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Abstract: Mono- and dilithium salts of
[3,3-Co(1,2-C,ByH;;),]~, (17), react
with different chlorosilanes (Me,SiHCI,
Me,SiCl,, Me;SiCl and MeSiHCl,) with
an accurate control of the temperature
to give a set of novel C,mono- (C.,=
Cuuster) and C-disubstituted cobalta-
bis(dicarbollide) derivatives with silyl
functions: [1-SiMe,H-3,3'-Co(1,2-
C,BoH,)(1',2-C,BoHyy)]™ (37); [1,1-p-
SiMe,-3,3"-Co(1,2-C,BoH,(),]~ 4);
[1,1"-p-SiMeH-3,3'-Co(1,2-C,BoH,),]|
57); [1-SiMe;-3,3'-Co(1,2-C,BH,)-
(1'2-GBoHy)]™ (67) and [1,1'-(SiMe;),-
3,3-Co(1,2-C,BsHy(),]™ (7). In a simi-
lar way, the [8,8-u-(1",2"-CoH,)-1,1"-u-
SiMe,-3,3"-Co(1,2-C,ByHy),]~ 8);
[8,8-p-(1",2"-C¢Hy)-1,1"-u-SiMeH-3,3'-
Co(1,2-C,ByHy),]~ (97) and [8,8-p-
(17,2"-C¢H,)-1-SiMe;-3,3'-Co(1,2-
C,BoHy)(1',2-C,BsHy)]”  (107)  ions
have been prepared from [8,8-p-(1",2"-

C¢H,)-3,3'-Co(1,2-C,BoH )] ).
Thus, depending on the chlorosilane,
the temperature and the stoichiometry
of nBuLi used, it has been possible to
control the number of substituents on
the C, atoms and the nature of the at-
tached silyl function. All compounds
were characterised by NMR and UV/
Vis spectroscopy and MALDI-TOF
mass spectrometry; [NMey]-3, [NMe,]-
4 and [NMe,]-7 were successfully iso-
lated in crystalline forms suitable for
X-ray diffraction analyses. The 4~ and
8~ ions, which contain one bridging -p-
SiMe, group between each of the dicar-
bollide clusters, were unexpectedly ob-
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tained from the reaction of the mono-
lithium salts of 1 and 27, respectively,
with Me,SiHCI at —78°C in 1,2-dime-
thoxyethane. This suggests that an in-
tramolecular reaction has taken place,
in which the acidic C.—H proton reacts
with the hydridic Si—H, with subse-
quent loss of H,. Some aspects of this
reaction have been studied by using
DFT calculations and have been com-
pared with experimental results. In ad-
dition, DFT theoretical studies at the
B3LYP/6-311G(d,p) level of theory
were applied to optimise the geome-
tries of ions 1710~ and calculate their
relative energies. Results indicate that
the racemic mixtures, rac form, are
more stable than the meso isomers. A
good concordance between theoretical
studies and experimental results has
been achieved.

Introduction

In the last four decades, interest in the functionalisation and

application of the cobaltabis(dicarbollide) ion 1~ and its de-
rivatives has grown due to their extraordinary chemical,
thermal and radiation stability, and their similar properties
to the inorganic superacids.! In addition, these compounds
are hydrophobic™* and weakly coordinating anions,! which

have made them appropriate to be used as solid electro-

lytes,”! strong non-oxidizing acids,”! doping agents in con-
ducting polymers® and extractants of radionuclides.
Cobaltabis(dicarbollide) derivative have also been used in
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diverse applications such as medical imaging and radiothera-
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py as boron-rich carriers for boron neutron capture therapy
(BNCT).

Many cobaltabis(dicarbollide) derivatives with substitu-
ents bonded to the cluster, preferably on the boron atoms,
have been described.®”! However, there are few examples
of C-substituted (C,=cluster carbon atom) derivatives of 1~
obtained directly from the deprotonation of C.—H and sub-
sequent attack by an electrophile. In 1997, Chamberlin et al.
published a new synthetic method to bind methyl groups to
the C, atoms obtaining mono- and di-C_-substituted cobalta-
bis(dicarbollide) derivatives."”) More recently, we have re-
ported the preparation of C_-substituted cobaltabis(dicarbol-
lide) derivatives with phosphine groups analogous to 2,2'-
bis(diphenylphosphino)-1,1'-bi-
naphthyl (BINAP) by the reac-
tion of the dilithium salts of 1~ r 7 -
with chlorodiarylphosphine in
1,2-dimethoxyethane (DME).!"!

Our interest in the synthesis
and functionalisation of boron-
rich dendrimeric structures con-
taining carboranyl derivatives
required us to develop new car-
boranylsilane compounds to use T
as molecular precursors and
building blocks for the desired
dendrimers, peripherally at-
tached to carborane moieties.!"?
Additionally, these carboranylsilane systems have been
useful in the study of the reactivity of carborane derivatives
towards different organosilanes and in testing them as hy-
drosilylating agents.'?*®! In this work, we have extended our
study to the cobaltabis(dicarbollide) anion due to its attrac-
tive properties and possible applications."””l Special empha-
sis has been placed on bonding organosilane functions to
the C atoms of the cluster to obtain previously unknown C-
mono- and Cdisubstituted cobaltabis(dicarbollide) deriva-
tives with silyl groups. For this purpose, compounds have
been prepared by the direct reaction of the lithium salts of
[3,3-Co(1,2-C,ByHy;),]” (17), and [8,8-p-(1",2"-CsH,)-3,3"-
Co(1,2-C,ByHy),]~ (27), with different chlorosilanes. Some
of these compounds have been proven to be active as hydro-
silylating agents and can be used to functionalise different
generations of dendrimers. Additionally, a theoretical study,
using B3LYP density functional methods at the 6-311G(d,p)
basis has provided remarkable data on conformational
habits and relative energies of the metallacarborane report-
ed here. The discussion is completed with the X-ray crystal
structures of [NMe,][1-SiMe,H-3,3"-Co(1,2-C,BsH;,)(1',2'-
C,BjHyy)], [NMe,][1,1"-p-SiMe,-3,3'-Co(1,2-C,ByH,),] and
[NMe,][1,1-(SiMe3),-3,3"-Co(1,2-C,BoH,),] -

Results and Discussion

Synthesis of C.-substituted cobaltabis(dicarbollide) deriva-
tives with silyl groups: With the goal of preparing a C.-mon-

Chem. Eur. J. 2008, 14, 4924 —4938
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2) (CH,),SiHCI
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osubstituted cobaltabis(dicarbollide) derivatives functional-
ised with the silyl group —SiMe,H, the metallation of Cs-
[3,3-Co(1,2-C,ByH;;),] (Cs-1), with one equivalent of
n-butyllitium (nBuLi) followed by the reaction with
Me,SiHCl (Me = methyl) in 1,2-dimethoxyethane at —78°C
for 1 h was performed. The resulting orange residue was dis-
solved in MeOH to yield, after precipitation with an aque-
ous solution of [NMe,]Cl, a mixture of salts, which according
to the 'H and "B NMR spectra correspond to unreacted
starting material 1~ together with the monosubstituted [1-
SiMe,H-3,3"-Co(1,2-C,BsH,)(1',2-C,BgH;1)]™ (37), and [1,1"-
p-SiMe,-3,3'-Co(1,2-C,BH,¢),]~, (47), obtained in 51 and
18 %, respectively (Scheme 1). Attempts to separate these

Scheme 1. Synthesis of ions 3~ and 4.

compounds by silica or alumina column chromatography
were unsuccessful and led to 1 in all cases. The compound
[NMe,]-3 was isolated in 11% yield after recrystallisation
from CH,Cl,. The 3~ ion was uniquely obtained when the
reaction was carried out at —78°C. At higher temperatures
(e.g. —40 or 0°C) or by using other solvents, such as THF,
3~ was not formed. Crystals of [NMe,]-3 were obtained by
slow evaporation of the compound in a mixture of acetone
and water. The anion 3~ represents the first example of a
C.-monosubstituted cobalta(bisdicarbollide) derivative that
has been fully characterised by X-ray diffraction.

The unexpected synthesis of 4~ motivated us to study its
synthesis in more detail. Two different strategies were used
(Scheme 2): 1) the reaction of Cs-1 with one equivalent of
nBuLi at —40°C in DME, followed by the reaction with an
excess of Me,SiHCI gave, after 3h at room temperature,
[Li(dme),]-4, according to the 'H NMR spectrum; and 2)
the reaction of Cs-1 with 2 equivalents of nBuLi at —78°C
in DME, followed by the reaction with Me,SiCl,, gave the
same species [Li(dme),]-4. The 4~ ion could be isolated by
using cations such as [NMe,]*, Cs* and [PMe(Ph);]* (Ph=
phenyl) by dissolving [Li(dme),]-4 in MeOH and adding
aqueous solutions of [NMe,|Cl, CsCl or a methanolic solu-
tion of [PMe(Ph);]Br to yield the corresponding salts of 4~
in 45, 62, and 70 % yield, respectively. When 4~ was synthes-
ised at —40°C, a mixture of structural isomers (as will be de-
scribed in depth in a later section) was obtained as shown
by the "B{'"H} NMR spectrum. However, at —78°C mainly
one isomer was formed. Monocrystals of [NMe,]-4 were ob-
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Scheme 2. Synthesis of ion 4 using two different approaches.

tained by slow evaporation of a solution of the compound
synthesised at —40°C in acetone.

As already mentioned, an attempt to get C.-monosubsti-
tution on cobaltabis(dicarbollide) with a group containing
the —SiH function with SiMe,HCl led to 3™ in low yield. As
we were interested in the reactivity of a Si—H-containing co-
baltabis(dicarbollide) derivative, we used MeSiHCI, as a
chlorosilane source (Scheme 3). Cs-1 was treated with two
equivalents of nBuLi at —78°C in DME followed by an
excess of MeSiHCl, at the same temperature. Then, after
stirring for 6 h at room temperature, the solution was evapo-
rated and the residue treated
with MeOH. The anion 5~ was
isolated as the Cs salt in 76 %
yield by precipitation with an
aqueous solution of CsCl. The
temperature of —78°C used in
this reaction was a key factor to —
produce 5 in 95% isomeric
purity, according to the NMR
spectra. The use of higher tem-
peratures caused the formation
of a mixture of structural iso-
mers (see later section) along
with unreacted starting material
1.

To learn about the reactivity
of 1~ towards chlorosilanes, its
mono- and dilithium salts were
treated with an excess of
Me;SiCl at —78°C in DME.
The monolithium salt of 1" led
to a mixture of products, from
which the C.-monosubstituted
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1) 2 nBuLi
2) CH;SIHCI, excess H

_ >
DME
-78 °C

Scheme 3. Synthesis of the ion 5°.

[NMe,]-6 was isolated in 33 % yield. Conversely, the dilithi-
um salt gave the C_-disubstituted 7-, which was isolated as
the [NMe,]-7 and Cs-7 salts in 91 and 90 % yield, respective-
ly. Red crystals of [NMe,]-7 were successfully obtained from
acetone. Metallacarboranes 6 and 7 were very convenient
to interpret spectroscopic data and to get information about
the possible rotational isomers in related compounds.
Silyl-functionalised derivatives of the rigid Cs[8,8'-p-
(17,2"-C¢H,)-3,3-Co(1,2-C,BgH,),] compound (Cs-2) with
chlorosilanes were also studied. The reaction of Cs-2 with
one equivalent of nBuLi at —78°C in DME, followed by the
reaction with chlorodimethylsilane (Me,SiHCl), led uniquely
to  [8,8-pu-(1",2"-C4Hy)-1,1"-u-SiMe,-3,3'-Co(1,2-C,BoHy),]| -
(87; Scheme 4), which was isolated as a red solid in 77 %
yield by precipitation with an aqueous solution of [NMe,|Cl.
The spectroscopic study of [NMe,]-8, which will be discussed
later, indicated that 2~ behaves similarly to homologous 1~
with Me,SiHCI. However, the formation of a C_-monosubsti-
tuted species analogous to 3~ was never observed, even at
very low temperatures. Likewise, Cs-2 was treated with two
equivalents of nBuLi at —78°C in DME and subsequently
with an excess of MeSiHCI, to give 9~ (Scheme 4). After

Scheme 4. Synthesis of cobaltabis(dicarbollide) ions 8~ and 9™.
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their workup, the compounds [NMe,]-9 and Cs-9 were iso-
lated in 60 and 65% yield, respectively, by precipitation
with aqueous solutions of [NMe,]Cl and CsCl, respectively
(Scheme 4).

Similarly, Cs-2 was treated with two equivalents of nBuLi
at —78°C in DME followed by an excess of Me;SiCl under
the same conditions to give mainly the monosubstituted
compound [NMe,]-10 in 69 % yield by precipitation with an
aqueous solution of [NMe,]ClL.

These results show that C_silyl derivatives of cobaltabis-
(dicarbollide) can be produced in good yields. The metalla-
carboranes containing the Si—H function are potential hy-
drosilylation agents and can be used to functionalise dendri-
meric structures.

Characterisation of functionalised cobaltabis(dicarbollide)
derivatives with silyl groups: All of the compounds de-
scribed above were characterised by elemental analysis;
UV/Vis, FTIR, and 'H, *C, "B, and *Si NMR spectroscopy
and matrix-assisted laser desorption ionisation time of flight
(MALDI-TOF) mass spectrometry. In addition the com-
pounds [NMe,]-3, [NMe,]-4 and [NMe,]-7 were unequivo-
cally confirmed by X-ray diffraction analysis.

Spectroscopic data: The 'H, 'B, *C and ¥Si NMR spectra of
the products reported here agree with the structures pro-
posed in the schemes. The IR spectra of all compounds pres-
ent typical v(B—H) strong bands for closo-clusters between
2554 and 2577 cm™' and, additionally, intense bands in the
region of 1250-1257 cm™' corresponding to o(Si—CH;).
Complexes 37, 5~ and 9~ show a characteristic band near
2160 cm™! attributed to »(Si—H). The 'H{!'B} NMR spectra
of compounds 3~ and 5~ exhibit resonances at 4.31 and
5.06 ppm, respectively, which can be assigned to the Si—H
function (Figure 1, Table 1). However, 9~ shows two reso-
nances at 4.97 and 5.25 ppm with different areas. Both peaks
can be attributed to the Si—H proton, indicating the pres-
ence of structural isomers in the solution, (see later). More-
over, 3, 5 and 9 have a *J(HH)=3.4 Hz due to Si-H
coupling with the protons on CH; and giving a quartet for
5" and 9~ and a septet for 3~ (Figure 1). The corresponding

FULL PAPER

Table 1. Chemical shift values [ppm] of the selected protons in the
'HNMR spectra of C.-substituted derivatives 3-10~ and the starting
ions 1™ and 2°.

0 'HNMR
Si—-H C—H Si—CH; B-H
1 - 3.94 - 3.37-1.57
3 4.31 3.85,3.69 0.29 3.61-1.60
4 - 4.50 0.31 3.38-1.43
5 5.06 4.59 0.44 3.40-1.44
6 - 4.02,3.83,3.72 0.28 3.57-1.50
T - 4.19,3.77 0.33,0.30 3.98-1.58
2 - 3.58 - 3.76-1.49
8 - 3.48 0.39,0.25 4.00-1.43
9 5.25,4.97 3.61 0.48, 0.38 4.11-1.43
10~ - 3.52,3.45 0.28 3.99-1.51

Si—CH; protons are exhibited at a higher field in the region
0.25-0.48 ppm (Table 1). These resonances appear as a dou-
blet for 37, 5~ and 97, a singlet for 4~ (Figure 2) and two dif-

Si-CH,

CeH

c

a)

D Y '\V S VYV U N

I %p‘JL

48 44 40 36 32 28 24 . 12 08 04
5/ ppm

Figure 2. a) '"H{"'B}-NMR spectrum of Cs-4 and b) "H NMR spectrum of
Cs-4.

ferent singlets for its homologous 8~ due to the presence of
structural isomers. Due to their symmetry, compounds 4,
57, 8 and 9 have only one resonance attributed to the
C.—H protons, while 7~ shows two signals in different ratios,
indicating the presence of geometrical isomers. The C.-mon-
osubstituted 37, 6~ and 10~ exhibit two resonances for C.—H

AN

43¢ am 42 5,12
8/ ppm

503 504 500
8/ppm

R N N R R R
528 524 520 516 512 508 504 500 496 492
&/ ppm

Figure 1. A portion of the '"H NMR spectra corresponding to the Si—H protons chemical shifts in compounds: 3~ (left), 5~ (middle) and 9~ (right) with

relative composition of 24 and 76 % for the two structural isomers.
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protons, one assigned to the substituted cluster and the
second from the unsubstituted cluster (Table 1). The cluster
B—H protons appear in the region ranging from 1.43—
4.11 ppm (Table 1). In the 'H{"'B} NMR spectrum of 4,
nine resonances attributed to the nine B—H protons of each
cluster are clearly observed (Figure 2a). The “C{'H} NMR
spectra show low intensity peaks in a wide region between
31.88 and 55.86 ppm. These high field C. atoms can be as-
signed to the C.—Si atoms. Resonances for the carbon atoms
in the Si—CH; groups are high field, from 3.20 to
—6.87 ppm. The "B{'H} NMR spectra of ions 37~ display
bands in a typical range from +9.1 to —22.3 ppm, indicative
of closo species with all boron atoms in non-equivalent ver-
tices. However, the resonances for boron atoms in 87, 9~
and 10~ appear between +27.5 and —24.5ppm with a
2:6:4:4:2 pattern. In this case, the low-field resonance does
not split in the "B NMR spectrum, which is attributed to
the B8 atoms bonded to the phenyl group. Figure 3 shows a

4 8-
7
6 -

B4,4'.7,7,9,9,12,12'

T T
Wt
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3B8.8" B10,10
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Figure 3. Stick representation of the chemical shifts and relative intensi-

ties in the ""B{'"H} NMR spectra of some selected compounds.
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schematic representation of the "B{'H} NMR spectra for 4~
and 5~ along with their precursor 1. Bands assignment has
been done using a bidimensional COSY 'B{'H}/"'B{'H}
spectrum. In general, the presence of the silyl substituent at
the C, atoms shifts the "B resonances downfield with re-
spect to the precursor. For 47, the resonances due to B4, 4/,
7,7,9,9, 12, 12" and BS5, 5, 11, 11’, which appear as two
resonances of intensity 8 and 4 in 17, have evolved to three
resonances of intensity 4, 2 and 2 and two resonances of in-
tensity 2 due to the lost of symmetry. For 57, the presence of
two different groups on the Si atom (CH; and H) causes
higher asymmetry in the molecule, and this is reflected in
the "B NMR spectrum. In addition, the "B{'H} NMR spec-
trum of 3 shows a 1:1:1:1:1:4:3:2:2:1:1 pattern in the range
from +49.10 to —2226ppm, while 6 exhibits a
1:1:1:1:1:1:2:2:2:1:1:1:1:1:1 pattern in the region of +8.20 to
—23.00 ppm. Both spectra show a large number of resonan-
ces due to the loss of any symmetry operation besides E.
Figure 4a displays the bidimensional "B{'H}/"B{'H}2D

a G
) AB CD E Hl g

[—10

r10
§/ppm

b)
A C EF H J
4_
B4',7'9'
B5' 11"
2_
B8 B10' B12'
A1
10 0 —10
&/ppm
B D FG
4l B4,7,9,12
/ 6\ /[
14
. B5,11 \1\6//
B8 B10 B6
10 0  -10 -20
8/ppm

Figure 4. a) "B{'H}-""B{'H}2D COSY NMR spectrum of 3". b) Stick rep-
resentation of the "B{'H} NMR spectra of each dicarbollide ligand in 3".
¢) Schematic representation of the anion 3™ .
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COSY NMR spectrum of 3™ in which the resonances have
been assigned to the corresponding boron atoms.™™! The
spectrum has been assigned on the basis that each dicarbol-
lide moiety behaves independently of the second.' These
independent spectra are represented as stick diagrams in
Figure 4b with the non-substituted ligand (lower diagram)
and the substituted ligand (upper diagram). The combina-
tion of both produces a realistic image of the experimental
spectrum. The *Si NMR spectra exhibit peaks in the range
of 13.98 to —8.28 ppm (Table 2). The #Si chemical shifts are

Table 2. Chemical shift values [ppm] of the silicon nuclei in the *Si
NMR spectrum of C_-substituted cobaltabis(dicarbollides).

Compound 0 Si Compound o si
3 —8.28 7 10.75
4 13.98 8 11.74
5 2.94 9 2.69
6 10.74 10~ 8.63

dependent on the substituents
at the Si atom. The high-field

FULL PAPER

peaks. Thus, for 37, 6 and 10, this technique shows the cor-
responding molecular ion peaks at m/z=382.2, 396.3 and
369.2, respectively, which agrees with the proposed struc-
tures.

UV/Vis spectra: The UV/Vis spectra of 1~ and several exo-
skeletal derivatives in different solvents such as methanol,
but mostly in acetonitrile have been reported in different
publications.”** There are some differences in the positions
and absorption coefficients of the maxima, indicating that
these values are dependent on the solvent. In this work, the
UV/Vis spectra of the studied compounds were measured in
acetonitrile. In order to perform an adequate comparison of
the parameters of the different UV/Vis spectra, a line-fitting
analysis with Gausssians was performed in a similar manner
to that reported earlier by us.”! The results obtained are
shown in Table 3, and the spectrum of 4  is shown in
Figure 6. Ions 1™ and 3~ give spectra consisting of four ab-

Table 3. UV/Vis spectra for 1 -10" in acetonitrile. 1 positions [nm] and & values [Lcm 'mol™'] are reported
and were calculated following line-fitting analysis.

(—8.28 ppm) signal is due to the

2 (e)

—SiMe,H group in 37, and the 1 207 (14502) 280 (25943) 340 (2199) 449 (300)
corresponding resonances in 57 3~ 209 (15028) 283 (24531) 342 (2269) 461 (436)
and 9~ appear at 294 and 4 222 (3752) 286 (9941) 309 (12687) 360 (1241) 464 (239)
269 ey, The i 5 213 (12343) 282 (10376) 310 (26940) 353 (2553) 465 (340)
69 ppm, respectively. The St ¢ 281 (22916) 342 (2528) 460 (560)
atoms of the —SiMe; and bridg-  7- 293 (16583) 363 (2178) 492 (504)
ing —SiMe, groups appear at a

low field, between 1075 and 2 234 (15694) 280 (18672) 314 (5061) 398 (777) 516 (280)
13.98 ppm. Formulas of all the . 236 (9911) 270 (5595) 289 (9983) 316 (4779) 376 (930) 500 (290)
compounds were established by o~ 235 (6489) 272 (2415) 291 (6068) 307 (3626) 518 (190)
using MALDI-TOF mass spec- 10 234 (12363) 272 (3662) 290 (10887) 324 (4150) 308 (729) 548 (310)

trometry in the negative-ion
mode without a matrix. Fig-
ure 5a displays the MALDI-TOF mass spectrum of the [1,1'-
p-SiMeH-3,3'-Co(1,2-C,BgH (),]~ ion (57) in which the mo-
lecular ion peak appears at m/z=366.2 with a perfect con-
cordance with the calculated pattern (Figure 5b). For all
anions, a full agreement between the experimental and cal-
culated patterns was also obtained for the molecular ion

a)

30000000

Intensity

gt Py i "
320

Figure 5. a) Experimental MALDI-TOF mass spectrum obtained for the
anion 57. b) Calculated MALDI-TOF spectrum for 5.

Chem. Eur. J. 2008, 14, 4924 —4938
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sorptions near 210, 280, 340, and 450 nm; the first maximum
is one order of magnitude lower than the second. It can be
observed that absorptions near 280, 340 and 450 nm are

x 20

T T T
400 500 600

Alnm

I I
200 300

Figure 6. UV/Vis spectrum (solid line) of 4 and the result of line fitting
with Gaussians (dash lines). The expanded section on the right shows the
absorption near 445 nm amplified 20 times.
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Figure 7. Top: Drawing of the anion of [NMe,]-3 with 30% thermal dis-
placement ellipsoids. Middle: Drawing of the anion of [NMe,]-4 with
30% thermal displacement ellipsoids. The “a” refers equivalent position
x, —y+1/2, z. Bottom: Drawing of the anion of [NMe,]-7 with 30 % ther-
mal displacement ellipsoids. The “b” refers equivalent position —x+2, y,
—z+41/2. In all cases the hydrogen atoms have been omitted for clarity.

4930 —— www.chemeurj.org
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present in all compounds and are attributed to the anion
[3,3-Co(1,2-C,B,H,,),]", as has already been reported.” The
absorption with longest wavelength, near 450 nm, shows a
bathochromic shift with respect to 1~ that is larger (about
40 nm) for 7°. This represents a dark red colour in solution
or in the solid state. In contrast, the metallacarboranes 1°,
37,4,5 and 6 are orange. It is important to emphasise
that the 4 and 5 ions show an additional absorbance
around 310 nm (Table 3), which could be attributed to the
presence of a silyl bridge between the ligands. Compounds
prepared from 2~ exhibit a maximum around 230 nm attrib-
uted to the benzene moiety.'™! However, the main differen-
ces in the UV/Vis spectra between the precursor and com-
pounds 87, 9 and 10~ are due to the presence of an extra
signal around 270 nm and a bathochromic shift of 10 nm in
the second maximum around 320 nm (Table 3).

X-ray crystallography: Single-crystal X-ray analyses of
[NMe,]-3, [NMe,]-4 and [NMe,]-7 confirmed the expected
sandwich structures for the three cobaltabis(dicarbollide)
anions. The 3™ ion contains one non-bridging SiMe,H group,
whereas 4~ has a bridging SiMe, group between the dicar-
bollide clusters. In 77, one non-bridging SiMe; group is
bonded to each dicarbollide moiety through the C, atoms.
The structures of 37, 4™ and 7" are presented in Figure 7 and
selected bond parameters are listed in Tables 4 and 5. It is
important to note that for each cobaltabis(dicarbollide) clus-
ter, the presence of the [NMe,]* ion is necessary for crystal-

Table 4. Selected bond lengths [A] and angles [°] for [NMe,]-3.

Co3—Cl1 2.104(6) Co3-C1’ 2.058(6)
Co3-C2 2.056(6) Co3-C2' 2.048(6)
Co3-B8 2.110(7) Co3-B8' 2.127(7)
Si—C1 1.907(6) cr-c 1.608(9
cl-c2 1.627(8)

C03-C1-Si 116.8(3) C1-Co3-C1’ 101.2(2)
C1-Co3-C2 103.6(2)

Table 5. Selected bond lengths [A] and angles [°] for [NMe,]-4 and
[NMe,]-7"!.

[NMe,]-4 [NMe,]-7
Co3—Cl 2.0387(16) 2.139(3)
Co3-C2 2.058(2) 2.085(3)
Co3-B4 2.067(2) 2.084(3)
Co3-B7 2.112(3) 2.108(3)
Co3-B8 2.108(3) 2.117(4)
Si—C1 1.8838(16) 1.944(3)
cl-c2 1.668(2) 1.649(4)
C03-C1-Si 90.47(7) 122.33(15)
C1-Co3-Cla 85.04(9)
C1-Co3-Clb 132.01(16)
B8-Co3-B8a 93.71(15)
B8-Co3-B8b 84.5(2)

[a] Equivalent positions: a: x, —y+1/2, z; [b] Equivalent positions: b:
—x+2,y, —z+1/2.

Chem. Eur. J. 2008, 14, 49244938


www.chemeurj.org

Carboranes with Organosilane Groups

lisation of the compounds, since no crystals were obtained
with other cations.

The cobaltabis(dicarbollide) anion 3~ has crystallographic
C, symmetry. The conformation of the dicarbollide clusters
is cisoid, and the SiMe,H group is projected between the
cluster carbons of the neighbouring C,B;H;;~ moiety. The
conformation can be seen in Figure 7 (top) and by the Cl-c-
¢’-Cl"” and Cl-c-¢’-C2’ torsion angle values of 28.2(4) and
—413(4)° (¢ and ¢ refer to centres of pentagons
C1,C2,B4,B7,B8 and C1',C2',B4',B7' B8, respectively). The
cobaltabis(dicarbollide) anion of [NMe,]-4 assumes o sym-
metry with metal and silicon atoms as well as with the
methyl carbons lying in the mirror plane (Figure 7, middle).
The SiMe, group is bonded to both clusters through carbon
atoms and thus bridge the dicarbollide groups. Owing to the
symmetry, the configuration of the dicarbollide ligands is
meso (the boron cages are in an eclipsed conformation).
The anion of [NMe,]-7 assumes a two-fold symmetry with
the metal lying at the symmetry axis. One SiMe; group is
bonded to a carbon atom of each cage and the groups are
oriented so that their disposition in 7~ is cisoid, as can be
seen in Figure 7 (bottom) and from the Cl-c-c!-C1P! dihe-
dral angle of —97.6° (c refers to centre of pentagon
C1,C2,B4,B7,B8 and the superscripted b refers equivalent
position —x+2, y, —z+1/2) and the Cl-c-c®-C2"! dihedral
angle of —26.9°.

A comparison of the structures of 37, 4~ and 7  reveals
marked differences because of the different silyl groups and
bonding modes. Comparing the conformation of 4~ with the
ideal cobaltabis(dicarbollide) moiety with parallel coordinat-
ing C,B; pentagons, in 4~ the cages are twisted so that the
cluster carbons Cl1 and C1 are closer to each other
(C1-+C1a=2.755(9) A, a=x, —y+1/2, z). On the opposite
side of the coordinating pentagon the distance between the
B7 and B7a atoms is increased to 3.10(2) A. The closing
angle on the silicon’s side between the two pentagons is
6.91(10)°. In the structures of 3~ and 7-, the influence of the
bulky SiMe,H and SiMe; groups on the orientation of the
coordinating C,B; pentagons is the opposite. The silyl
groups repulse the neighbouring pentagons away from each
other so that the opening dihedral angle on the silicon
atoms’ side between the two pentagons are 6.6(2) and
11.16(10)° for 3~ and 7-, respectively.

Theoretical studies related to the formation and conforma-
tional structures of compounds: In this section, some aspects
related to the formation and characterisation of the anions
described above are studied using density functional theory
(DFT) calculations.® Studies leading to geometric optimi-
sation for ions 1" =10 and relative energy calculations were
conducted at the B3LYP/6-311G(d,p) level of theory.

Rotational isomers for the metallacarboranes 3, 6~ and 7 :
Three broad conformations for metallacarborane sandwich-
es exist: cisoid (C,,), gauche and transoid (Cy,)."'*! When
relative energy calculations are applied to 17, it has been re-
ported that the transoid conformation is 12.8 kJmol~' more
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stable than the cisoid."” Nevertheless, for the 37, 6 and 7~
ions five different conformations are available due to the
substitution on the C., atoms: two cisoid, two gauche and
one transoid rotamers (Figure 8). For 37, the gauche confor-
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Figure 8. Calculated relative energies and conformational isomers for
compounds 3™ (m), 6~ (0) and 7~ (A).

mation (gauche-1) is the more stable than the cisoid rotamer
(cisoid-1) by 2.83 kJmol ' (Figure 8). In both conformations
the Si—H is in proximity to C.—H, facilitating a dihydrogen
interaction. In fact, the cisoid-1 corresponds to the rotamer
found in the crystal structure. However, in the C.-monosub-
stituted 6 ion, the gauche conformation (gauche-2) is the
more stable, being 3.03 and 4.20 kJmol™ more stable than
the transoid and cisoid-2 rotamers, respectively (Figure 8).
The difference on the relative energies between rotamers of
3~ and 6 is most probably due to the dihydrogen interac-
tions in the case of 37. In addition, 7°, like other C.-disubsti-
tuted derivatives of cobaltabis(dicarbollide),™! revealed that
the synthesised geometrical isomer shows racemic substitu-
tion according to the X-ray diffraction study, and the dicar-
bollide ligands are rotated with respect to each other along
the axis passing through B10 and B10'. Using the B8-Co3-
B10-B8 dihedral angle “¢”""! as a parameter for the dicar-
bollide ligands rotation, a rotational energy path profile was
calculated by using optimised structures of 7. Three
minima for ¢ =38.1° (cisoid-2), 122.3° (gauche-2) and 197.4°

4931

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

R. Niifiez et al.

A EUROPEAN JOURNAL

(transoid) were obtained with relative energies 0, 6.8 and
7.0 kITmol ™!, respectively (Figure 8). The minimum energy
conformer found with ¢=38.1° corresponds to the cisoid
rotamer and agrees well with what was found in the crystal
structure. However, for 7-, the relative energies of cisoid-1
and gauche-1 were not possible to calculate due to the steric
hindrance.

Proposed mechanism for the formation of compounds 4~
and 8 —comparison of the theoretical and experimental re-
sults: In the course of this research two questions have
arisen: 1) why is it possible to get the C.-monosubstitution
on 1~ by using one equivalent of nBuLi and Me,SiHCI to
give 37, whereas its homologous derivative from 2~ was
never detected; and 2) why is compound 4~ obtained as a
byproduct in the synthesis of 37, while its homologue 8" is
the main product in a similar reaction from 2~ ?. These ques-
tions may both be answered taking into account an “intra-
molecular reaction” that leads to the formation of the bridg-
ing u-SiMe, group. A possible pathway that explains this in-
tramolecular reaction is shown in Scheme 5. After the for-
mation of the monolithium salt of 1~ or 27, a C.-monosubsti-
tuted compound with a —SiMe,H group is generated. The
geometrical disposition of one acidic C.—H proton and the
hydride of the Si—H function favours the elimination of H,
with the formation of the second C.—Si bond. Theoretical
calculations were carried out to corroborate this mechanism
in the case of 8 from 27. In the latter, the rotation around
the metallic centre is hindered by the presence of the
phenyl group bonded both to B8 and BS8', which provides a
stable eclipsed cisoid configuration (Scheme 5). Thus, the
geometry of a hypothetical C.-monosubstituted intermediate
derivative of 2 with a SiMe,H group, which has never been

species never obtained

Scheme 5. Suggested pathway for the intramolecular reaction that causes a bridge between both dicarbollide

clusters in ions 4~ and 8.
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isolated (Scheme 5), was optimised. A natural population
analysis (NPA) was carried out to determine the charges of
the hydrogen atoms that may be involved in the intramolec-
ular reaction. The charge on Si—H is —0.194 (more negative
that the Si—H in SiMe,HCI, which is —0.185), and the
charge of the hydrogen in C.—H is +0.306 (more acidic than
27, which is 4+0.265). The opposite charges should then
favour the interaction between both hydrogen atoms to give
the C.-disubstituted ion 8~ (Scheme 5). Additionally, a tran-
sition state for the formation of 8~ was found by using the
synchronous transit-guided quasi-newton (STQN) method.
Figure 9 shows the optimised structure of this transition

Figure 9. The transition state found for the intramolecular reaction to
obtain 8. This minimum has a single imaginary frequency corresponding
to the vibrational modes of the hydrogen involved in the reaction. Dash
lines represent the cleaved bonds and solid lines represent the new
bonds.

state. In addition, using the equation AG(T)=
AH(T)—TAS(T), the enthalpy for the intramolecular re-

action proposed in this mecha-

nism has also been
is endothermic at
-78°C  (195K), (AH%=
+372kJmol™’)  and  not
spontaneous (AG™ =
+13.8kJmol ™). Plotting A.G
versus the temperature (7), it is
observed that at T=32°C

calcu-

- (305 K) the Gibbs free energy

becomes negative as is shown

in Figure 10. The evolution of

A,G to negative values is a con-
B, sequence of the entropic termi-
nus in the state equation. It
may be concluded that due to
the required cisoid conforma-
tion for this reaction to occur,
in the case of 27, the intramo-
lecular reaction leading to 8 is
favoured; in contrast, the corre-
sponding monosubstituted com-
pound from 27, equivalent to
37, is never observed.
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Figure 10. Gibbs free-energy temperature dependence calculated for the ¢

intramolecular reaction: AG(T)=AH(T)—TAS(T).

Theoretical calculations of the relative energy for the op-
timised conformation in 3~ indicated that the cisoid-1 con-
formation observed in the crystal structure, in which the
Si—H group is closest to the C.~H, is 10.96 kimol™' more
stable than the same rotamer, but with the Si—H rotated
and farthest from the C.—H. The stability of this structure is
then attributed to the existence of two intramolecular dihy-
drogen interactions, C.—H---H—Si, 2.44 and 2.16 A, according
to the DFT calculations. These match well with those found
in the crystal structure, 2.409 and 2.212 A. This provides an
explanation to the first question about the formation of 3".
In addition, experimental results have shown that the tem-
perature is critical in the reaction leading to 3~ and 4. By
keeping the reagents and solvents at —40°C or higher, only
4~ was formed, whereas at —78°C a mixture of 3~ and 4~ is
obtained (see Scheme 1). Therefore, we hypothesise that the
formation of 4 is clearly dependent on the temperature,
and the activation barrier of this process is favoured at
higher temperatures. Increasing the reaction temperature fa-
vours the intramolecular dihydrogen contacts (Scheme 5),
which is assumed to precede the formation of H, from the
reaction of one positive and one negative hydrogen atom,
corroborating the mechanism proposed to explain the intra-
molecular process.””) Consequently, 3~ may be obtained
only if very low reaction temperatures are used.

Geometrical isomers for compounds 4-, 5~ and 97 : The ions
47,5 and 9 may form structural isomers, which are depen-
dent on the reaction temperature. Complex 4~ has three
geometrical isomers, two enantiomers and one diastereomer,
the structures of which are the racemic mixture rac-4~ and
the meso isomer meso-4-, respectively (Figure 11). In the
rac-4~ isomers, both methyl groups bonded to the Si atom
are equivalent. However, the meso-4~ isomer has eclipsed
C. atoms and non-equivalent methyl groups because one
CH; faces the two non-substituted cluster carbon atoms,
whereas the other does not. Theoretical calculations have
shown that the rac-4~ form is 12.7 kImol ' more stable than
meso-4~. Therefore, and if only thermodynamic conditions
are taken into account, it could be hypothesised that when
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rac-4 meso-4

Figure 11. Geometrical isomers of compound 4~. Top: Plane projections
of the pentagonal faces. Bottom: rac-4~ sketching of d and / enantiomers
and isomer meso-4".

4~ was prepared at —78°C, the resonances observed in the
UB{""H} NMR spectrum were mostly due to the rac-4, and
other signals of lower intensity were assigned to the less
stable isomer, meso-4~ (Figure 12 top). This was confirmed
when 4~ was synthesised at 0°C and —40°C, at which tem-
peratures the meso-4~ isomer is more abundant according to
the "B NMR spectrum (Figure 12 bottom). To corroborate
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Figure 12. "B{'"H} NMR spectra of the anion 4°. The shaded areas are at-

tributed to the boron atoms of meso-4~. Top: 4~ synthesised at —78°C.
Bottom: 4~ synthesised at 7> —40°C.
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this interpretation, the 'B{'H} NMR absolute shielding of
meso-4"and rac-4~ were calculated at the GIAO/B3LYP/
6-314++G(d) level of theory.?!! The "B{'H} NMR theoreti-
cal chemical shifts for 4~ exhibit a resonance assigned to B8
atoms and shifted 4.5 ppm to lower field in meso-4~ than in
the rac-4~. In addition, calculations indicate that B6 atoms
in the meso-4~ form are shifted 2 ppm to higher field than
the isomer rac-4". The experimental values for B8 and B6
for meso-4~ are 10.34 and —23.36 ppm, and for rac-4  they
are 8.07 and —22.11 ppm, respectively. Although the theo-
retical values do not fit exactly with the experimental
values, they are indicative of the patterns’ tendency. This
confirms that at —78°C the rac-4~ enantiomers are mostly
obtained, whereas at higher temperatures the meso-4~ can
be also isolated. Specifically, the crystal structure of [NMe,]-
4 (Figure 7, middle) corresponds to the meso-4~ isomer and
was obtained from the crystallisation of a reaction carried
out at —40°C.

Four different geometrical isomers could be expected for
57: a pair of enantiomers and two diastereomers, which
should correspond to the racemic mixture (or rac isomers)
and two meso isomers. For the latter, we have used the nota-
tion M and m to identify the major and minor diastereo-
mers, respectively (Figure 13). Theoretical calculations indi-
cate that the rac-5~ form is 10.5 and 15.4 kJmol™' more
stable than isomers meso(M)-5~ and meso(m)-5-, respective-
ly. The stability of meso(M)-5~ over meso(m)-5~ could be
anticipated by considering the possible coulombic interac-
tions shown in the plane projection (Figure 13). When 5~
was prepared at —78°C, the '"H NMR spectrum shows only
one resonance due to the Si—H proton and attributed to the
racemic mixture or rac-5~ (Figure 14a). Nevertheless, when
5~ was prepared at higher temperatures (—40°C), a mixture
of three compounds appeared in the '"H NMR spectrum and
were assigned to the Si—H and SiMe protons. Resonances

rac-5

Figure 13. The rac-5~ and meso-5~ structures for 5°.
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Figure 14. "H NMR spectra of Cs-5 synthesised at different temperatures:
a) —78°C and b) >—40°C.

were assigned according to the relative energies calculated
for isomers, and an integration of signals indicated the for-
mation of rac-5~, meso(M)-5~ and meso(m)-5~ in the per-
centage of 65, 22 and 13, respectively (Figure 14b).

Finally, compound 9~ may form two different diastereo-
mers or meso isomers, denoted as meso(M)-9~ and
meso(m)9~ (Figure 15), because the impossibility of rotating
the ligands prevents the formation of the rac isomer. Theo-
retical calculations indicate again that meso(M)-9~ is just
5.70 kJmol™' more stable than isomer meso(m)9~. Conse-
quently, when 9~ was prepared, even at very low tempera-
tures (—78°C), a mixture of both isomers was observed ac-
cording to the 'H NMR spectrum (see Experimental Sec-
tion).

Therefore, we can confirm that for these metallacarbor-
anes, the racemic mixture (or rac form) is the most stable

meso(M)-5 meso(m)-(5)°
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meso(M)-9°

Figure 15. The meso isomers for anion 9°.

and the main reaction product, followed by the meso isomer
with the CH; groups projected on the clusters B—H,
meso(M). Finally the least stable would be the meso isomer
with the —CHj; group projected on the C.—H, meso(m).

Conclusion

The first C.-mono and C.-disubstituted cobaltabis(dicarbol-
lide) derivatives containing different organosilane functions
have been successfully prepared by the direct reaction of
the mono or dilithium salts of starting anions 1” and 2~ with
the appropriate chlorosilanes and under careful monitoring
of the temperature. The reaction temperature was a key
factor in the direct reaction to major isomers, since at very
low temperatures (—78°C) C.-monosubstituted species and
high isomeric purity were obtained, whereas increasing the
temperature (—40°C or 0°C) led to C.-disubstituted anions
and structural isomeric mixtures. The ion 3~ represents the
first example of a C.-monosubstituted cobaltabis(dicarbol-
lide) derivative that has been fully characterised by X-ray
diffraction analysis. Compounds 4~ and 8, containing a
bridging (-u-SiMe,) between both dicarbollide ligands, were
obtained unexpectedly from the reaction of the respective
monolithium salt of 1~ or 2~ with Me,SiHCI at low tempera-
tures. A hypothetical mechanism has been proposed to ex-
plain the formation of these compounds through an intra-
molecular interaction and has been supported by theoretical
calculations compared with experimental results. Density
functional theory (DFT) at the B3LYP/6-311G(d,p) level
was applied to optimise the geometries of ions 1 =10~ and
calculate their relative energies. The theoretical studies per-
fectly agree with the experimental results, indicating that rac
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isomers are more stable than
meso isomers. Some of the met-
allacarboranes 37, 5 and 9
functionalised with —SiH have
actually been used as hydrosily-
lating agents to be attached to
the periphery of dendrimeric
structures by the hydrosilylation
of alkenes.

Experimental Section

General considerations: Elemental
analyses were performed by using a
Carlo Erba EA1108 microanalyser.
FTIR spectra were recorded with KBr
pellets on a Shimadzu FTIR-8300
spectrophotometer. UV/Vis spectros-
copy was carried out with a Shimadzu
UV/Vis 1700 spectrophotometer with
1cm cuvettes. The concentration of
the complexes was 1x107*m. UV/Vis
spectra were measured using the fol-
lowing procedure: stock solutions of
the compounds were prepared by
making a solution of several milligrams of the solid compound in 5 mL of
acetonitrile (HPLC grade, Sigma-Aldrich). After this, a sample of this
stock solution was diluted to a concentration of 10~*m. The matrix-assist-
ed laser desorption ionisation time-of-flight mass spectra (MALDI-TOF-
MS) were recorded in the negative ion mode with a Bruker Biflex
MALDI-TOF instrument (N, laser; A, 337 nm (0.5 ns pulses); voltage
ion source 20.00 kV (Uisl) and 17.50 kV (Uis2)). 'H and 'H{"'B} NMR
(300.13 MHz), “C{'H} NMR (7547 MHz), "B and "B{'H} NMR
(96.29 MHz), and *Si{'H} (59.62 MHz) spectra were recorded at room
temperature on a Bruker ARX 300 instrument equipped with the appro-
priate decoupling accessories. All NMR measurements were performed
in [Dg]acetone at 22°C. Chemical shift data for 'H, 'H{"'B}, “C{'H}and
¥Si{'H} NMR spectra are referenced to SiMe,; those for '"B{'H} and
"B NMR spectra are referenced to external BF;OEt,. Chemical shifts
are reported in ppm, followed by a description of the multiplet (e.g. d=
doublet), its relative intensity and observed coupling constants (in Hz).

Unless otherwise noted, all manipulations were carried out in a nitrogen
atmosphere using standard vacuum line techniques. Solvents were puri-
fied by distillation from appropriate drying agents before use. 1,2-Di-
methoxyethane (DME) was distilled from sodium/benzophenone prior to
use. The metallacarboranes Cs[3,3'-Co(1,2-C,BsH;;),] (Cs-1) and Cs[8,8'-
p-(1",2"-C¢Hy)-3,3'-Co(1,2-C,BgH,),], (Cs-2) were commercially obtained
from KATCHEM. n-Butyllitium (1.6M in hexane) was purchased from
Alfa Aesar; MeSiHCl, and Me,SiHCl were obtained from Aldrich;
Me,SiCl, and Me;SiCl were purchased from FluoroChem, and were used
as received. The [NMe,]Cl was purchased from Panreac, and CsCl and
[PMe(Ph);]Br were received from Fluka.

Synthesis  of  [NMe,][1-SiMe,H-3,3'-Co(1,2-C,B,H,,)(1',2'-C,B,H,,)]
([INMe,4]-3): nBuLi (0.50 mL, 0.79 mmol) was added dropwise to a
Schlenk flask containing a stirred solution of Cs-1 (360 mg, 0.79 mmol) in
DME (12mL) at —78°C. The low-temperature bath was removed and
the purple suspension was stirred for 45 min. The suspension was then
cooled to —78°C and Me,SiHCI (0.10 mL, 0.88 mmol) was added drop-
wise. The suspension was stirred at room temperature for 1 h to give an
orange solution and a white solid. The solid was filtered off and the solu-
tion evaporated to dryness. The residue was dissolved in MeOH (0.5 mL)
and an aqueous solution of [NMe,]Cl (50 mg, 7 mL) was added dropwise
to give an orange solid. The solid was washed with H,0O (2x15 mL) and
hexane (2x15mL). The resultant solid was purified from a solution of
CH,(], to afford [NMe,]-3 (yield: 40 mg, 11 %). Alternatively, the addi-
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tion of an aqueous solution of CsCl to the residue dissolved in MeOH
(0.5mL) gave an orange solid. The solid was washed with H,O (2x
15 mL) and hexane (2x15mL) and subsequently purified several times
using a mixture of Et,0/CH,Cl, (1:1) to afford Cs-3 (yield: 16 mg, 4%).
'H{"B} NMR: 6=4.31 (sept, *J(H,H)=3.4, 1H; Si-H), 3.85 (brs, 1H;
Causer-H), 3.69 (brs, 2H; Cyuger-H), 3.45 (s, 12H; N-CH;), 0.29 ppm (d, *J-
(H,H)=3.4, 6H; Si-CH;); "C{'"H} NMR: 6=57.00 (N-CH;), 55.57 (C.-
H), 51.65 (C.-H), 49.26 (C.-Si), —1.34 ppm (Si-CH;); "B NMR: §=9.10
(d, Y(H,B)=163, 1B; BY'), 7.29 (d, 'J(H,B)=146, 1B; B8), 3.56 (d, 'J-
(H,B)=121, 1B; B10'), 2.50 (d, J(H,B)=123, 1B; B10), —1.70 (d, 'J-
(H,B)=143, 1B; B12), —4.65 (d, 4B; B44.79), —5.00 (d, 3B;
B4,7,9,12), —14.25 (d, 'J(H,B)=159, 2B; B5,11"), —16.79 (d, 'J(H,B)=
156, 2B; B5,11), —21.15 (d, 'J(H,B)=106, 1B; B6’), —22.26 ppm (d, 'J-
(H,B)=111, 1B; B6); ¥Si{'H} NMR: § =—8.28 ppm; IR: #=3040 (C.~
H), 2557 (B—H), 2160 (Si—H), 1481 (C-N), 1254cm™ (Si—CHj);
MALDI-TOF-MS: m/z calcd for [M—NMe,]: 382.3; found: 382.2; ele-
mental analysis caled (%) for C,,H,BsCoNSi: C 26.34, H 8.84, N 3.07;
found: C 26.55, H 8.85, N 3.12.

Synthesis of Cs[1,1-u-SiMe,-3,3’-Co(1,2-C,B,H ),] (Cs-4)

Method A: The procedure was similar to that used to prepare Cs-3, with
Cs-1 (105 mg, 0.23 mmol) in DME (10 mL) at —40°C, nBuLi (0.15 mL,
0.24 mmol) and Me,SiHCl (35puL, 0.31 mmol). After addition of
Me,SiHCI, the suspension was stirred at room temperature for 3 h. The
suspension was filtered and the solution evaporated to dryness giving a
brown-orange residue of [Li(dme),]-4, according to the '"H NMR spec-
trum. At this point, different cations were used to isolate the 4~ ion. [Li-
(dme),]-4 (100 mg, 0.18 mmol) was dissolved in MeOH (0.3 mL) and an
aqueous solution of CsCl was added dropwise to give an orange solid.
The solid was washed with H,O (2x15mL) and hexane (2x15mL) to
obtain Cs-4 (yield: 73 mg, 62%). Alternatively, the addition of an aque-
ous solution of [NMe,]Cl to the orange residue of [Li(dme),]-4 (100 mg,
0.18 mmol) dissolved in MeOH led to[NMe,]-4 (yield: 47 mg, 45%).
Orange crystals suitable for an X-ray diffraction study were grown by
slow evaporation of a solution of [NMe,]-4 in acetoneat room tempera-
ture. Furthermore, [PMe(Ph);]-4 (yield: 83 mg, 70 %) was also isolated
from the addition of a methanolic solution of [PMe(Ph);|Br to the
orange residue of [Li(dme),]-4 dissolved in MeOH.

Method B: The procedure was similar to that used to prepare Cs-3, with
Cs-1 (360 mg, 0.79 mmol) in DME (12mL) at —78°C, nBuLi (1 mL,
1.60 mmol) and Me,SiCl, (0.20mL, 1.66 mmol). After addition of
Me,SiCl,, the suspension was stirred at room temperature for 3 h. Then,
the suspension was filtered and the solution evaporated to dryness giving
a brown-orange residue of [Li(dme),]-4 (426 mg). [Li(dme),]-4 (100 mg,
0.18 mmol) was dissolved in MeOH (0.6 mL) and the dropwise addition
of an aqueous solution of CsCl gave an orange solid. The solid was
washed with H,O (2x15mL) and hexane (2x15mL) to afford Cs-4
(yield: 69 mg, 71%). "H NMR: 6 =4.50 (brs, 2H; C.-H), 0.31 ppm (s, 6 H,
Si-CH;); “C{'H} NMR: 6=55.59 (C.-H), 41.68 (C.-Si), —4.12 ppm (Si-
CH,); "B NMR: 6=8.07 (d, 'J(H,B)=142 Hz; 2B), 2.70 (d, 'J(H,B)=
141 Hz; 2B), —1.83 (d, J(H,B)=150Hz; 4B), -3.78 (d, J(H,B)=
138 Hz; 2B), —4.70 (d, J(H,B)=128 Hz, 2B), —14.29 (d, J(H,B)=
160 Hz, 2B), —15.61 (d, 'J(H,B) =157 Hz, 2B), —22.11 ppm (d, 'J(H,B) =
165 Hz, 2B); *Si{'H} NMR: 6=13.98 ppm; IR: #=3070 (C.—H), 2554
(B-H), 1256 cm™" (Si—CH;); MALDI-TOF-MS: m/z caled for [M—Cs]:
380.33; found: 380.34; elemental analysis calcd (%) for CgH,B3CoCsSi:
C 14.05, H 5.11; found: C 13.75, H 4.84.

Synthesis of Cs[1,1'-u-SiMeH-3,3'-Co(1,2-C,B,H,),] (Cs-5): The proce-
dure was similar to that used to prepare Cs-4, with Cs-1 (500 mg,
1.10 mmol) in DME (14 mL) at —78°C, nBuLi (1.40 mL, 2.24 mmol) and
MeSiHCl, (0.30 mL, 2.82 mmol). After addition of MeSiHCl,, the suspen-
sion was stirred at room temperature for 6 h. The suspension was filtered
and the solution evaporated to dryness. The residue was dissolved in
MeOH (0.30 mL) and a solution of CsCl in water was added dropwise to
give an orange solid. The solid was washed with H,O (2x15mL) and
hexane (2x 15 mL) to afford of Cs-5 (yield: 417 mg, 76%). 'HNMR: 6 =
5.06 (q, *J(H,H)=3.4 Hz, 1H; Si-H), 4.59 (brs, 2H; C-H), 0.44 ppm (d,
*J(H,H)=3.4 Hz, 3H,; Si-CH;); “C{'H} NMR: 6=55.86 (C-H), 53.89
(C-H), 36.67 (C-Si), —6.76 ppm (Si-CH;); "B NMR: 6=820 (d, 'J-
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(H,B) =140 Hz, 2B), 2.80 (d, 'J(H,B)=141 Hz, 2B), —1.72 (d, J(H,B) =
143 Hz, 4B), —-320 (d, "J(H,B)=131Hz, 1B), —4.63 (d, J(H,B)=
131 Hz, 3B), —13.95 (d, 'J(HB)=162Hz, 1B), —14.37 (d, J(H,B)=
162 Hz, 1B), —16.13 (d, 'J(H,B)=162 Hz, 1B), —16.74 (d, 'J(H,B)=
162 Hz, 1B), —20.23 (d, 'J(H,B)=108—, 1B), —22.24 ppm (d, J(H,B)=
105 Hz, 1B); ®Si{'"H} NMR: 6 =2.94 ppm; IR: #=3063 (C,—H), 2554 (B—
H), 2160 (Si—H), 1257 cm™" (Si—CH;); MALDI-TOF-MS: m/z calcd for
[M—Cs]: 366.33; found: 366.2; elemental analysis calcd (%) for
CsH,,B3CoCsSi: C 12.04, H 4.85; found: C 12.62, H 4.95.

Synthesis of Cs[1-SiMe;-3,3'-Co(1,2-C,B;H,,)(1',2’-C,ByH,,)] (Cs-6): The
procedure was similar to that used to prepare Cs-3, with Cs-1 (205 mg,
0.45 mmol) in DME (8 mL) at —78°C, nBuLi (0.30 mL, 0.48 mmol) and
Me;SiCl (0.10 mL, 0.77 mmol). After addition of Me;SiCl, the suspension
was stirred at room temperature for 5h to give a red solution and a
white solid. The solid was filtered off and the solution evaporated to dry-
ness. The residue was dissolved in MeOH (0.20 mL) and a solution of
[NMe,]Cl (50 mg) in water (7 mL) was added dropwise to give a red
solid. The solid was washed with H,O (2x10mL) and hexane (2x
10 mL). The resultant solid was purified from CH,Cl, to afford [NMe,]-6
(yield: 70 mg, 33 %). Alternatively, the addition of an aqueous solution
of CsCl to the residue dissolved in MeOH (0.5 mL) gave an orange solid.
The solid was washed with H,O (2x15 mL) and hexane (2x15 mL) and
subsequently purified several times using a mixture of Et,0/CH,Cl, (1:1)
to afford Cs-6 (yield: 36 mg, 15%). '"H{"'B} NMR: 6=4.02 (brs, 1H; C,-
H), 3.83 (brs, 1H; C.-H), 3.72 (brs, 1H; C.-H), 0.28 ppm (s, 9H; Si-
CH;); “C{'H} NMR: §=59.04 (C-H), 52.84 (C-H), 50.54 (C.-H), 48.66
(C.-Si), 3.08 ppm (Si-CH;); "B NMR: §=8.20 (d, 'J(H,B)=181 Hz, 1B),
6.10 (d, 'J(H,B) =180 Hz, 1B), 3.53 (d, 'J(H,B) =155 Hz, 1B), 1.19 (d, 'J-
(H,B)=143 Hz, 1B), —1.95 (d, 'J(H,B)=142 Hz, 1B), —4.04 (1B), —5.60
(2B), —6.32 (2B), —7.32 (2B), —14.26 (d, 'J(H,B)=143 Hz, 1B), —15.15
(d, Y(H,B)=154 Hz, 1B), —17.58 (d, 'J(H,B)=154 Hz, 1B), —18.40 (d,
'J(H,B) =144 Hz, 1B), —21.40 (d, 'J(H,B) =165 Hz, 1B), —23.06 ppm (d,
'J(H,B) =161 Hz, 1B); *Si{'H} NMR: §=10.74 ppm; IR: #=3090 (C—
H), 3038 (C.—H), 2562 (B—H), 1259 cm™' (Si—CH;); MALDI-TOF-MS:
m/z caled for [M—Cs]: 396.37; found: [M-Cs]~ 396.3; elemental analysis
caled (%) for C;H;,B3CoCsSi: C 15.89, H 5.72; found: C 15.47, H 5.69.
Synthesis of Cs[1,1'-(SiMe;),-3,3’-Co(1,2-C,B;H;y),] (Cs-7): nBuLi
(0.60 mL, 0.96 mmol) was added dropwise to a Schlenk flask containing a
stirred solution of Cs-1 (214 mg, 0.47 mmol) in DME (10 mL) at —78°C.
The low-temperature bath was removed and the suspension was stirred
at room temperature for 45 min. Then, Me;SiCl (0.20 mL, 1.55 mmol)
was added at —78°C. After addition of Me;SiCl, the suspension was
stirred at room temperature for 3 h and filtered and the solution evapo-
rated to dryness. The residue was dissolved in MeOH (0.5 mL) and an
aqueous solution of CsCl (200 mg, 20 mL) was added dropwise to give a
red solid. The solid was washed with H,O (2x15mL) and hexane (2x
15mL) to afford Cs-7 (yield: 254 mg, 90 %). Alternatively, [NMe,]-7 can
be isolated in 95% yield, by the addition of an aqueous solution of
[NMe,y]CL. Red crystals suitable for an X-ray diffraction study were
grown by slow evaporation of a solution of [NMe,]-7 in acetone at room
temperature. '"HNMR: §=4.19 (brs, 0.66 H; C-H), 3.77 (brs, 1.33H; C.-
H), 0.33 (s, 6H; Si-CH;), 0.30 ppm (s, 12H; Si-CH;); “C{'"H} NMR: 6=
55.84 (C-H), 54.56 (C-H), 51.96 (C-H), 46.85 (C.Si), 3.20 ppm (Si-
CH,); "B NMR: 6=825 (d, 'J(H,B)=140 Hz, 2B), 3.71 (d, J(H,B)=
141 Hz, 2B), -245 (d, J(H,B)=126 Hz, 4B), —-5.44 (d, 'J(H,B)=
119 Hz, 2B), —6.52 (d, J(H,B)=123 Hz, 2B), —11.59 (d, 'J(H,B)=
172 Hz, 1B), —13.42 (d, 'J(H,B)=158 Hz, 2B), —15.09 (d, 'J(H,B)=
156 Hz, 1B), —19.66 ppm (d, 'J(H,B)=177 Hz, 2B); *Si{'H} NMR: 6=
10.75 ppm; IR: #=3055 (C.~H), 2561 (B-H), 1250 cm™' (Si—CHj;);
MALDI-TOF-MS: m/z calcd for [M—Cs]: 468.42; found: 467.3; elemen-
tal analysis calcd (%) for C,,H33B;3CoCsSi, (601): C 19.98, H 6.37; found:
C20.49, H 6.48.

Synthesis of [NMe,][8,8"-u-(1",2"-CsH,)-1,1'-n-SiMe,-3,3'-Co(1,2-
C,ByHy),] (INMe,]-8): The procedure was similar to that used to prepare
Cs-4, with Cs-2 (95 mg, 0.18 mmol) in DME (5 mL)at —78°C, nBuLi
(0.12mL, 0.19 mmol) and Me,SiHCI (40 uL, 0.35 mmol). After addition
of Me,SiHCI, the suspension was stirred at room temperature for 3 h,
and subsequently filtered and evaporated to dryness. The residue was dis-
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solved in MeOH (0.1 mL) and an
aqueous solution of [NMe,]Cl (25 mg,
5mL) was added dropwise to give a
red solid. The solid was washed with
H,0 (2x10mL) and hexane (2x

FULL PAPER

Table 6. Crystallographic data for [NMe,]-3, [NMe,]-4 and [NMe,]-7 at —100°C.

[NMe,]-3

[NMe,]-4

[NMe,]-7

empirical formula
M, 456.03

C,pHyBsCoNSi

C,oH33B3CoNSi
0454.01

C,4HsB3CoNSi,
542.24

10 mL). The resultant solid was puri- crystal system monoclinic monoclinic monoclinic
fied from a solution of CH,Cl, to crystal shape/colour plate/yellow plate/red plate/red
afford [NMe,]-8 (yield: 92 mg, 77%). Space group P2)/c (no. 14) P2,/m (no. 11) C2/c (no. 15)
'HNMR: 6=6.78 (s, 4H; C,H,), 348 a[A] 7.1294(5) 7.3092(3) 15.9542(6)
(brs, 2H; C-H), 3.35 (s, 12H, N-CH;) b [A] 30.456(2) 13.7910(11) 14.6275(6)
039 (s, 3H, Si-CH,), 025 ppm (s, 3H, ¢ [Al 11.5788(7) 13.6504(8) 13.1513(4)
Si-CH;); “C{'H} NMR: 6=12898 #[] 91.206(4) 104.204(3) 98.714(2)
(CH,), 124.83 (C,H,), 55.11 (N-CH;), V [A%] 2513.6(3) 1237.19(14) 3033.69(19)
49.67 (C-H), 36.73 (C.-Si), —4.46 (Si- Z 4 2 4

CH.), —5.84 ppm (Si-CH,); "BNMR: P [gem™] 1.205 1219 1.187
8=2593 (s, 2B), 241 (d, Y(HB)= #[cm] 7.32 7.43 6.54

131 Hz, 3B), 1.69 (d, Y(H,B)=75 Hz, goodness-of-fit'*! 1.084 1.042 1.029

3B), —2.98 (d, J(H,B)=131 Hz, 4B), RE [1>20(1)] 0.0949 0.0733 0.0524
1176 (d, “J(H,B)=147Hz, 4B), R [I>20(1)] 0.1646 0.1591 0.1042

—24.51 ppm (d, "J(H,B)=161Hz, 2B);  [a] S=[S(w(F2~F))/(n—p)"™. [b] R=S||F,| ~ | F.||S|F,|. [c] R, =[Sw(| F2| - | F2| Y/Sw]| F2[*]"2

»Si{'H} NMR: 6=11.74 ppm; IR: 7=

3034 (C—H), 2975 (C,y—H), 2954,

2923, 2561 (B—H), 1481 (C—N),

1254cm™ (Si—CH;); MALDI-TOF-MS: m/z caled for [M—NMe,]:
454.3; found: 454.3; elemental analysis calcd (%) for C,;Hy,B3sCoNSi: C
30.97, H 6.35 N 2.01; found: C 29.76, H 6.48, N 1.99.

Synthesis of Cs[8,8"-u-(1",2"-C¢H,)-1,1'-u-SiMeH-3,3'-Co(1,2-C,B,Hj),]
(Cs-9): The procedure was similar to that used to prepare Cs-5, with Cs-2
(373 mg, 0.70 mmol) in DME (9mL) at —78°C, nBuLi (0.90 mL,
1.44 mmol) and CH;SiHCl, (0.15mL, 1.42 mmol). After addition of
CH;SiHCl,, the suspension was stirred at room temperature for 3 h and
subsequentely filtered and the solution evaporated to dryness. The resul-
tant residue was dissolved in MeOH, and an aqueous solution of
[NMe,]Cl was added to give [NMe,y]-9 (yield 60%). Furthermore, Cs-9
can be isolated from the addition of an aqueous solution of CsCl in a
65% vyield. 'HNMR: 0=6.76 (s, 4H; C¢H,), 5.25 (q, *J(H,H)=3.4 Hz,
0.24H; Si-H), 4.97 (q, *J(H,H) =3.4 Hz, 0.76 H; Si-H), 3.61 (brs, 2H; C.-
H), 048 (d, *J(H,H)=3.4 Hz, 2.28H,; Si-CH;), 0.38 ppm (d, *J(H,H)=
3.4 Hz, 0.72H; Si-CH;); “C{'H} NMR: 0=128.96, 124.84 (C,H,), 50.84
(C-H), 4856 (C-H), 3230 (C.Si), 31.88 (C.Si),-6.32 (Si-CH;),
—6.87 ppm (Si-CH;); "BNMR: 6=27.47 (s, 2B), 2.56 (d, 'J(H,B)=
131 Hz; 6B), —2.73 (d, J(H,B)=122 Hz; 4B), —11.55 (d, J(H,B)=
132 Hz; 4B), —24.04 ppm (d, 'J(H,B)=144 Hz, 2B); ¥Si{'H} NMR: 6 =
2.69 ppm; IR: 7=3036 (C.—H), 2970 (C,,,—H), 2577 (B—H), 2162 (Si—H),
1257 em™ (Si—CHs); MALDI-TOF-MS: m/z calcd for [M—Cs]™: 440.3;
found: 440.2; elemental analysis calcd (%) for C,;H,B3CoSiCs (572.8):
C 23.06, H 4.57; found: C 22.96, H 5.00.

Synthesis of [NMe,][8,8-n-(1",2"-C¢H,)-1-SiMe;-3,3'-Co(1,2-C,B,H,)-
(1',2"-C,ByHyp)] (INMe,y]-10): The procedure was similar to that used to
prepare Cs-7, with Cs-2 (100 mg, 0.19 mmol) in DME (5mL) at —78°C,
nBuLi (0.25mL, 0.40 mmol) and Me;SiCl (0.10 mL, 0.77 mmol). After
addition of Me;SiCl, the suspension was stirred at room temperature for
3 h. The suspension was filtered and the solution evaporated to dryness.
The residue was dissolved in MeOH (0.1 mL) and a solution of [NMe,]Cl
(25 mg, 5 mL) in water was added dropwise to give a red solid. The solid
was washed with H,O (2x10 mL) and hexane (2x10 mL) and recrystal-
lised from acetone to afford [NMe,]-10 (yield: 72 mg, 69%). '"H NMR:
0=06.78 (s, 4H; Cs¢H,), 3.52 (brs, 2H; C.-H), 3.45 (brs, 1H; C-H), 3.28
(s, 12H; N-CH3), 0.28 ppm (s, 9H; Si-CH;); “C{'H} NMR: 06 =128.86,
128.56, 125.16 (C4H,), 55.12 (N-CH;), 50.12 (C-H), 49.84 (C.-H), 42.11
(C-H), 41.06 (C.-Si), 0.10 ppm (Si-CH;); "B NMR: 6=26.50 (s, 1B),
24.50 (s, 1B), 1.06 (2B), —1.46 (2B), —2.58 (2B), —4.64 (2B), —5.67
(2B), —10.80 (1B), —11.96 (1B), —13.67 (2B), —23.64 (d, J(H,B)=
155 Hz; 1B), —25.00 ppm (d, 'J(H,B)=155 Hz; 1B); ¥Si{'H} NMR: 6 =
8.63 ppm; IR: #=3036 (C.—H), 2954 (C,,,—H), 2584 (B—H), 1481 (C-N),
1253 cm™ (Si—CH;); MALDI-TOF-MS: m/z caled for [M—NMe,]:
470.39; found: 469.17; elemental analysis caled (%) for
C;H,,B3CoNSi-Me,CO: C 39.88, H 8.37, N 2.33; found: C 39.64, H 8.28,
N 2.32.
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X-ray diffraction studies—structure determinations of [NMe,]-3, [NMe,]-
4 and [NMe,]-7: Single-crystal data collections for [NMe,]-3, [NMe,]-4
and [NMe,y]-7 were performed at —100°C on an Enraf Nonius Kap-
paCCD diffractometer with graphite monochromatised Mok, radiation
(A=0.71073 A). A total of 4538, 2499 and 2976 unique reflections were
collected for [NMe,]-3, [NMe,]-4 and [NMe,]-7, respectively. Crystallo-
graphic data are presented in Table 6. The structures were solved by
direct methods and refined on F? by the SHELX-97 program.”?! For each
structure, the carbon and boron atoms could be reliably distinguished.
For [NMe,]-3, non-hydrogen atoms were refined with anisotropic thermal
displacement parameters and hydrogen atoms were treated as riding
atoms using the SHELX-97 default parameters. R values were fairly high
because of the high mosaicity of the crystals.

For [NMe,]-4, the cobaltabis(dicarbollide) anion had a crystallographic
mirror symmetry with the cobalt, silicon and methyl carbon atoms lying
at the symmetry element. The [NMe,]* ion was disordered in two orien-
tations with the partially occupied nitrogen atom and the two partially
occupied methyl carbon atoms of each orientation lying in the mirror
plane. The cation was refined as a rigid group, but as refinement of the
site occupation parameters did not converge well, the parameters were
fixed to 0.6 and 0.4. Non-hydrogen atoms of the anion were refined with
anisotropic thermal displacement parameters, but those of the disordered
cation were refined with isotropic displacement parameters. All hydrogen
atoms were treated as riding atoms using the SHELX-97 default parame-
ters.

For [NMe,]-7, the cobaltabis(dicarbollide) anion had a crystallographic
twofold symmetry with the cobalt atom lying at the symmetry element.
The [NMe,]* ion was disordered in two orientations with the partially oc-
cupied nitrogen atom lying at the vicinity of the twofold axis. The cation
was refined as a rigid group. All non-hydrogen atoms were refined with
anisotropic thermal displacement parameters and the hydrogen atoms
were treated as riding atoms using the SHELX-97 default parameters.

CCDC-659301 ([NMe,]-3), 652272 ([NMe,]-4) and 652273 ([NMe,]-7)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Calculation details: Geometries of the compounds were optimised with
the B3LYP hybrid functional®™ and the 6-311G(d,p) basis for all ele-
ments. Unless otherwise noted, energies are reported at this level. Natu-
ral population analysis was performed at the same level. Transition states
were found at the B3LYP/6-31G level, characterised by a single imagina-
ry frequency, and visualisation of the corresponding vibrational modes
ensured that the desired minima are connected. Magnetic shieldings were
computed for optimised geometries by employing gauge-including atomic
orbitals (GIAOs)P!! with the B3LYP hybrid functional together with the
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basis 6-314+G(d). The "B chemical shifts were calculated relative to
B,H; and converted to the usual BF;-OEt,. These combinations of func-
tional and basis set gave good results, for more exhaustive calculations
on cobaltacarboranes see Biihl et al.'”! All computations were performed
with the Gaussian 03 program.”?!
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