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Cesium and tetraethylammonium salts of the ethynyl functionalized monocarba-closo-dodecaborate
anions [12-HCC-closo-1-CB11H11]� and [7,12-(HCC)2-closo-1-CB11H10]� were obtained by desilylation of
[Et4N][12-Me3SiCC-closo-1-CB11H11] and [Et4N][7,12-(Me3SiCC)2-closo-1-CB11H10], respectively. Their
thermal properties were examined by differential scanning calorimetry. The compounds were character-
ized by multi-NMR, IR, and Raman spectroscopy, (�)-MALDI mass spectrometry, and elemental analysis.
Single-crystals of Cs[12-HCC-closo-1-CB11H11] and [Et4N][7,12-(HCC)2-closo-1-CB11H10] were studied by
X-ray diffraction. The discussion of the spectroscopic and structural properties is supported by data
derived from theoretical calculations using density functional theory as well as perturbation theory.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Functionalized monocarba-closo-dodecaborate anions are used
as building blocks in a variety of applications [1–5], for example
in ionic liquids [6,7] catalysis [8–15], pharmaceuticals [16,17]
and polymers [18,19]. A consequence of the constantly growing
demand for functionalized monocarba-closo-dodecaborate anions
is the increasing search for efficient procedures for the derivatiza-
tion of the {closo-1-CB11} cage [1–5]. In contrast to substitution
reactions at the carbon vertex of the {closo-1-CB11} cluster that
are well developed, the selective introduction of a functional group
that can be modified easily at one of the boron vertices is less stud-
ied [1]. A strategy for the functionalization at the antipodal boron
atom and the upper belt boron atoms of the {closo-1-CB11} cluster
is the partial iodination followed by exchange of the iodine substi-
tuent(s) against an alkyl [20], aryl [20–22] allyl [23,24], or alkynyl
[25] group(s) by Pd-catalyzed cross-coupling reactions, that was
first introduced into boron cluster chemistry for the related neutral
dicarba-closo-dodecaboranes in the early 1980s [26–28].

Recently, we have reported on the preparation of first examples
of salts of phenylalkynyl and trimethylsilylalkynyl substituted
monocarba-closo-dodecaborate anions via Pd-catalyzed Kumada-
type [29,30] cross-coupling reactions [25]. {closo-1-CB11} clusters
with alkynyl substituents bonded to the boron atom in the antipo-
dal position (B12) or to one of the boron atoms of the upper B5 belt
All rights reserved.
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(B7) have been obtained. Mono- and diiodinated monocarba-closo-
dodecaborate anions that are accessible by iodination of the [closo-
1-CB11H12]� anion or of its derivatives [20,31,32] are the starting
materials for these cross-coupling reactions with alkynyl Grignard
reagents. In Scheme 1 the two-step syntheses of the anions [12-
Me3SiCC-closo-1-CB11H11]� and [7,12-(Me3SiCC)2-closo-1-CB11H10]�

starting from [closo-1-CB11H12]� are depicted [25].
In this paper we report on the syntheses and thermal properties

of the cesium and tetraethylammonium salts of the ethynyl func-
tionalized monocarba-closo-dodecaborate anions [12-HCC-closo-
1-CB11H11]� (1) and [7,12-(HCC)2-closo-1-CB11H10]� (2). The mul-
ti-NMR and vibrational spectroscopic characterization is aided by
data derived from theoretical calculations. Furthermore, the crystal
structures of Cs[12-HCC-closo-1-CB11H11] (Cs-1) and [Et4N][7,12-
(HCC)2-closo-1-CB11H10]([Et4N]-2) are presented.

2. Experimental

2.1. General

Reactions involving air-sensitive compounds were performed
under argon using standard Schlenk line techniques. 1H, 11B, and
13C NMR spectra were recorded at room temperature, either in
(CD3)2CO or in CD3CN on a Bruker Avance III 400 spectrometer
operating at 400.17, 100.62, and 128.39 MHz for 1H, 13C, and 11B
nuclei, respectively. NMR signals were referenced against TMS
(1H, 13C) and BF3�OEt2 in CD3CN (11B) as external standards. Infra-
red and Raman spectra were recorded at room temperature on an
Excalibur FTS 3500 spectrometer (Digilab, Germany) with an

http://dx.doi.org/10.1016/j.jorganchem.2010.02.011
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Scheme 1. Synthesis of the anions [12-Me3SiCC-closo-1-CB11H11]� and [7,12-(Me3SiCC)2-closo-1-CB11H10]� starting from the [closo-1-CB11H12]� anion [25].
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apodized resolution of 2 cm�1 (IR) and 2–4 cm�1 (Raman), respec-
tively. IR spectra were measured in the attenuated total reflection
(ATR) mode in the region of 4000–530 cm�1. Raman spectra were
measured using the 1064 nm excitation line of a Nd/YAG laser on
crystalline samples contained in melting point capillaries in the re-
gion of 3500–80 cm�1. Matrix-assisted laser desorption/ionization
(MALDI) mass spectra in the negative-ion mode were recorded on a
Bruker Ultraflex TOF spectrometer. Thermo-analytical measure-
ments were made with a Mettler Toledo DSC 30 instrument in
the temperature range of 25–600 �C. About 2–6 mg of the solid
samples were weighed and contained in sealed aluminum cruci-
bles. The studies were performed with a heating rate of 5 K min�1;
throughout this process the furnace was flushed with dry N2. Ele-
mental analysis (C, H, N) were performed with a Euro EA3000
instrument (HEKA-Tech, Germany).
2.2. Chemicals

All standard chemicals were obtained from commercial sources.
[Et4N][12-Me3SiCC-closo-1-CB11H11] [25] and [Et4N][7,12-(Me3-

SiCC)2-closo-1-CB11H10] [25] were prepared as described in the
literature from the corresponding iodinated monocarba-
closo-dodecaborates Cs[12-I-closo-1-CB11H11] [20,31] and Cs[7,12-
I2-closo-1-CB11H10] [31] and Me3SiCCMgBr via Kumada-type
cross-coupling reactions.
2.3. [Et4N][12-HCC-closo-1-CB11H11]([Et4N]-1)

[Et4N][12-Me3SiCC-closo-1-CB11H11] (550 mg, 1.49 mmol) was
dissolved in a solution of potassium hydroxide in ethanol (10 mL,
1.5 mol L�1) and stirred at room temperature for three hours.
While stirring 100 mL of water were added resulting in the forma-
tion of a precipitate. The colorless salt [Et4N]-1 was filtered off and
dried in vacuum. Yield: 428 mg (1.44 mmol, 97%). Anal. Calc. for
C11H32B11N (297.305 g mol�1): C, 44.44; H, 10.85; N, 4.71. Found:
C, 44.02; H, 10.32; N, 4.56%. MS (MALDI) negative, m/z (isotopic
abundance): Calc. for 1 ([C3H12B11]�): 163(3), 164(13), 165(37),
166(74), 167(100), 168(82), 169(32), 170(1). Found: 162(<1),
163(<1), 164(11), 165(32), 166(63), 167(100), 168(72), 169(31),
170(<1).
2.4. [Et4N][7,12-(HCC)2-closo-1-CB11H10]([Et4N]-2)

The desilylation of [Et4N][7,12-(Me3SiCC)2-closo-1-CB11H10]
was performed as described for the synthesis of [Et4N]-1. [Et4N]-
2 was isolated as a white solid. Yield: 325 mg (1.01 mmol, 95%).
Anal. Calc. for C13H32B11N (321.327 g mol�1): C, 48.59; H, 10.04;
N, 4.36. Found: C, 48.14; H, 9.65; N, 4.51%. MS (MALDI) negative,
m/z (isotopic abundance): Calc. for 2 ([C5H12B11]�): 187(3),
188(13), 189(37), 190(74), 191(100), 192(83), 193(33), 194(2).
Found: 187(1), 188(12), 189(39), 190(76), 191(100), 192(85),
193(36), 194(2).

2.5. Cs[12-HCC-closo-1-CB11H11](Cs-1)

[Et4N]-1 (360 mg, 1.21 mmol) was suspended in aqueous HCl
(10 mL, 5% v/v), and extracted with Et2O (3 � 40 mL). The com-
bined ethereal layers were dried with MgSO4 and filtered. An aque-
ous solution of Cs2CO3 (400 mg, 1.23 mmol, 5 mL) was added to the
diethyl ether solution. The solvents were removed using a rotary
evaporator and the solid residue was extracted with acetone
(2 � 50 mL), dried with Cs2CO3 and most of the acetone was re-
moved under reduced pressure. Addition of chloroform resulted
in the immediate formation of an off-white solid that was isolated
via filtration. Cs-1 was dried overnight in a high vacuum. Yield:
333 mg (1.11 mmol, 92%). Anal. Calc. for C3H12B11Cs (299.950
g mol�1): C, 12.01; H, 4.03. Found: C, 11.60; H, 3.72%.

2.6. Cs[7,12-(HCC)2-closo-1-CB11H10](Cs-2)

Cs-2 was obtained as an off-white solid starting from [Et4N]-2
following the protocol described for the preparation of Cs-1. Yield:
350 mg (1.08 mmol, 93%). Anal. Calc. for C5H12B11Cs (323.972
g mol�1): C, 18.54; H, 3.73. Found: C, 18.21; H, 3.51%.

2.7. Single-crystal X-ray diffraction

Concentrated solutions of the salts Cs[12-HCC-closo-1-CB11H11]
(Cs-1) and [Et4N][7,12-(HCC)2-closo-1-CB11H10]([Et4N]-2) in aceto-
nitrile were filled into vials that were placed into flasks partially
filled with chloroform. After a few days colorless crystals of Cs-1
and [Et4N]-2 suitable for X-ray diffraction were obtained at room



Table 1
Crystallographic data of Cs[12-HCC-closo-1-CB11H11]a (Cs-1) and [Et4N][7,12-(HCC)2-
closo-1-CB11H10]([Et4N]-2).

Cs-1a [Et4N]-2

Chemical formula C2.88H11.94B11CsI0.06
a C13H32B11N1

Formula weight (g mol�1) 306.067 321.327
T (K) 123 293
Color Colorless Colorless
Crystal size (mm3) 0.10 � 0.10 � 0.08 0.15 � 0.12 � 0.07
Crystal system, space group Monoclinic, P21/n Orthorhombic,

Pnma
a (Å) 12.5020(9) 14.030(5)
b (Å) 6.7990(4) 11.000(4)
c (Å) 13.9820(12) 13.288(5)
b (�) 98.609(9)
Volume (Å3) 1171.641(15) 2050.7(13)
Z 4 4
Dcalc (Mg m�3) 1.735 1.041
Absorption coefficient (mm�1) 3.263 0.051
F(0 0 0) (e) 570 688
h Range (�) 2.04–24.98 4.22–24.15
Reflections collected/unique 9085/2035 27179/1723
Rint (%) 6.73 8.50
Data/restraints/parameters 2035/0/156 1723/0/124
R1 (I > 2r(I))b 0.0284 0.0799
wR2 (all)c 0.0690 0.1453
Goodness-of-fit (GOF_ on F2d 1.073 1.145
Largest difference in peak/hole

(e Å�3)
1.315/�0.401 0.191/�0.160

a Contains 6% of Cs[12-I-closo-1-CB11H11].
b R1 = (

P
||Fo| � |Fc||)/

P
|Fo|.

c wR2 = [
P

wðF2
o � F2

c Þ
2/
P

w(F2
o)2]0.5, weight scheme: w = [r2Fo + (aP)2 + bP]�1;

P = [max(0,F2
o) + 2F2

c ]/3; Cs-1: a = 0.0282, b = 1.8230; [Et4N]-2: a = 0.0249, b =
1.8124.

d GOF: S =
P

wðF2
o � F2

c Þ
2/(m � n); (m = reflections, n = variables).
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temperature. A crystal of Cs-1 was studied using an imaging plate
diffraction system (IPDS, Stoe & Cie) at 123 K and a crystal of
[Et4N]-2 was investigated with a CCD diffractometer (STADI CCD,
Stoe & Cie) at 293 K using Mo Ka radiation (k = 0.71073 Å), respec-
tively. Numerical absorption corrections [33] based on indexed
crystal faces were applied to the data of Cs-1 after optimization
of the crystal shape [34]. All structures were solved by direct meth-
ods [35,36], and refinement is based on full-matrix least-squares
calculations on F2 [36,37].

Cs[12-HCC-closo-1-CB11H11] (Cs-1) crystallizes in the mono-
clinic space group P21/n and the crystal contains a small amount
of Cs[12-I-closo-1-CB11H11]. The batch of Cs-1 used for the crystal-
lization was obtained from an incomplete cross-coupling reaction
of the [12-I-closo-1-CB11H11]� anion with Me3SiCCMgBr [25].
According to 11B{1H} NMR spectroscopy the content of Cs[12-I-
closo-1-CB11H11] of the substance used for the crystallization was
5%. In the crystal the anions 1 and [12-I-closo-1-CB11H11]� are dis-
ordered and the ethynyl group and the iodine substituent are
superimposed. Related cocrystallizations are well documented
and examples with boron clusters have been reported, as well
[38]. During the refinement of the occupancies, which resulted in
94% of 1 and 6% of [12-I-closo-1-CB11H11]�, the atoms of the ethy-
nyl group and the iodine atom were treated isotropically. While
keeping these refined occupancies fixed, all non-hydrogen atoms
were refined anisotropically without applying any restraints. All
hydrogen atoms were located in electron-density difference maps.
The hydrogen atoms bonded to the atoms of the {closo-CB11} cage
were allowed to ride on the coordinates of the parent boron and
carbon atom and their isotropic displacement parameters were
kept equal to 130% of the Ueq of the respective parent atom. The
acetylenic hydrogen atom was placed in a calculated position
and the isotropic displacement parameter was fixed at 140% of
the Ueq of the associated carbon atom of the ethynyl group.

The tetraethylammonium salt of the [7,12-(HCC)2-closo-1-
CB11H10]� anion ([Et4N]-2) crystallizes in the orthorhombic space
group Pnma. The anion 2 is located on a mirror plane resulting in
a disordering over two positions with equal occupancies. Aniso-
tropic displacement parameters were applied to all of the atoms
heavier than hydrogen. All hydrogen atoms were located in elec-
tron-density difference maps but replaced in calculated positions.
The isotropic displacement parameters of the hydrogen atoms
were fixed to Ueq of the respective parent atom at 130% for the
hydrogen atoms bonded to the cluster boron and carbon atoms
and at 150% for the hydrogen atom of the ethynyl group and the
hydrogen atoms of the ethyl groups of the [Et4N]+ cation.

Most of the calculations were carried out using the WINGX pro-
gram package [39]. The molecular structure diagrams were drawn
with the program DIAMOND 3.2c [40]. Experimental details and crys-
tal data are collected in Table 1.

2.8. Quantum chemical calculations

Density functional calculations (DFT) [41] were carried out
using Becke’s three-parameter hybrid functional and the Lee-
Yang-Parr correlation functional (B3LYP) [42–44] using the GAUSS-

IAN03 program suite [45]. Geometries were optimized, and energies
were calculated with the 6-311++G(d,p) basis sets. Diffuse func-
tions were incorporated because improved energies are obtained
for anions [46]. All structures represent true minima with no imag-
inary frequency on the respective hypersurface. In addition, the
geometries were optimized at the second-order Møller-Plesset per-
turbation (MP2) level of theory, using the resolution-of-the-iden-
tity approximation [(RI)-CC2 module] [47]) in combination with
the def2-TZVPP basis sets and auxiliary bases [48].

DFT-GIAO [49] NMR shielding constants r(1H), r(11B) and
r(13C) as well as spin-spin coupling constants [50–53] were calcu-
lated at the B3LYP/6-311++G(2d,p) level of theory using the geom-
etries computed at the B3LYP/6-311++G(d,p) level of theory with
the Gaussian03 program suite [45]. The 1H, 11B, and 13C NMR
shielding constants were calibrated to the respective chemical shift
scale d(1H), d(11B), and d(13C) using predictions on diborane(6) and
Me4Si with chemical shifts of �16.6 ppm for B2H6 [54] (d(11B)) and
0 ppm for Me4Si (d(1H) and d(13C)) [55].
3. Results and discussion

3.1. Synthetic aspects

In basic ethanol solution the trimethylsilylalkynyl substituted
monocarba-closo-dodecaborate anions [12-Me3SiCC-closo-1-
CB11H11]� and [7,12-(Me3SiCC)2-closo-1-CB11H10]� were desilylat-
ed to result in the anions [12-HCC-closo-1-CB11H11]� (1) and
[7,12-(HCC)2-closo-1-CB11H10]� (2), respectively (Scheme 2). The
tetraethylammonium salts of 1 and 2 were isolated in yields of
approximately 96% by precipitation from the reaction mixtures
upon addition of water.

The [Et4N]+ salts were transformed into the corresponding ce-
sium salts via an extraction protocol: the tetraethylammonium
salts were suspended in aqueous HCl and the anions were ex-
tracted into diethyl ether as [H(OEt2)n]+ salts. Addition of aqueous
Cs2CO3 to the ethereal phases yielded the Cs+ salts of 1 and 2.

The four cesium and tetraethylammonium salts exhibit high
thermal stabilities and their decomposition starts at 205 �C for
[Et4N]-1, 265 �C for Cs-1, 289 �C for [Et4N]-2, and 210 �C for Cs-2.
3.2. Single-crystal structures

Cs[12-HCC-closo-1-CB11H11] (Cs-1) crystallizes in the mono-
clinic space group P21/n (no. 14) with four formula units in the unit
cell (Fig. 1 and Table 2). Since the batch of Cs-1 that was used for



Fig. 1. Two different views of the [12-HCC-closo-CB11H11]� anion in the crystal
structure of Cs-1 (displacement ellipsoids at the 50% probability level).
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the crystallization was obtained from an incomplete synthesis of
[Et4N][12-Me3SiCC-closo-1-CB11H11] [25] (95% conversion) the
crystal studied contained a small amount of Cs[12-I-closo-1-
CB11H11]. Refinement of the occupancies resulted in 6% of Cs[12-
I-closo-1-CB11H11]. The anions 1 and [12-I-closo-1-CB11H11]� are
disordered and the positions of the ethynyl substituent and the io-
dine atom are superimposed. The structure was refined without re-
straints and the influence on the interatomic distances and angles
determined is small (Table 2). For the [12-I-closo-1-CB11H11]� an-
ion in the crystal of Cs-1 a d(B–I) of 2.172(9) Å was found that com-
pares well to other boron–iodine bond lengths in monocarba-closo-
Scheme 2. Desilylation reactions of {closo-1-CB11} c

Table 2
Experimental and calculateda,b bond lengths and angles of [12-HCC-closo-1-CB11H11]� (1)

[12-HCC-closo-1-CB11H11]� (1)

Cs+ salt (RI)-MP2a B
Symmetry C1 C5v C

Bond lengths [Å]
C„C (B12) 1.172(10) 1.222 1
C„C (B7) – – –
B–C (B12) 1.568(8) 1.534 1
B–C (B7) � � �
Ccluster–B2/3/4/5/6 1.706(6) 1.698 1
B–B (upper belt) 1.769(7) 1.773 1
B–B (inter belt) 1.768(6) 1.766 1
B–B (lower belt) 1.787(6) 1.783 1
B12–B8/9/10/11/12 1.782(6) 1.780 1

Bond angles [�]
B–C„C (B12) 178.7(7) 180.00 1
B–C„C (B7) – – –

a (RI)-MP2/def2-TZVPP.
b B3LYP/6-311++G(d,p).
c The anion 2 is disordered over two positions; the crystallographic mirror plane is n
dodecaborate derivatives, for example 2.196(6) Å in 1-R-12-I-clos-
o-1-CB11H10 (R = 4-pentylquinuclidin-1-yl) [56] and 2.19(1) Å in
[7-I-12-HO-closo-1-CB11H10]� [32].

[Et4N][7,12-(HCC)2-closo-1-CB11H10] ([Et4N]-2) crystallizes in
the orthorhombic space group Pnma (no. 62) with Z = 4. The
[7,12-(HCC)2-closo-1-CB11H10]� anion (2) is located on a crystallo-
graphic mirror plane and it is disordered over two positions
(Fig. 2). Hence, the experimentally determined interatomic dis-
tances are averaged values for the two different ethynyl groups
and the {closo-1-CB11} cluster in anion 2. Due to the disorder the
quality of the interatomic distances derived from the crystal struc-
ture analysis of [Et4N]-2 is relatively low (Table 2).

The most relevant properties of the anions [12-HCC-closo-1-
CB11H11]� (1) and [7,12-(HCC)2-closo-1-CB11H10]� (2) are summa-
rized in Table 2 and compared to values derived from ab initio cal-
culations at the (RI)-MP2/def2-TZVPP level of theory (Fig. 3) and
from DFT calculations at the B3LYP/6-311++G(d,p) level of theory.
The bond lengths and angles calculated for 1 using the two differ-
ent theoretical methods are in good agreement and they compare
well to the experimentally determined values of Cs-1. The results
of the different theoretical calculations performed for anion 2 are
very similar as well, however, the experimental bonding properties
exhibit strong deviations compared to their theoretical counter-
parts which is most probably a result of the disorder of the anion
in the structure of [Et4N]-2.

The interatomic distances and angles of [12-HCC-closo-1-
CB11H11]� (1) in its Cs+ salt are close to the corresponding values
reported for the related [12-PhCC-closo-1-CB11H11]� anion in the
[Et4N]+ salt [57]: the alkynyl fragments are nearly linear and the
B–C and C„C distances are d(B–C) = 1.568(8) Å and d(C„C) =
lusters with trimethylsilylalkynyl substituents.

and [7,12-(HCC)2-closo-1-CB11H10]� (2).

[7,12-(HCC)2-closo-1-CB11H10]� (2)

3LYPb [Et4N]+ salt (RI)-MP2a B3LYPb

5v (Cs)c Cs Cs

.211 1.01(2) 1.222 1.210
1.01(2) 1.222 1.210

.545 1.62(3) 1.530 1.542
1.62(3) 1.529 1.541

.707 1.698 1.706

.780 1.702(5) 1.773 1.780

.771 – 1.767 1.773

.792 1.800(5)c 1.783 1.794

.792 1.782 1.797

80.00 177.3(1) 179.9 179.7
177.3(1) 179.9 179.7

ot consistent with the mirror plane in the calculated structure of the anion.



Fig. 2. Two different views of the disordered [7,12-(HCC)2-closo-CB11H10]� anion in the crystal structure of [Et4N]-2 (displacement ellipsoids at the 40% probability level).

Fig. 3. Calculated structures of the [12-HCC-closo-CB11H11]� (1) and [7,12-(HCC)2-closo-CB11H10]� (2) with labeling of the cluster atoms [(RI)-MP2/def2-TZVPP].
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1.17(1) Å for 1 and d(B–C) = 1.548(2) Å and d(C„C) = 1.202(2) Å for
[12-PhCC-closo-1-CB11H11]�. So far, structural analyses of boron
clusters with ethynyl groups bonded to one of the boron atoms
are rare; one further example is the cyclopentadienyliron tricar-
bonyl complex [1-(g5-C5H5)-2-Ph-6-(HCC)-closo-1,2,3,4-FeC3B7H8]
[58]. The boron–carbon and carbon–carbon distances reported for
the iron complex of 1.542(3) and 1.188(3) Å, respectively, are sim-
ilar to the values determined for the [12-HCC-closo-1-CB11H11]�

anion (1).
In the crystal of Cs-1 the cesium cations and the [12-HCC-closo-

1-CB11H11]� anions form infinite chains along the b axis (Fig. 4).
The Cs���Cethinyl distances in the range of 3.602(9)–3.732(7) Å are
indicative for coulomb interactions, since they are longer than
the sum of the covalent radius of C(sp) (0.69(1) Å [59]) and the io-
nic radius of Cs+ (1.67–1.88 Å [60]). In the cesium salt of the related
[12-PhCC-closo-1-CB11H11]� anion similar distances have been
observed with d(Cs���Cethinyl) of 3.497(10)–3.567(8) Å [25], and for
a few transition metal acetylide complexes with Cs+ cations related
Cs���Cethinyl contacts have been reported: Cs[(C5HMe4)2Ti-
(CCSiMe3)2] 3.423(6)–3.379(5) Å [61], {[(Me3tacn)Cr(CCH)3]3Cs}+

(Me3tacn = N,N0,N0-triemthyl-1,4,7-triazacyclononane) 3.375(5)–
3.394(5) Å [62], and Cs2[Cd(CCH)4] 3.36(2)–3.50(2) Å [63].
3.3. NMR spectroscopy

The ethynylmonocarba-closo-dodecaborate anions [12-HCC-
closo-1-CB11H11]� (1) and [7,12-(HCC)2-closo-1-CB11H10]� (2) were
studied by 1H, 11B, and 13C NMR spectroscopy and the chemical
shifts and coupling constants are collected in Table 3. The assign-
ment of the 11B and 1H NMR signals is aided by 11B{1H}–1H{11B}
2D [64,65] and 11B{1H}–11B{1H} COSY [66,67] experiments as well
as by theoretical studies performed at the GIAO/B3LYP-6-
311++G(2d,p) level. The proton signals and the signals of the car-
bon atoms of the ethynyl groups in anion 2 were assigned to the
respective H–C„C group using two-dimensional (2D) gradient-en-
hanced heteronuclear multiple-quantum correlation (gHMQC) and
2D gradient enhanced heteronuclear multiple-bond correlation
(gHMBC) spectroscopy and the assignment is in agreement with
the order derived from GIAO-DFT calculations (Table 3). However,
the assignment of the 13C NMR signals of the ethynyl groups in 2 to
the 11B NMR signal of the corresponding boron atom given in Table
3 is solely based on calculated chemical shifts (GIAO-DFT).

In Fig. 5 the 11B and 11B{1H} NMR spectra of the anions 1 and 2
are shown and in Fig. 6 the 11B{1H}–11B{1H} correlation spectrum
is depicted. For the monoethynyl substituted anion 1 three signals



Fig. 4. A part of the chain formed by the [12-HCC-closo-CB11H11]� anions and the
cesium cations in the crystal of Cs-1 (the hydrogen atoms are omitted for clarity).

Table 3
Experimentala and calculatedb NMR spectroscopic data of [12-HCC-closo-1-CB11H11]� (1) and [7,12-(HCC)2-closo-1-CB11H10]� (2).c

[12-HCC-closo-1-CB11H11]� (1) [7,12-(HCC)2-closo-1-CB11H10]� (2)

Exp.a Calc.b Exp.a Calc.b

d(13C) Ccluster 48.1 52.3 47.6 51.8
d(13C) B12–13C„C 96.0 104.2 94.6d 102.3
d(13C) B12–C„13C 80.9 74.5 82.1d 76.8
d(13C) B7–13C�C – – 93.4d 101.3
d(13C) B7–C„13C – – 80.9d 75.1
d(11B) B2+B3 �16.7e �19.6 �15.9 �18.3
d(11B) B4+B6 �17.2 �20.1
d(11B) B5 �17.8 �21.0
d(11B) B7 �12.3f �13.8 �12.6 �14.0
d(11B) B8+B11 �11.2 �11.9
d(11B) B9+B10 �12.6 �14.1
d(11B) B12 �7.5 �9.5 �6.7 �7.4
d(1H) Ccluster–1H 2.17 1.83 2.22 1.87
d(1H) B12–C„C–1H 1.87 0.97 1.97 1.13
d(1H) B7–C„C–1H – – 1.95 1.04
d(1H) B2+B3 1.65 1.77 1.84 2.06
d(1H) B4+B6 1.62 1.82
d(1H) B5 1.56 1.73
d(1H) B8+B11 1.74 1.59 1.80 2.10
d(1H) B9+B10 1.70 2.03
1J(13C,1H) 13Ccluster–1H 174.1 159.95 175.4 160.97
1J(13C,1H) B12–C„13C–1H 234.3 228.64 234.0 229.61
1J(13C,1H) B7–C„13C–1H – – 235.7 230.03
2J(13C,1H) B12–13C„C–1H 45.4 43.80 46.0 44.13
2J(13C,1H) B7–13C„C–1H – – 43.5 44.30
1J(13C,11B) 11B12–13C„C 101.5g 105.41 103.1 107.28
1J(13C,11B) 11B7–13C„C – – 104.1 108.40
2J(13C,11B) 11B12–C„13C 19.1 21.76 19.0 21.88
2J(13C,11B) 11B7–C„13C – – 18.8 22.04
3J(1H,1H) 1H–Ccluster–B–1H 3.4 3.59 3.4 3.6h

3J(11B,1H) 11B12–C„C–1H 4i 3.51 4i,j 3.60
3J(11B,1H) 11B7–C„C–1H – – 4i,j 3.64

a [Et4N]+ salts in (CD3)2CO.
b GIAO/B3LYP/6-311++G(2d,p) using geometries calculated at the B3LYP/6-311++G(d,p) level of theory.
c d in ppm and J in Hz.
d The assignment of the position of the cluster is based on calculated chemical shifts.
e 1J(11B,1H) = 151.0 Hz (calc.: 141.6 Hz).
f 1J(11B,1H) = 137.8 Hz (calc.: 133.1 Hz).
g 1D13C(10/11B) = �0.0035 ppm.
h Mean value (3.56–3.66 Hz).
i Distorted quartet.
j Solvent: CD3CN.

Fig. 5. 11B and 11B{1H} NMR spectra of [12-HCC-closo-CB11H11]� (1) and [7,12-
(HCC)2-closo-CB11H10]� (2).
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Fig. 6. 11B{1H}–11B{1H} COSY NMR spectrum of the [7,12-(HCC)2-closo-CB11H10]�

(2) anion.

Fig. 7. 1H{11B} NMR spectra of [12-HCC-closo-CB11H11]� (1) and [7,12-(HCC)2-
closo-CB11H10]� (2) in CD3CN and (CD3)2CO (in the grey boxes expanded sections of
the 1H and 1H{11B} NMR spectra of the signals of the ethynyl protons are depicted).

Fig. 8. 13C{1H} and 13C NMR spectra of [12-HCC-closo-CB11H11]� (1) and [7,12-
(HCC)2-closo-CB11H10]� (2) in CD3CN and (CD3)2CO.
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with relative intensities of 1:5:5 corresponding to the three differ-
ent boron positions of the {closo-CB11} cluster that has C5v symme-
try are observed, and for the diethynyl substituted anion 2 that has
Cs symmetry seven signals are detected. d(11B) observed for 1 and 2
are close to the chemical shifts reported for related monocarba-
closo-dodecaborate anions with trimethylsilyl- and phenylalkynyl
substituents [25]. Some of the resonance frequencies of the 11B nu-
clei of [12-HCC-closo-1-CB11H11]� (1) and [7,12-(HCC)2-closo-1-
CB11H10]� (2) show a significant solvent dependency: for example,
d(11B) of 1 measured in CD3CN solution are �8.0, �12.4, and
�16.6 ppm for B12, B7–11, and B2–6, respectively, whereas in
(CD3)2CO different d(11B) of �7.5, �12.3, and �16.7 ppm are ob-
served (Table 3). Hence, for the resonance frequency of the 11B
NMR signal corresponding to the antipodal boron atom that is
bonded to the ethynyl group the strongest solvent dependency is
found.

In the 1H NMR spectra of [12-HCC-closo-1-CB11H11]� (1) and
[7,12-(HCC)2-closo-1-CB11H10]� (2) recorded in deutero-acetone
and in deutero-acetonitrile a strong solvent dependency is ob-
served as well, as evident from the 1H{11B} NMR spectra presented
in Fig. 7. For example, the 1H NMR spectrum of 1 exhibits four sig-
nals in deutero-acetone and only three signals in deutero-acetoni-
trile. In the spectrum recorded in CD3CN the two signals
corresponding to the protons of the ten BH vertices are overlapped
and shifted to 1.61 ppm from 1.65 and 1.77 ppm in (CD3)2CO. An
even stronger solvent dependency is observed for d(1H) of the pro-
tons of the ethynyl groups and the CH-vertex in 1 and 2 (Fig. 7).
The signals assigned to the protons of the CH fragments are split
into sextets due to the coupling to the five protons of the upper
B5 belt. The sextet found in the spectrum of anion 2 is slightly dis-
torted because of small differences in the three different 3J(1H,1H)
coupling constants (GIAO-DFT calculations, Table 3) that is a result
of the lower symmetry of anion 2 (Cs) compared to anion 1 (C5v).

In Fig. 7 enlarged plots of the 1H{11B} and the 1H NMR signals of
the ethynyl proton in 1 and of both ethynyl protons in 2 are de-
picted. In the 1H NMR spectra the signals are split into quartets
due to the coupling to 11B with 3J(11B,1H) � 4 Hz that is in excellent
agreement to 3J(11B,1H) = 3.51–3.64 Hz derived from DFT calcula-
tions. The expected form of the signals with four lines of equal
intensities and equal distances is not observed and distorted quar-
tets are found. Partially collapsed signals are well known in NMR
spectroscopy of boron compounds and they are a general phenom-
enon that occurs if a nucleus A couples to a nucleus B with spin > 1/
2 and an inverse spin-lattice relaxation rate r1 that is close to the
respective coupling constant nJ(A,B) [68–72]. In addition, the in-
creased intensity of the two central lines of the quartets is to some
extend due to the underlying partially collapsed septet of the cor-
responding 10B isotopomer that has a relative intensity of 20%.



Table 4
Experimentala and calculatedb vibrational data of [12-HCC-closo-1-CB11H11]� and [7,12-(HCC)2-closo-1-CB11H10]�.c

[12-HCC-closo-1-CB11H11]� (1) [7,12-(HCC)2-closo-1-CB11H10]� (2)

Exp.a Calc.b Exp.a Calc.b

~m(C„C) 2055 2145 2064 2150d/2152e

~m(CC„C–H) 3272 3474 3278/3264 3474.5/3474.7
~m(Ccluster–H) 3056 3193 3063 3196
~m(B–H) 2593 � 2526 2649 � 2611 2590 � 2508 2658 � 2619

a Cs+ salts.
b B3LYP/6-311++G(d,p).
c Wavenumbers in cm�1.
d ~m(C„C) of the ethynyl group bonded to B12.
e ~m(C„C) of the ethynyl group bonded to B7.

Fig. 9. The IR and Raman spectra of Cs[12-HCC-closo-CB11H11] (Cs-1) (top) and
Cs[7,12-(HCC)2-closo-CB11H10] (Cs-2) (bottom).
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The 13C{1H} and 13C NMR spectra of [12-HCC-closo-1-CB11H11]�

(1) and [7,12-(HCC)2-closo-1-CB11H10]� (2) exhibit three and five
signals corresponding to the cluster carbon atom and the carbon
atoms of the ethynyl groups, respectively (Fig. 8 and Table 3).
The signals of the cluster carbon atoms at approximately 48 ppm
are singlets in the 13C{1H} NMR spectra and doublets in the 13C
NMR spectra (1J(13C,1H) = 174.1 and 175.4 Hz). In the 13C{1H}
NMR spectra the signals corresponding to the ethynyl carbon
atoms are split into quartets with lines of equal intensity. The
one-bond 13C–11B coupling constants are in the range of 234.0–
235.7 Hz and 2J(13C,11B) vary from 18.8 to 19.1 Hz (Table 3). In
the proton coupled 13C NMR spectra the signals are further split
into doublets due to the interaction with the terminal protons.

3.4. Vibrational spectroscopy

The cesium salts Cs[12-HCC-closo-1-CB11H11] (1) and Cs[7,12-
(HCC)2-closo-1-CB11H10] (2) were studied by IR and Raman spec-
troscopy and in Table 4 selected experimental band positions are
compared to calculated wavenumbers (DFT). The strongest bands
in the four spectra in Fig. 9 are assigned to ~m(B–H) (1: 2526–
2593 cm�1; 2: 2508–2590 cm�1). In the IR and Raman spectra
~m(Ccluster–H) are observed at 3056 (1) and 3063 cm�1 (2). The val-
ues for ~m(B–H) and ~m(Ccluster–H) are similar to band positions re-
ported for the cesium salt of the parent anion [closo-1-CB11H12]�

[73]. The carbon–carbon triple bond stretch results in a strong
band in the Raman spectra of the anions 1 and 2 at 2055 and
2064 cm�1, respectively. The two ~m(C„C) in the diethynyl substi-
tuted anion 2 are not resolved. In contrast, ~m(CC„C–H) that is ob-
served in the IR spectra is split into two partial overlapping
bands in the spectrum of Cs-2 at 3264 and 3278 cm�1 and in the
spectrum of Cs-1 at 3272 cm�1. For the related iron complex [1-
(g5-C5H5)-2-Ph-6-(HCC)-closo-1,2,3,4-FeC3B7H8] IR spectroscopic
data are available [58], and ~m(C„C) as well as ~m(CC„C–H) can be as-
signed to 2068 and 3272 cm�1, respectively, similar to the values
observed for anions 1 and 2.

4. Conclusions

Salts of monocarba-closo-dodecaborate anions with one and
two terminal alkynyl groups bonded to the boron atoms in the 7
and 12 position of the cluster are now available in three, straight
forward steps starting from commercially available Cs[closo-1-
CB11H12] [25,32]. The anions [12-HCC-closo-1-CB11H11]� (1) and
[7,12-(HCC)2-closo-1-CB11H10]� (2) described in this contribution
are among the rare examples of {closo-1-CB11} derivatives with
functional groups bonded to the boron atoms of the 12-vertex clus-
ter that, in principle, can be easily modified [1,74], and thus may
lead to new applications for compounds containing a {closo-1-
CB11} cluster. For example, the ethynyl substituted anions 1 and
2 are promising ligands for coordination chemistry, as evident
from a comparison to the related dicarba-closo-dodecaboranes
with ethynyl groups bonded to the cluster carbon atoms that have
been used for the preparation of a variety of transition metal com-
plexes [75–78].
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Appendix A. Supplementary material

CCDC 752149 and 752148 contain the supplementary crystallo-
graphic data for Cs-1 and [Et4N]-2, respectively. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif. Supplementary

http://www.ccdc.cam.ac.uk/data_request/cif
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