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ABSTRACT: The length of C,C′-linkage has a great influence on the
reactivity of 13-vertex carboranes. Reaction of 1,2-(CH2)4-1,2-C2B11H11
(1a) with Et2NH gave a 1:1 adduct nido-7-NEt2H-μ-1,3-(CH2)4-1,3-
C2B11H11 (2). Compound 1a reacted with Me2NLi or Et2NLi to afford
nido-[9-Nu-μ-7,8,10-(CH2)4CCH-B11H10]

− (Nu = NMe2, [3]
−; Nu =

NEt2, [4]
−). Complex [4]− was also obtained by deprotonation of 2.

Treatment of 1a with MeOH/base generated nido-[3-OMe-μ-1,2-
(CH2)4-1,2-C2B11H11]

− ([5]−) at room temperature, which was
converted to nido-[μ-7,8-(CH2)4CHB(OMe)2-7-CB10H11]

− ([6]−)
upon heating in the presence of Et3N. Complex [6]− was oxidized by
H2O2 to the corresponding alcohol [μ-7,8-(CH2)4CHOH-7-CB10H11]

−

([7]−) or hydrolyzed to the boronic acid [μ-7,8-(CH2)4CHB(OH)2-7-
CB10H11]

− ([8]−). Reaction of 1a with (4-MeC6H4)SNa produced a
CB11

− anion closo-[μ-1,2-(CH2)4CHS(4-MeC6H4)-1-CB11H10]
− ([9]−). The above complexes were fully characterized by 1H,

13C, and 11B NMR spectroscopic data and elemental analyses. Molecular structures of 1−[7]− and [9]− were further confirmed
by single-crystal X-ray analyses.

■ INTRODUCTION

Studies of supercarboranes (carboranes with more than 12
vertices) remain a young research area,1 particularly in
comparison to the rich literature of icosahedral carboranes.2

Only in the recent decade, several 13- and 14-vertex carboranes
have been prepared3−8 using carbon-atoms-adjacent carborane
anions as starting materials.9 These supraicosahedral molecules
share some chemical properties with those of icosahedral
species; and on the other hand, they have their own unique
characteristics.
The electrophilic substitution reaction of 13-vertex carborane

μ-1,2-(CH2)3-1,2-C2B11H11 (1b) gives 8,9,10,11,12,13-X6-μ-
1,2-(CH2)3-1,2-C2B11H5 (X = Me, Br, I),5 in which the six
BH vertices that are farthest from the cage carbons are
substituted, a phenomenon similarly observed in 12-vertex
analogues.10 Compound 1b can undergo single-electron
reduction to generate a stable carborane radical anion with
[2n + 3] framework electrons,11 which is very uncommon for a
12-vertex one.12 In the presence of an excess amount of group 1
metals, both 13- and 14-vertex carboranes can be readily
reduced to the corresponding nido-carborane dianions,4−8

whereas 12-vertex carboranes can even undergo 4e− reduction
to yield arachno-carborane tetraanions.9a,c,d,13 Under strong
basic conditions, α-deprotonation of the methylene chain
proceeds to produce the monoanion [1,2-CH(CH2)2-1,2-
C2B11H11]

− with exo CC π bonding.14 Moreover, 1b can
react with various nucleophiles to give cage boron and/or
carbon extrusion products closo-CB11

−, nido-CB10
−, closo-CB10

−

anions, or closo-C2B10, depending on the nature of nucleo-
philes.15−17 It is noted that the extruded cage C becomes one of
the carbon-chain atoms in the above reactions, leading to the
formation of CB11

− anions with an exo six-membered ring. We
wondered whether the length of the carbon-chain linkage plays
a role in these cage transformation processes. With this in
mind, we extended our research to a 13-vertex carborane with
four methylene linkage μ-1,2-(CH2)4-1,2-C2B11H11 (1a). The
results indicate that the carbon-chain linkage between the two
cage carbon atoms does play an important role in the cage
transformation reactions, which is detailed in this article.

■ RESULTS

Molecular Structures of 13-Vertex Carboranes 1a,b.
Both 1a4 and 1b14 have been reported, yet their structures
remain unknown. It is important to get structural parameters in
order to compare the chemical properties between 1a and 1b
and to study the role of carbon-chain length in reactivity. We
then determined their single-crystal structures (Figure 1). Both
adopt a henicosahedral cage geometry, similar to those reported
for 13-vertex carboranes.3,5,8 The cage C−C distance of
1.425(4) Å in 1a is almost identical with that of 1.421(3) Å
in 1b. Other structural parameters are also very close to each
other (see Table S1 in the Supporting Information).
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Reaction of 1a with Secondary Amine and Amide.
Though the cage geometries and structural parameters of 1a,b
are almost the same, they behave differently toward Et2NH.
Treatment of 1a with excess Et2NH in toluene at room
temperature afforded, after recrystallization from CH2Cl2, a 1:1
adduct nido-7-NEt2H-μ-1,3-(CH2)4-1,3-C2B11H11 (2) in 88%
isolated yield (Scheme 1), rather than the expected cage carbon
extrusion products as observed in the reaction with 1b.16

The 11B NMR spectrum of 2 exhibited a 2:2:4:2:1 pattern in
the range 4.1 to −33 ppm. Its 1H and 13C NMR spectra
exhibited relatively broad signals of the methylene groups
attached to the N atom or the cage carbons. The solid-state
structure of 2 was unambiguously confirmed by single-crystal
X-ray analyses and is shown in Figure 2. The cage geometry can
be viewed as a 13-vertex nido-cluster. Such a geometry is
different from those of 13-vertex nido-carborane dianions
formed by the reduction of a 13-vertex closo-carborane with
group 1 metals.5 The NEt2H group is bonded to the central
boron atom of the C2B3 open face at a distance of 1.580(2) Å.
This measured value is significantly longer than that of
1.414(11) Å in [μ-7,8,10-(CH2)3CHB(NEt2)-7-CB10H10]

−,16

and 1.398 Å in 6-R2N-nido-5,7-C2B8H11,
18 but is very close to a

normal B−N single bond.19 This conclusion is supported by
the sum of angles around the N atom being 337.9°, indicative
of a sp3-hybridized N atom. Thus, the hydrogen atom is still
bonded to the N atom to form the zwitterionic salt of 2.
Complex 2 might be the first intermediate in the cage carbon

extrusion reaction of μ-1,2-(CH2)3-1,2-C2B11H11 (1b) as

proposed previously.16 Indeed, heating a C6D6 solution of 2
afforded a mixture of products from which the unique
resonances of CB11

− species could be identified. This result
indicated that the 6- to 7-membered ring expansion was not as
facile as that from a 5- to 6-membered one, as observed in the
cage carbon extrusion reaction of 1b.15,16

Reactions of 1a with secondary amides gave products with
different cage geometry. Treatment of 1a with 1 equiv of
Me2NLi in toluene followed by cation exchange with [PPN]Cl
(PPN = bis(triphenylphosphine)iminium cation) afforded [9-
NMe2-μ-7,8,10-(CH2)4CCH-B11H10][PPN] ([3][PPN]) as
pale yellow crystals in 91% isolated yield. On the other hand,
when Et2NLi was used as a nucleophile, a mixture of products
containing about 60% of [9-NEt2-μ-7,8,10-(CH2)4CCH-
B11H10][PPN] ([4][PPN]) was obtained according to the 11B
NMR spectrum. Purification of [4][PPN] from the reaction
mixture was not successful. However, when 2 was deprotonated
by NaH in CH2Cl2, [4]

− was formed almost quantitatively as
evidenced by 11B NMR. Cation exchange with [PPN]Cl
followed by recrystallization from CH2Cl2 gave [4][PPN] as
pale yellow crystals in 95% isolated yield. It was noteworthy
that upon addition of an excess amount of conc. HCl, [4]− was
quickly converted to 2 and finally to 1a as evidenced by 11B and
1H NMR spectra (Scheme 1).
Complexes [3][PPN] and [4][PPN] were characterized by

various spectroscopic data and elemental analyses. Their 11B
NMR spectra were almost identical, in which the downfield-
shifted signal of the BNR2 vertex was observed at about 50
ppm, comparing with that of 40 ppm in [μ-7,8,10-(CH2)3CHB-
(NEt2)-7-CB10H10]

−.16 The peaks of the α-CH were observed
at 1.26 ppm for [3]− and 1.32 ppm for [4]− in the 1H NMR
spectra, and the corresponding 13C signals were observed at 6.8
ppm and 8.5 ppm, respectively. These NMR data suggested the
H-migration from the cage boron to the cage carbon.
Molecular structures of both [3][PPN] and [4][PPN] were

confirmed by single-crystal X-ray analyses and the anions are
shown in Figures 3 and 4, respectively. Their geometry can be
viewed as an 11-vertex nido-B11 cluster capping with a bridging
(CH2)4CCH unit with the cage C(1)−C(2) distance of
1.535(5) Å in [3]− and 1.542(6) Å in [4]− (Table 1). The
N(1)−B(9) distance of 1.405(5) Å in [3]− and N(2)−B(9)
distance of 1.411 (6) Å in [4]− suggest a typical BN double
bond.18,19 The sum of bond angles around the N atom of
359.7(4) ° in [3]− and 360.0 (4) ° in [4]− confirms its sp2

Figure 1. Molecular structures of 1a (left) and 1b (right).

Scheme 1. Reactions of 1a with Secondary Amine and Amide

Figure 2. Molecular Structure of 7-NEt2H-μ-1,3-(CH2)4-1,3-C2B11H11
(2).
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hybridization. These results are in very good agreement with
the NMR data. Such a BN double bond formation promotes
the H-migration from the cage boron to the carbon, resulting in
the formation of sp3-CH.
Reaction with MeOH. Reaction of 1a with pure MeOH

was not as facile as that of 1b, and the reaction proceeded very
slowly at room temperature. This reaction was closely
monitored by 1H and 11B NMR spectra in CD3OD. The
formation of [3-OMe-μ-1,2-(CH2)4-1,2-C2B11H11]

− ([5]−) was
observed, and resonances attributable to B(OMe)3 and closo-
CB11

− anions appeared with the fade of 1a and [5]− after four
weeks. It was later found that the intermediate [5]− was almost
immediately and quantitatively formed by adding weak base to
the MeOH solution of 1a. Treatment of 1a with excess Et3N or
PS (Proton Sponge) in MeOH at room temperature gave a 13-
vertex nido-carborane salt [3-OMe-μ-1,2-(CH2)4-1,2-
C2B11H11][Et3NH] ([5][Et3NH]) or [5][PSH], respectively,
in 90% yield (Scheme 2).
Both [5][Et3NH] and [5][PSH] were characterized by

various spectroscopic data and elemental analyses. Their 11B
NMR spectra exhibited a 1:2:1:4:2:1 pattern in the range 1.7 to
−26.0 ppm with the chemical shift of BOMe vertex at 1.7 ppm.
The cage carbons were found at about 141 ppm in the 13C
NMR spectra, which was close to that of 142.5 ppm observed in
their parent complex 1a.
The molecular structure of [5][Et3NH] was subject to X-ray

analyses, but the resolution was low due to poor quality of
single crystals (Figure S1 in the Supporting Information). High

quality single crystals of [5][PSH] were grown from a THF
solution, and the structure of the anion [5]− is shown in Figure
5. Its cage geometry does not represent any of the known 13-
vertex nido-carborane dianions.1,5 It is produced by formally
breaking two C−B bonds of the trapezoidal face of 13-vertex
carborane 1a. The resultant C2B4 face is bent with a dihedral
angle of 119.4(3)°. The MeO group is attached to the 7-
coordinate B(3) atom, which is not on the open face. The B−O
distance of 1.437(5) Å is significantly longer than that of
1.377(5) Å observed in [μ-7,8,10-(CH2)3CHB(OMe)-7-
CB10H10]

− formed from reaction of μ-1,2-(CH2)3-1,2-
C2B11H11 (1b) with MeOH in the presence of PS.17 Such a
long B−O distance suggests that the cage B(3) may not accept
an electron pair from the O atom, so as to remain at seven
degree vertex, which is greatly different from the known 13-
vertex nido-carborane anions.5

Complex [5][Et3NH] is very stable at room temperature.
However, upon heating in a MeOH solution in the presence of
excess Et3N at 70 °C for 24 h in a sealed tube, a nido-CB10

− salt,
[μ-7,8-(CH2)4CHB(OMe)2-7-CB10H11][Et3NH] ([6]-
[Et3NH]), was formed. Cation exchange with PS gave [μ-7,8-
(CH2)4CHB(OMe)2-7-CB10H11][PSH] ([6][PSH]) as a white
solid in 90% isolated yield (Scheme 2).
Complex [6][PSH] was characterized by various NMR data

and elemental analyses. Its spectroscopic properties were very
similar to those of [μ-7,8-(CH2)3CHB(OMe)2-7-CB10H11]-
[PSH].17 The 11B{1H} NMR spectrum clearly exhibited a
broad signal at 32.2 ppm attributable to the RB(OMe)2 unit, a
singlet at 0.6 ppm assignable to the RB vertex and other 9
doublets. The broad signal of α-CH was observed at 15.1 ppm
in the 13C NMR spectrum. A broad signal at −3.3 ppm with
relative intensity of 2 was detected in the 1H NMR spectrum,
indicating two bridging H atoms on the 5-membered open face
of the nido-CB10

− anion.
Single crystals of [6][PSH] were grown from a THF

solution. X-ray diffraction studies indicate that the anion adopts
a similar structure to that of [μ-7,8-(CH2)3CHB(OMe)2-7-
CB10H11]

− (Figure 6).17 The exo boryl group takes up the a-
position rather than the e-position in the twist-chair
conformation of the 7-membered ring.
The B(OMe)2 group in [6]− could be converted to other

functional units. Treatment of [6][Et3NH], which was
prepared in situ without further purification, with an excess
amount of H2O2, followed by cation exchange with PS, gave [μ-
7,8-(CH2)4CHOH-7-CB10H11][PSH] ([7][PSH]) as a white
powder in 90% isolated yield. On the other hand, reaction of
[6][Et3NH] with an aqueous solution of Et3N at 105 °C for 24
h in a sealed tube, followed by cation exchange with PS,
afforded the hydrolysis product [μ-7,8-(CH2)4CHB(OH)2-7-
CB10H11][PSH] ([8][PSH]) as a white solid in 50% isolated
yield (Scheme 3).
The 11B NMR spectrum of [8][PSH] was almost the same as

that of its parent boronic ester [6][PSH]. The 1H and 13C
NMR spectra of [6]− and [8]− were also very similar, except for
the peaks of MeO groups. On the other hand, a characteristic
singlet of the RB vertex was detected at 0.3 ppm in the 11B
NMR spectrum of [7][PSH], and no (MeO)2B signal was
observed. The α-CH proton was found at 3.41 ppm in the 1H
NMR spectrum of [7]−, and the corresponding carbon was
observed at 65.8 ppm.
Single-crystal X-ray analyses confirmed the molecular

structure of [7]− (Figure 7). It has a very similar cage geometry
to that of its parent complex [6]−. The hydroxyl group takes up

Figure 3. Molecular Structure of [9-NMe2-μ-7,8,10-(CH2)4CCH-
B11H10]

− ([3]−) in [3][PPN].

Figure 4. Molecular Structure of [9-NEt2-μ-7,8,10-(CH2)4CCH-
B11H10]

− ([4]−) in [4][PPN].
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the a-position in [7]− in a chair conformation, which is the
same as that observed in [6]−.
Reaction with (4-MeC6H4)SNa. Treatment of 1a with 1

equiv of (4-MeC6H4)SNa in THF, followed by salt metathesis
with [PPN]Cl, gave [μ-1,2-(CH2)4CHS(4-MeC6H4)-1-
CB11H10][PPN] ([9][PPN]) in 80% isolated yield (Scheme
4). The 11B NMR spectrum of the reaction mixture showed the
formation of an intermediate that was very slowly converted to
[9]−. Such a transformation was not completed even within a
month. This process was, however, largely accelerated by
heating the solution at 70 °C and completed in one day.
Complex [9][PPN] was fully characterized by various

spectroscopic data and elemental analyses. Its spectroscopic
features are very similar to those observed in [μ-1,2-
(CH2)3CHS(4-MeC6H4)-1-CB11H10]

−.16 The BR vertex was
unambiguously assigned at −6.6 ppm as a singlet in the 11B

NMR spectrum. The exo C atom bonded to the cage B was
observed as a broad signal at 35.9 ppm in the 13C NMR
spectrum. Single-crystal X-ray diffraction studies reveal that
[9]− shares common structural features with those of [μ-1,2-
(CH2)3CHNu-1-CB11H10]

−,15,16 as shown in Figure 8.

■ DISCUSSION
The above results showed that reaction of 1a with hard
nucleophiles such as Et2NH, R2NLi (R = Me, Et), and MeOH/
base gave nido-carboranes [2]−−[5]− with different cage
structures from that of 1b, [μ-7,8,10-(CH2)3CHB(Nu)-7-
CB10H10]

− ([10]−) (Scheme 5). On the other hand, both 1a
and 1b reacted with soft nucleophile (4-MeC6H4)SNa to afford
the CB11

− anions, [μ-1,2-(CH2)nCHS(4-MeC6H4)-1-
CB11H10]

− (n = 4, [9]−; n = 3, [11]−), though they showed
different reaction rates. It was noted that treatment of [2]−−

Table 1. Selected Bond Lengths (Å) in [9-Nu-μ-7,8,10-(CH2)4CCH-B11H10]
−, [μ-7,8,10-(CH2)3CHB(Nu)-7-CB10H10]

−, and [3-
OMe-μ-1,2-(CH2)4-1,2-C2B11H11]

−

aSee ref 16. bAverage values of two crystallographic independent molecules in the unit cell. cSee ref 17.
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[4]− with concentrated HCl led to the recovery of 1a, whereas
reaction of [10]− with concentrated HCl resulted in the
formation of the cage carbon extrusion product closo-CB11

−

monoanions.16 However, in the presence of base, [5]− and
[10]− were all converted to the cage carbon/boron extrusion
species nido-CB10

− monoanions. It is very obvious that carbon-
chain length (CH2)n between two cage carbon atoms plays a

Scheme 2. Reactions of 1a with Basic MeOH

Figure 5. Molecular structure of [3-OMe-μ-1,2-(CH2)4-1,2-
C2B11H11]

− ([5]−) in [5][PSH].

Figure 6. Molecular structure of [μ-7,8-(CH2)4CHB(OMe)2-7-
CB10H11]

− ([6]−) in [6][PSH].

Scheme 3. Oxidation and Hydrolysis of Boronic Ester [6]−

Figure 7. Molecular structure of [μ-7,8-(CH2)4CHOH-7-CB10H11]
−

([7]−) in [7][PSH].

Scheme 4. Reaction of 1a with (4-MeC6H4)SNa

Figure 8. Molecular structure of [μ-1,2-(CH2)4CHS(4-MeC6H4)-1-
CB11H10]

− ([9]−) in [9][PPN].
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crucial role in the reactivity of 13-vertex carboranes and the
product formation. These differences may be associated with
the cage rearrangement that is restricted by the carbon-chain
length (C,C′-linkage). For example, the ring expansion process
from 5- to 6-membered ring is expected to be easier than that
from 6- to 7-membered one. Thus, 1b is more reactive than 1a
in the reaction with nucleophiles, leading to the formation of
cage atom extrusion products. This can also explain the facile
protonation of [2]−−[4]− to form 1a, rather than to the cage
carbon extrusion products, thermodynamically more stable
species closo-CB11

− anions. It is anticipated that the rigidity of
C,C′-linkages may have an impact on the reactivity of 13-vertex
carboranes.

■ CONCLUSION
The experimental results clearly show that carbon-chain length
between two cage carbon atoms has a great influence on the
reactivity of 13-vertex carboranes toward nucleophiles, as well
as the cage structures of the resultant compounds. Products
with various cage geometries were obtained in the reaction of
1a with hard nucleophiles such as Et2NH, R2NLi (R = Me, Et),
and MeOH/base (base = Et3N, PS), which is different from
those of 1b. Reaction of 1a with a soft nucleophile like (4-
MeC6H4)SNa gives cage carbon extrusion species CB11

− anion,
similar to that of 1b, although the reaction rate is much slower.
These observations may be ascribed to the restrictions imposed
by the carbon-chain length, which limits the cage trans-
formation, resulting in the formation of various cage geo-
metries.

■ EXPERIMENTAL SECTION
General Procedures. Unless otherwise noted, all experiments

were performed under an atmosphere of dry dinitrogen or argon with
the rigid exclusion of air and moisture using standard Schlenk
techniques or in a glovebox. CH2Cl2 was refluxed over CaH2 for
several days and distilled immediately prior to use. Other organic
solvents were refluxed over sodium benzophenone ketyl for several
days and freshly distilled prior to use. 13-Vertex carboranes μ-1,2-
(CH2)n-1,2-C2B10H10 (n = 4, 1a; n = 3, 1b) were prepared according
to literature methods.4,14 X-ray-quality crystals of both 1a and 1b were
obtained by slow evaporation of a saturated n-hexane solution. All
other chemicals were purchased from either Aldrich or Acros Chemical
Company and used as received unless otherwise noted. Infrared

spectra were obtained from KBr pellets on a Perkin-Elmer 1600
Fourier transform spectrometer. The 1H and 13C NMR spectra were
recorded on a Bruker DPX 400 spectrometer at 400 and 100 MHz,
respectively. The 11B NMR spectra were recorded on a Bruker DPX
300 spectrometer at 96 MHz, or a Bruker DPX 400 spectrometer at
128 MHz, respectively. All chemical shifts were reported in δ units
with references to the residual protons or carbons of the deuterated
solvents for proton or carbon chemical shifts, and to external BF3·OEt2
(0.0 ppm) for boron chemical shifts. Mass spectra were recorded on a
Thermo Finnigan MAT 95 XL spectrometer. Elemental analyses were
performed by MEDAC Ltd., Brunel University, Middlesex, U.K., or the
Shanghai Institute of Organic Chemistry, the Chinese Academy of
Sciences, Shanghai, China.

Preparation of 7-NEt2H-μ-1,3-(CH2)4-1,3-C2B11H11 (2). To a
toluene (10 mL) solution of 1a (420 mg, 2.00 mmol) was added
Et2NH (2.0 mL, 1.41 g, 19.4 mmol), and the solution was stirred at
room temperature overnight. After removal of the volatile materials,
the pale yellow residue was recrystallized from CH2Cl2/n-hexane to
afford 2 as colorless crystals (500 mg, 88%). 1H NMR (400 MHz,
CD2Cl2): δ 3.24 (br, 4H, NCH2), 2.24 (br, 2H, CCH2), 2.11 (m, 2H,
CCH2), 1.63 (br, 4H, CCH2CH2), 1.38 (t, J = 7.3 Hz, 6H, CH3),
−0.21 (br, 1H, μ-H). 13C{1H} NMR (100 MHz, CD2Cl2): δ 45.9
(NCH2), 38.1 (br, CCH2), 21.9 (CCH2CH2), 10.4 (CH3), the cage
carbons were not observed. 11B NMR (96 MHz, CD2Cl2): δ 4.1 (d+d,
JBH(1) = 73 Hz, JBH(2) ≈ 120 Hz, 2B), −5.7 (d, JBH = 140 Hz, 2B),
−16.9 (d, JBH = 142 Hz, 4B), −24.8 (d, JBH = 142 Hz, 2B), −33.0 (br,
unresolved, 1B). IR (KBr, cm−1): νmax 2580 (B−H). Anal. Calcd for
C10H30B11N (2): C, 42.40; H, 10.67; N, 4.94. Found: C, 42.70; H,
10.42; N, 5.01.

Preparation of [9-NMe2-μ-7,8,10-(CH2)4CCH-B11H10][PPN] ([3]-
[PPN]). To a toluene (10 mL) solution of 1a (105 mg, 0.50 mmol)
was added LiNMe2 (26 mg, 0.50 mmol) at −30 °C, and the solution
was stirred at room temperature overnight. After addition of [PPN]Cl
(287 mg, 0.50 mmol), the suspension was further stirred at room
temperature for 6 h. After removal of the solvent, the residue was
extracted with CH2Cl2 (2 × 5 mL). Recrystallization from CH2Cl2/n-
hexane gave [3][PPN] as pale yellow crystals (360 mg, 91%). 1H
NMR (400 MHz, CD2Cl2): δ 7.69 (m, 6H, PPN), 7.51 (m, 24H,
PPN), 3.00 (s, 6H, NCH3), 1.88 (m, 1H, CH2), 1.81 (m, 3H, CH2),
1.67 (m, 1H, CH2), 1.54 (m, 2H, CH2), 1.45 (m, 1H, CH2), 1.26 (m,
1H, α-CH). 13C{1H} NMR (100 MHz, CD2Cl2): δ 134.1, 132.4,
129.8, 127.3 (PPN), 63.5 (cage C), 51.8 (CH2), 43.5 (NCH3), 40.5
(CH2), 28.8 (CH2), 25.2 (CH2), 6.8 (α-CH). 11B NMR (96 MHz,
CD2Cl2): δ 48.8 (s, 1B), 25.5 (d, JBH = 103 Hz, 1B), 9.6 (d, JBH = 131
Hz, 1B), −6.8 (d, JBH = 117 Hz, 1B), −8.6 (d, JBH = 146 Hz, 1B),
−11.1 (d, JBH = 137 Hz, 1B), −18.5 (d, JBH = 131 Hz, 1B), −20.3 (d,
JBH = 136 Hz, 1B), −23.0 (d, JBH = 134 Hz, 2B), −32.6 (d, JBH = 138
Hz, 1B). IR (KBr, cm−1): νmax 2502 (B−H), 2406 (BN). Anal.
Calcd for C44H55B11N2P2 ([3][PPN]): C, 66.66; H, 6.99; N, 3.53.
Found: C, 66.69; H, 7.26; N, 3.15.

Preparation of [9-NEt2-μ-7,8,10-(CH2)4CCH-B11H10][PPN] ([4]-
[PPN]). To a CH2Cl2 (10 mL) solution of 2 (283 mg, 1.00 mmol)
was added excess NaH (80 mg, 3.30 mmol) at room temperature, and
the suspension was stirred for 2 h until no gas was evolved. After
addition of [PPN]Cl (287 mg, 0.50 mmol), the suspension was further
stirred for 6 h. The clear solution was concentrated to about 10 mL,
and n-hexane layering gave [4][PPN] as pale yellow crystals (390 mg,
95%). 1H NMR (400 MHz, CD2Cl2): δ 7.69 (m, 6H, PPN), 7.52 (m,
24H, PPN), 3.47 (br, 1H, NCH2), 3.28 (m, 3H, NCH2), 1.81 (m, 4H,
CH2), 1.61 (m, 2H, CH2), 1.50 (m, 1H, CH2), 1.47 (m, 1H, CH2),
1.32 (m, 1H, α-CH), 1.13 (br, 6H, CH3).

13C{1H} NMR (100 MHz,
CD2Cl2): δ 134.1, 132.4, 129.8, 127.3 (PPN), 60.7 (cage C), 51.2
(CH2), 46.2, 46.1 (NCH2), 40.1 (CH2), 29.0 (CH2), 25.1 (CH2), 15.6,
15.3 (CH3), 8.5 (α-CH).

11B NMR (96 MHz, CD2Cl2): δ 49.4 (s, 1B),
24.6 (d, JBH = 103 Hz, 1B), 9.8 (d, JBH = 126 Hz, 1B), −7.2 (d, JBH =
125 Hz, 1B), −8.8 (d, JBH = 146 Hz, 1B), −11.6 (d, JBH = 136 Hz, 1B),
−18.2 (d, JBH = 134 Hz, 1B), −20.7 (d, JBH = 130 Hz, 1B), −22.9 (d,
JBH = 130 Hz, 2B), −32.7 (d, JBH = 136 Hz, 1B). IR (KBr, cm−1): νmax
2494 (B−H), 2417 (BN). Anal. Calcd for C46H59B11N2P2

Scheme 5. Reactivity of 13-Vertex Carboranes 1a and 1b
toward Nucleophiles
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([4][PPN]): C, 67.31; H, 7.24; N, 3.41. Found: C, 67.47; H, 7.31; N,
3.30.
Preparation of [3-OMe-μ-1,2-(CH2)4-1,2-C2B11H11][Et3NH] ([5]-

[Et3NH]). A mixture of Et3N (726 mg, 7.20 mmol) and MeOH (10
mL) was added to 1a (105 mg, 0.50 mmol) at 0 °C. The solution was
stirred at room temperature for 5 min to give a MeOH solution of
[5][Et3NH]. After removal of the volatile materials, the residue was
thoroughly washed with Et2O to afford [5][Et3NH] as a white solid
(191 mg, 90%). X-ray-quality crystals were obtained by recrystalliza-
tion from CH2Cl2.

1H NMR (400 MHz, CD2Cl2): δ 6.17 (s, 1H, NH),
3.29 (t, J = 7.3 Hz, 6H, NCH2), 3.21 (s, 3H, OCH3), 2.79 (m, 2H,
CCH2), 2.59 (m, 2H, CCH2), 1.58 (m, 4H, CCH2CH2), 1.42 (d, J =
7.3 Hz, 9H, CH3).

13C{1H} NMR (100 MHz, CD2Cl2): δ 141.1 (cage
C), 52.4 (OCH3), 48.6 (NCH2), 36.3 (CCH2), 23.3 (CCH2CH2), 9.3
(CH3).

11B NMR (128 MHz, CD2Cl2): δ 1.7 (s, 1B), −3.4 (d, JBH =
112 Hz, 2B), −6.2 (d, JBH = 142 Hz, 1B), −8.6 (d, JBH = 116 Hz, 4B),
−19.0 (d, JBH = 130 Hz, 2B), −26.0 (d, JBH = 139 Hz, 1B). IR (KBr,
cm−1): νmax 2511 (B−H). Anal. Calcd for C13H38B11NO ([5]-
[Et3NH]): C, 45.47; H, 11.15; N, 4.08. Found: C, 45.28; H, 11.26; N,
4.24.
Preparation of [3-OMe-μ-1,2-(CH2)4-1,2-C2B11H11][PSH] ([5]-

[PSH]). Compound 1a (105 mg, 0.50 mmol) was added to a 0.25 M
PS solution in MeOH (10.0 mL, 2.5 mmol) at room temperature,
giving a white suspension in 5 min. After removal of the volatile
materials, the residue was thoroughly washed with Et2O to afford
[5][PSH] as a white solid (206 mg, 90%). X-ray-quality crystals were
obtained by recrystallization from CH2Cl2.

1H NMR (400 MHz,
CD2Cl2): δ 8.04 (d, J = 8.2 Hz, 2H, C10H6), 7.86, (d, J = 7.5 Hz, 2H,
C10H6), 7.74 (d, J = 7.9 Hz, 2H, C10H6), 3.23 (d, J = 1.6 Hz, 12H,
NCH3), 3.21 (s, 3H, OCH3), 2.79 (m, 2H, CCH2), 2.60 (m, 2H,
CCH2), 1.57 (m, 4H, CCH2CH2).

13C{1H} NMR (100 MHz,
CD2Cl2): δ 143.9 (C10H6), 140.5 (cage C), 135.8, 130.1, 127.6,
121.7, 118.9 (C10H6), 52.3 (OCH3), 46.9 (NCH3), 36.2 (CCH2), 23.4
(CCH2CH2).

11B NMR (128 MHz, CD2Cl2): δ 1.7 (s, 1B), −3.4 (d,
JBH = 109 Hz, 2B), −6.1 (d, JBH = 136 Hz, 1B), −8.6 (d, JBH = 123 Hz,
4B), −19.0 (d, JBH = 132 Hz, 2B), −26.0 (d, JBH = 139 Hz, 1B). IR
(KBr, cm−1): νmax 2508 (B−H). Anal. Calcd for C21H41B11N2O
([5][PSH]): C, 55.25; H, 9.05; N, 6.14. Found: C, 54.98; H, 8.84; N,
6.10.
Preparation of [μ-7,8-(CH2)4CHB(OMe)2-7-CB10H11][PSH] ([6]-

[PSH]). A MeOH (10 mL) solution of [5][Et3NH], which was
prepared in situ from Et3N (726 mg, 7.2 mmol) and 1a (105 mg, 0.50
mmol), was heated at 70 °C for 24 h to give a solution of [6][Et3NH].
A 0.25 M PS solution in MeOH (10.0 mL, 2.5 mmol) was added. After
removal of the volatile materials, the residue was thoroughly washed
with Et2O to afford [6][PSH] as a white solid (220 mg, 90%). X-ray-
quality crystals were obtained by recrystallization from THF. 1H NMR
(400 MHz, CD2Cl2): δ 8.05 (d, J = 8.3 Hz, 2H, C10H6), 7.84 (d, J =
7.6 Hz, 2H, C10H6), 7.74 (d, J = 7.9 Hz, 2H, C10H6), 3.49 (s, 6H,
OCH3), 3.21 (d, J = 2.7 Hz, 12H, NCH3), 2.07 (m, 1H, ε-CH2), 1.90
(m, 1H, ε-CH2), 1.81 (m, 1H, γ-CH2), 1.71 (m, 1H, β-CH2), 1.56 (m,
2H, δ-CH2), 1.49 (m, 1H, β-CH2), 1.31 (m, 1H, γ-CH2), 0.85 (m, 1H,
α-CH), −3.29 (br, 2H, μ-H). 13C{1H} NMR (100 MHz, CD2Cl2): δ
143.8, 135.8, 130.1, 127.6, 121.7, 118.9 (C10H6), 57.4 (cage C), 51.2
(OCH3), 46.9 (NCH3), 37.6 (ε-CH2), 31.0 (γ-CH2), 30.3 (δ-CH2),
28.7 (β-CH2), 14.9 (br, α-CH).

11B NMR (128 MHz, CD2Cl2): δ 32.2
(s, 1B), 0.6 (s, 1B), −4.2 (d, JBH = 120 Hz, 1B), −9.2 (d, JBH = 140 Hz,
2B), −10.8 (d, JBH = 189 Hz, 1B), −23.8 (d, JBH = 92 Hz, 2B), −26.4
(d, JBH = 131 Hz, 1B), −30.1 (d, JBH = 136 Hz, 1B), −33.9 (d, JBH =
134 Hz, 1B). IR (KBr, cm−1): νmax 2519 (B−H). Anal. Calcd for
C22H45B11N2O2 ([6][PSH]): C, 54.09; H, 9.28; N, 5.73. Found: C,
53.92; H, 9.13; N, 6.23.
Preparation of [μ-7,8-(CH2)4CHOH-7-CB10H11][PSH] ([7][PSH]). To

a MeOH (10 mL) solution of [6][Et3NH], which was prepared in situ
from Et3N (726 mg, 7.2 mmol) and 1a (105 mg, 0.50 mmol), was
added H2O2 (1.0 mL, 30%, 8.8 mmol) at 0 °C. The mixture was stirred
at room temperature for 1 h. A 0.25 M PS solution in MeOH (10.0
mL, 2.5 mmol) was added. After removal of the volatile materials, the
residue was thoroughly washed with Et2O to afford [7][PSH] as a
white solid (195 mg, 90%). X-ray-quality crystals were obtained by

recrystallization from CH2Cl2.
1H NMR (400 MHz, CD2Cl2): δ 8.04

(dd, J1 = 8.3 Hz, J2 = 0.8 Hz, 2H, C10H6), 7.81 (dd, J1 = 7.6 Hz, J2 = 0.9
Hz, 2H, C10H6), 7.73 (t, J = 7.9 Hz, 2H, C10H6), 3.41 (d, J = 8.4 Hz,
1H, α-CH), 3.19 (d, J = 2.7 Hz, 12H, NCH3), 2.04 (m, 1H, ε-CH2),
1.92 (m, 1H, β-CH2), 1.77 (m, 1H, ε-CH2), 1.68 (m, 1H, δ-CH2), 1.66
(m, 1H, γ-CH2), 1.53 (m, 1H, β-CH2), 1.46 (m, 1H, γ-CH2), 1.36 (m,
1H, δ-CH2), −3.40 (br, 2H, μ-H). 13C{1H} NMR (100 MHz,
CD2Cl2): δ 143.8, 135.9, 130.2, 127.6, 121.6, 118.9 (C10H6), 65.7 (α-
CH), 55.9 (cage C), 46.9 (NCH3), 40.8 (ε-CH2), 37.7 (β-CH2), 30.9
(δ-CH2), 26.8 (γ-CH2).

11B NMR (128 MHz, CD2Cl2): δ 0.3 (s, 1B),
−3.5 (d, JBH = 123 Hz, 1B), −9.3 (unresolved, 3B), −23.6
(unresolved, 1B), −24.3 (unresolved, 1B), −26.7 (d, JBH = 139 Hz,
1B), −30.7 (d, JBH = 143 Hz, 1B), −32.9 (d, JBH = 132 Hz, 1B). IR
(KBr, cm−1): νmax 2518, 2495 (B−H). Anal. Calcd for C20H40B10N2O
([7][PSH]): C, 55.52; H, 9.32; N, 6.47. Found: C, 55.55; H, 9.57; N,
6.40.

Preparation of [μ-7,8-(CH2)4CHB(OH)2-7-CB10H11][PSH] ([8][PSH]).
A MeOH (10 mL) solution of [6][Et3NH] was prepared in situ from
Et3N (726 mg, 7.2 mmol) and 1a (105 mg, 0.50 mmol). After removal
of the volatile materials, Et3N (726 mg, 7.2 mmol) and H2O (10 mL)
were added. The mixture was heated at 105 °C in a sealed tube for 24
h. A 0.25 M PS solution in MeOH (10 mL, 2.5 mmol) was then
added. After removal of the volatile materials, the residue was
thoroughly washed with Et2O to give [8][PSH] as a white solid (115
mg, 50%). 1H NMR (400 MHz, CD2Cl2): δ 8.04 (d, J = 8.2 Hz, 2H,
C10H6), 7.83 (d, J = 7.5 Hz, 2H, C10H6), 7.73 (t, J = 7.9 Hz, 2H,
C10H6), 4.97 (brs, 2H, OH), 3.19 (d, J = 2.6 Hz, 2H, NCH3), 1.99 (m,
1H, ε-CH2), 1.89 (m, 1H, β-CH2), 1.72 (m, 1H, ε-CH2), 1.66 (m, 1H,
δ-CH2), 1.62 (m, 2H, γ-CH2), 1.46 (m, 1H, β-CH2), 1.41 (m, 1H, δ-
CH2), 0.70 (br, 1H, α-CH), −3.31 (br, 2H, μ-H). 13C{1H} NMR (100
MHz, CD2Cl2): δ 143.7, 135.8, 130.1, 127.6, 121.6, 118.9 (C10H6),
57.6 (cage C), 46.9 (NCH3), 40.9 (ε-CH2), 31.7 (δ-CH2), 31.4 (γ-
CH2), 31.0 (β-CH2), 18.7 (α-CH). 11B NMR (128 MHz, CD2Cl2): δ
33.6 (s, 1B), 1.5 (s, 1B), −4.3 (d, JBH = 116 Hz, 1B), −8.0 (d, JBH =
138 Hz, 1B), −8.8 (d, JBH = 141 Hz, 1B), −10.6 (d, JBH ≈ 228 Hz,
1B), −23.5 (d, JBH = 96 Hz, 2B), −26.3 (d, JBH = 129 Hz, 1B), −30.2
(d, JBH = 129 Hz, 1B), −33.8 (d, JBH = 135 Hz, 1B). IR (KBr, cm−1):
νmax 2514 (B−H). Anal. Calcd for C20H41B11N2O2 ([8][PSH]): C,
52.17; H, 8.97; N, 6.08. Found: C, 52.22; H, 8.60; N. 5.90.

Preparation of [μ-1,2-(CH2)4CHS(4-Me-C6H5)-1-CB11H10][PPN]
([9][PPN]). To a THF (10 mL) solution of 1a (105 mg, 0.50 mmol)
was added (4-Me-C6H5)SNa (73 mg, 0.50 mmol), and the mixture
was heated at 70 °C overnight. [PPN]Cl (287 mg, 0.50 mmol) was
then added, and the mixture was further stirred for 6 h. After filtration,
the colorless solution was concentrated to about 3 mL, to which was
added DME (5 mL). n-Hexane layering afforded [9][PPN] as
colorless crystals (350 mg, 80%). 1H NMR (400 MHz, CD2Cl2): δ
7.69 (m, 6H, PPN), 7.52 (m, 24H, PPN), 7.22 (d, J = 8.1 Hz, 2H,
C6H4), 7.04 (d, J = 8.0 Hz, 2H, C6H4), 3.10 (d, J = 8.1 Hz, 1H, α-CH),
2.28 (s, 3H, CH3), 2.15 (m, 1H, ε-CH2), 2.04 (m, 1H, ε-CH2), 1.90
(m, 1H, β-CH2), 1.77 (m, 2H, β-CH2 + γ-CH2), 1.53 (m, 2H, δ-CH2),
1.19 (m, 1H, γ-CH2).

13C{1H} NMR (100 MHz, CD2Cl2): δ 136.6,
134.6 (C6H4), 134.0, 132.4, 129.8 (PPN), 129.47, 129.44 (C6H4),
127.3 (PPN), 71.8 (cage C), 40.6 (ε-CH2), 35.7 (br, α-CH), 32.8 (β-
CH2), 29.7 (γ-CH2), 27.3 (δ-CH2), 21.0 (CH3).

11B NMR (128 MHz,
CD2Cl2): δ −6.6 (s, 1B), −9.9 (d, JBH = 148 Hz, 1B), −11.8 (d, JBH =
135 Hz, 5B), −15.2 (d, JBH = 131 Hz, 4B). IR (KBr, cm−1): νmax 2541,
2527 (B−H). Calcd for C49H56B11NP2S ([9][PPN]): C, 67.50; H,
6.47; N, 1.61. Found: C, 67.23; H, 6.55; N, 1.38.

X-ray Structure Determination. All single crystals were
immersed in Paratone-N oil and sealed under N2 in thin-walled
glass capillaries. Data were collected on a Bruker SMART 1000 CCD
diffractometer or a Bruker AXS Kappa Apex II Duo diffractometer
using Mo Kα radiation. An empirical absorption correction was
applied using the SADABS program.20 All structures were solved by
direct methods and subsequent Fourier difference techniques and
refined anisotropically for all non-hydrogen atoms by full-matrix least-
squares calculations on F2 using SHELXTL.21 The hydrogen atoms
were geometrically fixed using the riding model. [9][PPN] showed
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one THF of solvation. Crystal data and details of data collection and
structure refinements are included in the Supporting Information.
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