2 (s, Cphenyl-ortho, Cphenyl-

meta), 124.0 (s, Cphenyl-ipso), 46.4, 45.5 (s, Ccluster). 
11B NMR:  

[ppm]=0.0 (s, 2B, B(8,10)), -11.8, -6.9 (s, 2B, B(9,12)), -13.4 (d, 

1J(B,H)=126 Hz, 4B, B(4,5,7,11)), -16.9 (m, 1J(B,H)=107 Hz 2B, 

B(3,6)). ESI MS: m/z (%)=570 (100) [M-1]-. 

Synthesis of 8,10-Ph2-9,12-(CH2=CHCH2)2-1,2-closo-C2B10H8 [9]: 

To a stirring solution of 8,10-Ph-9,12-I2-1,2-closo-C2B10H8 (120 mg, 

0.27 mmol) in THF (5 mL) cooled to 0 ºC in an ice-water bath was 

added, dropwise, a solution of allylmagnesium chloride in THF 

(0.55 mL, 2 M, 1.1 mmol). After stirring at room temperature for 30 

minutes, cis- PdCl2(PPh3)2 (7.7 mg, 4% equiv.) and CuI (2.1 mg, 

4% equiv.) were added in a single portion, following which the 

reaction was heated to reflux overnight. The solvent was removed 

and 5 mL of diethyl ether were added to the residue. The excess of 

Grignard reagent was destroyed by slow addition of dilute HCl. The 

organic layer was separated from the mixture, and the aqueous layer 

was extracted with diethyl ether (3 x 5 mL). The combined organic 

phase was dried over MgSO4, filtered and the solvent removed 

under reduced pressure. The crude product was purified by flash 

silica gel chromatography, using hexane/chloroform (3:1 by 

volume) mixture as eluent, to give 8,10-Ph-9,12-(CH2=CHCH2)2-

1,2-closo-C2B10H8. Yield: 130 mg (75%). Elemental Analysis for 

C20B10H28: calc: C 63.82, H 7.45; found: C 63.97, H 7.39. IR (KBr): 

 [cm-1] =3200 (m, s(Cphenyl-H)), 3065 (vs, s(Ccluster-H and =CH2)), 

2995, 2962, 2900, 2885 (vs, s(=CH and CH2)), 2607 (vs, s(B-H)), 

1633 (vs, s(C=C)), 1597, 1489 (vs, s(C-Cphenyl)), 1089, 1022 (s, 

as(=CH2)). 
1H NMR:  [ppm]=7.70 (m, 4H, Hphenyl), 7.36 (m, 6H, 

Hphenyl), 5.93 (m, 2H, CH2=CH-CH2), 4.87-4.82 (m, 4H, CH2=CH-

CH2), 3.62 (s, 2H, Ccluster-H), 3.10–1.00 (m, 6H, B-Hterminal), 1.33 (s, 

4H, CH2=CH-CH2).
1H{11B} NMR:  [ppm]=7.70 (m, 4H, Hphenyl), 

7.36 (m, 6H, Hphenyl), 5.93 (m, 2H, CH2=CH-CH2), 4.87-4.82 (m, 4H, 

CH2=CH-CH2), 3.62 (s, 2H, Ccluster-H), 2.41 (br s, 4H, B(4,5,7,11)H), 

2.32 (br s, 2H, B(3,6)H), 1.33 (d, 3J(B,H)=9.0 Hz, 4H, CH2=CH-

CH2).
13C{1H} NMR:  [ppm] =139.4 (s, CH2=CH-CH2), 134.3, 

127.3 (Cphenyl), 112.4 (s, CH2=CH-CH2), 49.3 (s, Ccluster), 21.4 (br m, 

CH2=CH-CH2). 
11B NMR:  [ppm] =7.3 (s, 2B, B(9,12)), 2.2 (s, 2B, 

B(8,10)-Ph), -14.9 (d, 1J(B,H)=161 Hz, 4B, B(4,5,7,11)), -17.0 (d, 

1J(B,H)=167 Hz, 2B, B(3,6)). ESI MS: m/z (%)= 399.4 (100) 

[M+23]+. 

Synthesis of 9,12-Ph2-8,10-I2-1,2-closo-C2B10H8 [10]: A thick-

walled Pyrex tube charged with 9,12-Ph-1,2-closo-C2B10H10 (50 mg, 

0.2 mmol) and iodine (432 mg, 1.7 mmol) was put under vacuum, 

cooled down with liquid nitrogen and sealed. The tube was then 

placed in a furnace and the temperature gradually raised to 210ºC 

during 20 minutes, maintained for 5h and allowed to drop slowly to 

room temperature. The excess of iodine was effectively separated by 

sublimation from the reaction mixture a 50ºC under reduced 

pressure. The resulting solid was purified by thin layer 

chromatography (TLC), using chloroform as the eluting solvent, to 

give 9,12-Ph-8,10-I2-1,2-closo-C2B10H8. Yield: 45 mg (49%). IR 

(KBr):  [cm-1] = 3045 (s, Ccluster-H st.), 2972, 2924, 2858 (vs, 

s(CH2)), 2609 (s, B-H st.), 1430 (vs, s(C-Cphenyl)). 
1H NMR:  

[ppm] =7.52 (d, 1J(H,H)=9 Hz, 4H, Hphenyl-meta), 7.24 (m, 6H, Hphenyl-

ortho,para), 5.06 (br s, 2H, CclusterH), 4.0–1.6 (br m, 6H, BH). 1H{11B} 

NMR:  [ppm]=7.52 (d, 1J(H,H)=9 Hz, 4H, Hphenyl-meta), 7.24 (m, 6H, 

Hphenyl-ortho,para), 5.06 (br s, 2H, CclusterH), 3.36 (br s, 4H, 

B(4,5,7,11)H), 2.88 (br s, 2H, B(3,6)H).13C{1H} NMR:  [ppm] 

=134.3, 127.9, 126.8 (Cphenyl), 52.7 (Ccluster). 
11B NMR:  [ppm] 

=5.01 (s, 2B, B(9,12)-Ph), -12.1 (d, 1J(B,H)=164 Hz, 4B, 

B(4,5,7,11)), -14.8 (d, 1J(B,H)=186 Hz, 2B, B(3,6)). -20.1 (s, 2B, 

B(8,10)-I). ESI MS: m/z (%)= 537 (100) [M-B-H]-, 547 (20) [M-H]-, 

663 (75) [M-B+I]-. 

Synthesis of 1,2-(SH)2-8,9,10,12-I4-1,2-closo-C2B10H6 [11]: To a 

stirring solution of 8,9,10,12-I4-1,2-closo-C2B10H8 (200 mg, 0.31 

mmol) in THF (5 mL) cooled to 0 ºC in an ice-water bath was added, 

dropwise, a solution of butyllithium in hexanes (0.41 mL, 1.6 M, 

0.65 mmol). The suspension of the 1,2-dilithio derivative was stirred 

at room temperature for 0.5 h, then cooled again to 0 ºC, where S8 

(21.6 mg, 0.084 mmol) was slowly added. The resulting solution of 

the thus formed 1,2-dithiolate salt was stirred at room temperature 

for 0.5 h. Volatiles were removed under reduced pressure, and 5 mL 

of diethyl ether were added. A solution of HCl (2 mL, 0.5 M, 1 

mmol) was slowly added stirring. The mixture was thoroughly 
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shaken, and the two layers separated. The aqueous layer was 

extracted with diethyl ether (3 x 5 mL). The combined organic phase 

was dried over MgSO4, filtered and evaporated in vacuo to yield 

1,2-(SH)2-8,9,10,12-I4-1,2-closo-C2B10H8 (191 mg, 87%). IR (KBr), 

 [cm-1] = 2623 (s, S-H st.), 2513 (s, B-H st.). 1H NMR:  [ppm]= 

5.93 (2 H, br s, SH), 4.6 – 2.2 (6 H, br m, BH). 1H{11B} NMR:  

[ppm]= 5.93 (2 H, br s, SH), 3.45 (4 H, br s, B(4,5,7,11)H), 3.12 (2 

H, br s, B(3,6)H). 13C{1H} NMR:  [ppm]= 58.1 (s, Ccluster). 
11B 

NMR:  [ppm]= -4.2, broad shoulder at -5.3 (6 B, br m, 

B(3,4,5,6,7,11)), -7.5 (2 B, s), -17.4 (2 B, s). ESI MS: m/z = 710.6 

(M - H+, 100%). 

X-ray structure analysis 

X-ray crystal structure analyses were performed by using an Enraf 

Nonius CCD area detector diffractometer with MoKα radiation (λ = 

0.71073 Å) equipped with an Oxford Cryostream low-temperature 

unit. The data sets were corrected for abortion using SADABS 

program [21] .The structures were solved with the program SIR97[22]; 

full-least-squares refinements on F2 were performed with 

SHELXL97[23] using anisotropic displacement parameters for most 

of the non-H atoms. The hydrogen atoms were treated as riding 

atoms using the SHELX97 default parameters or their positional 

parameters were refined isotropically according to the riding model. 

All calculations and graphics were done at WinGX [24] platform. 
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Supporting Information 

Table S1. 
11

B- NMR chemical shifts (in ppm) for several 9,12-R2-1,2-closo-C2B10H10 and 

8,9,10,12-R4-1,2-closo-C2B10H8 derivatives related to the parent o-carborane. Spectra were 

run in acetone-d6 solutions. 

 

Table S2. 
1
H-, 

13
C{

1
H}- NMR and in acetone-d6 (ppm) and stretching frequencies in (cm

-1
) 

for several 9,12-R2-1,2-closo-C2B10H10 and 8,9,10,12-R4-1,2-closo-C2B10H8 derivatives 

related to the parent o-carborane. *Spectra run in CDCl3 solutions. 

Compound Substituent B(3,6) B(4,5,7,11) B(8,10) B(9,12) <δ> 

1,2-closo-C2B10H12 

 

H -14.3 -13.6 -9.6 -3.1 -10.8 

[1] 9,12-I2 -14.2 -12.8 -6.3 -14.9 -12.2 

[2] 8,9,10,12-I4 -13.2 -9.5 -16.3 -7.1 -11.1 

[3] 9,12-(CH2=CHCH2)2 -16.3 -14.3 -8.6 7.5 -9.2 

[4] 8,9,10,12-(CH2=CHCH2)4 -17.8 -13.7 1.9 7.8 -7.1 

[5] 9,12-(PhC≡C)2 -15.7 -13.5 -6.9 -0.7 -10.1 

[6] 8,9,10,12-(PhC≡C)3I -16.9 -13.4 0.0 -6.9, -11.8 -10.6 

[7] 9,12-Ph2 -15.2 -13.0 -8.8 8.3 -8.3 

[8] 8,10-I2-9,12-Ph2 -14.8 -12.1 -20.1 5.0 -10.8 

[9] 8,10-Ph2-9,12-(CH2=CHCH2)2 -17.0 -14.9 2.2 7.3 -10.6 

[10] 8,10-Ph2-9,12-I2 -16.3 -13.4 -0.6 -10.6 -10.9 

[11] 1,2-(SH)2-8,9,10,12-I4 

 

-8.2 -4.0, -5.7 -16.2, -17.2 -7.1 -8.5 

  δ (
1
H) ppm δ (

13
C{

1
H}) 

ppm 

ʋ (cm
-1

) 

Compost Substituents Cclúster-H Cclúster-H ʋ (Cc-H) ʋ (B-H) 

1,2-closo-C2B10H12 

 

H 3.65 56.1 3070 2576 

[1] 9,12-I2 5.15 54.5 3060, 3037 2645, 2611 

[2] 8,9,10,12-I4 5.57 56.2 3024 2623 

[3] 9,12-(CH2=CHCH2)2 3.42* 48.3* 3072 2594 

[4] 8,9,10,12-(CH2=CHCH2)4 3.37* 46.5* 3072 2617, 2596 

[5] 9,12-(PhC≡C)2 3.43 48.3 3065 2607 

[6] 8,9,10,12-(PhC≡C)3I 5.04, 4.77 46.4, 45.5 3059 2617 

[7] 9,12-Ph2 4.67 51.5 3069 2610 

[8] 8,10-I2-9,12-Ph2 5.38 56.3 3046 2609 

[9] 8,10-Ph2-9,12-(CH2=CHCH2)2 3.62 49.3 3065 2607 

[10] 8,10-Ph2-9,12-I2 5.06 52.7 3047 2600 

[11] 1,2-(SH)2-8,9,10,12-I4 

 

- 57.1 - 2513 
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Table S3. Crystallographic Data and Structural Refinement Details for Compounds ,9,10,12-

(CH2CHCH2)4-1,2-closo-C2B10H8 [4], 9,12-(PhC≡C)2-1,2-closo-C2B10H10 [5] and 8,10-Ph2-

9,12-(CH2CHCH2)2-1,2-closo-C2B10H8 [9]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compound [4] [5] [9] 

empirical formula C14H28B10 C18B10H20 C20B10H28 

formula weight 304.48 344.46 376.54 

space group P 21/c P n m a C 2/c 

a (Å) 9.3307(3) 28.315(8) 18.046(4) 

b (Å) 13.4930(4) 21.003(6) 11.550(2) 

c (Å) 30.6348(10) 8.077(2) 24.941(5) 

 (deg) 90.729 90 106.334(3) 

V (Å
3
) 3856.58 4803.39 4988.67 

Z 8 4 8 

T (ºC) 21 21 21 

R-Factor (%) 10.64 7.78 9.31 
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Abstract 

Precisely defined patterns of substitution on terminal olefinic groups have been performed either with Heck cross 

coupling reactions and hydroxylations. This leads to new versatile dendritic precursors with terminal hydroxyl 

groups in which higher generations could be attained from it. Polyanionic species have been obtained in high yield 

by a new route in the ring-opening reaction of cyclic oxonium [3,3′-Co(8-C4H8O2-1,2-C2B9H10)(1′,2′-C2B9-H11)] by 

using hydroxyl terminal groups as nucleophiles. These new polyanionic compounds that contain multiple 

metallacarborane clusters at their periphery may prove useful as new classes of boron neutron capture therapy 

compounds with enhanced water solubility and as a core to make a new class of dendrimers. 

Introduction 

Carboranes are molecules with unique structural 

features due to their rigid geometry and rich derivative 

chemistry, which make them of great interest as 

building blocks for macromolecular or supramolecular 

entities.
[1] 

Of particular interest is the generation of 

dendrimers of high boron content, given their potential 

use in boron neutron capture therapy (BNCT).
[2] 

This 

has been usually achieved by bonding boron cluster 

units to the periphery of dendritic compounds or 

precursors.
[3] 

In addition, globular dendrimers with 

twelve identical branches appending from a central 

icosahedral closo-borane cluster (closomers) have been 

produced.
 [4] 

Nevertheless, much less attention has been 

paid to carboranes as cores or focal points for 

dendrimer growth, despite their possibilities for 

multiple and versatile functionalization.  

Derivatization reactions on the o-carborane cluster 

(1,2-closo-C2B10H12) can be executed on either carbon 

or boron vertices.
 [6] 

In most of the occasions these 

transformations are carried out through the carbon 

atoms, whereas the chemistry of boron-substituted o-

carboranes is relatively underdeveloped. 

In this regard, we have recently reported the 

synthesis of dendrons where o-carborane cluster carbon 

atoms are located at the focal points.
 [5] 

Subsequently, 

we became interested in exploring similar molecular 

construction from the boron vertices of the cluster. 

B–H vertices in o-carboranes exhibit electrophilic 

substitution chemistry in many ways reminiscent of 

arenes.
[7] 

Furthermore, boron vertices react at different 

rates depending on their position in the cluster,
 [8] 

which 

may enable an accurate control of the degree and 

regioselectivity of substitution, while maintaining the 

integrity of the underlying geometry. 

A useful and general method for the 
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functionalization of o-carboranes through their boron 

atoms is electrophilic iodination followed by Kumada 

cross-coupling reaction that allows the introduction of 

organic moieties. This has led to di- and tetrasubstituted 

compounds, starting from 9,12-I2-1,2-closo-C2B10H10, 

8,9,10,12-I4-1,2-closo-C2B10H8,
[9] 

where the B–I 

vertices reside at the compacted adjacent positions 

antipodal to the two carbon atoms. By substitution of 

iodine with the appropriate organic groups, the o-

carborane cluster can be envisaged as a robust dendritic 

core for multiple and diverse types of ramifications.  

Kumada cross coupling reaction with allylmagnesium 

chloride lead to the formation of 9,12-

(CH2CHCH2)21,2-closo-C2B10H10 [1]
[10]

 and 8,9,10,12-

(CH2CHCH2)4-1,2-closo-C2B10H8 [2],
[10] 

as illustrated in 

Scheme 1. 

In this work we perform further reactions on the 

terminal olefinic groups with two different synthetic 

pathways, a Heck cross coupling reactions with organic 

moieties and a transformation of the double bonds to 

hydroxyl groups. Afterwards, in order to set up new 

versatile dendritic precursors we perform several 

functionalization reactions of the terminal hydroxyl 

groups to attain higher generations from it. 

Results and Discussion 

Heck cross coupling reaction on terminal olefinic 

groups. Heck reaction, which was discovered by 

Mizokori in 1971
[11] 

and later improved by Heck in 

1972,
[12] 

allows the formation of new C-C bonds by 

cross-coupling of aryl halides with alkenes, due to the 

action of catalytic palladium. Over the years, this 

reaction has been developed and optimized to make 

possible the coupling of olefins with less reactive 

halides such as bromides,
[13] 

chlorides
[14]

  or even with 

vinyl halides.
 [15] 

Generally Heck reactions enable a 

highly regioselective and stereospecific introduction of 

aryl groups into double bonds. However, many factors 

can influence on the development of the catalytic cycle 

giving rise to the possible formation of undesired 

byproducts, factors such as the temperature, the 

palladium complex, the aryl halide, the base involved in 

the regeneration process of palladium active species, 

among others.  

In the present study, phenyl groups has been 

successfully coupled to both branches of [1] through a 

Heck cross-coupling reaction with phenyl iodide as a 

coupling agent and 2,6-lutidine as a base, thus obtaining  

9,12-(PhCH2CHCH2)21,2-closo-C2B10H10 [3] in 

acceptable yield, 65%, as shown in Scheme 2. 

In contrast, only two of the four branches of 

8,9,10,12-(CH2CHCH2)4-1,2-closo-C2B10H8 [2] have 

been coupled to phenyl groups to achieve 8,9,10,12-

(PhCH2CHCH2)2(CH2CHCH2)2-1,2-closo-C2B10H8 [4] 

in 54% yield. 

  Synthesized compounds [3] and [4] have been fully 

characterized by multinuclear NMR and FT-IR 

spectroscopic techniques, mass spectrometry and 

elemental analysis. However, the position of the two 

unsubstituted branches in the cluster remains unclear, 

but taking into account the esteric impediments in the 

compact region of B(9) and B(12) vertexes, one can 

consider the terminal olefinic branches remain in these 

two positions.  

MALDI-TOF spectra are displayed in Figure 1, 

showing a peak with isotopic distribution at m/z 376.84 

corresponding to [C20H30B10+H]
+
 of [3], on the left, and 

m/z 457.20 corresponding to [C26H38B10+H]
+
 of [4], on 

the right. 

Hydroboration/oxidation reaction on terminal 

olefinic groups. The terminal olefinic groups in [1] and 

[2] are free to perform further reactions on them, 

enabling the ortho-carborane cluster to become the core 

for the design of a new type of dendrimers, having a 
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rigid head and four branches appending from it. 

As a first approach to the development of these 

molecules a hydroboration/oxidation reaction has been 

carried out to transform the terminal double bonds to 

hydroxyl groups. BH3·THF was used as the 

hydroborating agent. Subsequent oxidation was 

performed by treatment with H2O2 in a basic aqueous 

solution.  

After work up, crystalline white solids were 

obtained. The spectroscopic characterization revealed 

that the reaction had proceeded through specific anti-

Markovnikov additions, yielding pure 9,12-

(HOCH2CH2CH2)2-1,2-closo-C2B10H10 [5] and 

8,9,10,12-(HOCH2CH2CH2)4-1,2-closo-C2B10H8 [6],
 [10] 

i.e. with all hydroxyl groups at terminal positions (see 

Scheme 3). 

No hindered hydroboranes were thus needed for the 

control of the regioselectivity. This anticipates a 

versatile chemistry for dendritic growth, given the 

availability of the four terminal hydroxyl groups for 

further elongation of the chains. Moreover, the Ccluster–

H vertices on the rigid head remain ready for 

derivatization or supramolecular assembly. The o-

carborane cluster then provides a unique platform for 

the construction of highly dense multibranched 

molecules with a wide range of possibilities for 

derivatization. Derivatives of o-carborane with precise 

patterns of substitution can be prepared by judicious 

choice of the synthetic procedure. We have coupled 

four hydroxyl terminated arms onto a specific, compact 

area of the cluster occupied by two and four adjacent 

boron vertices, ultimately leading to a structure which 

might serve as a versatile dendritic precursor.  

Exchanging terminal hydroxyl unites for better 

leaving groups: chlorination, bromination and 

tosylation. The generation of diverse macromolecules 

and supramolecular assemblies constitutes a main focus 

for our current research. To achieve this proposal, the 

insertion of new functional better leaving groups into 

terminal positions of the cluster branches was required, 

in order to make the dendron nucleolus grow in a 

divergent way and to construct dendrimer structures. 

Substitution of the terminal hydroxyl unites in [5] and 

[6] for chloride, bromide or tosyl groups enable the 

dendrimer growth by subsequent coupling reaction with 

nucleophilic agents.   

Chlorination in [5] and [6] has been achieved by 

adding SOCl2 and a non nucleophilic base in a catalytic 

proportion, such as NBu4Cl, leading to the formation of 

9,12-(ClCH2CH2CH2)2-1,2-closo-C2B10H10 [7]  and 

8,9,10,12-(ClCH2CH2CH2)4-1,2-closo-C2B10H8 [8] in 

good to high yield, over 90% in both cases (see Scheme 

4 and 5, (i)). Crystals suitable for X-ray diffraction of 

compound [8] were grown in hexane. Resolution of the 

crystal structure showed two clusters for unite cell and 

proved that the four-fold chlorination was achieved. 

The crystal packing is driven by intermolecular 

interactions between the hydrogen of the carbon 

clusters and chlorine atoms. In the structure of [8] the 

intermolecular Cc-H···Cl-C hydrogen bonds link 

molecules together into chains perpendicular to the 

crystallographic ab plane. 

In the other hand, Apple reaction
[16] 

has been carried 

out in order to exchange terminal hydroxyl groups in 

[5] and [6] by bromide atoms, using PPh3 and CBr4 to 

achieve 9,12-(BrCH2CH2CH2)2-1,2-closo-C2B10H10 [9]  

and 8,9,10,12-(BrCH2CH2CH2)4-1,2-closo-C2B10H8 [10] 

(Scheme 4 and 5, (ii)). Only for the compound [6] a 

four-fold tosylation has been performed with tosil 

chloride, NEt3 as a base and NMe3Cl as a catalyst base,
 

[17] 
obtaining 8,9,10,12-(TsOCH2CH2CH2)4-1,2-closo-

C2B10H8 [11] in good yield (Scheme 5, (iii)).  

In Figure 3, 
13

C{
1
H}-NMR spectra of [6], [8], [10] 

and [11] are displayed. Halogenated terminal methylene 

groups (chlorinated or brominated) are shifted to higher 
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field (ca. -17.2 and -27.7 ppm, respectively) in 

comparison to hydroxylated methylene in [6] which 

appears at +64.5 ppm. In contrast, tosylated methylene 

unites are shifted to lower field (ca. +8.2 ppm) in 

comparison to [6]. 

Oxidation reaction on terminal hydroxyl groups. 

Jones reagent,
 [18] 

which consists of a chromium oxide 

(VI) and dilute sulphuric acid in acetone solution, has 

been used to oxidize hydroxyl groups of [6] into 

carboxylic acid units to obtain 8,9,10,12-

(HOCOCH2CH2)4-1,2-closo-C2B10H8 [12] (Scheme 5, 

(iv)).   Again, this molecule allows the dendritic growth 

over the four branches regioselectively extended on 

furthest boron vertexes from carbon cluster. Besides, 

two carbon vertexes remain intact and available to be 

functionalized either to anchor them on surfaces or to 

establish supramolecular interactions through hydrogen 

bonds. 

Steglich esterification reaction. Derivatization 

reaction of terminal hydroxyl unites by Steglich 

esterification
[19] 

process with benzoic acid has been 

successfully accomplished. Instead of carrying out a 

traditional pyridine-based esterification reaction, which 

can cause partial degradation on closo clusters, Steglich 

kind was choosen. N,N-dimethylaminopyridine 

(DMAP) was used as a catalyst base and N,N'-

dicyclohexylcarbodiimide (DCC) as a coupling reagent. 

No partial degradation was detected when Steglich 

esterification was performed on [5] and [6]. The only 

by-product derived from the reaction was 

diciclohexilurea, which being insoluble in CH2Cl2 

solvent, was removed by filtration. This procedure leads 

to the formation of 9,12-(PhCOOCH2CH2CH2)2-1,2-

closo-C2B10H10 [13] (Scheme 4, (iii)) and 8,9,10,12-

(PhCOOCH2CH2CH2)4-1,2-closo-C2B10H8 [14] 

(Scheme 5, (v)) in yields slightly higher than 60% in 

both cases. 

Nucleophilic oxonium ring-opening reaction on 

[3,3′-Co(8-C4H8O2-1,2-C2B9H10)(1′,2′-C2B9H11)]. 

Since the discovery of nucleophilic oxonium ring-

opening (ORO) reactions in the carborane and 

metallacarborane series by Plešek et al.,
[20] 

it has 

elapsed more than 30 years. These reactions represent 

an important feature of substitution boron chemistry 

and many examples can be found in the literature.
[21-27] 

Moreover, a recent exhaustive review by Semioshkin et 

al.
 [28] 

has been published on this field. In this paper, we 

would like to extend this viable structural feature by our 

results on the isolation of di- and tetranions of 

structures combining both the [3,3′-Co(8-C4H8O2-1,2-

C2B9H10)(1′,2′-C2B9-H11)] and o-carborane derivatives 

structural motifs. We are interested in exploring the 

possibility of using both known and new types of 

nucleophiles to get high-boron-content compounds. In 

order to enchance the nucleophilic character of the 

terminal hydroxyl groups of [5] and [6] we used n-BuLi 

to deprotonate the nucleophile. The addition of the base 

was done dropwise at low temperatures, and it was left 

stirring for 1 h. Afterwards, the reaction was cooled 

down again to 0 °C, followed by the addition of [3,3′-

Co(8-C4H8O2-1,2-C2B9H10)(1′,2′-C2B9-H11)]. After 

stirring at room temperature for 30 minutes, compounds 

[N(CH3)4]2[9,12-(3,3’-Co-{8-(C4H8O2-1,2-C2B9H10-

1’,2’-C2B9H11}-O(CH2)3)2-1,2-C2B10H10] [15] and 

[N(CH3)4]4[8,9,10,12-(3,3’-Co-{8-(C4H8O2-1,2-

C2B9H10-1’,2’-C2B9H11}-O(CH2)3)4-1,2-C2B10H8] [16] 

were isolated by a cationic metathesis to 

tetramethylammonium salts, getting in all cases orange 

solids as the final product. 

It is evident that the formation of these anions is a 

consequence of the attack of the nucleophilic 

hydroxylate anions [9,12-(OCH2CH2CH2)2-1,2-closo-

C2B10H10]
2-

 and [8,9,10,12-(OCH2CH2CH2)4-1,2-closo-

C2B10H8]
4-

 at one of the dioxane carbon atoms adjacent 

to the oxonium O atom in structure [3,3′-Co(8-C4H8O2-
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1,2-C2B9H10)(1′,2′-C2B9-H11)], followed by the ring 

opening under the formation of carborane-substituted 

1,4-dioxahexane chain (see Scheme 6). 

The nature of these two anions have been 

corroborated by elemental analysis, matrix-assisted 

laser desorption/ionization-time of flight mass 

spectrometry (MALDI-TOF-MS), IR and 
1
H, 

1
H{

11
B}, 

13
C{

1
H}, 

11
B, and 

11
B{

1
H} NMR spectroscopies.  

Figure 4 shows MALDI-TOF-MS spectra of compound 

[15] in which the molecular ion peak of [9,12-(3,3’-Co-

{8-(C4H8O2-1,2-C2B9H10-1’,2’C2B9H11}-O(CH2)3)2-1,2-

C2B10H10]
2-

 is observed at m/z 540.5. It should be 

noticed the separation between isotopic peaks 

distribution is of m/z 0.5 unites corresponding to the 

dianion fragment.   

Figure 5 shows the MALDI-TOF-MS spectra of 

compound [16] in which the molecular ion peak of 

[8,9,10,12-(3,3’-Co-{8-(C4H8O2-1,2-C2B9H10-1’,2’-

C2B9H11}-O(CH2)3)4-1,2-C2B10H8]
4-

 is observed at m/z 

504.6. It should be noticed that the separation between 

isotopic peaks distribution is of m/z 0.25 unites 

corresponding to the tetranion fragment. 

The 
11

B NMR spectrum of the cobaltabisdicarbollide 

part of compound [15] bears distinct similarities to that 

of the dioxanate [3,3′-Co(8-C4H8O2-1,2-C2B9H10)(1′,2′-

C2B9-H11)], consisting of a downfield B(8) singlet 

(approximate area 2) and ten doublets of approximate 

areas 2:2:4:4:2:8:4:4:2:2, some of which being 

coincidentally overlapped. This section of the spectrum, 

however, coincides with that of the carboranyl 

substituent (with 10 boron atoms), the shape of which is 

dictated by the symmetry of the corresponding 

disubstituted carborane cage.  

The 
11

B NMR spectrum of the 

cobaltabisdicarbollide part of compound [16] also 

shows a downfield B(8) singlet (approximate area 4) 

and ten doublets of approximate areas 

4:4:8:8:4:16:8:8:4:4, some of which being 

coincidentally overlapped with the 10 boron atoms of 

the carboranyl substituent. 

The most diagnostic feature of the 
1
H NMR spectra 

of [15] and [16] is the presence of cage Ccluster–H signals 

of integral intensity 8 and 16 (respectively) along with 

one carborane Ccluster–H resonance of relative area 2 for 

the carborane cluster. BOCH2 and CH2OCH2 units of 

the interconnecting 1,4-dioxahexane chain usually 

occur within the range of 3.7-1.9 ppm, in contrast, B-

CH2 in carborane cluster appears at higher field, 

between 0.5-0.7 ppm.  

It should be concluded that nucleophilic oxonium 

ring-opening reactions lead to di- and tetra-anionic 

compounds that contain both metallabisdicarbaborane 

and carborane structural motifs in one molecule. 

Moreover, these borane-cage subunits can be easily 

modified via attaching variable substituents onto cage 

carbon and boron vertices, which makes these 

compounds structurally flexible potential candidates for 

BNCT
[29] 

of cancer and HIV-PR inhibition. One of the 

most important reasons for the growing interest in the 

use of metallacarboranes in biological systems is the 

suspected high lipophilicity of metallacarborane 

derivatives, which is a bottleneck for their application 

in human body. Consequently, these compounds were 

primarily designed to help to elucidate the effect of 

steric and hydrophobic interactions on the efficiency of 

the HIV-PR inhibition in the region of enzyme flaps 

and the effect of overall charge on the mechanism of the 

inhibition as well.  

Conclusion 

The o-carborane cluster provides a unique platform for 

the construction of highly dense multibranched 

molecules with a wide range of possibilities for 

derivatization. Derivatives of o-carborane with precise 

patterns of substitution can be prepared by judicious 
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choice of the synthetic procedure. We have coupled 

hydroxyl terminated arms onto a specific, compact area 

of the cluster occupied by adjacent boron vertices, 

ultimately leading to a di- and quadruped-shaped 

structure which might serve as a versatile dendritic 

precursor.  

Furthermore, compounds [15] and [16] can be used 

as cores to make a new class of dendrimers that contain 

multiple carborane or metallacarborane clusters at their 

periphery. Further work to synthesize potential new 

classes of BNCT compounds is now underway. 

Experimental Section 

Materials and instrumentation: All o-carboranes prepared are air and 

moisture stable. All manipulations were carried out under inert 

atmosphere. THF and DMF were distilled from sodium 

benzophenone prior to use. Reagents were obtained commercially 

and used as purchased. 1,2-closo-C2B10H12 was obtained from 

Katchem. 9,12-I2-1,2-closo-C2B10H10
[9], 9,12-(CH2CHCH2)2-1,2-

closo-C2B10H10 [1],[10] 8,9,10,12-I4-1,2-closo-C2B10H8,
[9] 8,9,10,12-

(CH2CHCH2)4-1,2-closo-C2B10H8 [2][10] and 8,9,10,12-

(OHCH2CH2CH2)4-1,2-closo-C2B10H8 [6][10] were synthesised as 

reported at the literature. 

Elemental analyses were performed using a Carlo Erba EA1108 

micro analyzer. IR spectra (, cm-1; KBr pellets) were obtained on a 

Shimadzu FTIR-8300 spectrophotometer. The 1H- and 1H{11B}-

NMR (300.13 MHz), 13C{1H}-NMR (75.47 MHz) and 11B- and 

11B{1H}-NMR (96.29 MHz) spectra were recorded on a Bruker 

ARX 300 instrument equipped with the appropriate decoupling 

accessories. All NMR spectra were performed in deuterated acetone 

at 22ºC. The 11B- and 11B{1H}-NMR shifts were referenced to 

external BF3·OEt2, while the 1H, 1H{11B}, and 13C{1H}-NMR shifts 

were referenced to SiMe4. Chemical shifts are reported in units of 

parts per million downfield from reference, and all coupling 

constants in Hz. The mass spectra were recorded in the negative ion 

mode using a Bruker Biflex MALDI-TOF-MS [N2 laser; exc 337 

nm (0.5 ns pulses); voltage ion source 20.00 kV (Uis1) and 17.50 

kV (Uis2)], and using a FIA-ES/MS (Shimadzu AD VP/ API 150) 

instrument for neutral species. 

Synthesis of 9,12-(Ph-CH=CHCH2)2-1,2-closo-C2B10H10 [3]: To a 

stirring solution of 9,12-(CH2=CHCH2)2-1,2-closo-C2B10H10 (156 

mg, 0.7 mmol) in dry DMF (5 mL) were added dropwise 0.3 mL of 

iodobenzene (2.8 mmol) and 0.19 mL of 2,6-lutidine (1.7 mmol). 

After stirring at room temperature for 30 minutes, cis-

PdCl2(PPh3)2 (19.5 mg, 4% equiv.) was added in a single portion, 

following which the reaction was heated to reflux (140ºC) for 24 

hours. The solvent was removed and 10 mL of chloroform and 10 

mL of an aqueous solution of HCl (0.25 M) were added to the 

residue. The organic layer was separated from the mixture, and the 

aqueous layer was extracted with chloroform (3 x 10 mL). The 

combined organic phase was dried over MgSO4, filtered and the 

solvent removed under reduced pressure. The crude product was 

purified by flash column chromatography on silica gel with an 

hexane/chloroform mixture (3:2 by volume) as the eluent to give  

170 mg of 9,12-(Ph-CH=CHCH2)2-1,2-closo-C2B10H10 (65 %). IR 

(KBr):  [cm-1] =3065, 3023 (vs, s(Ccluster-H, =CH2 and Cphenyl-H)), 

2997, 2959, 2927, 2911, 2878, 2851, 2810 (m, s(=CH and CH2)), 

2594 (vs, s(B-H)), 1636 (vs, s(C=C)), 1596, 1493, 1445 (vs, s(C-

Cphenyl)), 1110, 1023 (s, as(=CH2)). 
1H NMN:  [ppm]=7.36, 7.30, 

7.27 (m, 10H, Hphenyl), 6.26 (m, 2H, Ph-CH=CHCH2), 5.51 (m, 2H, 

Ph-CH=CHCH2), 3.32 (s, 2H, Ccluster-H), 3.10–1.00 (m, 8H, B-

Hterminal), 1.68 (s, 4H, Ph-CH=CH-CH2). 
1H{11B} NMR:  [ppm] 

=7.36, 7.30, 7.27 (m, 10H, Hphenyl), 6.26 (m, 2H, Ph-CH=CHCH2), 

5.51 (m, 2H, Ph-CH=CHCH2), 3.32 (s, 2H, Ccluster-H), 2.50, 2.39, 

2.27, 2.10 (s, 8H, B-Hterminal), 1.68 (s, 4H, Ph-CH=CH-CH2). 

13C{1H} NMR:  [ppm] =138.9 (s, Ph-CH=CH-CH2), 132.7 (s, Ph-

CH=CH-CH2), 127.3 (m, Ph-CH=CH-CH2)  48.5 (s, Ccluster), 18.5 (s, 

Ph-CH=CH-CH2). 
11B NMR:  [ppm]= 6.0 (s, 2B, B(9,12)), -8.4 (d, 

1J(B,H)=154 Hz, 2B, B(8,10)), -13.7 (d, 1J(B,H)=182 Hz, 4B, 

B(4,5,7,11)), -15.4 (d, 1J(B,H)=165 Hz, 2B, B(3,6)). MALDI-TOF 

MS: m/z (%)=375.83 (100) [M-1]-. 

Synthesis of 8,9,10,12-(PhCH=CHCH2)2-(CH2=CHCH2)2-1,2-

closo-C2B10H8 [4]: To a stirring solution of 8,9,10,12-

(CH2=CHCH2)4-1,2-closo-C2B10H8 (103 mg, 0.34 mmol) in dry 

DMF (5 mL) were added dropwise 0.3 mL of iodobenzene (2.7 

mmol) and 0.18 mL of 2,6-lutidine (1.6 mmol). After stirring at 

room temperature for 30 minutes, cis-PdCl2(PPh3)2 (9.5 mg, 4% 

equiv.) was added in a single portion, following which the reaction 

was heated to reflux (140ºC) for 24 hours. The solvent was removed 

and 10 mL of chloroform were added to the residue. The excess of 

Grignard reagent was destroyed by slow addition of dilute HCl (0.25 

M). The organic layer was separated from the mixture, and the 

aqueous layer was extracted with chloroform (3 x 10 mL). The 

combined organic phase was dried over MgSO4, filtered and the 

solvent removed under reduced pressure. The crude product was 

purified by flash column chromatography on silica gel with 

chloroform the eluent to give  83 mg of 8,9,10,12-
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(PhCH=CHCH2)2-(CH2=CHCH2)2-1,2-closo-C2B10H8 (54 %). IR 

(KBr):  [cm-1] =3064, 3023 (vs, s(Ccluster-H i =CH2)), 2996, 2958, 

2927, 2910, 2876, 2851, 2721 (m, s(=CH and CH2)), 2613, 2591 

(vs, s(B-H)), 1635 (vs, s(C=C)), 1597, 1493, 1447 (vs, s(C-

Caromatic)), 1106, 1027, 980 (s, as(=CH2)).
1H NMR:  [ppm] =7.28 

(m, 10H, Ph), 6.28 (m, 2H, Ph-CH=CHCH2), 5.81 (m, 2H, Ph-

CH=CHCH2), 5.51 (m, 2H, CH2=CH-CH2),  4.87 (m, 4H, CH2=CH-

CH2), 3.40 (s, 1H, Ccluster-H), 3.34 (s, 1H, Ccluster-H), 3.10–1.00 (m, 

6H, B-Hterminal), 1.77 (m, 8H, Ph-CH=CH-CH2, CH2=CH-CH2). 

1H{11B} NMR:  [ppm] =7.28 (m, 10H, Hphenyl), 6.28 (m, 2H, Ph-

CH=CHCH2), 5.81 (m, 2H, Ph-CH=CHCH2), 5.51 (m, 2H, 

CH2=CH-CH2),  4.87 (m, 4H, CH2=CH-CH2), 3.40 (s, 1H, Ccluster-H), 

3.34 (s, 1H, Ccluster-H), 2.31, 2.20, 2.07 (s, 6H, B-Hterminal), 1.77  (m, 

8H, Ph-CH=CH-CH2, CH2=CH-CH2). 
13C{1H} NMR:  

[ppm]=140.2 (s, CH2=CH-CH2), 138.6 (s, PhCH=CH-CH2) 128.5 

(m, Ph-CH=CH-CH2), 127.5, 125.9 (s, PhCH=CH-CH2), 112.2 (s, 

CH2=CH-CH2), 47.9 (s, Ccluster), 21.4 (s, Ph-CH=CH-CH2, 

CH2=CH-CH2).
11B NMR:  [ppm] =7.4, 5.9 (s, 2B, B(9,12)), 1.2, 

0.3 (s, 2B, B(8,10)), -14.4 (d, 1J(B,H)=120 Hz, 4B, B(4,5,7,11)), -

18.2 (d, 1J(B,H)=120 Hz, 2B, B(3,6)). MALDI-TOF MS: m/z (%)= 

457.2 (100) [M-1]-. 

Synthesis of 9,12-(HOCH2CH2CH2)2-1,2-closo-C2B10H10 [5]: To a 

stirring solution of 9,12-(CH2=CHCH2)2-1,2-closo-C2B10H10 (300 

mg, 1.34 mmol) in THF (4 mL) at 0 ºC, was added, dropwise, a 

solution of BH3·THF in THF (2.75 mL, 1M, 2.75 mmol). The 

resulting suspension was stirred at 0 ºC for 30 minutes and at room 

temperature for further 30 minutes. Then, the reaction mixture was 

cooled again to 0 ºC in an ice-water bath and water (4 mL) was 

slowly added. When gas evolution had stopped, an aqueous KOH 

solution (1.3 mL, 3M, 3.9 mmol) and subsequently, H2O2 in water 

(0.4 mL, 35%, 4.6 mmol), were added. Stirring was maintained at 

room temperature for 1.5 h, after which two liquid phases were 

observed. The upper organic layer was separated from the mixture 

and the aqueous layer and washed with THF (3 x 2 mL). The 

combined organic phase was dried over MgSO4, filtered and the 

solvent removed in vacuo to give 9,12-(HOCH2CH2CH2)2-1,2-

closo-C2B10H10.  Yield: 324 mg (93%). Elemental Analysis for 

C8B10H24O2: calc: C 36.92, H 9.23; found: C 37.21, H 9.21. IR 

(KBr):  [cm-1] =3366 (vs, s(O-H)), 3074 (vs, s(Ccluster-H)), 2930, 

2886, 2822 (vs, s(Calkyl-H)), 2617, 2589, 2556 (s, s(B-H)), 1055, 

1022, 998 (s, s(C-O)). 1H NMR:  [ppm]=4.30 (s, 2H, Ccluster-H), 

3.43 (m, 3J(H,H)=6.8 Hz, 4H, HOCH2CH2CH2), 3.33 (t, 

3J(H,H)=5.5 Hz, 2H, HOCH2CH2CH2), 1.46 (m, 4H, 

HOCH2CH2CH2), 0.69 (t, 3J(H,H)=17.2 Hz, 4H, HOCH2CH2CH2).
 

1H{11B} NMR:  [ppm]=4.30 (s, 2H, Ccluster-H), 3.43 (m, 

3J(H,H)=6.8 Hz, 4H, HOCH2CH2CH2), 3.33 (t, 3J(H,H)=5.5 Hz, 2H, 

HOCH2CH2CH2), 2.00 (s, 8H, B-Hterminal), 1.46 (m, 4H, 

HOCH2CH2CH2), 0.69 (t, 3J(H,H)=17.2 Hz, 4H, HOCH2CH2CH2).
 

13C{1H} NMR:  [ppm]=64.28 (s, HOCH2CH2CH2), 49.17 (s, 

Ccluster), 32.01 (s, HOCH2CH2CH2), 13.21 (s, HOCH2CH2CH2). 
11B 

NMR:  [ppm]=8.1 (s, 2B, B(9,12)), -8.8 (d, 1J(B,H)=144 Hz, 2B, 

B(8,10)), -14.4 (d, 1J(B,H)=156 Hz, 4B, B(4,5,7,11)), -16.1 (d, 

1J(B,H)=144 Hz, 2B, B(3,6)). MALDI-TOF MS: m/z (%)=259.2 

(100) [M-1]-. 

Synthesis of 9,12-(ClCH2CH2CH2)2-1,2-closo-C2B10H10 [7]: To a 

stirring solution of 9,12-(HOCH2CH2CH2)2-1,2-closo-C2B10H10 (144 

mg, 0.55 mmol) and (CH3(CH2)3)4NCl (63.8 mg, 0.23 mmol) in dry 

THF (5 mL) at 0 ºC, was added SOCl2 dropwise (0.25 mL, 3.4 

mmol). The resulting solution was stirred at 0 ºC for 30 minutes and 

at room temperature for further 6 hours. The solvent was removed 

under reduced pressure, and 5 mL of diethyl ether were added. A 

solution of Na2CO3 (5 mL, 2 M) was slowly added with stirring. The 

mixture was thoroughly shaken, and the two layers separated. The 

aqueous layer was extracted with diethyl ether (3 x 5 mL). Then, the 

combined organic phase was separated and a solution of HCl (5 mL, 

0.1 M) was added, the mixture was thoroughly shaken again. The 

upper organic layer was separated from the mixture, and the 

aqueous layer was washed with diethyl ether (3 x 5 mL). Finally, the 

combined organic phase was dried over MgSO4, filtered and the 

solvent removed in vacuo to give 9,12-(ClCH2CH2CH2)2-1,2-closo-

C2B10H10. Yield: 153 mg (93%). Elemental Analysis for 

C8B10H22Cl2: calc: C 32.32, H 7.40; found: C 32.73, H 7.43. IR 

(KBr):  [cm-1] =3070 (s, vs(Ccluster-H)), 2989 2952, 2931, 2910, 

2893, 2837 (s, vs(Calkyl-H)), 2616, 2582 (s, vs(B-H)), 1310, 1281 (s, 

vwag(CH2-Cl)),  725, 650 (s, vs(C-Cl)). 1H NMR:  [ppm] =4.37 (s, 

2H, Ccluster-H), 3.52 (t, 3J(H,H)=6.0 Hz, 4H, ClCH2CH2CH2), 1.70 

(m, 4H, ClCH2CH2CH2), 0.78 (t, 3J(H,H)=9.0 Hz, 4H, 

ClCH2CH2CH2).
 1H{11B} NMR:  [ppm] =4.37 (s, 2H, Ccluster-H), 

3.52 (t, 3J(H,H)=6.0 Hz, 4H, ClCH2CH2CH2), 2.24, 2.08, 1.98 (s, 

8H, B-Hterminal), 1.70 (m, 4H, ClCH2CH2CH2), 0.78 (t, 3J(H,H)=9.0 

Hz, 4H, ClCH2CH2CH2). 
13C{1H} NMR:  [ppm] =49.69  (s, Ccluster), 

47.16 (s, ClCH2CH2CH2), 32.84 (s, ClCH2CH2CH2), 13.33 (s, 

ClCH2CH2CH2). 
11B NMR:  [ppm]=8.1 (s, 2B, B(9,12)), -8.1 (d, 

1J(B,H)=147 Hz, 2B, B(8,10)), -12.7 (d, 1J(B,H)=159 Hz, 4B, 

B(4,5,7,11)), -16.2 (d, 1J(B,H)=182 Hz, 2B, B(3,6)).  

Synthesis of 8,9,10,12-(ClCH2CH2CH2)4-1,2-closo-C2B10H8 [8]: 

To a stirring solution of 8,9,10,12-(HOCH2CH2CH2)4-1,2-closo-

C2B10H8 (400 mg, 1.06 mmol) and (CH3(CH2)3)4NCl (238.6 mg, 

0.86 mmol) in dry THF (10 mL) at 0 ºC, was added SOCl2 dropwise 

(0.94 mL, 4.3 mmol). The resulting solution was stirred at 0 ºC for 
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30 minutes and at room temperature for further 6 hours. The solvent 

was removed under reduced pressure, and 10 mL of diethyl ether 

were added. A solution of Na2CO3 (10 mL, 2 M) was slowly added 

with stirring. The mixture was thoroughly shaken, and the two 

layers separated. The aqueous layer was extracted with diethyl ether 

(3 x 5 mL). Then, the combined organic phase was separated and a 

solution of HCl (5 mL, 0.1 M) was added, the mixture was 

thoroughly shaken again. The upper organic layer was separated 

from the mixture, and the aqueous layer was washed with diethyl 

ether (3 x 5 mL). Finally, the combined organic phase was dried 

over MgSO4, filtered and the solvent removed in vacuo to give 

8,9,10,12-(ClCH2CH2CH2)4-1,2-closo-C2B10H8. Yield: 438 mg 

(92%). Elemental Analysis for C14B10H32Cl4: calc: C 37.00, H 7.00; 

found: C 37.32, H 7.29. IR (KBr):  [cm-1] =3071 (s, vs(Ccluster-H)), 

2991, 2953, 2931, 2911, 2893, 2836 (s, vs(Calkyl-H)), 2615, 2586 (s, 

vs(B-H)), 1310, 1281 (s, vwag(CH2-Cl)),  728, 647 (s, vs(C-Cl)). 1H 

NMR:  [ppm] =4.30 (br s, 2H, CclusterH), 3.60 (t, 3J(H,H)=6.0 Hz, 

4H, ClCH2CH2CH2), 3.53 (t, 3J(H,H)=6.0 Hz, 4H, ClCH2CH2CH2), 

2.4–0.8 (br m, 6H, BH), 1.89 (m, 4H, ClCH2CH2CH2), 1.70 (m, 4H, 

ClCH2CH2CH2), 0.82 (m, 4H, ClCH2CH2CH2), 0.61 (m, 4H, 

ClCH2CH2CH2).
 1H{11B} NMR:  [ppm] = 4.30 (br s, 2H, CclusterH), 

3.60 (t, 3J(H,H)=6.0 Hz, 4H, ClCH2CH2CH2), 3.53 (t, 3J(H,H)=6.0 

Hz, 4H, ClCH2CH2CH2), 2.15, 1.94 (br s, 6H, BH), 1.89 (m, 4H, 

ClCH2CH2CH2), 1.70 (m, 4H, ClCH2CH2CH2), 0.82 (m, 4H, 

ClCH2CH2CH2), 0.61 (m, 4H, ClCH2CH2CH2).
 13C{1H} NMR:  

[ppm] =47.9 (s, Ccluster), 47.3 (s, ClCH2CH2CH2), 33.1, 32.0 (s, 

ClCH2CH2CH2), 10.8 (br s, ClCH2CH2CH2). 
11B NMR:  [ppm] 

=7.6 (s, 2B, B(9,12)), 1.5 (s, 2B, B(8,10)), -14.4 (d, 1J(B,H)=153 Hz, 

4B, B(4,5,7,11)), -18.2 (d, 1J(B,H) =168 Hz, 2B, B(3,6)). ESI MS: 

m/z (%)=449.4 (70) [M-1]-. 

Synthesis of 9,12-(BrCH2CH2CH2)2-1,2-closo-C2B10H10 [9]: To a 

stirring solution of 9,12-(HOCH2CH2CH2)2-1,2-closo-C2B10H10 (400 

mg, 1.54 mmol) and CBr4 (1532 mg, 4.62 mmol) in dry CH2Cl2 (15 

mL) at 0 ºC, was added dropwise a solution of PPh3 (1372 mg, 5.24 

mmol, in 10 mL of dry CH2Cl2). The resulting solution was stirred 

at room temperature for 3 hours. The solvent was removed under 

reduced pressure, and 10 mL of dry diethyl ether were added, after a 

filtration, the filtrate was concentrated to yield 445 mg (75%) of 

9,12-(BrCH2CH2CH2)2-1,2-closo-C2B10H10. Elemental Analysis 

C8B10H22Br2: calc: C 24.87, H, 5.70; found: C 25.06, H 5.74. IR 

(KBr):  [cm-1] =3077 (s, vs(Ccluster-H)), 2987, 2926 (s, vs(Calkyl-H)), 

2586, 2543 (s, vs(B-H)), 1192, 1119 (s, vwag(CH2-Br)),  722, 695 (s, 

vs(C-Br)). 1H NMR:  [ppm]=4.44 (s, 2H, Ccluster-H), 3.43 (t, 

3J(H,H)=6.0 Hz, 4H, BrCH2CH2CH2), 1.79 (m, 4H, BrCH2CH2CH2), 

0.79 (t, 3J(H,H)=9.0 Hz, 4H, BrCH2CH2CH2).
 1H{11B} NMR:  

[ppm] =4.44 (s, 2H, Ccluster-H), 3.43 (t, 3J(H,H)=6.0 Hz, 4H, 

BrCH2CH2CH2), 2.23, 2.1 (s, 8H, B-Hterminal), 1.79 (m, 4H, 

BrCH2CH2CH2), 0.79 (t, 3J(H,H)=9.0 Hz, 4H, BrCH2CH2CH2). 

13C{1H} NMR:  [ppm] =48.15  (s, Ccluster), 36.80 (s, 

BrCH2CH2CH2), 33.34 (s, BrCH2CH2CH2), 13.19 (s, 

BrCH2CH2CH2). 
11B NMR:  [ppm] =7.8 (s, 2B, B(9,12)), -8.3 (d, 

1J(B,H)=143 Hz, 2B, B(8,10)), -13.7 (d, 1J(B,H)=152 Hz, 4B, 

B(4,5,7,11)), -15.3 (d, 1J(B,H)=177 Hz, 2B, B(3,6)). 

Synthesis of 8,9,10,12-(BrCH2CH2CH2)4-1,2-closo-C2B10H8 [10]:  

To a stirring solution of 8,9,10,12-(HOCH2CH2CH2)4-1,2-closo-

C2B10H8 (300 mg, 0.8 mmol) and CBr4 (1421 mg, 5.4 mmol) in dry 

CH2Cl2 (15 mL) at 0 ºC, was added dropwise a solution of PPh3 

(1590 mg, 4.8 mmol, in 10 mL of dry CH2Cl2). The resulting 

solution was stirred at room temperature for 3 hours. The solvent 

was removed under reduced pressure, and 10 mL of dry diethyl 

ether were added, after a filtration, the filtrate was concentrated to 

yield 360 mg (72%) of 8,9,10,12-(BrCH2CH2CH2)4-1,2-closo-

C2B10H8. Elemental Analysis for C14B10H28Br4: calc: C 26.92, H 

4.48; found: C 27.89, H 4.59. IR (KBr):  [cm-1] =3080 (s, vs(Ccluster-

H)), 2928 (s, vs(Calkyl-H)), 2620, 2581 (s, vs(B-H)), 1194, 1120 (s, 

vwag(CH2-Br)),  721, 695 (s, vs(C-Br)). 1H NMR:  [ppm] =4.40 (br 

s, 2H, CclusterH), 3.52 (t, 3J(H,H)=6.0 Hz, 4H, BrCH2CH2CH2), 3.45 

(t, 3J(H,H)=6.0 Hz, 4H, BrCH2CH2CH2), 2.4–0.8 (br m, 6H, BH), 

1.94 (m, 4H, BrCH2CH2CH2), 1.79 (m, 4H, BrCH2CH2CH2), 0.85 

(m, 4H, BrCH2CH2CH2), 0.65  (m, 4H, BrCH2CH2CH2).
 1H{11B} 

NMR:  [ppm] =4.40 (br s, 2H, CclusterH), 3.52 (t, 3J(H,H)=6.0 Hz, 

4H, BrCH2CH2CH2), 3.45 (t, 3J(H,H)=6.0 Hz, 4H, BrCH2CH2CH2), 

2.10, 1.83 (br s, 6H, BH), 1.94 (m, 4H, BrCH2CH2CH2), 1.79 (m, 

4H, BrCH2CH2CH2), 0.85 (m, 4H, BrCH2CH2CH2), 0.65 (m, 4H, 

BrCH2CH2CH2).
 13C{1H} NMR:  [ppm] =48.1 (s, Ccluster), 36.8 (s, 

BrCH2CH2CH2), 33.3, 32.3 (s, BrCH2CH2CH2), 13.2 (br s, 

BrCH2CH2CH2). 
11B NMR:  [ppm] =7.8 (s, 2B, B(9,12)), 1.6 (s, 

2B, B(8,10)), -14.2 (d, 1J(B,H)=150 Hz, 4B, B(4,5,7,11)), -18.2 (d, 

1J(B,H) =154 Hz, 2B, B(3,6)). ESI MS: m/z (%)=627.2 (20) [M-1]-, 

708.1 (100) [M+Br]-. 

Synthesis of 8,9,10,12-(CH3-C6H4-SO3(CH2)3)4-1,2-C2B10H8 [11]: 

To a stirring solution of 8,9,10,12-(HO(CH2)3)4-1,2-C2B10H8 (175 

mg, 0.46 mmol) and anhydrous N(CH3)3HCl (17.8 mg, 0.19 mmol) 

in dry toluene (5 mL), were added 1.5 mL of N(CH2CH3)3 (in 

excess). Then the mixture was cooled to 0 ºC in an ice-water bath 

and a solution of p-toluensulfonyl chloride in 3 mL of dry toluene 

(532 mg, 2.8 mmol) was added, following which the reaction was 

stirred overnight at room temperature. The solvent was removed and 

10 mL of diethyl ether and 5 mL of water were added to the residue, 

and the organic layer was washed successively with 10 mL of brine 
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and with 10 mL of water. Then the combined organic phase was 

dried over MgSO4, filtered and the solvent removed in vacuo to give 

8,9,10,12-(CH3-C6H4-SO3(CH2)3)4-1,2-C2B10H8. Yield: 332 mg 

(72%). Elemental Analysis for C42B10H60O12S4: calc: C 50.81, H 

6.05, S 12.90; found: C 51.22, H 6.07, S 12.54. IR (KBr):  [cm-1] = 

3072 (s, s(Ccluster-H)), 2957, 2930, 2894 (s, s(Calkyl-H)), 2616, 

2585 (s, s(B-H)), 1357 (s, s(S=O)), 1189, 1175 (s, s(S-O)), 1097, 

981, 954, 918 (s, vs(C-O)). 1H NMR:  [ppm]=7.79 (m, 8H, Hmeta), 

7.48 (m, 8H, Hortho), 4.25 (br s, 2H, Ccluster-H), 4.02 (t, 3J(H,H)=6 Hz, 

4H, TsO-CH2), 3.96 (t, 3J(H,H)=6 Hz, 4H, TsO-CH2), 3.00-1.50 (br 

m, 6H, BH), 2.44 (s, 12H, CH3C6H4), 1.70 (m, 4H, 

TsOCH2CH2CH2), 1.45 (m, 4H, TsOCH2CH2CH2), 0.47 (m, 4H, 

TsOCH2CH2CH2), 0.24 (m, 4H, TsOCH2CH2CH2). 
1H{11B} NMR: 

 [ppm] =7.79 (m, 8H, Hmeta), 7.48 (m, 8H, Hortho), 4.25 (br s, 2H, 

Ccluster-H), 4.02 (t, 3J(H,H)=6 Hz, 4H, TsO-CH2), 3.96 (t, 3J(H,H)=6 

Hz, 4H, TsO-CH2), 2.44 (s, 12H, CH3C6H4), 1.75 (br s, 6H, BH), 

1.70 (m, 4H, TsOCH2CH2CH2), 1.45 (m, 4H, TsOCH2CH2CH2), 

0.47 (m, 4H, TsOCH2CH2CH2), 0.24 (m, 4H, TsOCH2CH2CH2). 

13C{1H} NMR:  [ppm] =129.94 (s, Cmeta), 127.75 (s, Cortho), 72.82 

(s, TsOCH2CH2CH2), 47.82 (s, Ccluster), 37.23 (s, TsOCH2CH2CH2), 

20.60 (s, CH3-Ph), 8.88 (br s, TsOCH2CH2CH2). 
11B NMR:  [ppm] 

=7.4  (br s, 2B, B(9,12)), 1.3 (br s, 2B, B(8,10)), -14.4 (d, 

1J(B,H)=161 Hz, 4B,  B(4,5,7,11)), -17.5 (d, 1J(B,H)=120 Hz, 2B, 

B(3,6)). ESI MS: m/z (%)=1016.2 (100) [M-1+Na]+. 

Synthesis of 8,9,10,12-(HOCOCH2CH2)4-1,2-closo-C2B10H8 [12]: 

First, the Jones reagent was prepared dissolving CrO3 (2016 mg, 20 

mmol) with 1.5 mL of distilled water, then cooled at 0ºC in an ice 

bath and 1.7 mL of concentrated H2SO4 were added slowly. A 

precipitate immediately formed which dissolved after the addition of 

3.5 mL of distilled water, and while cool, acetone (6.0 mL) was then 

added to the mixture. Afterwards, a solution of 8,9,10,12-

(HOCH2CH2CH2)4-1,2-closo-C2B10H8 (270 mg, 0.72 mmol) in 

acetone (10 mL) was added dropwise to the cooled Jones reagent, 

and then was allowed to stir overnight at room temperature. The 

solvent was removed at reduced pressure by rotary evaporation and 

the dark residue was transferred to a separator/funnel and extracted 

with diethyl ether (3 x 10 mL). The combined ether layers were 

extracted with brine (3 x 10 mL) and then dried over anhydrous 

MgSO4, filtered, and the solvent removed at reduced pressure by 

rotary evaporation. The remaining solid was recrystallized from 

boiling hexane to yield 232 mg (75%) of 8,9,10,12-

(HOCOCH2CH2)4-1,2-closo-C2B10H8. Elemental Analysis for 

C14B10H28O8: calc: C 38.88, H, 6.48; found: C 38.97, H 6.50. IR 

(KBr):  [cm-1] = 3200 (b, vs(O-H)), 3074 (s, vs(Ccluster-H)), 2965, 

2921, 2853 (s, vs(Calkyl-H)), 2589 (s, vs(B-H)), 1705 (s, vs(C=O)), 

1256 (s, vs(C-O)).1H NMR:  [ppm] = 6.20 (br s, 4H, 

HOCOCH2CH2), 4.33 (br s, 2H, CclusterH), 2.4–0.8 (br m, 6H, BH), 

2.41 (m, 4H, HOCOCH2CH2), 2.21 (m, 4H, HOCOCH2CH2), 1.02 

(m, 4H, HOCOCH2CH2), 0.84 (m, 4H, HOCOCH2CH2).
 1H{11B} 

NMR:  [ppm] =6.20 (br s, 4H, HOCOCH2CH2), 4.33 (br s, 2H, 

CclusterH), 2.10, 1.91 (br s, 6H, BH), 2.41 (m, 4H, HOCOCH2CH2), 

2.21 (m, 4H, HOCOCH2CH2), 1.02 (m, 4H, HOCOCH2CH2), 0.84 

(m, 4H, HOCOCH2CH2). 
13C{1H} NMR:  [ppm] =175.7 (s, 

HOCO), 48.2 (s, Ccluster), 33.4, 32.4 (s, HOCOCH2CH2), 8.8  (br s, 

HOCOCH2CH2). 
11B NMR:  [ppm] = 7.9 (s, 2B, B(9,12)), 2.2 (s, 

2B, B(8,10)), -13.9 (m, 6B, B(3,4,5,6,7,11)). ESI MS: m/z 

(%)=432.3 (100) [M-1]-. 

Synthesis of 9,12-(PhCOOCH2CH2CH2)2-1,2-closo-C2B10H10 

[13]: To a stirring solution of 9,12-(HOCH2CH2CH2)2-1,2-closo-

C2B10H10 (50 mg, 0.20 mmol), 4-N,N-dimethylaminopyridine (26 

mg, 0.21 mmol), N,N'-dicyclohexylcarbodiimide (44 mg, 0.21 

mmol) and benzoic acid (52 mg, 0.42 mmol) in dry CH2Cl2 (5 mL). 

The resulting solution was stirred at room temperature for 30 

minutes. The white precipitate (dicyclohexylurea) is filtered and 

then 10 mL of HCl (1 M) were added to the residue. The aqueous 

layer was extracted with CH2Cl2 (3 x 10 mL). The combined organic 

phase was dried over MgSO4, filtered and the solvent removed 

under reduced pressure. Yield: 63 mg (70%). Elemental Analysis for 

C22B10H32O4: calc: C 56.41, H 6.83; found: C 56.92, H 6.88. 
1H 

NMR:  [ppm]= 8.03 (d, 1J(Horto,Hmeta)=6 Hz, 4H, Hphenyl-meta), 7.53 

(t, 1J(Hpara,Hmeta)=9 Hz, 2H, Hphenyl-para), 7.41 (m, 4H, Hphenyl-meta), 

4.24 (t, 3J(H,H)=6.0 Hz, 4H, PhCOOCH2CH2CH2), 3.52 (s, 2H, 

Ccluster-H), 3.50–1.50 (m, 8H, B-Hterminal), 1.73 (m, 4H, 

PhCOOCH2CH2CH2), 0.81 (m, 4H, PhCOOCH2CH2CH2).
1H{11B} 

NMR:  [ppm] =8.03 (d, 1J(Horto,Hmeta)=6 Hz, 4H, Hphenyl-meta), 7.53 

(t, 1J(Hpara,Hmeta)=9 Hz, 2H, Hphenyl-para), 7.41 (m, 4H, Hphenyl-meta), 

4.24 (t, 3J(H,H)=6.0 Hz, 4H, PhCOOCH2CH2CH2), 3.52 (s, 2H, 

Ccluster-H), 1.95 (m, 8H, B-Hterminal), 1.73 (m, 4H, 

PhCOOCH2CH2CH2), 0.81 (m, 4H, PhCOOCH2CH2CH2).
13C{1H} 

NMR:  [ppm] =166.0 (s, PhCOOCH2CH2CH2), 132.8 (s, Cphenyl-

para), 130.8 (s, Cphenyl-ipso), 129.2 (s, Cphenyl-meta), 128.5 (s, Cphenyl-orto), 

66.8 (s, PhCOOCH2CH2CH2), 49.7 (s, Ccluster), 25.8 (s, 

PhCOOCH2CH2CH2), 12.4 (s, PhCOOCH2CH2CH2). 
11B NMR:  

[ppm]=8.0 (s, 2B, B(9,12)), -8.9 (d, 1J(B,H)=140 Hz, 2B, B(8,10)), -

14.7 (m, 6B, B(3,4,5,6,7,11)). MALDI-TOF MS: m/z (%)=461.4 

(100) [M-1+Li]-. 

Synthesis of 8,9,10,12-(PhCOOCH2CH2CH2)4-1,2-closo-C2B10H8 

[14]: To a stirring solution of 8,9,10,12-(HOCH2CH2CH2)4-1,2-

closo-C2B10H10 (50 mg, 0.13 mmol), 4-N,N-dimethylaminopyridine 

(71 mg, 0.58 mmol), N,N'-dicyclohexylcarbodiimide  (121 mg, 
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0.58 mmol) and benzoic acid (71 mg, 0.58 mmol) in dry CH2Cl2 (5 

mL). The resulting solution was stirred at room temperature for 30 

minutes. The white precipitate (dicyclohexylurea) is filtered and 

then 10 mL of HCl (1 M) were added to the residue. The aqueous 

layer was extracted with CH2Cl2 (3 x 10 mL). The combined organic 

phase was dried over MgSO4, filtered and the solvent removed 

under reduced pressure. Yield: 74 mg (62%). Elemental Analysis for 

C42B10H52O8: calc: C 63.63, H 6.57; found: C 64.28, H 6.61. 1H 

NMR:  [ppm] =7.90 (m, 8H, Phmeta), 7.23 (m, 12H, Phorto,para), 4.11 

(t, 3J(H,H)=9.0 Hz, 4H, PhCOOCH2CH2CH2), 4.17 (t, 3J(H,H)=6.0 

Hz, 4H, PhCOOCH2CH2CH2), 3.37 (s, 2H, Ccluster-H), 3.50–1.50 (m, 

8H, B-Hterminal), 1.77 (m, 4H, PhCOOCH2CH2CH2), 1.56 (m, 4H, 

PhCOOCH2CH2CH2), 0.72 (m, 4H, PhCOOCH2CH2CH2), 0.49 (m, 

4H, PhCOOCH2CH2CH2). 
1H{11B} NMR:  [ppm] =7.90 (m, 8H, 

Phmeta), 7.23 (m, 12H, Phorto,para), 4.11 (t, 3J(H,H)=9.0 Hz, 4H, 

PhCOOCH2CH2CH2), 4.17 (t, 3J(H,H)=6.0 Hz, 4H, 

PhCOOCH2CH2CH2), 3.37 (s, 2H, Ccluster-H), 1.94 (m, 6H, B-

Hterminal), 1.77 (m, 4H, PhCOOCH2CH2CH2), 1.56 (m, 4H, 

PhCOOCH2CH2CH2), 0.72 (m, 4H, PhCOOCH2CH2CH2), 0.49 (m, 

4H, PhCOOCH2CH2CH2).
13C{1H} NMR:  [ppm]= 166.0 (s, 

PhCOOCH2CH2CH2), 129.2 (m, Ph), 66.4 (s, PhCOOCH2CH2CH2), 

47.6 (s, Ccluster), 24.7 (s, PhCOOCH2CH2CH2), 9.8 (s, 

PhCOOCH2CH2CH2). 
11B NMR:  [ppm] =7.5 (s, 2B, B(9,12)), 1.0 

(s, 2B, B(8,10)), -15.6 (m, 6B, B(3,4,5,6,7,11)). ESI MS: m/z 

(%)=792 (100) [M-1]-. 

Synthesis of  [N(CH3)4]2[9,12-(3,3’-Co-{8-(OCH2CH2)2-1,2-

C2B9H10-1’,2’-C2B9H11}-O(CH2)3)2-1,2-C2B10H10] [15]: To a 

stirring solution of 9,12-(HOCH2CH2CH2)2-1,2-closo-C2B10H10 (130 

mg, 0.5 mmol) in THF (10 mL) cooled to 0 ºC in an ice-water bath 

was added dropwise a solution of butyllithium in hexanes (0.65 mL, 

1.6M, 1.02 mmol). After stirring at room temperature for 30 minutes, 

a solution of [8-{O(CH2CH2)2O}-3,3’-Co(1,2-C2B9H10)(1’,2’-

C2B9H11)] (421 mg, 1.02 mmol) in THF (5mL) was added via a 

syringe, following which the reaction was heated to reflux for 2 

hours. Afterwards the solvent was removed under reduced pressure, 

5mL of diethyl ether and 5mL of a diluted solution of HCl (0.1M) 

were added, then the mixture was thoroughly shaken and the two 

layers separated. The organic layer was separated, and the aqueous 

layer was extracted with diethyl ether (3 x 10mL). The combined 

organic phase was dried over MgSO4, filtered and the solvent 

removed under reduced pressure. Afterwards, an aqueous solution of 

[NMe4]Cl was added until no more precipitate was formed. The 

orange solid was filtered and rinsed with water. Yield: 478 mg 

(78%). Elemental Analysis for C30B46H104Co2N2O6: calc: C 32.33, H 

8.47, N 2.28; found: C 32.74, H 8.49, N 2.35. IR (KBr):  [cm-

1]=3584 (s, s(N-H)), 3068, 3040 (w, s(Ccluster-H)), 2926, 2873 (s, 

s(Calkyl-H)), 2564 (s, s(B-H)), 1456 (s, s(N-C)), 1155, 1122, 1098, 

1081 (s, s(C-O)). 1H NMR:  [ppm] =4.25 (br s, 8H, CclusterH), 3.58 

(br m, 18H, OCH2CH2O (16H), CclusterH (2H)), 3.43 (br s, 24H, 

N(CH3)), 3.00-1.50 (br m, 42H, BH), 2.60 (m, 4H, OCH2CH2CH2), 

1.47 (m, 4H, OCH2CH2CH2), 0.66 (m, 4H, OCH2CH2CH2).
 1H{11B} 

NMR:  [ppm] =4.25 (br s, 8H, CclusterH), 3.58 (br m, 10H, 

OCH2CH2O (8H), CclusterH (2H)), 3.43 (br s, 24H, N(CH3)), 3.00-

1.50 (br m, 42H, BH), 2.98, 2.19, 1.96, 1.75, 1.66, 1.54 (br s, 42H, 

BH),  2.60 (m, 4H, OCH2CH2CH2), 1.47 (m, 4H, OCH2CH2CH2), 

0.66 (m, 4H, OCH2CH2CH2).
 13C{1H} NMR:  [ppm] =71.68 (s, 

OCH2CH2O), 71.52 (s, OCH2CH2O), 69.17 (s, OCH2CH2O)), 68.25 

(s, OCH2CH2O),  64.37 (s, OCH2CH2CH2), 55.19 (s, N(CH3)), 54.72 

(Ccluster), 46.36 (s, Ccluster), 34.12 (s, Ccluster), 33.23 (s, OCH2CH2CH2), 

13.21 (s, OCH2CH2CH2).
 11B NMR:  [ppm] =22.5 (s, 2B, B(8)), 

3.39 (d, 1J(B,H)=129 Hz, 2B, B(8’)), 0.19 (d, 1J(B,H)=142 Hz, 2B, 

B(10’)), -2.72 (d, 1J(B,H)=132 Hz, 4B, B(9,12)), -4.40 (d, 

1J(B,H)=183 Hz, 4B, B(4,7)), -7.79 (d, 1J(B,H)=140 Hz, 2B, B(10)), 

-8.53 (d, 1J(B,H)=153 Hz,  8B, B(4’,7’,9’,12’)), -17.5 (d, 

1J(B,H)=160 Hz, 4B, B(5’,11’)), -20.73 (d, 1J(B,H)=151 Hz, 4B, 

B(5,11)), -22.0 (d, 1J(B,H)=149 Hz, 2B, B(6’)), -28.8 (d, 

1J(B,H)=142 Hz, 2B, B(6)). ESI MS: m/z (%)=540 (100) [M-1]2-  

Synthesis of [N(CH3)4]4[8,9,10,12-(3,3’-Co-{8-(OCH2CH2)2-1,2-

C2B9H10-1’,2’-C2B9H11}-O(CH2)3)4-1,2-C2B10H8] [16]: To a 

stirring solution of 8,9,10,12-(HOCH2CH2CH2)4-1,2-closo-C2B10H8 

(100 mg, 0.26 mmol) in THF (10 mL) cooled to 0 ºC in an ice-water 

bath was added dropwise a solution of butyllithium in hexanes (0.68 

mL, 1.6M, 1.09 mmol). After stirring at room temperature for 30 

minutes, a solution of [8-{O(CH2CH2)2O}-3,3’-Co(1,2-

C2B9H10)(1’,2’-C2B9H11)] (447 mg, 1.09 mmol) in THF (10mL) was 

added via a syringe, following which the reaction was heated to 

reflux for 2 hours. Afterwards the solvent was removed under 

reduced pressure, 10 mL of diethyl ether and 10 mL of a diluted 

solution of HCl (0.1M) were added. The mixture was throughly 

shaken, and the two layers separated. The organic layer was 

separated from the mixture, and the aqueous layer was extracted 

with diethyl ether (3 x 10mL). The combined organic phase was 

dried over MgSO4, filtered and the solvent removed under reduced 

pressure. Afterwards, an aqueous solution of [NMe4]Cl was added 

dropwise until no more precipitate was formed. The orange solid 

was filtered and rinsed with water. Yield: 430 mg (70%). Elemental 

Analysis for C62B82H196Co4N4O12: calc: C 32.73, H 8.48, N 2.42; 

found: C 32.98, H 8.49, N 2.47. IR (KBr):  [cm-1] =3433 (s, s(N-

H)), 3039 (w, s(Ccluster-H)), 2923, 2862 (s, s(Calkyl-H)), 2553 (s, 

s(B-H)), 1481 (s, s(N-C)), 1172, 1103 (s, s(C-O)). 1H NMR:  

[ppm] =4.27 (br s, 10H, CclusterH (8H), CclusterH (2H)), 3.51 (br m, 
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48H, OCH2CH2O (32H), OCH2CH2CH2 (8H), CclusterH (8H)), 3.45 

(br s, 48H, N(CH3)), 3.00-1.50 (br m, 78H, BH), 1.52 (m, 4H, 

OCH2CH2CH2), 1.35 (m, 4H, OCH2CH2CH2), 1.12 (m, 4H, 

OCH2CH2CH2), 0.90 (m, 4H, OCH2CH2CH2). 
1H{11B} NMR:  

[ppm] =4.27 (br s, 10H, CclusterH (8H), CclusterH (2H)), 3.51 (br m, 

48H, OCH2CH2O (32H), OCH2CH2CH2 (8H), CclusterH (8H)), 3.45 

(br s, 48H, N(CH3)), 3.00-1.50 (br m, 78H, BH), 2.91, 2.76, 2.69 (br 

m, 24H, BH), 2.45, 2.38 (br s, 4H, BH), 1.98 (br s, 10H, BH), 1.77 

(br s, 40H, BH), 1.52 (m, 4H, OCH2CH2CH2), 1.35 (m, 4H, 

OCH2CH2CH2), 1.12 (m, 4H, OCH2CH2CH2), 0.90 (m, 4H, 

OCH2CH2CH2). 
13C{1H} NMR:  [ppm] =71.87, 70.32 (s, 

OCH2CH2O), 70.22, 70.50 (s, OCH2CH2CH2), 69.98, 68.38 (s, 

OCH2CH2O), 55.18 (s, N(CH3)), 54.59 (Ccluster), 46.36 (Ccluster), 

34.10, 31.76 (s, OCH2CH2CH2), 17.41 (s, OCH2CH2CH2). 
11B 

NMR:  [ppm] =23.6 (s, 4B, B(8)), 4.47 (d, 1J(B,H)=137 Hz,  4B, 

B(8’)), 1.14 (d, 1J(B,H)=141 Hz, 4B, B(10’)), -1.69 (d, 1J(B,H)=142 

Hz, 8B, B(9,12)), -3.45 (d, 1J(B,H)=140 Hz, 8B, B(4,7)), -6.77 (d, 

1J(B,H)=142 Hz, 4B, B(10)), -7.50 (d, 1J(B,H)=129 Hz, 16B, 

B(4’,7’,9’,12’)), -16.5 (d, 1J(B,H)=153 Hz, 8B, B(5’,11’)), -19.7 (d, 

1J(B,H)=143 Hz, 8B, B(5,11)), -20.9 (d, 1J(B,H)=187 Hz, 4B, B(6’)), 

-27.7 (d, 1J(B,H)=156 Hz, 4B, B(6)). ESI MS: m/z (%)=503.9 (100) 

[M-1]4-. 

X-ray structure analysis 

X-ray crystal structure analyses were performed by using an Enraf 

Nonius CCD area detector diffractometer with MoKα radiation (λ = 

0.71073 Å) equipped with an Oxford Cryostream low-temperature 

unit. The data sets were corrected for abortion using SADABS 

program.[30] The structures were solved with the program SIR97,[31] 

full-least-squares refinements on F2 were performed with 

SHELXL97[32] using anisotropic displacement parameters for most 

of the non-H atoms. The hydrogen atoms were treated as riding 

atoms using the SHELX97 default parameters or their positional 

parameters were refined isotropically according to the riding model. 

All calculations and graphics were done at WinGX [33] platform. 

 

8,9,10,12-(ClCH2CH2CH2)4-1,2-closo-C2B10H8 [8]: C14B10H32Cl4, 

Mr = 450.32, space group P21/c (No.14), a = 15.1769(3), b = 

10.7294(2), c = 30.2110(6) Å; α = 90, β =104.1410(10), γ = 90 °, V 

= 4770.46 Å3, Z = 8, T = 173(2), R-factor = 5.6 %. 
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SCHEME 1. Kumada cross coupling reaction on [2] using cis-[Pd(PPh3)2Cl2] and CuI as a catalysts, in THF 

refluxing overnight. To synthesize [1] same procedure was used. 

 

 

 

 

 

 

 

 
SCHEME 2. Heck cross coupling reaction on [1] using cis-[Pd(PPh3)2Cl2] as a catalysts, 2,6-litidine as a base in 

DMF refluxing 24h.  

 

 

 

 

 

 

 

 
 

 

 

 

SCHEME 3. Hydroboration/oxidation process on terminal olefinic groups of [1] and [2] using BH3·THF, H2O2 in 

basic aqueous solution (KOH) to obtain [5] and [6] in good to high yield. 
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SCHEME 4. Derivatization reactions on [5]: (i) chlorination using SOCl2 and N(CH2)3CH3)4]Cl, (ii) Appel 

bromination using PPh3 and CBr4, (iii) Steglich esterification with benzoic acid, DCC and DMAP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

SCHEME 5. Derivatization reactions on [6]: (i) chlorination using SOCl2 and N(CH2)3CH3)4] Cl, (ii) Appel 

bromination using PPh3 and CBr4, (iii) tosylation using TsCl, NEt3 [NH(CH3)3]Cl, (iv) oxidation into carboxylic 

acid with CrO3 and H2SO4 in acetone (v) Steglich esterification with benzoic acid, DCC and DMAP.  
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SCHEME 6. Nucleophilic oxonium ring-opening reaction on zwiterionic compound [3,3′-Co(8-C4H8O2-1,2-

C2B9H10)(1′,2′-C2B9-H11)] by deprotonated hydroxyl derivatives [5] and [6] to obtain [N(CH3)4]2[9,12-(3,3’-Co-{8-

(C4H8O2-1,2-C2B9H10-1’,2’-C2B9H11}-O(CH2)3)2-1,2-C2B10H10] [15] and [N(CH3)4]4[8,9,10,12-(3,3’-Co-{8-

(C4H8O2-1,2-C2B9H10-1’,2’-C2B9H11}-O(CH2)3)4-1,2-C2B10H8] [16]. 
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FIGURE 1. MALDI-TOF spectrum of 9,12-(PhCH2CHCH2)21,2-closo-C2B10H10 [3] and 8,9,10,12-

(PhCH2CHCH2)2(CH2CHCH2)2-1,2-closo-C2B10H8 [4]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

FIGURE 2. Crystal packing of [8] showing the periodical Ccluster-H···Cl-C interactions, view down 

crystallographic c axis. White = H, pink = B, grey = C). Contacts shorter than the sum of Van der Waals radii are 

plotted as dashed dark lines. 
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FIGURE 3. 
13

C{
1
H}-NMR spectra comparison of [6], [8], [10] and [11]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 4. MALDI-TOF-MS spectra of [N(CH3)4]2[9,12-(3,3’-Co-{8-(C4H8O2-1,2-C2B9H10-1’,2’-C2B9H11}-

O(CH2)3)4-1,2-C2B10H10] [15]. 
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FIGURE 5. MALDI-TOF-MS spectra of [N(CH3)4]4[8,9,10,12-(3,3’-Co-{8-(C4H8O2-1,2-C2B9H10-1’,2’-C2B9H11}-

O(CH2)3)4-1,2-C2B10H8] [16]. 
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The use of nucleophilic and electrophilic processes 

have allowed the synthesis of a number of C- and B- 

derivatives of o-carborane. Because the utility of 

carborane units is dependent upon their 

functionalization,
[1]

 the introduction of functional 

groups at the boron and carbon atoms is an important 

target.  

The substitution of the carbon hydrogen in carborane 

clusters is easy because the C-H vertices may be 

deprotonated with strong bases. Conversely, the 

chemistry of boron-substituted carboranes is less 

developed than that of the carbon-substituted analogues 

because of the higher difficulty of introducing 

functional groups at the boron atoms of the carborane 

cage.  

Following a reported method for the 

functionalization of o-carboranes through their boron 

atoms by Kumada cross-coupling reaction, which 

allows the substitution of iodine atoms for organic 

moieties, we synthesize 9,12-(CH2CHCH2)2-1,2-closo-

C2B10H10 [1]
[2] 

and 8,9,10,12-(CH2CHCH2)4-1,2-closo-

C2B10H8 [2].
[3] 

In this work we report the carbon cluster 

vertexes functionalization of these two compounds [1] 

and [2] through nucleophilic substitution with allyl 

bromide. Terminal olefinic groups are free to perform 

further reactions on them, enabling the ortho-carborane 

cluster to become the core for the design of a new type 

of globular dendrimers, having a rigid head with four 

and six branches appending from it.  

Dendrimers are known for their well-defined 

globular hyperbranched structures and low 

polydispersity that combined with the high number of 

functional groups and metal fragments, that can be 

localized at the core or at the periphery, provides a wide 

range of macromolecules with interesting catalytic, 

redox, magnetic, photo-optical and biomedical 

properties.
 [4], [5] 

 

In the course of our research on high boron-content 

molecules,
 
we recently developed different synthetic 

strategies for the preparation of anionic dendrimeric 

systems, by using B-functionalized carborane nucleolus 

as scaffold in which anionic metallacarborane clusters 

were placed at the periphery.
[6]

 

Following our studies on developing boron-rich 

anionic dendrimers, we considered appropriate to use 

[3,3′-Co(8-C4H8O2-1,2-C2B9H10)(1′,2′-C2B9-H11)] to be 

peripherally attached to dendrimers. This 

metallacarborane is an electron-deficient sandwich with 

18 boron atoms, which is characterized by its 

extraordinary chemical and thermal stability.
[7]

 This 

compound is hydrophobic,
[8]

 a weakly coordinating and 

low nucleophilic anion,
[9], [10] 

which made it suitable for 

a wide range of applications.
 [11]  

Cobaltabisdicarbollide derivatives have also been 

considered promising agents as boron rich carriers for 

cancer treatment and diagnosis in Boron Neutron 

Capture Therapy (BNCT).
[12] 

These boron compounds 

can be delivered into tumor cells using different 
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strategies for tumor targeting or can be used as building 

blocks for the synthesis of boron-containing 

biomolecules. For that reason, this metallacarborane has 

been attached to different organic groups and 

biomolecules, such as nucleosides and porphyrins.
 [13] 

 

The design of water soluble boron-rich dendritic or 

macromolecular systems is of interest for boron neutron 

capture therapy (BNCT) or for drug delivery systems. 

The closo-carboranes have been tested for boron 

delivery into tumors; however, their extreme 

lipophilicity often produces water-insoluble structures 

with limited bioavailability, precluding thus effective 

application of such compounds in BNCT. One solution 

to the problem of the water solubility of BNCT agents 

could be to replace a neutral carborane with an anionic 

metallacarborane.  

The generation of diverse macromolecules and 

supramolecular assemblies constitutes a main focus for 

our current research. To achieve this proposal, the 

insertion of organic moieties on carbon cluster vertexes 

was required, in order to construct a globular like 

dendron nucleolus. 

First, deprotonation of the two hydrogen bonded to 

carbon atoms of 9,12-(CH2CHCH2)2-1,2-closo-

C2B10H10 [1] and 8,9,10,12-(CH2CHCH2)4-1,2-closo-

C2B10H8 [2] was carried out with 2 equivalents of n-

butillitium at low temperature. Afterwards, allyl 

bromide was added in order to perform a nucleophilic 

substitution on carbon cluster vertexes and achieve 1,2-

(CH2CHCH2)2-9,12-(CH2CHCH2)2-1,2-closo-C2B10H8 

[3] and 1,2-(CH2CHCH2)2-8,9,10,12-(CH2CHCH2)4-

1,2-closo-C2B10H6 [4] in good to high yield, 89 and 

86%, respectively (Scheme 1).    

As a first approach to the development of dendritic 

precursors a hydroboration/oxidation reaction has been 

carried out to transform the terminal double bonds to 

hydroxyl groups of [3] and [4]. BH3·THF was used as 

the hydroborating agent. Subsequent oxidation was 

performed by treatment with H2O2 in a basic aqueous 

solution. No hindered hydroboranes were thus needed 

for the control of the regioselectivity. This anticipates a 

versatile chemistry for dendritic growth, given the 

availability of the four and six terminal hydroxyl groups 

for further elongation of the chains. Compounds 1,2-

(OHCH2CH2CH2)2-9,12-(OHCH2CH2CH2)2-1,2-closo-

C2B10H8 [5] and 1,2-(OHCH2CH2CH2)2-8,9,10,12-

(OHCH2CH2CH2)4-1,2-closo-C2B10H6 [6] were isolated 

in good yields 87 and 80%, respectively (Scheme 2, (i)). 

On the other hand, Apple reaction
[14] 

has been 

carried out in order to exchange terminal hydroxyl 

groups of [5] and [6] by bromide atoms, using PPh3 and 

CBr4 to achieve 1,2-(BrCH2CH2CH2)2-9,12-

(BrCH2CH2CH2)2-1,2-closo-C2B10H8 [7] and 1,2-

(BrCH2CH2CH2)2-8,9,10,12-(BrCH2CH2CH2)4-1,2-

closo-C2B10H6 [8] (Scheme 2, (ii)).  

Since the discovery of nucleophilic oxonium ring-

opening (ORO) reactions in the carborane and 

metallacarborane series by Plešek et al.,
[15] 

has elapsed 

more than 30 years. These reactions represent an 

important feature of substitution boron chemistry and 

many examples can be found in the literature.
[16-22] 

Moreover, a recent exhaustive review by Semioshkin et 

al.
 [23] 

has been published on this field.  

In this paper, we extend this viable structural feature 

by our results on the isolation of di- and tetranions 

combining both the [3,3′-Co(8-C4H8O2-1,2-

C2B9H10)(1′,2′-C2B9-H11)] and o-carborane derivatives 

structural motifs. We were interested in exploring the 

possibility of using both known and new types of 

nucleophiles to get high-boron-content compounds. In 

order to enchance the nucleophilic character of the 

terminal hydroxyl groups of [6] we used n-BuLi to 

deprotonate the nucleophile. The addition of the base 

was done dropwise at low temperatures, and it was left 

stirring for 1 h. Afterwards, the reaction was cooled 

down again to 0 °C, followed by the addition of [3,3′-
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Co(8-C4H8O2-1,2-C2B9H10)(1′,2′-C2B9-H11)]. After 

stirring at room temperature for 30 minutes, compounds 

[N(CH3)4]6[1,2,8,9,10,12-(3,3’-Co-{8-(C4H8O2-1,2-

C2B9H10-1’,2’-C2B9H11}-O(CH2)3)6-1,2-C2B10H6] [9] 

was isolated by a cationic metathesis to 

tetramethylammonium salt, getting an orange solid as 

the final product (Scheme 2, (iii)). This nucleophilic 

oxonium ring-opening reaction leads to hexa-anionic 

compound that contain both metallabisdicarbaborane 

and carborane structural motifs in one molecule. 

All the synthesized compounds have been 

corroborated by elemental analysis, matrix-assisted 

laser desorption/ionization-time of flight mass 

spectrometry (MALDI-TOF-MS), IR and 
1
H, 

1
H{

11
B}, 

13
C{

1
H}, 

11
B, and 

11
B{

1
H} NMR spectroscopies.  

Figure 1 shows MALDI-TOF-MS spectrum of 

compound [9] in which the molecular ion peak of 

[N(CH3)4]4[1,2,8,9,10,12-(3,3’-Co-{8-(C4H8O2-1,2-

C2B9H10-1’,2’-C2B9H11}-O(CH2)3)6-1,2-C2B10H6]
4-

 is 

observed at m/z = 775. It should be noticed the 

separation between isotopic peaks distribution is of m/z 

0.25 unites corresponding to the tetra-anion fragment.   

Figure 2 shows a comparison of 
11

B NMR diagram 

spectra for 9,12-(CH2CHCH2)2-1,2-closo-C2B10H10 [1], 

8,9,10,12-(CH2CHCH2)4-1,2-closo-C2B10H8 [2], 1,2-

(CH2CHCH2)2-9,12-(CH2CHCH2)2-1,2-closo-C2B10H8 

[3] and 1,2-(CH2CHCH2)2-8,9,10,12-(CH2CHCH2)4-

1,2-closo-C2B10H6 [4]. 

Table 1 shows the 
11

B-NMR chemical shifts (in 

ppm) for several 9,12-R2-1,2-closo-C2B10H10, 8,9,10,12-

R4-1,2-closo-C2B10H8, 1,2,9,12-R4-1,2-closo-C2B10H8 

and 1,2,8,9,10,12-R6-1,2-closo-C2B10H6 .  

Table 2 shows the 
13

C{
1
H}-NMR chemical shifts (in 

ppm) for several 9,12-R2-1,2-closo-C2B10H10, 8,9,10,12-

R4-1,2-closo-C2B10H8, 1,2,9,12-R4-1,2-closo-C2B10H8 

and 1,2,8,9,10,12-R6-1,2-closo-C2B10H6 .  

The o-carborane cluster then provides a unique 

platform for the construction of highly dense 

multibranched molecules with a wide range of 

possibilities for derivatization. Derivatives of o-

carborane with precise patterns of substitution can be 

prepared by judicious choice of the synthetic procedure. 

We have coupled hydroxyl terminated arms onto a 

specific, compact area of the cluster occupied by 

adjacent carbon and boron vertices, ultimately leading 

to a tetra and hexa-branched structure which might 

serve as a versatile dendritic precursor.  

Furthermore, compound [9] can be used as a core to 

make a new class of dendrimers that contain multiple 

carborane or metallacarborane clusters at their 

periphery. Further work to synthesize potential new 

classes of BNCT compounds is now underway. 

Experimental Section 

Materials and instrumentation: All o-carboranes prepared are air 

and moisture stable. All manipulations were carried out under inert 

atmosphere. THF was distilled from sodium benzophenone prior to 

use. Reagents were obtained commercially and used as purchased. 

1,2-closo-C2B10H12 was obtained from Katchem., 9,12-

(CH2CHCH2)2-1,2-closo-C2B10H10 [1], [2] 8,9,10,12-(CH2CHCH2)4-

1,2-closo-C2B10H8 [2] [3]  and 8,9,10,12-(OHCH2CH2CH2)4-1,2-

closo-C2B10H8 [6] [3] were synthesised as reported at the literature. 

Elemental analyses were performed using a Carlo Erba EA1108 

micro analyzer. IR spectra (, cm-1; KBr pellets) were obtained on a 

Shimadzu FTIR-8300 spectrophotometer. The 1H- and 1H{11B}-

NMR (300.13 MHz), 13C{1H}-NMR (75.47 MHz) and 11B- and 

11B{1H}-NMR (96.29 MHz) spectra were recorded on a Bruker 

ARX 300 instrument equipped with the appropriate decoupling 

accessories. All NMR spectra were performed in deuterated acetone 

at 22ºC. The 11B- and 11B{1H}-NMR shifts were referenced to 

external BF3·OEt2, while the 1H, 1H{11B}, and 13C{1H}-NMR shifts 

were referenced to SiMe4. Chemical shifts are reported in units of 

parts per million downfield from reference, and all coupling 

constants in Hz. The mass spectra were recorded in the negative ion 

mode using a Bruker Biflex MALDI-TOF-MS [N2 laser; exc 337 

nm (0.5 ns pulses); voltage ion source 20.00 kV (Uis1) and 17.50 

kV (Uis2)], and using a FIA-ES/MS (Shimadzu AD VP/ API 150) 

instrument for neutral species. 

Synthesis of 9,12-(CH2=CHCH2)2-1,2-(CH2=CHCH2)2-closo-

C2B10H8 [3]: To a stirring solution of 9,12-(CH2=CHCH2)2-1,2-
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closo-C2B10H10 (40 mg, 0.18 mmol) in dry THF (3 mL) at 0ºC were 

added dropwise butyllithium in hexanes (0.24 mL, 1.6M, 0.37 

mmol), the resulting solution was stirred at 0 ºC for 30 minutes. 

Then the mixture was cooled at -78ºC to add dropwise a solution of 

CH2=CHCH2Br in dry THF (0.39 mL, 1M, 0.39 mmol), and allowed 

to stir overnight at room temperature. Afterwards, the solvent was 

removed and 10 mL of diethyl ether and 10 mL of dilute HCl (0.25 

M) were added to the residue. The organic layer was separated from 

the mixture, and the aqueous layer was extracted with diethyl ether 

(3 x 10 mL). The combined organic phase was dried over MgSO4, 

filtered and the solvent removed under reduced pressure. The 

remaining solid was recrystallized from boiling hexane to yield 48 

mg of 9,12-(CH2=CHCH2)2-1,2-(CH2=CHCH2)2-closo-C2B10H8 

(89 %). Elemental Analysis for C14B10H28: calc: C 55.26, H 9.21; 

found  C 55.22, H,  9.29. IR (KBr): =3074 (s, s(=CH2)), 2971, 

2923, 2877, 2854 (s, s(=CH and CH2)), 2593 (vs, s(B-H)), 1634 

(vs, s(C=C)), 1095, 994 cm-1 (s, as(=CH2)). 
1H NMR (300 MHz, 

CD3COCD3): =5.80 (m, 4H, CH2=CH-CH2-B(9,12), CH2=CH-

CH2-C(1,2)), 5.20 (m, 4H, CH2=CH-CH2-C(1,2)), 4.72 (m, 4H, 

CH2=CH-CH2-B(9,12)), 3.10–1.00 (m, 8H, B-Hterminal), 3.11 (d, 

3J(H,H)=6 Hz, 4H, CH2=CH-CH2-C(1,2)), 1.65 (br s, 4H, CH2=CH-

CH2-B(9,12)),  1H{11B} NMR (300 MHz, CD3COCD3): =5.80 (m, 

4H, CH2=CH-CH2-B(9,12), CH2=CH-CH2-C(1,2)), 5.20 (m, 4H, 

CH2=CH-CH2-C(1,2)), 4.72 (m, 4H, CH2=CH-CH2-B(9,12)), 3.11 

(d, 3J(H,H)=6 Hz, 4H, CH2=CH-CH2-C(1,2)),  2.18, 2.0 (br s, 8H, 

B-H), 1.64 (d, 3J(H,H)=9 Hz, 4H, CH2=CH-CH2-B(9,12)). 13C{1H} 

NMR (75 MHz, CD3COCD3): =140.1 (s, CH2=CH-CH2-B(9,12)), 

133.2 (s, CH2=CH-CH2-C(1,2)), 118.9 (s, CH2=CH-CH2-B(9,12)), 

111.1 (s, CH2=CH-CH2-C(1,2)), 72.2 (s, Ccluster), 37.9 (s, CH2=CH-

CH2-C(1,2)), 22.3 ppm (m, CH2=CH-CH2-B(9,12)). 11B NMR (96 

MHz, CD3COCD3): =5.9 (s, 2B, B(9,12)), -8.9 (d, 1J(B,H)=152 Hz, 

2B, B(8,10)), -10.5 (d, 1J(B,H)=160 Hz, 4B, B(4,5,7,11)), -12.9 ppm 

(d, 1J(B,H)=173 Hz, 2B, B(3,6)). ESI MS: m/z (%)= 303.3 (60) [M-

1]-. 

Synthesis of 8,9,10,12-(CH2=CHCH2)4-1,2-(CH2=CHCH2)2-

closo-C2B10H6 [4]: To a stirring solution of 8,9,10,12-

(CH2=CHCH2)4-1,2-closo-C2B10H10 (400 mg, 1.3 mmol) in dry THF 

(5 mL) at 0ºC were added dropwise butyllithium in hexanes (1.72 

mL, 1.6M, 2.76 mmol), the resulting solution was stirred at 0 ºC for 

30 minutes. Then the mixture was cooled at -78ºC to add dropwise a 

solution of CH2=CHCH2Br in dry THF (0.23 mL, 1M, 2.88 mmol), 

and allowed to stir overnight at room temperature. Afterwards, the 

solvent was removed and 10 mL of diethyl ether and 10 mL of 

dilute HCl (0.25 M) were added to the residue. The organic layer 

was separated from the mixture, and the aqueous layer was extracted 

with diethyl ether (3 x 10 mL). The combined organic phase was 

dried over MgSO4, filtered and the solvent removed under reduced 

pressure. The remaining solid was recrystallized from boiling 

hexane to yield 435 mg of 8,9,10,12-(CH2=CHCH2)4-1,2-

(CH2=CHCH2)2-closo-C2B10H8 (86 %). Elemental Analysis for 

C20B10H36: calc: C 62.50, H 9.37; found: C 61.98, H 9.22. IR (KBr): 

=3074 (s, s( =CH2)), 2995, 2972, 2912, 2882, 2813, 2797 (s, 

s(=CH and CH2)), 2592 (vs, s(B-H)), 1634 (vs, s(C=C)), 1102, 

994 cm-1 (s, as(=CH2)). 
1H NMR (300 MHz, CD3COCD3): =5.83 

(m, 6H, CH2=CH-CH2-B(8,9,10,12), CH2=CH-CH2-C(1,2)), 5.20 

(m, 4H, CH2=CH-CH2-C(1,2)), 4.84 (m, 8H, CH2=CH-CH2-

B(8,9,10,12)), 3.10–1.00 (m, 6H, B-Hterminal), 3.12 (d, 3J(H,H)=6 Hz, 

4H, CH2=CH-CH2-C(1,2)), 1.65 (br s, 4H, CH2=CH-CH2-B(9,12)), 

1.50 (br s, 4H, CH2=CH-CH2-B(8,10)). 1H{11B} NMR (300 MHz, 

CD3COCD3): =5.83 (m, 6H, CH2=CH-CH2-B(8,9,10,12), 

CH2=CH-CH2-C(1,2)), 5.20 (m, 4H, CH2=CH-CH2-C(1,2)), 4.84 (m, 

8H, CH2=CH-CH2-B(8,9,10,12)), 3.12 (d, 3J(H,H)=6 Hz, 4H, 

CH2=CH-CH2-C(1,2)), 2.13 (br s, 4H, 1.65 (br s, 4H, B(4,5,7,11)-

Hterminal), 2.07 (br s, 2H, B(3,6)-Hterminal), 1.65 (d, 3J(H,H)=6 Hz, 4H, 

CH2=CH-CH2-B(9,12)),1.50 (d, 3J(H,H)=9 Hz,  4H, CH2=CH-CH2-

B(8,10)). 13C{1H} NMR (75 MHz, CD3COCD3): =140.1,139.6 (s, 

CH2=CH-CH2-B(8,9,10,12)), 132.9 (s, CH2=CH-CH2-C(1,2)), 118.7 

(s, CH2=CH-CH2-B(8,9,10,12)), 112.1 (s, CH2=CH-CH2-C(1,2)), 

69.2 (s, Ccluster), 38.6 (s, CH2=CH-CH2-C(1,2)), 20.4 ppm (m, 

CH2=CH-CH2-B(8,9,10,12)). 11B NMR (96 MHz, CD3COCD3): 

=4.1 (s, 2B, B(9,12)), -0.8 (s, 2B, B(8,10)), -12.1 (d, 1J(B,H)=163 

Hz, 4B, B(4,5,7,11)), -14.2 ppm (d, 1J(B,H)=150 Hz, 2B, B(3,6)). 

ESI MS: m/z (%)= 407.4 (100) [M-1+Na]+. 

Synthesis of 9,12-(HOCH2CH2CH2)2-1,2-(HOCH2CH2CH2)2-

closo-C2B10H8 [5]: To a stirring solution of 9,12-(CH2=CHCH2)2-

1,2-(CH2=CHCH2)2-closo-C2B10H (190 mg, 0.61 mmol) in dry THF 

(5 mL) at 0 ºC, was added, dropwise, a solution of BH3·THF in THF 

(2.52 mL, 1M, 2.52 mmol). The resulting suspension was stirred at 0 

ºC for 30 minutes and at room temperature for further 30 minutes. 

Then, the reaction mixture was cooled again to 0 ºC in an ice-water 

bath and water (1 mL) was slowly added. When gas evolution had 

stopped, an aqueous KOH solution (0.84 mL, 3M, 2.5 mmol) and 

subsequently, H2O2 in water (0.22 mL, 35%, 2.5 mmol), were added. 

Stirring was maintained at room temperature for 1.5 h, after which 

two liquid phases were observed. The upper organic layer was 

separated from the mixture, and the aqueous layer and washed with 

THF (3 x 2 mL). The combined organic phase was dried over 

MgSO4, filtered and the solvent removed in vacuo to give 9,12-

(HOCH2CH2CH2)2-1,2-(HOCH2CH2CH2)2-closo-C2B10H8. Yield: 

205 mg (87%). Elemental Analysis for C14B10H36O4: calc: C 44.68, 
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H 9.57; found: C 45.03, H 9.61. IR (KBr): =3339 (vs, vs(O-H), 

s(Ccluster-H)), 2929, 2882 (s, vs(Calkyl-H)), 2591 (s, vs(B-H)), 1057, 

1004 cm-1 (s, vs(C-O)). 1H NMR (300 MHz, CD3SOCD3): =4.70 

(m, 1H, HOCH2CH2CH2), 4.55 (m, 1H, HOCH2CH2CH2), 4.25 (m, 

2H, HOCH2CH2CH2-B(9,12)), 3.10–1.00 (m, 8H, B-Hterminal), 2.28 

(m, 4H, HOCH2CH2CH2-Cc(1,2)), 1.61, 1.35, 1.23, 1.16, 1.05 (m, 

8H, HOCH2CH2CH2-B(9,12), HOCH2CH2CH2-Cc(1,2)), 0.55 ppm 

(m, 4H, HOCH2CH2CH2-B(9,12)). 1H{11B} NMR (300 MHz, 

CD3SOCD3): =4.75 (m, 1H, HOCH2CH2CH2), 4.55 (m, 1H, 

HOCH2CH2CH2), 4.24 (m, 2H, HOCH2CH2CH2-B(9,12)), 2.28 (m, 

4H, HOCH2CH2CH2-Cc(1,2)), 1.89 (m, 8H, B-Hterminal), 1.61, 1.35, 

1.23, 1.16, 1.05 (m, 8H, HOCH2CH2CH2-B(9,12), HOCH2CH2CH2-

Cc(1,2)), 0.53 ppm (m, 4H, HOCH2CH2CH2-B(9,12)). 13C{1H} 

NMR (75 MHz, CD3SOCD3): =65.96 (s, HOCH2CH2CH2-Cc(1,2)), 

64.24 (s, HOCH2CH2CH2-B(9,12)), 61.0 (s, Ccluster), 34.61, 33.36 (s, 

HOCH2CH2CH2-B(9,12)), 29.95 (s, HOCH2CH2CH2-Cc(1,2)), 24.72 

(s, HOCH2CH2CH2-Cc(1,2)), 12.31 ppm (s, HOCH2CH2CH2-

B(9,12)). 11B NMR (96 MHz, CD3SOCD3): =7.3 (br s, 2B, 

B(9,12)), -8.9 ppm (br s, 8B, B(3,4,5,6,7,8,10,11)). ESI MS: m/z 

(%)= 400.4 (100) [M+Na]+. 

Synthesis of 8,9,10,12-(HOCH2CH2CH2)4-1,2-

(HOCH2CH2CH2)2-closo-C2B10H6 [6]: To a stirring solution of 

8,9,10,12-(CH2=CHCH2)4-1,2-(CH2=CHCH2)2-closo-C2B10H6 (200 

mg, 0.52 mmol) in dry THF (5 mL) at 0 ºC, was added, dropwise, a 

solution of BH3·THF in THF (3.2 mL, 1M, 3.2 mmol). The resulting 

suspension was stirred at 0 ºC for 30 minutes and at room 

temperature for further 30 minutes. Then, the reaction mixture was 

cooled again to 0 ºC in an ice-water bath and water (1 mL) was 

slowly added. When gas evolution had stopped, an aqueous KOH 

solution (1.05 mL, 3M, 3.1 mmol) and subsequently, H2O2 in water 

(0.27 mL, 35%, 3 mmol), were added. Stirring was maintained at 

room temperature for 1.5 h, after which two liquid phases were 

observed. The upper organic layer was separated from the mixture, 

and the aqueous layer and washed with THF (3 x 2 mL). The 

combined organic phase was dried over MgSO4, filtered and the 

solvent removed in vacuo to give 8,9,10,12-(HOCH2CH2CH2)4-1,2-

(HOCH2CH2CH2)2-closo-C2B10H6. Yield: 162 mg (80%). Elemental 

Analysis for C20B10H48O6: calc: C 48.78, H 9.75; found: C 49.44, H 

9.78. IR (KBr): =3338 (vs, vs(O-H)), 2929, 2881 (s, vs(Calkyl-H)), 

2589 (s, vs(B-H)), 1057, 1005 cm-1 (s, vs(C-O)). 1H NMR (300 MHz, 

CD3SOCD3): =4.68 (m, 1H, HOCH2CH2CH2), 4.53 (m, 1H, 

HOCH2CH2CH2), 4.30, 424 (m, 2H, HOCH2CH2CH2-B(9,12)), 

3.10–1.00 (m, 6H, B-Hterminal), 2.31, 2.28 (m, 12H, HOCH2CH2CH2-

B(9,12), HOCH2CH2CH2-Cc(1,2)), 1.60, 1.49, 1.34, 1.11 (m, 16H, 

HOCH2CH2CH2-B(9,12), HOCH2CH2CH2-Cc(1,2)), 0.53, 0.31 ppm 

(m, 8H, HOCH2CH2CH2-B(9,12)). 1H{11B} NMR (300 MHz, 

CD3SOCD3): =4.68 (m, 1H, HOCH2CH2CH2), 4.53 (m, 1H, 

HOCH2CH2CH2), 4.30, 424 (m, 2H, HOCH2CH2CH2-B(9,12)), 2.01 

(m, 6H, B-Hterminal), 2.31, 2.28 (m, 12H, HOCH2CH2CH2-B(9,12), 

HOCH2CH2CH2-Cc(1,2)), 1.60, 1.49, 1.34, 1.11 (m, 16H, 

HOCH2CH2CH2-B(9,12), HOCH2CH2CH2-Cc(1,2)), 0.53, 0.31 ppm 

(m, 8H, HOCH2CH2CH2-B(9,12)). 13C{1H} NMR (75 MHz, 

CD3SOCD3): =65.98, 60.13 (s, HOCH2CH2CH2-Cc(1,2)), 64.64 (s, 

HOCH2CH2CH2-B(8,9,10,12)), 64.6 (s, Ccluster), 33.45, 32.27 (s, 

HOCH2CH2CH2-B(8,9,10,12)), 31.27 (s, HOCH2CH2CH2-Cc(1,2)), 

25.2 (s, HOCH2CH2CH2-Cc(1,2)), 10.24 ppm (s, HOCH2CH2CH2-

B(8,9,10,12)). 11B NMR (96 MHz, CD3SOCD3): =5.9 (br s, 2B, 

B(9,12)), 1.3 (br s, 2B, B(8,10)), -9.9 ppm (br s, 6B, B(3,4,5,6,7,11)). 

ESI MS: m/z (%)= 515.5 (100) [M+Na]+. 

Synthesis of 9,12-(BrCH2CH2CH2)2-1,2-(BrCH2CH2CH2)2-closo-

C2B10H8 [7]: To a stirring solution of 9,12-(HOCH2CH2CH2)2-1,2-

(HOCH2CH2CH2)2-closo-C2B10H8 (100 mg, 0.26 mmol) and CBr4 

(474 mg, 1.8 mmol) in dry THF (15 mL) at 0 ºC, was added 

dropwise a solution of PPh3 (530 mg, 1.6 mmol, in 5 mL of dry 

THF). The resulting solution was stirred at room temperature for 3 

hours. The solvent was removed under reduced pressure, and 10 mL 

of dry diethyl ether were added, after a filtration, the filtrate was 

concentrated. The crude product was purified by flash column 

chromatography on silica gel with chloroform as the eluent to give 

9,12-(BrCH2CH2CH2)2-1,2-(BrCH2CH2CH2)2-closo-C2B10H8. Yield: 

125 mg (75%). Elemental Analysis for C14B10H36Br4: calc: C 26.75, 

H 5.73; found: C 27.22, H 5.78. IR (KBr): =2955, 2925, 2854 (s, 

vs(Calkyl-H)), 2589 (s, vs(B-H)), 1259 cm-1 (s, vwag(CH2-Br)). 1H 

NMR (300 MHz, CD3COCD3): =3.58 (m, 4H, BrCH2CH2CH2-

Cc(1,2)), 3.45 (m, 4H, BrCH2CH2CH2-B(9,12)), 3.10–1.00 (m, 8H, 

B-Hterminal), 1.84,1.80 (m, 8H, BrCH2CH2CH2-B(9,12), 

BrCH2CH2CH2-Cc(1,2)), 0.89 ppm (m, 8H, BrCH2CH2CH2-B(9,12), 

BrCH2CH2CH2-Cc(1,2)). 1H{11B} NMR (300 MHz, CD3COCD3): 

=3.58 (m, 4H, BrCH2CH2CH2-Cc(1,2)), 3.45 (m, 4H, 

BrCH2CH2CH2-B(9,12)), 2.23 (m, 8H, B-Hterminal), 1.84,1.80 (m, 8H, 

BrCH2CH2CH2-B(9,12), BrCH2CH2CH2-Cc(1,2)), 0.89 ppm (m, 8H, 

BrCH2CH2CH2-B(9,12), BrCH2CH2CH2-Cc(1,2)). 13C{1H} NMR 

(75 MHz, CD3COCD3): = 69.3 (s, Ccluster), 44.31 (s, 

BrCH2CH2CH2-Cc(1,2)),  37.12 (m, BrCH2CH2CH2-Cc(1,2), 

BrCH2CH2CH2-B(9,12)), 32.72 (m, BrCH2CH2CH2-Cc(1,2), 

BrCH2CH2CH2-B(9,12)), 13.43 ppm (s, BrCH2CH2CH2-B(9,12)). 

11B NMR (96 MHz, CD3COCD3): =6.3 (br s, 2B, B(9,12)), -8.2 (br 

s, 8B, B(8,10), -10.6 (br s, 4B, B(4,5,7,11), -12.9 ppm (br s, 2B, 

B(3,6). ESI MS: m/z (%)= 645.2 (100) [M-1+H2O]-. 
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Synthesis of 8,9,10,12-(BrCH2CH2CH2)4-1,2-(BrCH2CH2CH2)2-

closo-C2B10H6 [8]: To a stirring solution of 8,9,10,12-

(HOCH2CH2CH2)4-1,2-(HOCH2CH2CH2)2-closo-C2B10H6 (100 mg, 

0.20 mmol) and CBr4 (606 mg, 1.8 mmol) in dry THF (10 mL) at 0 

ºC, was added dropwise a solution of PPh3 (543 mg, 2.1 mmol, in 5 

mL of dry THF). The resulting solution was stirred at room 

temperature for 3 hours. The solvent was removed under reduced 

pressure, and 10 mL of dry diethyl ether were added, after a 

filtration, the filtrate was concentrated. The crude product was 

purified by flash column chromatography on silica gel with 

chloroform as the eluent to give 8,9,10,12-(BrCH2CH2CH2)4-1,2-

(BrCH2CH2CH2)2-closo-C2B10H6. Yield: 118 mg (67%). Elemental 

Analysis for C20B10H42Br6: calc: C 27.58, H 4.82; found: C 28.54, H 

4.80. IR (KBr): =2957, 2927, 2904, 2895, 2857, 2828 (s, vs(Calkyl-

H)), 2591 (s, vs(B-H)), 1258, 1244 cm-1 (s, vwag(CH2-Br)). 1H NMR 

(300 MHz, CD3COCD3): =3.48 (m, 12H, BrCH2CH2CH2-

B(8,9,10,12), BrCH2CH2CH2-Cc(1,2)), 2.85 (m, 4H, 

BrCH2CH2CH2-Cc(1,2)), 3.10–1.00 (m, 6H, B-Hterminal), 1.83,1.63 

(m, 12H, BrCH2CH2CH2-B(9,12), BrCH2CH2CH2-Cc(1,2)), 0.88, 

0.68 ppm (m, 8H, BrCH2CH2CH2-B(9,12)). 1H{11B} NMR (300 

MHz, CD3COCD3): =3.48 (m, 12H, BrCH2CH2CH2-B(8,9,10,12), 

BrCH2CH2CH2-Cc(1,2)), 2.85 (m, 4H, BrCH2CH2CH2-Cc(1,2)), 2.18 

(m, 6H, B-Hterminal), 1.83,1.63 (m, 12H, BrCH2CH2CH2-B(9,12), 

BrCH2CH2CH2-Cc(1,2)), 0.88, 0.68 ppm (m, 8H, BrCH2CH2CH2-

B(9,12)). 13C{1H} NMR (75 MHz, CD3COCD3): = 71.6 (s, Ccluster), 

46.8 (s, BrCH2CH2CH2-Cc(1,2)),  36.85-36.66 (m, BrCH2CH2CH2-

Cc(1,2), BrCH2CH2CH2-B(8,9,10,12)), 33.30-32.36 (m, 

BrCH2CH2CH2-Cc(1,2), BrCH2CH2CH2-B(8,9,10,12)), 12.41 ppm (s, 

BrCH2CH2CH2-B(8,9,10,12)). 11B NMR (96 MHz, CD3COCD3): 

=6.6 (br s, 2B, B(9,12)), 1.1 (br s, 8B, B(8,10), -11.2 ppm (br s, 6B, 

B(3,4,5,6,7,11). ESI MS: m/z (%)= 950.0 (100) [M-Br]-, 870.0 (75) 

[M]- 

Synthesis of [N(CH3)4]6[8,9,10,12-(3,3’-Co-{8-(OCH2CH2)2-1,2-

C2B9H6-1’,2’-C2B9H7}-O(CH2)3)4-1,2-(3,3’-Co-{8-(OCH2CH2)2-

1,2-C2B9H6-1’,2’-C2B9H7}-O(CH2)3)2-C2B10H6] [9]: To a stirring 

solution of 8,9,10,12-(HOCH2CH2CH2)4-1,2-(HOCH2CH2CH2)2-

closo-C2B10H6 (43 mg, 0.09 mmol) in DME (5 mL) cooled to 0 ºC 

in an ice-water bath was added dropwise a solution of butyllithium 

in hexanes (0.35 mL, 1.53M, 0.53 mmol). After stirring at room 

temperature for 30 minutes, a solution of [8-{O(CH2CH2)2O}-3,3’-

Co(1,2-C2B9H10)(1’,2’-C2B9H11)] (218 mg, 0.53 mmol) in THF 

(5mL) was added via a syringe, following which the reaction was 

heated to reflux overnight. Afterwards the solvent was removed 

under reduced pressure, 10 mL of diethyl ether and 10 mL of a 

diluted solution of HCl (0.1M) were added. The mixture was 

throughly shaken, and the two layers separated. The organic layer 

was separated from the mixture, and the aqueous layer was extracted 

with diethyl ether (3 x 10mL). The combined organic phase was 

dried over MgSO4, filtered and the solvent removed under reduced 

pressure. Afterwards, an aqueous solution of [NMe4]Cl was added 

dropwise until no more precipitate was formed. The orange solid 

was filtered and rinsed with water. Yield: 104 mg (35%). IR (KBr): 

=3433 (s, s(N-H)), 3039 (w, s(Ccluster-H)), 2923, 2862 (s, 

s(Calkyl-H)), 2553 (s, s(B-H)), 1481 (s, s(N-C)), 1172, 1103 cm-1 

(s, s(C-O)). 1H NMR (300 MHz, CDCl3): =4.28 (br s, 24H, 

CclusterH ), 3.58 (br m, 60H, OCH2CH2O (48H), OCH2CH2CH2--B 

(12H)), 3.45 (br s, 72H, N(CH3)), 3.00-1.50 (br m, 108H, BH), 2.43 

(m, 4H, Cc-CH2CH2CH2O-), 1.70, 1.53 (m, 12H, Cc-

CH2CH2CH2O- (4H), OCH2CH2CH2-B (8H)), 0.68, 0.47 ppm (m, 

8H, OCH2CH2CH2-B). 1H{11B} NMR (300 MHz, CDCl3): =4.28 

(br s, 24H, CclusterH ), 3.58 (br m, 60H, OCH2CH2O (48H), 

OCH2CH2CH2--B (12H)), 3.45 (br s, 72H, N(CH3)), 2.91, 2.76, 2.70 

(br m, 32H, BH), 2.43 (m, 4H, Cc-CH2CH2CH2O-), 1.97 (br s, 16H, 

BH), 1.78, 1.67, 1.56, 1.48 (br s, 60H, BH), 1.70, 1.53 (m, 12H, Cc-

CH2CH2CH2O- (4H), OCH2CH2CH2-B (8H)), 0.68, 0.47 ppm (m, 

8H, OCH2CH2CH2-B). 13C{1H} NMR (75 MHz, CDCl3): =73.7, 

71.6, 70.2, 68.1 (s, OCH2), 55.18 (s, N(CH3)), 55.1 (Ccluster), 47.0 

(Ccluster), 38.7 (s, Cc-CH2CH2CH2O-), 32.3 (s, OCH2CH2CH2-B), 

23.4 (s, Cc-CH2CH2CH2O-), 13.6 ppm (s,  OCH2CH2CH2-B). 11B 

NMR (96 MHz, CDCl3): =23.9 (s, 6B, B(8)), 4.64 (d, 1J(B,H)=117 

Hz,  6B, B(8’)), 1.18 (d, 1J(B,H)=127 Hz, 6B, B(10’)), -1.67 (d, 

1J(B,H)=129 Hz, 12B, B(9,12)), -3.42 (d, 1J(B,H)=165 Hz, 12B, 

B(4,7)), -6.75 (d, 1J(B,H)=138 Hz, 6B, B(10)), -7.40 (d, 

1J(B,H)=127 Hz, 24B, B(4’,7’,9’,12’)), -16.51 (d, 1J(B,H)=154 Hz, 

12B, B(5’,11’)), -19.7 (d, 1J(B,H)=149 Hz, 12B, B(5,11)), -21.1 (d, 

1J(B,H)=192 Hz, 6B, B(6’)), -27.7 ppm (d, 1J(B,H)=144 Hz, 6B, 

B(6)). ESI MS: m/z (%)=775 (40) [M+2(NCH3)4]
4-  
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Scheme 1. Deprotonation reaction on Cc-H of B-substituted o-carborane derivatives [1] and [2] with n-butillitium. 

Nucleophilic substitution with allyl bromide to obtain [3] and [4]. 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2. (i) Hydroboration and oxidation reaction on the olefinic terminal groups of [3] and [4] to achieve 1,2-

(OHCH2CH2CH2)2-9,12-(OHCH2CH2CH2)2-1,2-closo-C2B10H8 [5] and 1,2-(OHCH2CH2CH2)2-8,9,10,12-

(OHCH2CH2CH2)4-1,2-closo-C2B10H6 [6]. (ii) Apple bromination reaction on hydroxyl groups using PPh3 and CBr4 

to obtain 1,2-(BrCH2CH2CH2)2-9,12-(BrCH2CH2CH2)2-1,2-closo-C2B10H8 [7] and 1,2-(BrCH2CH2CH2)2-8,9,10,12-

(BrCH2CH2CH2)4-1,2-closo-C2B10H6 [8]. (iii) Nucleophilic oxonium ring-opening reaction on zwiterionic 

compound [3,3′-Co(8-C4H8O2-1,2-C2B9H10)(1′,2′-C2B9-H11)] by deprotonated hydroxyl derivative [6] to obtain 

[N(CH3)4]6[1,2,8,9,10,12-(3,3’-Co-{8-(C4H8O2-1,2-C2B9H10-1’,2’-C2B9H11}-O(CH2)3)6-1,2-C2B10H6] [9]. 

  



194 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. MALDI-TOF spectrum of  [N(CH3)4]4[1,2,8,9,10,12-(3,3’-Co-{8-(C4H8O2-1,2-C2B9H10-1’,2’-C2B9H11}-

O(CH2)3)6-1,2-C2B10H6]
4- 

fragment. 
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Figure 2. Diagram 
11

B{
1
H}-NMR spectra with the peak assignments for the 9,12-(CH2CHCH2)2-1,2-closo-

C2B10H10 [1], 8,9,10,12-(CH2CHCH2)4-1,2-closo-C2B10H8 [2], 1,2-(CH2CHCH2)2-9,12-(CH2CHCH2)2-1,2-closo-

C2B10H8 [3] and 1,2-(CH2CHCH2)2-8,9,10,12-(CH2CHCH2)4-1,2-closo-C2B10H6 [4]. 
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Table 1. 
11

B- NMR chemical shifts (in ppm) for several 9,12-R2-1,2-closo-C2B10H10, 8,9,10,12-R4-1,2-

closo-C2B10H8, 1,2,9,12-R4-1,2-closo-C2B10H8 and 1,2,8,9,10,12-R6-1,2-closo-C2B10H6 . Spectra were run 

in acetone-d6 solutions. 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Table 2. 
13

C{
1
H}- NMR and in acetone-d6 (ppm) and stretching frequencies in (cm

-1
) for several 9,12-R2-

1,2-closo-C2B10H10, 8,9,10,12-R4-1,2-closo-C2B10H8, 1,2,9,12-R4-1,2-closo-C2B10H8 and 1,2,8,9,10,12-

R6-1,2-closo-C2B10H6 . Spectra were run in acetone-d6 solutions. *Spectra run in CDCl3 solutions. 

 

 

 

 

Compost Substituents B(3,6) B(4,5,7,11) B(8,10) B(9,12) <δ> 

[1] 9,12-(CH2=CHCH2)2 -16.3 -14.3 -8.6 7.5 -9.2 

[2] 8,9,10,12-(CH2=CHCH2)4 -17.8 -13.7 1.9 7.8 -7.1 

[3] 1,2.9,12-(CH2=CHCH2)4 -12.9 -10.5 -8.9 5.9 -7.4 

[4] 1,2,8,9,10,12-(CH2=CHCH2)6 -14.2 -12.1 -0.8 4.1 -7.0 

[5] 1,2,9,12-(OH(CH2)3)4 -8.9 -8.9 -8.9 7.3 -5.7 

[6] 1,2,8,9,10,12-(OH(CH2)3)6 -9.9 -9.9 1.3 5.9 -4.5 

[7] 1,2,9,12-(Br(CH2)3)4 -12.9 -10.6 -8.2 6.3 -7.2 

[8] 1,2,8,9,10,12-(Br(CH2)3)6 -11.2 -11.2 1.1 6.6 -5.2 

 δ (
13

C{
1
H}) ppm ʋ (cm

-1
) 

Compost Substituents Cclúster ʋ (B-H) 

[1] 9,12-(CH2=CHCH2)2 48.3* 2594  

[2] 8,9,10,12-(CH2=CHCH2)4 46.5* 2617, 2596  

[3] 1,2.9,12-(CH2=CHCH2)4 72.2 2593  

[4] 1,2,8,9,10,12-(CH2=CHCH2)6 69.2 2592  

[5] 1,2,9,12-(OH(CH2)3)4 61.0 2591  

[6] 1,2,8,9,10,12-(OH(CH2)3)6 64.6 2589  

[7] 1,2,9,12-(Br(CH2)3)4 69.3 2589  

[8] 1,2,8,9,10,12-(Br(CH2)3)6 71.6 2591  
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It has been reported that 1,2-dicarba-closo-

dodecaborane is readily partially degraded, one boron 

atom removal, by bases under controlled conditions to 

[7,8-C2B9H12]
-
. The deprotonation of this monoanion 

generates alkali metal salt of the carborane dianion a 

[7,8-C2B9H11]
2-

 which are easily protonated by moisture.  

Boron removal from the cluster takes place via 

nucleophilic attack to most positive boron atoms B(3) 

or B(6), which are adjacent to both cluster carbon atoms. 

nido-Carborane derivatives are key compounds for the 

coordination of boron clusters to metal ions for the 

formation of complexes.
[1-4] 

With few exceptions,
[5] 

the 

metal complexation or metal insertion in the cluster can 

be viewed as the substitution of one or more bridging 

hydrogen atoms by the metal. Therefore, a necessary 

requirement for the complexation is the deprotonation 

of the nido cluster to generate a coordination site for 

that metal (Scheme 1). 

The derivativatization of the most intensively 

studied anionic borate cluster, the 

cobaltabisdicarbollide [3,3′-Co(1,2-C2B9H11)2]
-
, remains 

very much unexplored. Two basic substitutions may 

occur on [3,3′-Co(1,2-C2B9H11)2]
-
, either on carbon or 

on boron. With few exceptions,
[6]

 substitutions on 

carbon have been achieved only at an early stage of the 

synthetic process, that is, on the starting o-carborane,
 [7] 

but not by direct reaction with the [3,3′-Co(1,2-

C2B9H11)2]
-
 cage. Substitution at boron has been 

achieved under Friedel-Crafts conditions
[8] 

or with 

strong alkylating agents.
 [9] 

Consequently, regioselective 

substitutions were not possible, and specific derivatives 

were obtained only after careful separations of complex 

mixtures.  

Up to today, the usual via to attach this 

metallacarborane to the different groups is through the 

boron atom in position 8’, by the reaction of the 

dioxane-metallacarborane derivative, [3,3′-Co(8-

C4H8O2-1,2-C2B9H10)(1′,2′-C2B9-H11)]
 [10]

 with the 

corresponding nucleophiles.
 [11-14] 

 

Recently, the construction of high-boron content 

molecules has received considerable interest.
 [15] 

At the 

same time, the introduction of carboranes into different 

types of dendrimeric structures, at the inner region or at 

the surface of the molecules, is also being explored.
 [16]

 

The design of boron-rich dendritic or macromolecular 

systems is of interest for boron neutron capture therapy 

(BNCT) or for drug delivery systems. 

For this purpose, BNCT, bio-active functionalized 

nido-carboranes and metallacarboranes have been 

characterized,
 [11] 

and cobaltabisdicarbollide derivatives 

have been attached to different organic groups and 

biomolecules.
 [12], [13] 

Furthermore, the carborane 

subunits can be easily modified by attaching variable 

substituents onto the carbon and boron vertex, making 

out of these structurally flexible compounds potential 
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candidates for BNCT of cancer and HIV Protease 

inhibition.
 [17]

 

Although the closo carborane clusters are structures 

showing high stability with respect to strong acids they 

react with Lewis bases yielding more opened structures, 

known as nido, by a partial deboronation process that 

implies the loss of a clusters’ vertex. Several 

nucleophiles such as alkoxides,
 [18] 

amines,
 [19] 

fluorides,
 

[20] 
phosphanes

[21]
 have been used. The nucleophilic 

attack takes place at the boron atoms directly bounded 

to both carbon atoms, the B(3) or its equivalent B(6), 

since they both present electronic deficiency.  

Following our studies on developing anionic 

dendritic cores, here we report the preparation of nido 

and metallacarboranes anionic clusters di- and 

tetrasubstituted on boron vertexes, by using a 

deboronation of starting B-functionalized closo o-

carborane derivatives.   

Regioselective removal of one BH vertex from the 

B-disubstituted closo o-carborane derivatives, 9,12-

(CH2CHCH2)2-1,2-closo-C2B10H10 [1] and 9,12-

(PhC≡C)2-1,2-closo-C2B10H10 [3],
[22] 

by heating with 

ethanolic KOH (5 eq.) for 3h and followed by a 

precipitation with [N(CH3)4]Cl which leads to the 

formation of [N(CH3)4][5,6-(CH2CHCH2)2-7,8-nido-

C2B9H10] [2] and [N(CH3)4][5,6-(PhC≡C)2-7,8-nido-

C2B9H10] [4] in good to high yield, 87 and 78%, 

respectively (Scheme 2).
 
 

Same procedure was followed to deboronate 

tetrasubstituted closo o-carborane compounds 

8,9,10,12-(CH2CHCH2)4-1,2-closo-C2B10H8 [5] and 

8,9,10,12-(OHCH2CH2CH2)4-1,2-closo-C2B10H8 [7], 

which were synthesized as previously reported.
 [23] 

In 

this case, the organic substituent on B(10) entailed a 

greater amount of nucleophilic agent EtOK (20 eq.) in 

order to remove the B(3). The two nido compounds 

were successfully isolated in good yield, 

[N(CH3)4][1,5,6,10-(CH2CHCH2)4-7,8-nido-C2B9H8] 

[6] (70%) and [N(CH3)4][1,5,6,10-(OHCH2CH2CH2)4-

7,8-nido-C2B9H8] [8] (73%) as [N(CH3)4]
+ 

salts by 

precipitation with [N(CH3)4]Cl (Scheme 3). 

Afterwards, a complexation reaction with cobalt was 

performed on [N(CH3)4][5,6-(CH2CHCH2)2-7,8-nido-

C2B9H10] [2] by extracting the bridging proton with n-

butillitium. After the addition of CoCl2 the reaction was 

stirred at room temperature for 1 hour and precipitated 

with [N(Me)4]Cl to obtain [N(Me)4][3,3’-Co-(9,12-

(CH2CHCH2)2-1,2-closo-C2B9H9)2] [9] in good to high 

yield, 83% (Scheme 4). 

All the synthesized compounds have been fully 

characterized using 
1
H-, 

11
B-, 

13
C-NMR and MS 

spectroscopy. As an example, the ESI-MS spectrum of 

[N(CH3)4][1,5,6,10-(CH2CHCH2)4-7,8-nido-C2B9H8] 

[6] is displayed in Figure 1, showing a peak with 

isotopic distribution at m/z 294.3 corresponding to 

[C14B9H28]
-
. 

Influence of B-C vertexes on the bridging proton of 

nido species: The bridging proton in [7,8-nido-

C2B9H12]
-
 derivatives [2], [4], [6], [8] is relatively acidic 

and can be removed by the addition of strong bases. 

Comparing the chemical shift of this bridging proton in 

unsubstituted [7,8-nido-C2B9H12]
-
 with di- and tetra-

substituted nido compounds, we observe that the 

presence of organic groups on boron vertexes move the 

δ to higher fields (Table 1). The substitution on the 

open face boron vertex of nido compounds, B(10), with 

an organic branch produces even a larger effect on the 

bridging proton chemical shift to higher fields 

compared to the disubstituted counterparts. 

NMR Spectral Considerations 
11

B NMR. 
11

B{
1
H}-

NMR spectra of [N(CH3)4][5,6-(CH2CHCH2)2-7,8-nido-

C2B9H10] [2] is in the range -7 to -38 ppm, characteristic 

of o-carborane nido species.
 [24]

 The spectrum displays a 

2:2:1:2:1:1 pattern (low to high field), and 

metallacarborane [9] shows a pattern 2:4:2:4:4:2 (low to 
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high field) (Figure 2). 

In Figure 2 can be noticed that deboronation cause 

the 
11

B resonance of nido [2] to appear at higher field in 

comparison to closo cluster [1] (<δ> = -15.8 and <δ> = 

-9.2 ppm, respectively), whereas the complexation 

cause the 
11

B resonance of metallacarborane [9] to 

appear at lower field (<δ> = -6.6 ppm). 

The 
11

B{
1
H}-NMR spectrum of [N(CH3)4][5,6-

(PhC≡C)2-7,8-nido-C2B9H10] [4] displays a 2:2:1:2:1:1 

pattern (low field to high field) with the resonances 

sufficiently separated enough to allow their 

unambiguous assignment by means of 
11

B{
1
H}-

11
B{

1
H} 

COSY. Figure 3 shows 
11

B (in orange) and 
11

B{
1
H}-

NMR (in blue) spectra of [4]. The peak at -29 ppm is 

easily assigned to B(10) since it appears as a broad 

doublet in the 
11

B-NMR spectrum due to the coupling 

with the H bridge as well as the exo-H. The peak at -

34.4 ppm, at highest field, corresponds to B(1), the 

position antipodal to the open face. The spectrum also 

exhibits a singlet at -14.53 ppm corresponding to the 

B(5,6) substituted with phenylethynyl branches. The 

doublet at -17.5 ppm corresponds to B(3) since 

integrates the one. With the resonances due to B(1), 

B(3), B(5,6) and B(10) thus established, analysis of the 

cross peak easily allowed the assignment of the 

2:2:1:2:1:1 pattern to B(9,11): B(5,6): B(3): B(2,4): 

B(10): B(1), respectively 

Experimental Section 

Materials and instrumentation: All prepared compounds are air and 

moisture stable. All manipulations were carried out under inert 

atmosphere. THF was distilled from sodium benzophenone prior to 

use. Reagents were obtained commercially and used as purchased. 

1,2-closo-C2B10H12 was obtained from Katchem.  9,12-

(CH2CHCH2)2-1,2-closo-C2B10H10 [1],[22] 9,12-(PhC≡C)2-1,2-closo-

C2B10H10 [3],[22] 8,9,10,12-(CH2CHCH2)4-1,2-closo-C2B10H8 [5][23] 

and 8,9,10,12-(OHCH2CH2CH2)4-1,2-closo-C2B10H8 [7][23] were 

synthesised as reported at the literature. 

Elemental analyses were performed using a Carlo Erba EA1108 

micro analyzer. IR spectra (, cm-1; KBr pellets) were obtained on a 

Shimadzu FTIR-8300 spectrophotometer. The 1H- and 1H{11B}-

NMR (300.13 MHz), 13C{1H}-NMR (75.47 MHz) and 11B- and 

11B{1H}-NMR (96.29 MHz) spectra were recorded on a Bruker 

ARX 300 instrument equipped with the appropriate decoupling 

accessories. All NMR spectra were performed in deuterated acetone 

at 22ºC. The 11B- and 11B{1H}-NMR shifts were referenced to 

external BF3·OEt2, while the 1H, 1H{11B}, and 13C{1H}-NMR shifts 

were referenced to SiMe4. Chemical shifts are reported in units of 

parts per million downfield from reference, and all coupling 

constants in Hz. The mass spectra were recorded in the negative ion 

mode using a Bruker Biflex MALDI-TOF-MS [N2 laser; exc 337 

nm (0.5 ns pulses); voltage ion source 20.00 kV (Uis1) and 17.50 

kV (Uis2)]. 

Synthesis of [N(CH3)4][5,6-CH2=CHCH2)2-7,8-nido-C2B9H10] 

[2]:To a solution of KOH (127 mg, 2.27mmol) in degassed EtOH (4 

mL) was added 9,12- (CH2=CHCH2)2-1,2-closo-C2B10H10 (100 mg, 

0.44 mmol). The solution was refluxed for 3 h. After cooling to 

room temperature, the solvent was removed under reduced pressure 

and the solid residue was dissolved in 10 mL of water. The solution 

was neutralized with 0.25M HCl. Afterwards, an aqueous solution 

of [N(CH3)4]Cl was added dropwise until no more precipitate was 

formed. The white solid was filtered and rinsed with water obtaining 

[N(CH3)4][5,6-CH2=CHCH2)2-7,8-nido-C2B9H10]. Yield: 112 mg 

(87%). Elemental Analysis for C12B9H32N: calc: C 50.14, H 11.14, 

N 4.87; found: C 50.80, H 11.15, N 4.77. IR (KBr): =3032 (s, 

s(Cc-H), 2983, 2955, 2899, 2863 (s, s(Calkyl-H), 2507 (s, s(B-H)), 

1481 cm-1 (s, s(N-CH3)), 945 cm-1 (s, as(CH3)). 
1H NMR (300 

MHz, CD3COCD3): =5.90 (m, 2H, CH2=CH-CH2), 4.67-4.44 (m, 

4H, CH2=CH-CH2), 3.47 (s, 12H, N(CH3)4), 3.10–1.00 (m, 7H, B-

Hterminal), 2.05 (br s, 2H, CclusterH), 1.58 ppm (m, 2H, CH2=CH-CH2), 

1.46 ppm (m, 2H, CH2=CH-CH2), -2.40--2.60 ppm (s, 1H, B-Hbridge). 

1H{11B} NMR (300 MHz, CD3COCD3): =5.90 (m, 2H, CH2=CH-

CH2), 4.67-4.44 (m, 4H, CH2=CH-CH2), 3.47 (s, 12H, N(CH3)4), 

2.05 (br s, 2H, CclusterH), 1.98, 1.67, 1.28, 0.45, 0.06 (br s, 7H, B-

Hterminal), 1.58 ppm (m, 2H, CH2=CH-CH2), 1.46 ppm (m, 2H, 

CH2=CH-CH2), -2.57 ppm (d, 1J(Hbridge,Hterminal)=12 Hz 1H, B-

Hbridge). 
13C{1H} NMR (75 MHz, CD3COCD3): =145.2 (s, 

CH2=CH-CH2), 107.2 (s, CH2=CH-CH2), 55.2 (s, N(CH3)4), 24.7 

ppm (m, CH2=CH-CH2). 
11B NMR (96 MHz, CDCl3): =-6.4 (s, 2B, 

B(5,6)), -10.0 (d, 1J(B,H)=134 Hz, 2B, B(9,11)), -17.9 (d, 

1J(B,H)=157 Hz, 1B, B(3)), -21.2 (d, 1J(B,H)=146 Hz, 2B, B(2,4)), -

29.6 (br d, 1J(B,H)=115 Hz, 1B, B(10)), -35.1 ppm (d, 1J(B,H)=137 

Hz, 1B, B(1)). MALDI-TOF MS: m/z (%)= 213.2 (100) [M-1]-. 
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Synthesis of [N(CH3)4][5,6-PhC≡C)2-7,8-nido-C2B9H10] [4]:To a 

solution of KOH (142 mg, 2.5 mmol) in degassed EtOH (4 mL) was 

added 9,12-(PhC≡C)2-1,2-closo-C2B9H10 (100 mg, 0.25 mmol). The 

solution was refluxed for 3 h. After cooling to room temperature, the 

solvent was removed under reduced pressure and the solid residue 

was dissolved in 10 mL of water. The solution was neutralized with 

0.25M HCl. Afterwards, an aqueous solution of [N(CH3)4]Cl was 

added dropwise until no more precipitate was formed. The white 

solid was filtered and rinsed with water obtaining NMe4[5,6-

PhC≡C)2-7,8-nido-C2B9H10]. Yield: 92.3 mg (78%). Elemental 

Analysis for C22B9H32N: calc: C 64.86, H 7.86, N 3.43; found:  C 

65.12, H 7.84, N 3.45. IR (KBr): =3211 (m, s(Caromatic-H)), 3028 

(s, s(Cc-H), 2927, 2855 (s, s(Calkyl-H), 2537 (s, s(B-H)), 1487 cm-

1 (s, s(N-CH3)). 1H NMR (300 MHz, CD3COCD3): =7.30 (s, 2H, 

Phpara), 7.21 (s, 8H, Phortho, Phmeta), 3.43 (s, 12H, N(CH3)4), 3.50–

1.50 ppm (m, 7H, B-Hterminal), 1.81 (br s, 2H, CclusterH), -2.10--2.40 

ppm (s, 1H, B-Hbridge). 
1H{11B} NMR (300 MHz, CD3COCD3): 

=7.30 (s, 2H, Phpara), 7.21 (s, 8H, Phortho, Phmeta), 3.43 (s, 12H, 

N(CH3)4), 2.22 (br s, 2H, B(9,11)-Hterminal), 1.81 (br s, 2H, CclusterH), 

1.77 (br s, 1H, B(3)-Hterminal), 1.57 (br s, 2H, B(2,4)-Hterminal), 0.98 

(br s, 1H, B(10)-Hterminal), 0.59 (d, 1J(B,H)=9 Hz, 1H, B(1)-Hterminal), 

-2.31 (d, 1J(B,H)=9 Hz, 1H, B(10)-Hbridge). 
13C{1H} NMR (75 MHz, 

CD3COCD3): =132.1 (s, Phmeta), 128.8 (s, Phortho), 128.1 (s, Phpara), 

126.9 (s, Phipso), 56.2 (s, N(CH3)4), 41.4 ppm (s, Ccluster). 
11B RMN 

(96 MHz, CD3COCD3): =-9.8 (d, 1J(B,H)=133 Hz, 2B, B(9,11)), -

14.5 (br s, 2B, B(5,6)), -17.6 (d, 1J(B,H)=165 Hz, 1B, B(3), -20.6 (d, 

1J(B,H)=150 Hz, 2B, B(2,4)), -29.0 (d, 1J(B,H)=104 Hz, 1B, B(10), 

-34.4 ppm (d, 1J(B,H)=143 Hz, 1B, B(1)). MALDI-TOF MS: m/z 

(%)=335 (100) [M-1]-. 

Synthesis of [N(CH3)4][1,5,6,10-CH2=CHCH2)4-7,8-nido-C2B9H8] 

[6]: To a solution of KOH (225 mg, 4 mmol) in degassed EtOH (5 

mL) was added 8,9,10,12-(CH2=CHCH2)4-1,2-closo-C2B10H8 (60 

mg, 0.20 mmol). The solution was refluxed for 3 h. After cooling to 

room temperature, the solvent was removed under reduced pressure 

and the solid residue was dissolved in 10 mL of water. The solution 

was neutralized with 0.25M HCl. Afterwards, an aqueous solution 

of [N(CH3)4]Cl was added dropwise until no more precipitate was 

formed. The white solid was filtered and rinsed with water obtaining 

[N(CH3)4][1,5,6,10-CH2=CHCH2)4-7,8-nido-C2B9H8]. Yield: 50.7 

mg (70%). Elemental Analysis for C18B9H40N: calc: C 58.82, H 

10.89, N 3.81; found: C 59.31, H 10.08, N 3.72. IR (KBr): =3033 

(s, s(Cc-H), 2982, 2955, 2898, 2863 (s, s(Calkyl-H), 2508 (s, s(B-

H)), 1481 cm-1 (s, s(N-CH3)), 945 cm-1 (s, as(CH3)). 
1H NMR (300 

MHz, CD3COCD3): =6.05 (m, 4H, CH2=CH-CH2), 4.70-4.55 (m, 

8H, CH2=CH-CH2), 3.45 (s, 12H, N(CH3)4), 3.10–1.00 (m, 7H, B-

Hterminal), 2.07 (br s, 2H, CclusterH), 1.61 ppm (m, 4H, CH2=CH-CH2), 

1.17 ppm (m, 4H, CH2=CH-CH2), -2.00--2.20 ppm (s, 1H, B-Hbridge). 

1H{11B} NMR (300 MHz, CD3COCD3): =6.05 (m, 4H, CH2=CH-

CH2), 4.70-4.55 (m, 8H, CH2=CH-CH2), 3.45 (s, 12H, N(CH3)4), 

2.07 (br s, 2H, CclusterH), 1.92 (s, 2H, B-Hterminal), 1.68 (s, 2H, B-

Hterminal), 1.51 (s, 1H, B-Hterminal), 1.61 ppm (m, 4H, CH2=CH-CH2), 

1.17 ppm (m, 4H, CH2=CH-CH2), -1.97 ppm (s, 1H, B-Hbridge). 

13C{1H} NMR (75 MHz, CD3COCD3): =144.4 (s, CH2=CH-CH2), 

108.2 (s, CH2=CH-CH2), 54.8 (s, N(CH3)4), 22.8 ppm (m, CH2=CH-

CH2).
11B NMR (96 MHz, CDCl3): =-7.7 (s, 2B, B(5,6)), -11.0 (d, 

1J(B,H)=133 Hz, 2B, B(9,11)), -19.4 (d, 1J(B,H)=148 Hz, 1B, B(3)), 

-21.7 (br s, 1B, B(10)), -21.7 (d, 1J(B,H)=160 Hz, 2B, B(2,4)), -26.4 

ppm (br s, 1B, B(1)). ESI MS: m/z (%)=294.3 (100) [M-1]-. 

Synthesis of [N(CH3)4][1,5,6,10-HOCH2CH2CH2)4-7,8-nido-

C2B9H8] [8]:To a solution of KOH (595 mg, 10.6 mmol) in degassed 

EtOH (5 mL) was added 8,9,10,12-(HOCH2CH2CH2)4-1,2-closo-

C2B10H8 (200 mg, 0.53 mmol). The solution was refluxed for 3 h. 

After cooling to room temperature, the solvent was removed under 

reduced pressure and the solid residue was dissolved in 10 mL of 

water. The solution was neutralized with 0.25M HCl. Afterwards, an 

aqueous solution of [N(CH3)4]Cl was added dropwise until no more 

precipitate was formed. The white solid was filtered and rinsed with 

water obtaining [N(CH3)4][1,5,6,10- HOCH2CH2CH2)4-7,8-nido-

C2B9H8]. Yield: 171 mg (73%). Elemental Analysis for 

C18B9H48O4N: calc: C 49.18, H 10.92, N, 4.00; found: C 47.64, H 

10.03, N 3.79. IR (KBr): =3379 (vs, s(O-H)), 3028 (vs, s(Ccluster-

H)), 2962, 2935, 2871 (vs, s(Calkyl-H)), 2540, 2511 (s, s(B-H)), 

1069, 1022, 901 (s, s(C-O)), 1449 cm-1 (s, s(N-CH3)). 1H NMR 

(300 MHz, CD3COCD3): =3.52 (m, 8H, HOCH2CH2CH2), 3.47 (s, 

12H, N(CH3)4), 1.62-1.53 (m, 8H, HOCH2CH2-CH2), 3.10–1.00 (m, 

5H, B-Hterminal), 2.10 (br s, 2H, CclusterH), 0.87-0.57 (m, 8H, 

HOCH2CH2-CH2), -2.00--2.20 ppm (s, 1H, B-Hbridge). 
1H{11B} 

NMR (300 MHz, CD3COCD3): =3.52 (m, 8H, HOCH2CH2CH2), 

3.47 (s, 12H, N(CH3)4), 2.10 (br s, 2H, CclusterH), 1.62-1.53 (m, 8H, 

HOCH2CH2CH2), 1.90,1.50,1.20 (br s, 5H, B-Hterminal), 0.87-0.57 (m, 

8H, HOCH2CH2-CH2), -2.02 ppm (br s, 1H, B-Hbridge). 
13C{1H} 

NMR (75 MHz, CD3COCD3): =73.0 (s, HOCH2CH2CH2), , 68.0 (s, 

N(CH3)4), 29.4 (s, HOCH2CH2CH2), 14.6 ppm (m, HOCH2CH2CH2). 

11B NMR (96 MHz, CDCl3): =-6.3 (s, 2B, B(5,6)), -11.1 (d, 

1J(B,H)=111 Hz, 2B, B(9,11)), -20.0 (d, 1J(B,H)=148 Hz, 1B, B(3)), 

-21.0 (br s, 1B, B(10)), -21.8 (d, 1J(B,H)=157 Hz, 2B, B(2,4)), -25.7 

ppm (br s, 1B, B(1)). MALDI-TOF MS: m/z (%)=367.2 (100) [M-

1]-. 

Synthesis of [N(CH3)4][3,3’-Co-(9,12-(CH2=CHCH2)2-1,2-closo-

C2B9H9)2] [9]: To a stirring solution of [N(CH3)4][5,6-
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CH2=CHCH2-7,8-C2B9H10] (30 mg, 0.1 mmol) in THF (2mL) 

cooled to 0 ºC in an ice-water bath was added, dropwise, a solution 

of butyllithium in hexanes (0.1mL, 1.6M,  0.11mmol). The 

suspension was stirred for 1 hour at 0ºC at room temperature. 

Volatiles were removed under reduced pressure. The resulting 

solution was then transferred via a syringe onto solid CoCl2 

anhydrous (42mg, 0.33mmol), following which the reaction was 

heated to reflux for 15 minutes. After stirring for 1 hour, the solvent 

was removed under reduced pressure. Then, 10mL of diethyl ether 

and 10mL of water were added to the residue. The mixture was 

thoroughly shaken, and the two layers separated. The organic layer 

was separated from the mixture, and the aqueous layer was extracted 

with diethyl ether (3 x 10mL). The combined organic phase was 

dried over MgSO4, filtered and the solvent removed under reduced 

pressure. Afterwards, an aqueous solution of [NMe4]Cl was added 

dropwise until no more precipitate was formed. The orange solid 

was filtered and rinsed with water obtaining [N(CH3)4][3,3’-Co-

(9,12-CH2=CHCH2-1,2-closo-C2B9H9)2]. Yield: 25 mg (83% ). 

Elemental Analysis for C20B18H50NCo: calc: C 43.06, H 8.97, N 

2.51; found: C 45.12, H 9.01, N 2.30. IR (KBr): =3020 (s, 

s(Ccluster-H)), 2958, 2924, 2857 (s, s(Calkyl-H), 2557 (vs, s(B-H)), 

1459 (s(N-CH3)), 945 cm-1 (s, as(CH3)). 
1H NMR (300 MHz, 

CD3COCD3): =5.86 (m, 4H, CH2=CH-CH2), 4.68-4.57 (m, 8H, 

CH2=CH-CH2), 3.83 (br s, 4H, CclusterH), 3.65 (s, 12H, N(CH3)4), 

3.10–1.00 (m, 18H, B-Hterminal), 1.62 ppm (m, 4H, CH2=CH-CH2), 

1.54 ppm (m, 4H, CH2=CH-CH2). 
1H{11B} NMR (300 MHz, 

CD3COCD3): =5.86 (m, 4H, CH2=CH-CH2), 4.68-4.57 (m, 8H, 

CH2=CH-CH2), 3.82 (br s, 4H, CclusterH), 3.65 (s, 12H, N(CH3)4), 

3.14, 2.98, 2.68, 1.55 (br s, 18H, B-Hterminal), 1.62 ppm (m, 4H, 

CH2=CH-CH2), 1.53 ppm (m, 4H, CH2=CH-CH2). 
13C{1H} NMR 

(75 MHz, CD3COCD3): =131.0 (s, CH2=CH-CH2), 128.9 (s, 

CH2=CH-CH2), 67.3 (s, Ccluster), 10.2 ppm (m, CH2=CH-CH2). 
11B 

NMR (96 MHz, CD3COCD3): =8.9 (d, 1J(B,H)=135 Hz, 2B, 

B(8,8’), 3.7 (s, 4B, B(9,9’,12,12’),  2.4 (d, 1J(B,H)=113 Hz, 2B, 

B(10,10’), -4.9 (d, 4B, 1J(B,H)=144 Hz, B(4,4’,7,7’), -17.0 (d, 4B, 

1J(B,H)=139 Hz, B(5,5’,11,11’)), -22.7 ppm (d, 1J(B,H)=166 Hz, 

2B, B(6,6’)). ESI MS: m/z (%)= 501.7 (100) [M+Na]-. 
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SCHEME 1. Partial degradation of o-carborane by a nucleophilic attack to generate a nido cluster and 

complexation reaction with Co(II) to obtain cobaltabisdicarbollide anion.  

 

 

 

 

 

 

 

SCHEME 2. Removal of B(3) by EtOK nucleophilic attack on B-disubstituted closo o-carborane counterparts [1] 

and [3].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SCHEME 3. Removal of B(3) by EtOK nucleophilic attack on B-disubstituted closo o-carborane counterparts [1] 

and [3].  
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SCHEME 4. Complexation reaction of nido cluster [2] to metallacarboranes of Co(III) to obtain [N(Me)4][3,3’-Co-

(9,12-(CH2CHCH2)2-1,2-closo-C2B9H9)2] [9]. 

 

 

 

 

 

 

 

 

 

 

FIGURE 1. ESI-MS spectrum of [N(CH3)4][1,5,6,10-(CH2CHCH2)4-7,8-nido-C2B9H8] [6]. 
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FIGURE 2. Diagram 
11

B{
1
H}-NMR spectra with the peak assignments for the compounds [1], [2] and [9]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 3. 
11

B and 
11

B{
1
H}-NMR spectra comparison of compound [4]. 
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TABLE 1.  Chemical shift of bridge BHB protons in nido-carboranes [2], [4], [6] and [8]. 

 

Compounds Chemical shift of bridge BHB protons (ppm) 

[7,8-nido-C2B9H12]
-
 -2.90 

[5,6-(CH2CHCH2)2-7,8-nido-C2B9H10]
-
 -2.57 

[5,6-(PhC≡C)2-7,8-nido-C2B9H10]
-
 -2.31 

[1,5,6,10-(CH2CHCH2)4-7,8-nido-C2B9H8]
-
 -1.97 

[1,5,6,10-(OHCH2CH2CH2)4-7,8-nido-C2B9H8]
-
 -2.02 




