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NMR study of 1-aryl-1,2-dicarba-closo-dodecaboranes:
intramolecular C–H� � �O hydrogen bonding in solution
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Abstract—Dicarba-closo-dodecaborane(12) (carborane) has recently received much attention as a building block for supramolecular
assemblies and bioactive compounds. Among carborane isomers, 1,2-dicarba-closo-dodecaborane(12) (o-carborane) has unique
chemical properties, including the ability of the o-carborane C–H hydrogens to form hydrogen bonds. To evaluate intramolecular
hydrogen bond formation between the o-carborane C–H hydrogen and various hydrogen bond acceptors in solution, we have
designed and synthesized 1-aryl-o-carboranes 2. Intramolecular hydrogen bonding ability was evaluated by means of 1H NMR mea-
surement of the o-carborane C–H hydrogen signal of 2. The 1-(2-methoxyphenyl)-o-carborane derivative 2m appeared to form an
intramolecular hydrogen bond between o-carborane C–H hydrogen and the oxygen atom acting as a hydrogen bonding acceptor. In
this study, we present evidence for hydrogen bond formation in solution between the o-carborane C–H and hydrogen bond accep-
tors positioned with appropriate geometry.
� 2006 Elsevier Ltd. All rights reserved.
The potential utilization of 1,2-dicarba-closo-dodecabo-
rane, o-carborane, as a building block for bioactive
compounds, supramolecular assemblies and macrocyclic
molecules containing carboranes (carboracycles) has
recently been the subject of many reports.1 The C–H
protons of o-carborane are highly acidic (pKa = 22.0),
owing to the electron deficiency of the carborane cage,
and consequently have the potential for hydrogen bond
formation.2 Thus, supramolecular structures utilizing
o-carborane are mainly generated by hydrogen bonding
via the acidic o-carborane C–H vertices.3 o-Carborane
C–H hydrogens interact with various substituents, such
as halogens4 and p systems,5 as well as hydrogen bond
acceptors.6 It is especially interesting in relation to the
potential of o-carborane C–H hydrogen for hydrogen
bond formation that 3-iodo-o-carborane forms a beauti-
ful zigzag network structure through intermolecular
C–H� � �I interactions in the X-ray crystal structure.4b

Interactions involving o-carborane C–H hydrogen in
crystal structures have been studied in detail, but there
are only two reports concerning solution structures.7
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Most drugs interact dynamically with receptors in vivo,8

and hydrogen bonding plays an important role in the
process. The key factor in the utilization of o-carboranes
in medicinal chemistry and other fields is therefore an
understanding of dynamic interactions in solution,
rather than static interactions in crystals. Thus, we
focused on developing an understanding of the interac-
tions between o-carborane C–H hydrogen and various
substituents in solution.

To examine hydrogen bond formation between o-carbo-
rane C–H hydrogen and various hydrogen bond
acceptors in solution, we designed 1-(2-substituted phen-
yl)-o-carboranes, which appear to form an intramole-
cular hydrogen bond between o-carborane C–H
hydrogen and various substituents introduced onto the
ortho position of the benzene ring. We also designed
various 1-aryl-o-carboranes with substituents at meta
or para positions as negative controls for evaluation of
intramolecular hydrogen bond formation (Fig. 1). These
designed compounds 2 were readily synthesized by a
conventional method, that is, cyclization of acetylene
derivatives with decaborane(14) in the presence of aceto-
nitrile as a Lewis base (Scheme 1).9

Table 1 shows the 1H NMR chemical shift values of C–H
hydrogen of o-carborane in various 1-aryl-o-carborane
derivatives. The 1H NMR measurements were carried
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Figure 2. Effect of nitration and subsequent reduction on the
o-carborane C–H hydrogen signal. (a) HNO3, c.H2SO4, CH2Cl2; (b)
Pd/C, H2, EtOH.

Table 1. The 1H NMR chemical shift values of o-carborane C–H
hydrogen in various 1-aryl-o-carborane derivatives

Compound Chemical shift
CDCl3 (ppm)

Compound Chemical shift
CDCl3 (ppm)

2a 3.97 2i 4.67
2b 4.03 2j 5.50
2c 4.02 2k 5.74
2d 3.93 2l 4.57
2e 3.83 2m 5.36
2f 3.97 2n 4.95
2g 3.92
2h 3.85
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Figure 1. Structures of various compounds designed for examination
of intramolecular hydrogen bond formation.
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Scheme 1. Synthesis of 1-aryl-o-carboranes.
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out at 25 �C in CDCl3 with a 270 MHz NMR spectro-
meter. The chemical shift value of C–H hydrogen in
phenyl-o-carborane 2a, which was taken as a standard
compound in this study, was 3.97 ppm. The introduc-
tion of a nitro group as an electron-withdrawing group
onto the benzene ring of 2a shifted the C–H hydrogen
signal to lower field, the values for 3-nitrophenyl-o-car-
borane 2b and 4-nitrophenyl-o-carborane 2c being 4.03
and 4.02 ppm, respectively. When electron-donating
groups, such as amino, methyl, and methoxyl groups,
were introduced onto the phenyl ring, the C–H hydrogen
signal remained the same as in 2a or was shifted to higher
field (Table 1; 2d–h). The changes of the chemical shift
values of the C–H hydrogen can be explained in terms
of the changes of electron density of the C–H bond
caused by the substituents introduced onto the phenyl
ring. These observations are consistent with the well-
known anisotropic effect, which relates the effect of an
external magnetic field and the electron density of the
C–H hydrogen.10

On the other hand, the introduction of substituents at
the ortho position to o-carborane resulted in downfield
shifts of the o-carborane C–H hydrogen signal, presum-
ably owing to a steric repulsion effect: substituents intro-
duced at the ortho position disturb the electron cloud of
the o-carborane C–H hydrogen.10 Here, we paid partic-
ular attention to the chemical shift values of 1,2-bis(o-
carboranyl)benzene 2n, 2-bromophenyl-o-carborane 2k
and 2-methoxyphenyl-o-carborane 2m. Recently, we re-
ported that the central benzene ring of 2n is distorted by
the steric repulsion between the two neighboring bulky
o-carborane rings.11 Though 2n is the most sterically
hindered of the present derivatives, it is noteworthy that
the chemical shift values of C–H hydrogen of 2k and 2m
were remarkably larger than that of 2n. Moreover, it is
also noteworthy that the chemical shift value of 2-fluoro-
phenyl-o-carborane 2i was larger than that of 2l,
even though the van der Waals radius of the fluorine
atom, 1.47 Å, is smaller than that of carbon, 1.70 Å.12

We considered that these findings were consistent with
the presence of hydrogen bonding between hydrogen
bond acceptors in substituents introduced at the ortho
position and o-carborane C–H hydrogen.

Next, we examined the effect on the chemical shift value
of o-carborane C–H hydrogen caused by the changes of
electron density on the oxygen atom in 2m. The effects of
nitration and subsequent reduction of 2m is shown in
Figure 2.13 Interestingly, the introduction of a nitro
group as an electron-withdrawing group at the para po-
sition to the methoxyl group in 2m led to a remarkable
upfield shift of the o-carborane C–H hydrogen 1H
NMR signal (Fig. 2; 3m) in spite of the introduction
of the electron-withdrawing group, which should induce
a downfield shift of the C–H hydrogen signal owing to
the anisotropic effect (Fig. 2; 2b and 2c). In addition,
the introduction of an amino group into 2m induced a
slight downfield shift of the C–H hydrogen (Fig. 2;
4m) in opposition to the general electronic effect
(Fig. 2; 2h). These fascinating results can be accounted
for as follows: since the electron density of the two un-
shared electron pairs on the oxygen atom of the meth-
oxyl group was decreased by the introduction of a
nitro group, hydrogen bonding between o-carborane
C–H hydrogen and the oxygen atom of the methoxyl
group became weaker, while in the case of the amino
group as an electron-donating group, the hydrogen
bond became stronger owing to an increase of the electron



K. Ohta et al. / Tetrahedron Letters 47 (2006) 1937–1940 1939
density on the oxygen atom. Therefore, we suggest that
these results imply the formation of an intramolecular
hydrogen bond between o-carborane C–H hydrogen
and the oxygen atom in solution.

To seek further evidence of hydrogen bond formation
between the oxygen atom in the methoxyl group and
o-carborane C–H hydrogen in solution, we evaluated
the change of the chemical shift values of o-carborane
C–H hydrogen in 2a and 2m in various solvents labeled
with deuterium and estimated the differences between
the highest value and the lowest value of 2a and 2m,
respectively (Table 2). The chemical shift value of the
C–H hydrogen in 2a was the smallest in benzene-d6,
2.92 ppm, and the largest in DMSO-d6, 5.79 ppm. There
was a remarkable solvent effect on the 1H NMR spectra
of 2a and the difference (D ppm) was 2.87 ppm. In gen-
eral, aromatic solvents cause an upfield shift of the
hydrogen signal due to the shielding effect.10 Compound
2a also showed a remarkable upfield shift of the o-carbo-
rane C–H hydrogen signal in aromatic solvent. In
DMSO-d6, some hydrogens often show a downfield shift
owing to hydrogen bond formation with oxygen of
DMSO. The C–H hydrogen of 2a exhibited a remark-
able downfield shift, which we ascribed to intermolecu-
lar hydrogen bond formation between the C–H
hydrogen and oxygen of DMSO. The C–H hydrogen
of 2a may also hydrogen bond with the solvent oxygen
in CD3OD. These results indicate that o-carborane
C–H hydrogen may exhibit C–H� � �p interaction as well
as hydrogen bond formation.

On the other hand, we were surprised to find hardly any
solvent effect in 2m. The C–H hydrogen of 2m exhibited
remarkable downfield shifts in all solvents examined.
The difference was small (e.g., 0.76 ppm), although there
should be a shielding effect of the aromatic ring in benz-
ene-d6. We concluded from the results that the C–H
hydrogen of 2m forms a hydrogen bond at all times; that
is, the solvent effect could not be observed because the
C–H hydrogen of 2m forms an intramolecular hydrogen
bond with the oxygen atom of the methoxyl group.
Moreover, the difference of the chemical shift value of
the C–H hydrogens between 2a and 2m in DMSO-d6
is the smallest (0.19 ppm), and we suggested that the
C–H hydrogens of 2a and 2m form a similar hydrogen
bond in solution.

In summary, we have designed and synthesized
1-aryl-o-carboranes, and evaluated their ability to form
a hydrogen bond in solution between o-carborane C–H
Table 2. The change of chemical shift value of C–H hydrogen of the
o-carborane of 2a and 2m

Solvent Chemical shift
(ppm) of 2a

Chemical shift
(ppm) of 2m

(D ppm)
2m � 2a

Benzene-d6 2.92 5.22 2.30
CDCl3 3.97 5.36 1.39
CD3OD 5.09 5.67 0.58
DMSO-d6 5.79 5.98 0.19

(D ppm) max. � min. 2.87 0.76
hydrogen and hydrogen bond acceptors, by means of
1H NMR spectral measurements. We found that the
1-(2-methoxyphenyl)-o-carborane 2m forms an intra-
molecular hydrogen bond between o-carborane C–H
hydrogen and the oxygen atom of the methoxyl group
in solution. This information should aid the application
of o-carborane to supramolecular chemistry, medicinal
chemistry and materials chemistry, and it should
become possible to design and create novel interesting
molecules by utilizing the hydrogen bonding ability of
o-carborane C–H hydrogen, as well as the high hydro-
phobicity of o-carborane cage.
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