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ABSTRACT: Carboryne (1,2-dehydro-o-carborane), in situ
generated from the precursor 1-iodo-2-lithiocarborane, reacted
with alkylbenzenes to give two regioisomers of the [4 + 2]
cycloadducts as the major products in moderate to good yields,
in which the steric factors play an important role in the
regioselectivity. Minor products derived from benzylic C−H
insertion reaction, annulation reaction, tandem [4 + 2]
cycloaddition/homo Diels−Alder reaction, and tandem ene
reaction/[2 + 2] cycloaddition were also isolated and
characterized in the reaction of carboryne with toluene. The
presence of AgF in the above reaction produced no notable
changes in the product distributions and yields.

■ INTRODUCTION
Benzyne, a two-dimensional relative of carboryne (1,2-dehydro-
o-carborane), undergoes Diels−Alder reaction, ene reaction,
and C−H bond insertion reaction with toluene and related
derivatives.1 Further addition of benzyne to the products of
Diels−Alder reaction and the ene reaction occurs simulta-
neously under the reaction conditions, affording 2:1 or even 3:1
adducts (Scheme 1).1 The ene reaction product is so reactive

that it cannot survive in the presence of excess benzyne, and
only o-benzylbiphenyl, which results from the successive ene
reactions of two benzyne molecules with one toluene, could be
isolated. It is also documented that the coordination of silver
cation onto the benzyne species significantly changes the
reaction pathways of the above reactions, leading to the
formation of biphenyls and benzocyclooctenes (Scheme 2).2

Carboryne (o-C2B10H10, 2), a very reactive intermediate
reported first in 1990,3 is known to undergo [4 + 2]
cycloaddition reaction with polycyclic and hetero aromatics,4

resembling that of benzyne.5 This reactive species can be
generated from either 1-Br-2-Li-1,2-C2B10H10

3 or 1-Me3Si-2-

[IPh(OAc)]-1,2-C2B10H10.
6 Recently, we reported a more

efficient precursor, 1-I-2-Li-1,2-C2B10H10 (1), for the produc-
tion of 2.7 Our recent studies show that carboryne undergoes
both [4 + 2] and [2 + 2] cycloaddition reactions with anisole
and its derivatives. The resulting [2 + 2] cycloaddition
intermediates can be converted to cyclooctatetraenocarboranes
via thermal [3,3] sigmatropic rearrangement.8 Carboryne can
also insert into the α-C−H bond of dialkyl ethers.9 These
findings suggest that carboryne has unique properties of its
own, which is different from that of benzyne.5 As an ongoing
project, we extended our research to include alkylbenzenes and
report herein the reaction of carboryne with alkylbenzenes as
well as the effects of alkyl substituents on the reactions.

■ RESULTS AND DISCUSSION
Reaction with Toluene. Heating a toluene solution of 1 at

110 °C overnight afforded two [4 + 2] cycloaddition isomers,
4a/4a′, in a total yield of 44% with a molar ratio of 26/74. They
were partially separated by flash column chromatography on
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Scheme 1. Reaction of Benzyne with Toluene

Scheme 2. Reaction of Benzyne with Toluene in the
Presence of Silver(I) Salt
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silica gel. In addition, four minor products, 5a, 6a, 7a, and 8a,
were also isolated from the product mixture in 10%, 6%, 6%,
and 3% yields, respectively (Scheme 3). Compound 6a was

easily characterized as 1-benzyl-o-carborane by comparison with
the reported NMR data.10 Recrystallization of 5a, 7a, and 8a
from a mixture of hexane and ether led to single crystals
suitable for X-ray analyses, and their structures are shown in
Figures 1−3. Product 8a was previously reported; however, no

NMR data are available.11 It was noted that addition of AgF salt
into the above reaction mixture produced no notable changes
in the product distributions and yields.12

The formation of 5a can be described as the result of homo-
Diels−Alder reaction of the resulting [4 + 2] cycloadduct 4a′
with another equivalent of carboryne, similar to that observed
in the corresponding benzyne reaction.1b Interestingly,
pyrolysis of the [4 + 2] cycloadduct 4a′ under vacuum also
afforded the 2:1 adducts 5a in 79% yield with the release of one
equivalent of toluene (Scheme 4).13 Obviously, the [4 + 2]
cycloadduct functions as both the donor4d and the acceptor of
the carboryne moiety under the reaction conditions. Moreover,
the incoming carboryne selectively attacks the diene moiety of
4a′ from the unsubstituted side to avoid steric hindrance. A
similar product, 5b, was obtained via the pyrolysis of tert-butyl-
substituted cycloadduct 4b (Scheme 4). The structure of 5b
was also confirmed by single-crystal X-ray analyses (Figure 4).

1-Benzyl-o-carborane 6a may result from the insertion of
carboryne into the benzylic C−H bond,9 parallel with that of
benzyne.1a

The structure of 7a is strikingly informative, which can be
regarded as an efficient capture of the reactive ene product 9a
by carboryne in a [2 + 2] fashion (Scheme 3). In view of the
formation of the rearomatized product o-benzylbiphenyl
(Scheme 1),1 it is very interesting that the dearomatized six-
membered ring in 9a is completely frozen in the molecular

Scheme 3. Reaction of Carboryne with Toluene

Figure 1. Molecular structure of 5a. All cage hydrogen atoms are
omitted for clarity. Selected bond lengths (Å): C(1)−C(2) =
1.611(3), C(1)−C(11) = 1.587(3), C(2)−C(13) = 1.558(3),
C(11)−C(12) = 1.555(3), C(12)−C(13) = 1.564(3), C(11)−C(16)
= 1.541(3), C(13)−C(15) = 1.533(3), C(14)−C(15) = 1.506(3),
C(14)−C(16) = 1.525(3), C(15)−C(16) = 1.536(3), C(12)−C(22)
= 1.527(3), C(14)−C(21) = 1.497(3), C(21)−C(22) = 1.591(3).

Figure 2. Molecular structure of 7a. All cage hydrogen atoms are
omitted for clarity. Selected bond lengths (Å) and angles (deg):
C(1)−C(2) = 1.610(4), C(1)−C(11) = 1.610(4), C(2)−C(12) =
1.550(4), C(11)−C(12) = 1.582(4), C(11)−C(17) = 1.545(4),
C(11)−C(13) = 1.515(4), C(13)−C(14) = 1.322(4), C(14)−C(15)
= 1.442(4), C(15)−C(16) = 1.314(4), C(16)−C(17) = 1.518(4),
C(17)−C(21) = 1.552(4), C(21)−C(22) = 1.672(4); C(11)−C(1)−
C(2) = 89.8(2), C(12)−C(2)−C(1) = 89.1(2), C(12)−C(11)−C(1)
= 88.0(2), C(11)−C(12)−C(2) = 93.0(2).

Figure 3. Molecular structure of 8a. All cage hydrogen atoms are
omitted for clarity. Selected bond lengths (Å): C(1)−C(2) =
1.637(3), C(1)−C(11) = 1.488(3), C(2)−C(17) = 1.520(4),
C(11)−C(16) = 1.386(3), C(16)−C(17) = 1.503(4).

Scheme 4. Pyrolysis of [4 + 2] Cycloadducts
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structure of 7a, providing strong evidence for the existence of
the ene reaction involving an aromatic double bond. The
preference for the [2 + 2] cycloaddition on the terminal double
bond is probably due to steric reasons.
The annulation product 8a is most likely to be another

derivative of the reactive ene product 9a through a
dehydrogenation reaction with another carboryne molecule.
Reaction with Alkylbenzenes. To investigate the

substituent effects on the [4 + 2] cycloaddition reactions,
various alkylbenzenes were treated with carboryne 2 to afford
two isomers of Diels−Alder reaction as the major products in
35−67% isolated yields, as summarized in Table 1. The
molecular structures of 4a, 4a′, 4b, and 4c were determined by
single-crystal X-ray analyses (Figures 5−8).
The observed isomeric ratio of 1,4- to 2,5-adduct seems to be

confusing. However, after correction with statistical factors
(that is, the observed regioselectivity being divided by the

number of reactive sites in 3 for 1,4- or 2,5-addition in the [4 +
2] cycloaddition reaction), it is clear that steric factors play an
important role in the regioselectivity of [4 + 2] cycloaddition
reactions. When carboryne approaches the aromatic ring, there
are two major steric repulsions, as shown in Scheme 5. One
results from the interactions between the ipso carbon and the
“fatty” cage in 1,4-addition fashion, and the other comes from
the steric repulsions between the substituent R and the flanking
cage B(3,6)-H hydrogen atoms in 2,5-addition fashion.14

For toluene and its derivatives 3a,d,e,f as well as
trimethylsilylbenzene 3c, the corrected relative reactivities of
1,4- over 2,5-addition lie around 1, which indicates that the
differences between the two types of steric interactions are
small (Table 1, entries 1 and 3−6). On the other hand,
remarkable differences were observed in the reactions of both
tert-butylbenzene 3b and p-xylene 3g, as suggested by the
corrected ratio of 1,4- over 2,5-adduct (Table 1, entries 2 and
7). It is noted that the reaction of benzyne with toluene or tert-

Figure 4. Molecular structure of 5b. All cage hydrogen atoms are
omitted for clarity. Selected bond lengths (Å): C(1)−C(2) =
1.610(2), C(1)−C(11) = 1.569(2), C(2)−C(13) = 1.569(2),
C(11)−C(12) = 1.555(2), C(12)−C(13) = 1.554(2), C(11)−C(15)
= 1.527(2), C(13)−C(14) = 1.531(2), C(14)−C(15) = 1.530(2),
C(14)−C(16) = 1.532(2), C(15)−C(16) = 1.532(2), C(12)−C(21)
= 1.510(2), C(16)−C(22) = 1.535(2), C(21)−C(22) = 1.615(2).

Table 1. Diels−Alder Reaction of Carboryne with Alkylbenzenes

entry R′/R″ (3) 4 (%)a regioselectivityb (1,4-:2,5-)

1 Me/H (3a) 44 26:74 (41:59)
2 tBu/H (3b) 67 73:27 (84:16)

3 TMS/H (3c) 52 35:65 (51:49)
4c Me/6-Me (3d) 54 70:30 (54:46)
5 Me/3-Me (3e) 56 68:32 (52:48)
6c,d Me/3,4,6-Me3 (3f) 45 70:30 (54:46)
7 Me/4-Me (3g) 51 12:88 (21:79)
8d tBu/tBu (3h) trace

9 Me/3,5-Me2 (3i) 65
10d Me/2,3,4,5,6-Me5 (3j) 35

aIsolated yields. bDetermined by 1H NMR spectra of the crude product mixture. Ratios in parentheses refer to the selectivities corrected with
statistical factors. Site refers to the reactive sites in 3. cNumbering inconsistent with IUPAC rules is adopted for differentiating 1,4- and 2,5-addition.
dUsing cyclohexane as the solvent.

Figure 5. Molecular structure of 4a. All cage hydrogen atoms are
omitted for clarity. Selected bond lengths (Å): C(1)−C(2) =
1.599(2), C(1)−C(11) = 1.599(2), C(2)−C(15) = 1.579(2),
C(11)−C(13) = 1.529(2), C(13)−C(14) = 1.317(2), C(14)−C(15)
= 1.523(2), C(11)−C(16) = 1.531(2), C(16)−C(17) = 1.318(2),
C(15)−C(17) = 1.526(2).

Organometallics Article

dx.doi.org/10.1021/om300129t | Organometallics 2012, 31, 3316−33233318



butylbenzene shows a similar regioselectivity.1a Thus, the
interactions between the bulky tert-butyl group and the axially
flanking hydrogen atom in 2,5-addition fashion are seemingly
very strong, which results in the unusual regioselectivity
observed in the reaction of carboryne with 3b. Such a
phenomenon was not observed in the reaction of carboryne
with 3c, which can be ascribed to a much longer C−Si bond in
3c, reducing significantly steric effects. On the other hand, in
comparison to the favorable 2,5-addition observed in the
reaction of p-xylene 3g (Table 1, entry 7), the reaction of
carboryne with 1,4-di-tert-butylbenzene 3h gave a trace amount
of cycloadducts (Table 1, entry 8), because of the steric effects
imposed by two tert-butyl groups. Steric factors were also
reflected in the product yields, as shown in entries 9 and 10.
Reaction with Polycyclic Aromatics. Improved isolated

yields were obtained from the reaction of 2 with polycyclic
aromatics, as shown in Table 2. For anthracene, isopropyl ether
was employed as the solvent, and the reaction was performed in
the dark to suppress the reaction of carboryne with ether.9 In

addition to the expected product 4l, a minor cycloadduct, 4l′,
was also isolated in ca. 4% yield, which was not observed before
(Table 2, entry 2). Obviously, 9,10-addition of carboryne onto
anthracene is electronically preferred. If the activated central
aromatic ring is sterically blocked, the [4 + 2] cycloaddition on
the less reactive aromatic ring in polycyclic aromatics
proceeded, such as phenanthrene (Table 2, entry 3).
The molecular structures of 4l′ and 4m were further

confirmed by single-crystal X-ray analyses and are shown in
Figures 9 and 10.

■ CONCLUSION

1-Iodo-2-lithiocarborane (1) is an efficient precursor to
carboryne. It reacted with alkylbenzenes to give two
regioisomers of the [4 + 2] cycloaddition reaction as the
major products in moderate to good yields, in which the steric
factors play an important role in the regioselectivity. Minor
products derived from benzylic C−H insertion reaction,
annulation reaction, tandem [4 + 2] cycloaddition/homo
Diels−Alder reaction, and tandem ene reaction/[2 + 2]
cycloaddition were also isolated and characterized in the
reaction of carboryne with toluene. The presence of AgF in the
above reaction produced no notable changes in the product
distributions and yields. The observed [4 + 2] cycloaddition
reactions are reversible, suggesting that the cycloadducts can

Figure 6. Molecular structure of 4a′. All cage hydrogen atoms are
omitted for clarity. Selected bond lengths (Å): C(1)−C(2) =
1.596(3), C(1)−C(11) = 1.582(3), C(2)−C(15) = 1.578(3),
C(11)−C(12) = 1.514(3), C(12)−C(13) = 1.320(3), C(13)−C(15)
= 1.529(3), C(11)−C(16) = 1.515(3), C(16)−C(17) = 1.325(4),
C(15)−C(17) = 1.511(3).

Figure 7. Molecular structure of 4b. All cage hydrogen atoms are
omitted for clarity. Selected bond lengths (Å): C(1)−C(2) =
1.610(3), C(1)−C(11) = 1.570(3), C(2)−C(14) = 1.639(3),
C(11)−C(12) = 1.503(3), C(12)−C(13) = 1.319(3), C(13)−C(14)
= 1.530(2), C(14)−C(15) = 1.566(3).

Figure 8. Molecular structure of 4c. All cage hydrogen atoms are
omitted for clarity. Selected bond lengths (Å): C(1)−C(2) =
1.608(2), C(1)−C(11) = 1.570(2), C(2)−C(14) = 1.602(2),
C(11)−C(12) = 1.514(3), C(12)−C(13) = 1.317(3), C(13)−C(14)
= 1.538(2), C(11)−C(15) = 1.514(3), C(15)−C(16) = 1.310(3),
C(14)−C(16) = 1.539(2), Si(1)−C(14) = 1.914(2).

Scheme 5. Proposed Model for Steric Repulsions between
Carboryne and Substituted Benzene
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serve as carboryne source under pyrolysis conditions. This work
also indicates that the differences in reactivities among
carboryne and benzyne are mainly due to steric factors.

■ EXPERIMENTAL SECTION
General Procedures. All reactions were carried out in flame-dried

glassware under an atmosphere of dry N2 or Ar with the rigid exclusion
of air and moisture using standard Schlenk techniques unless

otherwise specified. All organic solvents were freshly distilled from
Na−K alloy immediately prior to use. All other chemicals were
purchased from either Aldrich or Acros Chemical Co. and used as
received unless otherwise specified. 1H NMR spectra were recorded on
a Bruker DPX 400 spectrometer at 400 MHz. 13C{1H} NMR spectra
were recorded on either a Bruker DPX 300 spectrometer at 75 MHz
or a Bruker DPX 400 spectrometer at 100 MHz. 11B{1H} NMR
spectra were recorded on a Bruker DPX 300 spectrometer at 96 MHz
or a Varian Inova 400 spectrometer at 128 MHz. All signals were
reported in ppm with references to the residual solvent resonances of
the deuterated solvents for proton and carbon chemical shifts and to
external BF3·OEt2 (0.0 ppm) for boron chemical shifts. The data were
reported as follows: chemical shift, multiplicity (s = singlet, d =
doublet, t = triplet, q = quadruplet, m = multiplet or unresolved, br =
broad), coupling constant(s) in Hz, integration, and assignment. Mass
spectra were obtained on a Thermo Finnigan MAT 95 XL
spectrometer. Elemental analyses were performed by the Shanghai
Institute of Organic Chemistry, CAS, China.

Reaction of 2 with Toluene (3a). To a toluene solution (10 mL)
of Li2C2B10H10 (1.0 mmol), prepared in situ from the reaction of
nBuLi (1.25 mL, 1.6 M in hexane, 2.0 mmol) with o-carborane (144.2
mg, 1.0 mmol) at room temperature, was added iodine (253.8 mg, 1.0
mmol) at room temperature. After stirring at room temperature for 0.5
h, iodine completely disappeared and a white suspension was obtained.
The reaction mixture was heated at 110 °C overnight and then
quenched with wet n-hexane. The resulting suspension was quickly
passed through a short column of silica gel to remove the inorganic
salts and washed with ether. The organic portions were combined.
After removal of solvents in vacuo, the residue was analyzed by 1H
NMR spectroscopy and then subject to flash column chromatography
on silica gel (230−400 mesh) using n-hexane as eluent.

4a+4a′: white solid (103.0 mg, 44%, 4a/4a′ = 26/74). The two
regioisomers, 4a and 4a′, were partially separated in the pure form by
flash column chromatography on silica gel (230−400 mesh) using n-
hexane as eluent. 4a: Colorless crystals. 1H NMR (400 MHz, CDCl3):
δ 6.67 (t, J = 6.8 Hz, 2H), 6.37 (dd, J = 6.8, 1.2 Hz, 2H) (olefinic CH),
4.07 (t, J = 6.4 Hz, 1H) (CH), 1.64 (s, 3H) (CH3).

13C{1H} NMR
(100 MHz, CDCl3): δ 146.5, 141.6, 81.5 (cage C), 79.1 (cage C), 50.3,
44.7, 19.2. 11B{1H} NMR (128 MHz, CDCl3): δ −1.7 (br, 4B), −12.2
(br, 6B). HRMS (EI): calcd for C9H16

11B8
10B2

+ 232.2250, found
232.2259. Anal. Calcd for C9H18B10: C, 46.13; H, 7.74. Found: C,
46.14; H, 7.77. 4a′: colorless crystals. 1H NMR (400 MHz, CDCl3): δ
6.67 (m, 2H), 6.22 (m, 1H) (olefinic CH), 4.03 (m, 1H), 3.78 (m,
1H) (CH), 1.87 (d, J = 1.6 Hz, 3H) (CH3).

13C{1H} NMR (100 MHz,
CDCl3): δ 150.5, 141.5, 140.0, 135.6, 79.5 (cage C), 76.8 (cage C),
49.9, 44.4, 19.8. 11B{1H} (96 MHz, CDCl3): δ −1.8 (4B), −12.2 (6B).
HRMS (EI): calcd for C9H16

11B8
10B2

+ 232.2250, found 232.2247.

Table 2. Diels−Alder Reaction of Carboryne with Polycyclic
Aromatics

aRef 6b. bPerformed in the dark in isopropyl ether. Isomeric ratio was
determined by 1H NMR spectrum of the crude product mixture.

Figure 9. Molecular structure of 4l′. All cage hydrogen atoms are
omitted for clarity. Selected bond lengths (Å): C(1)−C(2) =
1.598(4), C(1)−C(11) = 1.571(4), C(2)−C(14) = 1.573(4),
C(11)−C(12) = 1.516(4), C(12)−C(13) = 1.317(4), C(13)−C(14)
= 1.519(4), C(11)−C(15) = 1.523(4), C(15)−C(24) = 1.418(4),
C(14)−C(24) = 1.520(4).

Figure 10. Molecular structure of 4m. All cage hydrogen atoms are
omitted for clarity. Selected bond lengths (Å): C(1)−C(2) =
1.603(2), C(1)−C(11) = 1.572(2), C(2)−C(14) = 1.578(2),
C(11)−C(12) = 1.524(2), C(12)−C(13) = 1.319(2), C(13)−C(14)
= 1.525(2), C(11)−C(15) = 1.524(2), C(15)−C(24) = 1.380(2),
C(14)−C(24) = 1.526(2).
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5a: colorless crystals (18.8 mg, 10%). 1H NMR (400 MHz, CDCl3):
δ 3.96 (s, 1H), 3.12 (s, 1H), 2.87 (s, 1H), 2.02 (d, J = 7.6 Hz, 1H),
1.68 (d, J = 7.6 Hz, 1H) (CH), 1.41 (s, 3H) (CH3).

13C{1H} NMR
(100 MHz, CDCl3): δ 79.4 (cage C), 78.5 (cage C), 67.8 (cage C),
66.1 (cage C), 52.7, 52.6, 47.7, 35.8, 35.7, 33.9, 17.5. 11B{1H} (96
MHz, CDCl3): δ 0.0 (2B), −2.3 (1B), −4.2 (2B), −9.7 (8B), −11.8
(7B). HRMS (EI): calcd for C11H26

11B16
10B4

+ ([M − 2H]+) 374.4035,
found 374.4033.
6a:10 white powder (14.1 mg, 6%). 1H NMR (400 MHz, acetone-

d6): δ 7.36 (m, 3H), 7.27 (m, 2H) (aromatic CH), 4.51 (br, 1H) (cage
CH), 3.69 (s, 2H) (CH2).

11B{1H} (128 MHz, acetone-d6): δ −1.6
(1B), −4.8 (1B), −8.4 (2B), −10.1 (2B), −10.9 (2B), −11.8 (2B).
7a: colorless crystals (11.3 mg, 6%). 1H NMR (400 MHz, CDCl3):

δ 6.13 (m, 2H), 5.92 (d, J = 9.2 Hz, 1H), 5.77 (m, 1H) (olefinic CH),
3.95 (d, J = 6.4 Hz, 1H) (CH), 3.72 (d, J = 12.4 Hz, 1H) (CHH), 3.61
(br, 1H) (cage CH), 2.93 (d, J = 12.8 Hz, 1H) (CHH). 13C{1H} NMR
(100 MHz, CDCl3): δ 133.1, 126.4, 126.2, 125.1, 86.2 (cage C), 73.0
(cage C), 70.9 (cage C), 58.9 (cage C), 54.4, 46.8, 44.2. 11B{1H} (96
MHz, CDCl3): δ −1.6 (2B), −3.1 (br, 3B), −10.6 (br, 15B). HRMS
(EI): calcd for C11H28

11B16
10B4

+ 376.4192, found 376.4192.
8a: colorless crystals (7.3 mg, 3%). 1H NMR (400 MHz, CDCl3): δ

7.36 (d, J = 8.0 Hz, 1H), 7.32 (dd, J = 7.2, 1.6 Hz, 1H), 7.29 (m, 1H),
7.21 (d, J = 7.6 Hz, 1H) (aromatic CH), 3.69 (s, 2H) (CH2).

13C{1H}
NMR (100 MHz, CDCl3): δ 144.4, 138.6, 128.9, 127.8, 125.7, 121.4,
84.6 (cage C), 40.9, one cage carbon was not observed. 11B{1H} (128
MHz, CDCl3): δ −6.6 (br, 4B), −8.7 (2B), −11.5 (2B), −12.8 (2B).
This is a known compoud,11 but no NMR data were reported.
Pyrolysis of 4a′. A glass tube sealed with 4a′ (46.8 mg, 0.2 mmol)

under vacuum was heated at 250 °C for 4 h in a Muffle furnace. After
cooling to room temperature, the reaction mixture was purified by
flash column chromatography on silica gel (230−400 mesh) using n-
hexane/ether (n-hexane/ether = 100/1 in v/v) as eluent to give 5a as
colorless crystals (29.7 mg, 79%).
5b. This compound was prepared as colorless crystals from the

pyrolysis of 4b (55.3 mg, 0.2 mmol) using the same procedure
reported for 5a: 40.0 mg, 95%. 1H NMR (400 MHz, CDCl3): δ 3.85
(s, 1H), 3.04 (s, 2H), 1.51 (s, 2H) (CH), 1.14 (s, 9H) (C(CH3)3).
13C{1H} NMR (100 MHz, CDCl3): δ 80.0 (cage C), 69.8 (cage C),
69.2 (cage C), 52.4, 50.2, 47.2, 37.2, 29.2, one cage carbon was not
observed and the signal at 47.2 ppm may be assigned for two carbons.
11B{1H} (128 MHz, CDCl3): δ −1.0 (2B), −2.9 (2B), −9.2 (5B),
−10.4 (5B), −13.1 (6B). HRMS (EI): calcd for C14H33

11B16
10B4

+ ([M
− H]+) 417.4583, found 417.4568.
Reactions of 2 with 3b−e, 3g, and 3i. These reactions were

performed at a scale of 1.0 mmol of 2 using the same procedures
reported for 3a.
4b+4b′: white solid (185.7 mg, 67%, 4b/4b′ = 73/27). 4b was

obtained in pure form by recrystallization from hexane. 4b: colorless
crystals. 1H NMR (400 MHz, CDCl3): δ 6.73 (t, J = 6.8 Hz, 2H), 6.65
(dd, J = 6.8, 1.6 Hz, 2H) (olefinic CH), 3.94 (m, 1H) (CH), 1.25 (br,
9H) (C(CH3)3).

13C{1H} NMR (100 MHz, CDCl3): δ 143.1, 141.2,
82.1 (cage C), 80.6 (cage C), 64.5, 43.6, 34.9, 27.5 (br). 11B{1H} NMR
(128 MHz, CDCl3): δ −1.5 (1B), −3.5 (3B), −11.1 (2B), −13.3 (2B),
−14.2 (2B). HRMS (EI): calcd for C12H24

11B8
10B2

+ 276.2876, found
276.2874. Anal. Calcd for C12H24B10: C, 52.14; H, 8.75. Found: C,
52.37; H, 8.59. 4b′: The data were collected from the mixture of 4b
and 4b′, as it was unable to be isolated in pure form. 1H NMR (400
MHz, CDCl3): δ 6.66 (m, 2H), 6.15 (dd, J = 6.4, 2.0 Hz, 1H) (olefinic
CH), 4.11 (m, 1H), 4.06 (m, 1H) (CH), 1.05 (s, 9H) (C(CH3)3).
13C{1H} NMR (100 MHz, CDCl3): δ 161.7, 142.3, 141.2 (overlapped
with one of 4b’s), 131.1, 78.7 (cage C), 46.0, 44.3, 34.2, 27.0, one cage
carbon was not observed.
4c+4c′: white solid (151.1 mg, 52%, 4c/4c′ = 35/65). Both 4c and

4c′ were obtained in pure form by recrystallization from hexane. 4c:
colorless crystals. 1H NMR (400 MHz, CDCl3): δ 6.82 (t, J = 6.8 Hz,
2H), 6.53 (dd, J = 6.8, 1.2 Hz, 2H) (olefinic CH), 4.05 (t, J = 6.4 Hz,
1H) (CH), 0.25 (s, 9H) (Si(CH3)3).

13C{1H} NMR (100 MHz,
CDCl3): δ 144.3, 143.6, 81.2 (cage C), 80.9 (cage C), 44.4, 44.3, −2.2.
11B{1H} NMR (128 MHz, CDCl3): δ −1.8 (1B), −2.3 (2B), −2.8

(1B), −11.9 (2B), −12.5 (4B). HRMS (EI): calcd for
C11H24Si

11B8
10B2

+ 292.2652, found 292.2653. Anal. Calcd for
C11H24SiB10: C, 45.17; H, 8.27. Found: C, 45.10; H, 8.03. 4c′:
colorless crystals. 1H NMR (400 MHz, CDCl3): δ 6.85 (dd, J = 6.0, 1.2
Hz, 1H), 6.66 (m, 2H) (olefinic CH), 4.21 (dt, J = 5.6, 1.6 Hz, 1H),
4.17 (td, J = 6.0, 1.6 Hz, 1H) (CH), 0.13 (s, 9H) (Si(CH3)3).

13C{1H}
NMR (100 MHz, CDCl3): δ 154.3, 149.6, 141.8, 140.8, 47.1, 45.5,
−2.9, the cage carbons were not observed. 11B{1H} NMR (128 MHz,
CDCl3): δ −2.1 (2B), −3.1 (2B), −12.4 (6B). HRMS (EI): calcd for
C11H24Si

11B8
10B2

+ 292.2652, found 292.2659.
4d+4d′: white solid (133.5 mg, 54%, 4d/4d′ = 70/30). 4d was

obtained in pure form by recrystallization from hexane. 4d: colorless
crystals. 1H NMR (400 MHz, CDCl3): δ 6.66 (t, J = 6.8 Hz, 1H), 6.29
(m, 2H) (olefinic CH), 3.93 (m, 1H) (CH), 1.79 (d, J = 1.2 Hz, 3H),
1.55 (s, 3H) (CH3).

13C{1H} NMR (100 MHz, CDCl3): δ 151.6,
146.3, 141.3, 137.7, 81.4 (cage C), 80.7 (cage C), 52.5, 43.9, 17.2, 16.6.
11B{1H} NMR (96 MHz, CDCl3): δ −1.2 (4B), −11.6 (6B). HRMS
(EI): calcd for C10H20

11B8
10B2

+ 248.2563, found 248.2553. Anal. Calcd
for C10H20B10: C, 48.36; H, 8.12. Found: C, 48.37; H, 8.13. 4d′: The
data were collected from the mixture of 4d and 4d′, as it was unable to
be isolated in pure form. 1H NMR (400 MHz, CDCl3): δ 6.66 (m,
2H) (olefinic CH), 3.76 (br, 2H) (CH), 1.72 (s, 6H) (CH3).

13C{1H}
NMR (100 MHz, CDCl3): δ 142.5, 140.1, 79.0 (cage C), 50.3, 16.8.

4e+4e′: white solid (139.8 mg, 56%, 4e/4e′ = 68/32). 4e was
obtained in pure form by recrystallization from hexane. 4e: colorless
crystals. 1H NMR (400 MHz, CDCl3): δ 6.64 (t, J = 6.8 Hz, 1H), 6.36
(dd, J = 6.8, 1.2 Hz, 1H), 5.90 (s, 1H) (olefinic CH), 3.71 (dt, J = 6.0,
1.2 Hz, 1H) (CH), 1.86 (d, J = 1.6 Hz, 3H), 1.60 (s, 3H) (CH3).
13C{1H} NMR (100 MHz, CDCl3): δ 150.8, 146.7, 141.0, 140.3, 83.7
(cage C), 78.7 (cage C), 50.0, 49.8, 19.7, 19.3. 11B{1H} NMR (96
MHz, CDCl3): δ −1.3 (4B), −11.7 (6B). HRMS (EI): calcd for
C10H20

11B8
10B2

+ 248.2563, found 248.2554. Anal. Calcd for C10H20B10:
C, 48.36; H, 8.12. Found: C, 48.34; H, 8.33. 4e′: The data were
collected from the mixture of 4e and 4e′, as it was unable to be isolated
in pure form. 1H NMR (400 MHz, CDCl3): δ 6.22 (dt, J = 6.4, 1.6 Hz,
2H) (olefinic CH), 3.91 (t, J = 6.4 Hz, 1H), 3.46 (t, J = 1.6 Hz, 1H)
(CH), 1.88 (d, J = 2.0 Hz, 6H) (CH3).

13C{1H} NMR (100 MHz,
CDCl3): δ 149.2, 135.9, 81.7 (cage C), 76.5 (cage C), 55.1, 44.1, 19.9.

4g+4g′: white solid (125.9 mg, 51%, 4g/4g′ = 12/88). 4g′ was
obtained in pure form by recrystallization from hexane. 4g: The data
were collected from the mixture of 4g and 4g′, as it was unable to be
isolated in pure form. 1H NMR (400 MHz, CDCl3): δ 6.34 (s, 4H)
(olefinic CH), 1.61 (s, 6H) (CH3). 4g′: colorless crystals.

1H NMR
(400 MHz, CDCl3): δ 6.19 (dt, J = 6.4, 2.0 Hz, 2H) (olefinic CH),
3.67 (dd, J = 6.4, 2.0 Hz, 2H) (CH), 1.87 (d, J = 1.6 Hz, 6H) (CH3).
13C{1H} NMR (75 MHz, CDCl3): δ 150.9, 134.4, 79.1 (cage C), 49.6,
19.8. 11B{1H} NMR (96 MHz, CDCl3): δ −1.9 (1B), −5.0 (1B), −8.3
(2B), −9.9 (2B), −12.4 (4B). HRMS (EI): calcd for C10H20

11B8
10B2

+

248.2563, found 248.2555. Anal. Calcd for C10H20B10: C, 48.36; H,
8.12. Found: C, 48.38; H, 8.22.

4i: colorless crystals (169.5 mg, 65%). 1H NMR (400 MHz,
CDCl3): δ 5.90 (s, 2H) (olefinic CH), 3.38 (t, J = 1.6 Hz, 1H) (CH),
1.86 (d, J = 1.6 Hz, 6H), 1.55 (s, 3H) (CH3).

13C{1H} NMR (75
MHz, CDCl3): δ 149.6, 141.2, 85.8 (cage C), 78.3 (cage C), 55.1, 49.7,
19.9, 19.3. 11B{1H} NMR (96 MHz, CDCl3): δ −1.6 (4B), −12.0
(6B). HRMS (EI): calcd for C11H22

11B8
10B2

+ 262.2719, found
262.2711. Anal. Calcd for C11H22B10: C, 50.35; H, 8.45. Found: C,
50.08; H, 8.58.

Reaction of 2 with 3f. To an in situ prepared cyclohexane
solution (10 mL) of 1 (1.0 mmol) at room temperature was added 3f
(147.6 mg, 1.1 mmol). The reaction mixture was heated at 110 °C
overnight and then quenched with wet n-hexane. The resulting
suspension was quickly passed through a short column of silica gel to
remove the inorganic salts and washed with ether. The organic
portions were combined. After removal of solvents in vacuo, the
residue was analyzed by 1H NMR spectroscopy and then subject to
flash column chromatography on silica gel (230−400 mesh) using n-
hexane as eluent to give 4f+4f′ as a white solid (124.0 mg, 45%, 4f/4f′
= 70/30). Both 4f and 4f′ were obtained in pure form by
recrystallization from hexane. 4f: colorless crystals. 1H NMR (400
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MHz, CDCl3): δ 5.90 (d, J = 1.2 Hz, 2H) (olefinic CH), 1.76 (d, J =
2.0 Hz, 6H), 1.48 (s, 6H) (CH3).

13C{1H} NMR (100 MHz, CDCl3):
δ 151.7, 142.9, 84.9 (cage C), 51.3, 17.4, 16.5. 11B{1H} NMR (128
MHz, CDCl3): δ −2.3 (4B), −13.0 (6B). HRMS (EI): calcd for
C12H24

11B8
10B2

+ 276.2876, found 276.2864. Anal. Calcd for C12H24B10:
C, 52.14; H, 8.75. Found: C, 52.31; H, 8.64. 4f′: colorless crystals. 1H
NMR (400 MHz, CDCl3): δ 3.39 (s, 2H) (CH), 1.73 (s, 12H) (CH3).
13C{1H} NMR (100 MHz, CDCl3): δ 141.5, 80.7 (cage C), 56.1, 16.8.
11B{1H} NMR (128 MHz, CDCl3): δ −2.5 (4B), −12.8 (6B). HRMS
(EI): calcd for C12H24

11B8
10B2

+ 276.2876, found 276.2865.
Reactions of 2 with 3h, 3j, 3k, and 3m. These reactions were

performed at a scale of 1.0 mmol of 2 using the same procedures
reported for 3f.
4j: colorless crystals (106.5 mg, 35%). 1H NMR (400 MHz,

CDCl3): δ 1.64 (s, 12H), 1.48 (s, 6H) (CH3).
13C{1H} NMR (100

MHz, CDCl3): δ 144.6, 85.7 (cage C), 52.7, 16.8, 13.9.
11B{1H} NMR

(128 MHz, CDCl3): δ −2.7 (4B), −13.5 (6B). HRMS (EI): calcd for
C14H28

11B8
10B2

+ 304.3189, found 304.3184. Anal. Calcd for C14H28B10:
C, 55.22; H, 9.27. Found: C, 55.17; H, 9.08.
4k:6b colorless crystals (163.3 mg, 60%). 1H NMR (400 MHz,

CDCl3): δ 7.12 (m, 4H) (aromatic CH), 6.83 (m, 2H) (olefinic CH),
4.40 (m, 2H). 11B{1H} NMR (128 MHz, CDCl3): δ −2.0 (2B), −4.4
(2B), −11.0 (2B), −12.7 (4B).
4m: colorless crystals (80.7 mg, 25%). 1H NMR (400 MHz,

CDCl3): δ 7.97 (d, J = 8.4 Hz, 1H), 7.88 (d, J = 8.4 Hz, 1H), 7.72 (d, J
= 8.4 Hz, 1H), 7.56 (m, 1H), 7.48 (m, 1H), 7.34 (d, J = 8.4 Hz, 1H)
(aromatic CH), 7.00 (m, 1H), 6.95 (m, 1H) (olefinic CH), 5.25 (dd, J
= 6.4, 1.2 Hz, 1H), 4.60 (dd, J = 6.4, 1.6 Hz, 1H) (CH). 13C{1H}
NMR (100 MHz, CDCl3): δ 144.1, 142.5, 141.8, 140.7, 132.1, 128.9,
128.4, 127.2, 127.0, 126.1, 122.3, 121.7, 78.8 (cage C), 78.5 (cage C),
48.5, 43.2. 11B{1H} NMR (128 MHz, CDCl3): δ −2.0 (2B), −3.6 (br,
2B), −11.4 (2B), −12.5 (4B). HRMS (EI): calcd for C16H20

11B8
10B2

+:
320.2570, found 320.2573.
Reaction of 2 with 3l. To a diisopropyl ether solution (10 mL) of

1,2-Li2-C2B10H10 (1.0 mmol) in the dark (covered with aluminum
foil), prepared in situ from the reaction of nBuLi (1.25 mL, 1.6 M in
hexane, 2.0 mmol) with o-carborane (144.2 mg, 1.0 mmol) in an ice−
water bath, was added iodine (253.8 mg, 1.0 mmol). After stirring at 0
°C for 0.5 h, iodine completely disappeared and a white suspension
was obtained. To this suspension was added 3l (195.8 mg, 1.1 mmol).
The reaction mixture was heated at 110 °C overnight in the dark and
then quenched with wet n-hexane. The resulting suspension was
quickly passed through a short column of silica gel to remove the
inorganic salts and washed with ether. The organic portions were
combined. After removal of solvents in vacuo, the residue was analyzed
by 1H NMR spectroscopy and then subject to flash column
chromatography on silica gel (230−400 mesh) using n-hexane as
eluent to give 4l and 4l′ as a white solid (4l: 193.2 mg, 60%; 4l′: 12.9
mg, 4%; 4l/4l′ = 94/6). 4l:6b 1H NMR (400 MHz, CDCl3): δ 7.22 (m,
4H), 7.17 (m, 4H) (aromatic CH), 4.75 (s, 2H) (CH). 11B{1H} NMR
(128 MHz, CDCl3): δ −2.1 (2B), −5.3 (br, 2B), −11.6 (4B), −12.5
(2B). 4l′: 1H NMR (400 MHz, CDCl3): δ 7.75 (m, 2H), 7.49 (m, 4H)
(aromatic CH), 6.83 (m, 2H) (olefinic CH), 4.48 (m, 2H) (CH).
13C{1H} NMR (100 MHz, CDCl3): δ 141.2, 139.6, 131.8, 128.0,
126.9, 122.1, 77.7 (cage C), 47.3. 11B{1H} NMR (128 MHz, CDCl3):
δ −2.2 (2B), −5.8 (br, 2B), −10.7 (2B), −12.8 (br, 4B). HRMS (EI):
calcd for C16H20

11B8
10B2

+ 320.2570, found 320.2561.
X-ray Structure Determination. All single crystals were

immersed in Paraton-N oil. Data were collected at 293 K on a Bruker
SMART 1000 CCD diffractometer using Mo Kα radiation (0.71073
Å). An empirical absorption correction was applied using the SADABS
program.15 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 on F2 using the
SHELXTL program package.16 All hydrogen atoms were geometrically
fixed using the riding model. Crystal data and details of data collection
and structure refinements were given in Table S1 in the Supporting
Information. Further details are also included in the Supporting
Information.
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