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Abstract

This review probes C–H· · · X interactions involving the acidic cage-carbon C–H bonds inortho-,meta- andpara-carboranes,closo-C2B10H12,
and their derivatives, by examining the structurally characterised examples from the Cambridge Structural Database and other sources. Ex-
amples are examined of weak hydrogen bonds to X= O, N, S, F, Cl, Br, I, plus alkyne, cyclopentadienyl and arene-� systems. In addition
there are examples of C–H· · · H-X dihydrogen bonding. Cage C–H· · · X interactions can be used to account for the observation of ordered
structures in examples of carboranes where disorder of C and B cage atoms is possible.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Carboranes are polyhedral clusters derived from boranes
and borane anions by introduction of one or more C–H
or C-R vertices, and have been an area of extensive study
since the early work on them was declassified in the 1960s

∗ Corresponding authors. Fax:+44-191-386-1127.
E-mail addresses: m.a.fox@durham.ac.uk (M.A. Fox),

a.k.hughes@durham.ac.uk (A.K. Hughes).

[1,2]. Whilst many smaller carborane clusters are known,
the most intensively studied carboranes are based on the
12-vertex icosahedron with two carbon and ten boron
vertices, giving rise to three isomeric geometries, with
1,2-(ortho), 1,7-(meta) and 1,12-(para) arrangements of the
carbon atoms, of which theortho-carboranes have been
most studied, due to the synthetic ease with which these
may be prepared from B10H14 and alkynes. An extensive
field of chemistry has developed, concerned with substitu-
tion of the C–H and B–H vertices of these clusters[3], and
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the products have potential applications in many diverse
areas, including medicine[4], polymers[5], agents for the
extraction of metal ions[6], supramolecular chemistry[7]
and as ligands for metals[8].

Given the extensive synthetic and derivative chemistry of
icosahedral carboranes, there are relatively few examples
which have been characterised in the solid-state by single
crystal X-ray diffraction experiments. Thus, the Cambridge
Structural database (CSD, April 2003 release)[9] contains
only slightly more examples of 1,2-C2B10 carboranes (519)
than it does of 3,1,2-MC2B9 metallacarboranes (432), them-
selves typically prepared from the former. This may reflect
the wider interest in structural studies amongst metallacarbo-
rane chemists and transition metal chemists in general, but
also the difficulty in performing diffraction studies on carbo-
ranes, and the relative ease with which compounds can be
adequately characterised by spectroscopic methods, includ-
ing 1H, 13C and11B NMR spectroscopy.

2. Cage disorder in carboranes

Our initial interest in this area was aroused by the obser-
vation that among the difficulties associated with diffraction
studies of C2B10 carboranes are the two intertwined issues
of crystallographic disorder of the pseudo-spherical cluster
and the difficulty in distinguishing between the boron and
carbon atoms. Compounds containing a 1,2-C2B10 unit at-
tached to a substituent through one carbon atom will fre-
quently exhibit up to five (or even more) superimposed ro-
tamers of the cluster, with disorder of the CB4 face ortho
to the substituent. The parent icosahedral C2B10H12 carbo-
ranes themselves have the potential for extensive rotational
disorder, and have not been successfully structurally charac-
terised in the absence of co-solvates. Our experience is that
two- and five-site disorder is common in carboranes, and the
resulting poor quality structural study is rarely published,
and for those disordered structures that are published it is not
possible to place any confidence in the resulting metric data.

Disorder alone is not a barrier to the production of a good
quality structural study, since the disorder can in principle
be modelled. The problem presented by structural studies of
carboranes is of disorder of two or more atoms with simi-
lar scattering power. It then becomes difficult to distinguish
convincingly between, say, a two-site and a five-site disor-
der of a C2B10 cluster.

It should be clearly understood that if a C2B10 cluster
is crystallographically ordered then it is normally possible
to distinguish the carbon and boron atoms, despite the fact
that as adjacent elements they have similar X-ray scattering
power. Carbon has a smaller covalent radius than boron, so
that in an ordered cluster, the typical B–B bond lengths are
longer than B–C lengths. Inortho-carboranes both B–B and
B–C distances are longer than the distance in the unique
C–C bond. Furthermore, if carbon atoms are accidentally or
deliberately labelled as boron, or vice versa, then a cycle
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Fig. 1. The structures and numbering schemes for theortho-, meta- and
para-isomers of carborane, C2B10H12. Carbon atoms are filled circles,
boron atoms are open circles, hydrogen atoms (one on each vertex) are
omitted.

of refinement will usually show unreasonable displacement
parameters. In the tables which follow, we have included
the C–C or C· · · C distance in substituted and unsubstituted
ortho-, meta- andpara-carboranes, since, especially in the
most numerousortho-case, this provides a sensitive means
of assessing a structure where either the authors or the CSD
do not report C/B disorder (Fig. 1).

Given the problem of disorder in C2B10 clusters, chemists
working in this area have historically followed one of a num-
ber of synthetic approaches to ensure that they prepare com-
pounds which result in structures that are either ordered, or
where it is possible to model the disorder. The first approach
is to attach a substituent to both of the carbon atoms of the
C2B10 cage; alkyl and aryl groups are favoured since the
ortho-carborane can then be prepared from an appropriate
alkyne, RCCR′, or otherwise by C-substitution of the parent
carborane. This carbon disubstitution will typically result in
ordered solid-state structures, driven by the steric and elec-
tronic properties of the substituent, and will certainly allow
the carbon atoms to be unambiguously identified as those
bearing substituents.

An alternative strategy is to identify the cage carbon atoms
by B-substitution of some or all of the cage boron atoms.
One extreme strategy is to substitute all B-H hydrogen atoms
by B–X (X = Cl, Br, I, OH, Me, etc.) so that the unsubsti-
tuted sites can then be clearly identified as the C–H vertices,
but in the case ofortho-carborane the minimum successful
substitution strategy is to replace the B–H atoms which are
para- or antipodal to the cage carbon atoms. Fortunately,
such an approach is synthetically feasible, since due to the
greater electronegativity of C than B, these boron atoms
are prone to electrophilic substitution. This can be exempli-
fied by our recent report of the structural characterisation
of 9,12-I2-1,2-C2B10H10, where solution-state spectroscopic
techniques, principally11B and11B{1H} NMR unambigu-
ously identify the substitution pattern[10]. Provided that
the crystal selected for a diffraction study is representative
of the bulk, then the presence of the B–I substituents will
break thepseudo-spherical symmetry of the unsubstituted
cage and produce an ordered crystal in which it is possible
to identify the group antipodal to the B–I vertices as C–H.

A third strategy to promote ordered carborane cages and
permit the unambiguous identification of C–H vertices also
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Table 1
Reported pKa values of 1,2-, 1,7- and 1,12-C2B10H12

Method used Reference 1,2-C2B10H12 1,7-C2B10H12 1,12-C2B10H12

Metallation with K in DME [36] 23.3 27.9 30.0
Isotope exchange (deuterium and tritium) in DME [36] 19.3 27.9 29.4
Polarography in DME [37] 19 24 26
Polarography in EtOH [37] 24 33 40
Polarography in DMF [37] 16 21 33
Polarography in pyridine [37] 14 26 36

makes use of the difference in electronegativity of the boron
and carbon atoms, and the consequent uneven cluster atom
charge distribution. As a result, carborane cage C–H vertices
are weakly acidic.Table 1lists the reported pKa values of the
parent carboranes, 1,2-, 1,7- and 1,12-C2B10H12 determined
using different methods and solvents. These trends show
that ortho carborane has the most acidic hydrogens at the
cage carbons of the three. The acidity of these carboranes
may be compared with ethyne which has a pKa of 25.0[11].
The acidity of carborane C–H groups is employed in the
synthesis of a number of C-substituted carboranes, and also
results in the carborane cage C–H group potentially being a
weak hydrogen bond donor.

The possibility exists for intra- and inter-molecular in-
teractions between carborane C–H and hydrogen bond ac-
ceptor sites either in substituent groups on the carborane
or with co-solvates. Acidic cage hydrogen interactions in
carboranes were first demonstrated by Leites using IR spec-
troscopy in 1968[12]. These interactions were also demon-
strated in various solvents using proton NMR spectroscopy
[13]. As hydrogen bonding will occur only to the C–H and
not B–H vertices of a C2B10 cluster, such interactions have
the potential to result in preferred orientations of the cluster
and remove the potential for disorder. The existence of these
C–H–X interactions in the solid state structures of carbo-
ranes can depend on temperature[101].

The starting point for the study described in this review is
that whilst there are many examples of structurally charac-
terised carboranes where ordered cages have been shown to
result from carbon or antipodal substitution, there are many
further examples of successful structural characterisation of
carboranes where there is no apparent reason for the carbon
atoms to be ordered, until hydrogen bonding is considered.
Although there are some ordered structures in which the re-
spective authors recognised at the time that a C–H· · · X in-
teraction is responsible for the ordering, there are also many
ordered structures where the reason for the order has not
been previously recognised.

3. Historical perspective of hydrogen bonds in crystal
structures of icosahedral carboranes

Interactions between electronegative atoms and the cage
C–H group of a carborane, of a type which are now recog-

nised as weak hydrogen bonds, have been described by a
number of authors as far back as the late 1970s.

In 1977, the crystal structure of 1-Me2NC(S)-1,2-C2B10
H11 (MTCBOS) was reported, and the author considered the
possibility of an “electrostatic attraction” between the sulfur
atom and the cage C–H[127]. The basis of this sugges-
tion was a S· · · H distance of 2.53(1) Å, which is less than
the sum of sulfur and hydrogen atomic radii. The author
preferred an alternative hypothesis that the conformation is
due to the preferred orientation of the thiocarbamoyl group,
rather than the interaction between the sulfur and the acidic
hydrogen.

Muir et al. first reported, in 1980, evidence of hydrogen
bonding in a carborane derivative (DPCBPT) with a cage
carbon–chlorine distance of 3.24 Å and an estimated acidic
cage C–H· · · Cl distance of less than 2.4 Å. In 1984 Linde-
man et al. commented that the observed carboranyl group
orientation is 1,3,5-(1′,2′-C2B10H11-1′-CH2)3C6H3 (COS-
JAV) is “probably a consequence of the stronger electrostatic
interaction between the benzene ring–electron system and
the most electropositive (“acidic”) H atom of the carborane
nucleus bonded to a carbon atom”[14]. Given that the con-
cept of weak hydrogen bonds was not developed in 1984,
this is a good description of exactly such a bond, although
the geometry of the hydrogen bond in COSJAV is in fact
considerably less convincing than many of the other C–H· · ·
� hydrogen bonds.

The first intermolecular carborane hydrogen bonds were
found for the dimethylsulfoxide adduct of decachloro-ortho-
carborane, C2B10H2Cl10, (BULKIC) by Yanovskii et al. in
1986. The crystal structure reveals a ring consisting of two
carboranes and two solvent molecules linked by acidic cage
C–H· · · O bonds. Yanovskii and co-workers also revealed
the first carborane hydrogen bonds in apara-carborane
derivative, 2-P(O)(OMe)2-1,12-C2B10H11 (GAZSUV)
(Fig. 2). These C–H· · · O bonds result in the formation of
a dimer in the crystal. In 1992, Shaw and Welch reported
intermolecular C–H· · · O bonds for a C-substituted-ortho-
carborane, 1-MeOCH2-1,2-C2B10H11 (VUFLUD).

In 1996, Davidson, Wade et al. described the crys-
tal structures of the hexamethylphosphoramide, hmpa;
(Me2N)3P=O, adducts of the parentortho-, meta- and
para-carboranes (TOKGIJ, TOKGOP and TOKGUV, re-
spectively)[56] (Fig. 1a). These represented the first defini-
tive crystal structures of the parent carboranes, and, since
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Fig. 2. The first example of hydrogen bonds in apara carborane derivative,
2-P(O)(OMe)2-1,12-C2B10H11 (GAZSUV ref. [68]).

hydrogen bonding provides only a small perturbation of the
cluster geometry, provided the first accurate solid-state struc-
tural data for the unsubstituted parent molecules. Themeta-
andpara-carborane adducts represent the first supramolec-
ular crystal structures directed solely by cage C–H· · · X
hydrogen bonds to be reported. This interesting paper led to
many subsequent reported examples of C–H· · · X bonding
in crystal structures of icosahedral carboranes.

4. Hydrogen bonds in crystal structures of icosahedral
carboranes

While there are several definitions of a hydrogen bond in
the literature[15,16]in this work we use the term C–H· · · X
interaction or contact when the distance between an acidic
C–H hydrogen of a carborane cage and a donor atom is
shorter than the sum of their van der Waals radii.Tables 2–13
are compilations of the C–H· · · X contacts from crystal co-
ordinates of many carboranes obtained from the CSD and
other sources. Since the CSD compiles data which repre-
sents over 40 years of crystallographic endeavour in the case
of carboranes, the treatment of hydrogen atoms in the data
is variable. In many early structures the hydrogen atom co-
ordinates are not available in the database, and even in more
recent examples the hydrogen atoms may have been placed
or located, and refined using various different procedures.
In our analysis of the structural data we have chosen to nor-
malise all cage C–H bonds to a distance of 1.083 Å. In those
entries in the database where hydrogen atom coordinates
are missing, we have added hydrogen atoms to cage carbon
atoms at the same normalised distance, and with the C–H
bond coincident with the vector linking the carbon atom
with the vertex antipodal to it. The CSD does not contain
esd values and those shown in the tables were taken from
the original literature. In addition to data from the CSD, we
have also included some entries for structures published dur-
ing 2003 for which the data had not reached the July 2003

update of the CSD. Data are also included for a few com-
pounds which have not been published or have only been
the subject of publication in conference proceedings. These
classes of compounds appear in the relevant tables without
a CSD refcode. We must point out here that we have not
included many reported solid state structures of carboranes
with cage C/B disorder.1

We have chosen to consider and survey C–H· · · X inter-
actions in carboranes as a function of the X moiety, where
X = O, N, S, F, Cl, Br, I, plus alkyne, cyclopentadienyl and
arene-� systems. In each class, a few representative exam-
ples are considered in more detail. Most of the data in this
review are listed inTables 2–13. In each case these list the
structures according to their CSD refcode followed by the
C–C or C· · · C distance with esd when available from the
primary reference, the reference, any substituent attached
to the carbon atom (only one of the two carbon atoms in
C2B10H12 can be substituted if one C–H is to remain for hy-
drogen bonding), substituents attached to the boron atoms,
solvent or co-crystallite, the nature of the interaction (in-
tramolecular or intermolecular), the X· · · H distance to the
hydrogen with a normalised C–H distance (1.083 Å), the
X · · · H-C angle and the X· · · C distance, these latter three
with esds when available from the primary literature.

4.1. Oxygen–hydrogen bonds in crystal structures of
icosahedral carboranes (X = O)

Oxygen is the most common donor atom involved
in C–H· · · X bonds of crystal structures of carboranes.
Thirty-six examples are listed inTable 2, 13 of which were
previously identified by their respective authors to contain
C–H· · · O interactions. The majority of these C–H· · · O
contacts involve a C=O or C–O–C moiety of one substituted
carborane molecule and a cage C–H of another molecule
in the crystal. A series of alkylphthalimide derivatives
of ortho-carborane, 1-C6H4N(CO)2(CH2)n-1,2-C2B10H11
(n = 1–3 FUQFOM/XANDIZ/NIXFOP) provides clear
examples, andFig. 3 shows the C–H· · · O (carbonyl) inter-
actions in the methylene (n = 1) example from this series.

Intramolecular C–H· · · O interactions have not been
reported previously. There are five examples where the
oxygen donor atom is linked to one carbon atom of
ortho-carborane via a carbon atom linker and is in close
contact with the acidic hydrogen of the unsubstituted carbon
atom (HODPUL/SUBHOM/TELLAX/TIJTAH/VUFLUD)
(Fig. 6). These conformations may be due to the pre-

1 The CSD contains: (i) nine structures of co-solvates of
1,2-closo-C2B10H12 where disorder has been successfully modelled; (ii)
19 structures of mono-substitutedortho-carboranes where disorder has
been modelled, and; (iii) 12 structures where the atomic coordinates are
not contained in the database, either because of unmodelled disorder or
because the data has not been provided to the data-centre. There are a
further seven structures that we have excluded from our study on the
grounds that they have poor quality data.
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Table 2
Data characterising C–H· · · O interactions in carboranes

CSD code Reference C–C 1-R B–R Co-solvate/cation/
anion/co-crystallate

O · · · H O · · · H-C O· · · C

Ortho
BIQXAA a [38] 1.629(5) Link CH2SCH(CO2Me)

CH(CO2Me)SCH2

Inter 2.44 139.7 3.338(5)

BOVQOSb,c [39] 1.633(7) 1,2-(MeO)2C6H4 Inter 2.32 135.0 3.18
1.637(8) 2.34 136.9 3.21
1.666(11) 2.52 151.0 3.51
1.668(10)

BULKIC [40] 1.634(5) 3,4,5,6,7,8,9,10,
11,12-Cl10

Me2SO Inter 1.87 176.4 2.951(5)

1.86 176.9 2.941(5)

BZOCBNd [41] 1.62 4-PhCH2O Inter 2.48 140.3 3.39

FAXJODd [42] 1.65(6) C(O)Re(CO)(Cp)CH2Ph intra 2.37 98.5 2.74
Inter 2.54 120.8 3.23

FUQFOM [43] 1.648(4) CH2N(CO)2C6H4 Inter 2.20 130.6 3.01

GOSYOCc [44] 1.626 [CH2C6H4(OMe)2]3,
C70, 1,2-C6H4Cl2

Inter 2.09 153.1 3.10

2.36 136.0 3.23
2.47 126.0 3.23
2.32 140.9 3.24

HIMHEQc [45] 1.637 9,12-(C6H4COMe)2 Inter 2.30 159.0 3.335(8)
2.20 161.4 3.25
2.20 130.0 3.015(7)
2.71 145.9 3.66

IFIPAO [46] 1.668(6) N(COOtBu)NHCOOtBu Intra 2.45 98.8 2.83

HODPULc,e [47] 1.658 CH(OH)C5H4FeC5H5 Inter 2.62 116.9 3.26
Intra 2.37 101.5 2.79

LOTJIN [48] 1.625 3-(CH2)3PMe3
+ Br−, H2O Inter 2.30 143.4 3.234(7)

MECZEZ [49] 1.635 (CH2)2CO2CH2

CO(C19H23O3)
H2O Intra 2.27 133.9 3.12

NECFIK [50] 1.640(6) Link SAg2(PPh3)4

(O3SCF3)2Ag2S
Intra 2.21 137.3 3.10

NIXFOP [51] 1.637(4) (CH2)3N(CO)2C6H4 Inter 2.13 142.3 3.06
ROHWAM [52] 1.655(1) (CH2)3OC5NH2

(C5H4N)2

Inter 2.35 93.7 2.65

SUBHOMd [53] 1.636(7) CH2OC27H45 Intra 2.33 99.9 2.73
TELLAX [54] 1.648(2) CH2OC6H4CN Intra 2.56 95.6 2.87
TIJTAH [55] 1.631(2) CO2H Intra 2.44 100.3 2.85

TOKGIJc [56] 1.629(6) (Me2N)3PO Inter 2.10 157.7 3.130(5)
1.630(6) 2.15 157.3 3.179(6)

2.05 151.5 3.050(5)
2.04 158.6 3.071(6)

VEGGAP [57] 1.646(4) Link (CH2)2CO(CH2) 4-C Inter 2.32 134.9 3.18

VUFLUDc [58] 1.636(9) CH2OMe Inter 2.60 167.1 3.66
1.649(8) 2.35 157.1 3.37

Intra 2.47 100.1 2.87
2.35 103.4 2.80

XANDIZ c [59] 1.652(4) (CH2)2N(CO)2C6H4 Inter 2.61 127.1 3.38
2.48 137.2 3.35

XARCEY [60] 1.637(2) 9-COMe Inter 2.11 144.6 3.06
2.22 170.3 3.30

YUVDAU [61] 1.65 Link HgCB10

H9(Ph)CHg
3-Ph EtOH, H2O Inter 2.31 126.3 3.08

ZEGYALd [62] 1.64(1) Co(CO)2Re(Cp)(CO)2
Co(CO)3CPh

Inter 2.43 151.6 3.43
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Table 2 (Continued )

CSD code Reference C–C 1-R B–R Co-solvate/cation/
anion/co-crystallate

O · · · H O · · · H-C O· · · C

Meta
HOMCERd [63] 2.62 9-HgP(O)(OiPr)2 Inter 2.37 153.6 3.34
LAXWOW [64] 2.64 C12H19O6 Inter 2.27 151.7 3.27
MSCBOR10 [65] 2.64 9-S(O)2(Me) Inter 2.42 142.8 3.35

TOKGOP [56] 2.609(7) (Me2N)3PO Inter 2.18 163.7 3.234(5)
2.25 174.2 3.328(6)

XINPAL [66] 2.61 C(O)O2CMe2CCH Inter 2.40 153.2 3.40
YIKXUL [67] 2.57 9,10-HgO(H)HgCB10

H10CHgO(H)Hg2+
2 CF3CO2

− Inter 2.24 159.2 3.27

Para
GAZSUV [68] 3.05 2-P(O)(OMe)2 Inter 2.27 131.4 3.095(5)
JOQVEQ [69] 3.00 2,3,4,5,6,7,8,9,

10,11-(OH)10

Inter 2.31 154.0 3.32

NOZGAK [70] 3.08 CH2OH 2-CH=NOH-3,4,5,6,
7,8,9,10,11-(CH3)9

Inter 2.29 164.0 3.34

2.57 149.4 3.55

TOKGUV [56] 3.052(7) (Me2N)3PO Inter 2.06 172.8 3.132(4)
3.059(8) Inter 2.40 149.8 3.378(4)

97srv038f [19] 3.071 1:2 (Me2N)3

PNH2
+HCO3

−
Inter 2.16 163.1 3.21

a Bifurcated C–H· · · O, S interaction.
b One cage of two is disordered in crystal.
c Bifurcated C–H· · · O2 interaction.
d Structural data retrieved from the CSD does not contain hydrogen atoms. Cage C–H atoms were added in idealised positions at normalised C–H

distances.
e This structure contains a disordered carborane cage modelled over two sites at 80:20% occupancy.
f Full description of this structure has not been published. Internal reference code is used.

ferred orientation of the substituent group along with, or
instead of, hydrogen bonding. Thus, Viñas and co-workers
have observed electronic interaction of the cluster C–C
bond with the sulfur lone pairs in dithio carboranes
closo-1,2-(SR)2-1,2-C2B10H10 [17], and calculations on

Fig. 3. The structure of 1-C6H4N(CO)2(CH2)-1,2-C2B10H11 (FUQFOM
[43]) showing intermolecular C–H· · · O interactions leading to a ribbon
structure.

closo-1-(NH)2-1,2-C2B10H11 have revealed the presence
of a modest barrier to rotation about the C–N bond, with
the energy minimum having the nitrogen lone-pair copla-
nar with the cage C–C bond[18]. It is evident that more
calculational studies are needed on electronically preferred
orientations of cage substituents in carborane chemistry, the
structural data already exists.

Table 2lists data forortho-, meta- andpara-carboranes
displaying C–H· · · O interactions in the solid-state, giving
the CSD refcode, reference, the C–C distance with esd if
available from the primary source, the substituent on the cage
carbon numbered 1 (there must remain at least one C–H un-
substituted), any substituents on cage boron atoms, solvent
or counter-ion, inter or intra-molecular interaction, O· · · H
distance, O· · · H−C angle and O· · · C distances, all to hy-
drogen atoms in normalised positions (C–H= 1.083 Å).
In addition, conference proceedings and a thesis describes
1,12-C2B10H12.2{[(Me2N)3PNH2]+(HCO3)−}, displaying
C–H· · · O interactions[19,20].

4.2. Nitrogen–hydrogen bonds in crystal structures of
icosahedral carboranes (X = N)

The CSD lists published examples of carborane C–H
hydrogen bonding to a nitrogen atom only inortho-
carboranes, and the data characterising these interac-
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Table 3
Characterising data for hydrogen bonding of the type N· · · H–C in C2B10 carboranes

CSD code Reference C–C 1-R B–R Co-solvate N· · · H N · · · H–C N· · · C

Ortho
BOKKOBa [71] 1.643(3) S(C5H4N) Inter 2.34 144.0 3.28

Intra 2.53 120.8 3.22

BOVQUYa [39] 1.620(3) 1,10-C12H8N2 Inter 2.13 147.3 3.10
2.37 135.2 3.23

NACGIH 1.649(1) C5NH2(C5H4N)2 terpyridyl Inter 2.42 148.7 3.39
NIXFUV [51] 1.620(4) CH2N=CPh2 Intra 2.44 102.5 2.87
NURLER [72] 1.646(9) Link C6H4CB10H10CC6H4 MeCN Inter 2.36 145.3 3.31

REJMUO01a [22,23] 1.636(3) (C5H4N)CH2 Intra 2.46 118.9 3.13
Inter 2.32 141.8 3.24

XARCIC [73] 1.6289(19) 9-CN Inter 2.49 127.5 3.26
2.38 144.6 3.32

LUTFIP [22] 1.632(3) (2′-C5H4N) Intra 2.40 100.6 2.81
LUTFUB [22] 1.639(5) 4′-Br-2′-C5H3N Intra 2.38 105.7 2.87
LUTGAI [22] 1.663(2) (3′-C5H4N) Inter 2.40 148.7 3.37

Meta
99srv018b [19] 2.614 (Me2N)3PNH Inter 2.20 174.0 3.27

2.29 172.3 3.36

Para
99srv203b [19] 3.083 2 (Me2N)3PNH Inter 2.22 174.2 3.30

a Bifurcated C–H· · · N2 interaction.
b Full description of this structure has not been published. Internal reference code is used.

tions are listed inTable 3. The first reports of such a
contact were in the pyridyl-carborane 1-(2′-C5H4N)-1,2-
C2B10H11 and picolyl-carborane 1-(2′-C5H4NCH2)-1,2-
C2B10H11 reported by one of us and others[21–23].
Both intramolecular and intermolecular C–H· · · N interac-
tions were found for picolyl carborane (REJMUO, REJ-
MUO01) and these are illustrated inFig. 4, which shows
the resulting hydrogen-bonded dimeric solid-state struc-
ture. In addition, conference proceedings[19] describe
the co-crystals 1,7-C2B10H12·(Me2N)3P=NH (Fig. 5) and

Table 4
Characterising data for hydrogen bonding of the type S· · · H–C in C2B10 carboranes

Refcode Reference C–C 1-R B–R Solvent S· · · H S· · · H–C S· · · C

BIQXAA a [74] 1.629(5) Link CH2SCH(CO2Me)
CH(CO2Me)SCH2

Intra 2.67 108.7 3.19

CAJHAW [75] 1.57(1) Link SCH2S Inter 2.85 136.5 3.71
1.58(1) 2.76 134.3 3.60
1.61(1) 2.61 150.5 3.59
1.61(1) 2.66 145.7 3.61

2.74 145.5 3.68
2.55 166.8 3.61

IPTCDB [76] 1.634(3) Link 9,12-SC(Me2)S Inter 2.77 138.7 3.65
NECFIK 1.640(6) Link SAg2(PPh3)4(O3SCF3)2Ag2S Intra 2.97 156.9 3.99

PUSFUEb [77] 1.606 Link SPt(N2C12H6Ph2)S CH2Cl2 Intra 2.69 133.4 3.52
1.637 2.70 125.1 3.44

All examples relate toortho-carboranes.
a Bifurcated C–H· · · O,S interaction.
b Bifurcated C–H· · · S,Cl interaction.

1,12-C2B10H12·2[(Me2N)3P=NH] from meta- and para-
carborane, respectively with iminotris(dimethylamino)phos-
phorane, (Me2N)3P=NH [24] and the relevant data are
included inTable 3(Fig. 6).

4.3. Sulfur–hydrogen bonds in crystal structures of
icosahedral carboranes (X = S)

There has been no discussion in the literature on C–H· · · S
contacts in the crystal structures of carboranes apart from the
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Table 5
Characterising data for hydrogen bonding of the type F· · · H–C in C2B10 carboranes

Refcode Reference C–C B–R Solvent/anion H· · · X C–H · · · X X · · · C

Ortho
VEKJIE [78] 1.633(3) 8,9,10,12-F4 Inter 2.43 131.7 3.25

VEKJIE01 [79] 1.632(1) 8,9,10,12-F4 Inter 2.45 125.4 3.20
Inter 2.51 127.2 3.28

XEHVUBa [80] 1.620 9,12-(C6H4F)2 Inter 2.50 124.7 3.416(7),
1.617 3.557(8),
1.624 3.593(8)
1.600

XEHWAIa,b [80] 1.628 9,12-(C6H3F2)2 Inter 2.41 162.4 3.461(5)
Inter 2.61 131.7 3.429(6)
Inter 2.36 124.8 3.107(5)

Meta
QEZPOA [81] 2.61 9-I-Ph+ BF4

− Inter 2.62 150.4 3.60
2.60 Inter 2.33 133.6 3.18

Inter 2.35 160.5 3.39

VAWGUVb,c [82] 2.60 Link 9,9′-Br+ BF4
− Inter 2.53 124.9 3.35

2.63 Inter 2.29 146.8 3.25
Inter 2.40 129.5 3.20
Inter 2.34 144.6 3.28
Inter 2.45 151.3 3.44
Inter 2.59 138.5 3.47

Para
YAVTAQ [83] 3.03(P) 2,3,4,5,6,7,8,9,10,11-(CF3)10 Intra 2.66 96.8 2.99

All of these examples contain two C–H groups, i.e., there is no 1-R substituent.
a Metric data are those quoted in reference[80], and are not for normalised hydrogen atom positions.
b Bifurcated C–H· · · F2 interaction.
c Structural data retrieved from the CSD does not contain hydrogen atoms. Cage C–H atoms were added in idealised positions at normalised C–H

distances.

1977 report of the structure of 1-Me2NC(S)-1,2-C2B10H11
(MTCBOS) mentioned earlier[127]. Our examination of the
CSD reveals five further examples ofortho-carboranes with
C–H· · · S interactions, listed inTable 4, but no examples
for meta or para carboranes. An interesting example of in-

Fig. 4. Two molecules of picolyl carborane 1-(2′-C5H5NCH2)-
1,2-C2B10H11 (REJMUO01 ref.[22]) showing both inter- and intra-mole-
cular C–H· · · N contacts. Hydrogen atoms, other than that involved in
the hydrogen bonding, are omitted.

tramolecular C–H· · · S interactions is found in the platinum
complex (C2B10H11S)2PtN2C12H6Ph2 (PUSFUE) shown in
Fig. 7.

4.4. Halogen–hydrogen bonds in crystal structures of
icosahedral carboranes (X = halogen)

Data for C–H· · · X (X = halogen) interactions involving
carborane C–H groups are listed inTables 5–8. The first re-
ported example of a carborane C–H· · · F contact (Table 5)
was observed in the crystal structure of the tetrafluoro-
ortho-carborane, 8,9,10,12-F4-1,2-C2B10H8 (VEKJIE).
Two recently reported carboranes were also shown to con-
tain C–H· · · F interactions (XEHVUB/XEHWAI). There
are two early examples ofmeta-carborane salts containing
the BF4

− anion which show multiple C–H· · · F contacts,
although these were not commented on by the authors.

The literature does not contain many examples of
C–H· · · Cl interactions involving the acidic C–H groups of
carboranes,Table 6. While the first C–H· · · Cl interaction
was reported in 1980 for a platinum complex containing
two carborane cages (DPCBPT), as shown earlier inFig. 8,
only one other example has been reported involving a two-
cage ruthenium complex (JENBOT) described by Polyakov
et al. in 1988. Our investigations of the CSD reveal a further
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Table 6
Characterising data for hydrogen bonding of the type Cl· · · H–C in C2B10 carboranes

Refcode Reference C–C 1-R B–R Solvent/ion H· · · Cl C–H· · · Cl C · · · Cl

Ortho
CIDHUSa [84] 1.67(2) 7′-(7′,8′-C2B9H11)− Rh(PPh3)3

+,
CH2Cl2

Inter 2.67 144.0 3.60

DPCBPTa [85] 1.658(12) Link PPh2PtClPPh2 Link 3-Pt Intra 2.35 139.5 3.25
JENBOTb [86] 1.630(4) Link CH2PPh2Ru(CO)2

ClPPh2CH2

Link 3-Ru Inter 2.68 137.5 3.56

Intra 2.58 122.2 3.29
MECHOR [87] 1.645(9) CH2NMe2GaCl3 Inter 2.55 150.6 3.54
OCLCDBb [88] 1.67(2) 4,5,7,8,9,10,11,12-Cl8 Inter 2.87 129.3 3.66

Inter 2.92 135.5 3.76
Inter 2.86 133.4 3.69

PUSFUEc [89] 1.606 Link SPt(N2C12H6Ph2)S CH2Cl2 Inter 2.70 140.2 3.59
1.637

Meta
TCCBOR10d [90] 2.59 8,9,10-Cl3 Inter 3.00 131.0 3.76

Inter 3.09 140.1 3.96
Inter 3.09 140.1 3.96

Para
RACHEI [91] 3.080(7) 2,3,4,5,6,7,8,9,

10,11-(CHCl2)10

Intra 2.92 102.4 3.33

Intra 2.80 106.6 3.28
Intra 2.91 102.8 3.32
Intra 2.85 106.4 3.32

a Structural data retrieved from the CSD does not contain hydrogen atoms. Cage C–H atoms were added in idealised positions at normalised C–H
distances.

b Bifurcated C–H· · · Cl2 interaction.
c Bifurcated C–H· · · S,Cl interaction.
d Trifurcated C–H· · · Cl3 interaction.

four examples ofortho-carboranes with C–H· · · Cl inter-
actions, two involving a dichloromethane solvent and two
involving intermolecular C–H· · · Cl interaction between
two carborane molecules. One of the latter examples is 1-
Cl3GaN(Me2)CH2-1,2-C2B10H11 (MECHOR), the gallium
trichloride adduct of an amine-functionalised carborane, and
the repeating unit of the chain structure of this compound
is shown inFig. 9. The electropositive gallium results in a
significantly polar Ga–Cl bond, favouring the C–H· · · Cl
interaction.

Table 7
Characterising data for hydrogen bonding of the type Br· · · H–C in C2B10 carboranes

Refcode Reference C–C 1-R B–R Solvent/anion H· · · Br C–H· · · Br C· · · Br

Ortho
BRDCBOa [92] 1.63 Br 12-Br Inter 3.38 116.3 3.98
DBCARB [93] 1.63(3) 9,12-Br2 Inter 2.62 152.0 3.62
LOTJIN [48] 1.625 3-(CH2)3PMe3

+ Br−, H2O Inter 2.69 147.5 3.652(5)

Meta
DBDCDB [94] 2.40 9,10-Br2 Inter 3.01 140.5 3.91

TBMCBOb [95] 2.61 8,9,10-Br3 Inter 3.20 123.1 3.90
Inter 3.20 141.1 4.10
Inter 3.20 141.1 4.10

a Structural data retrieved from the CSD does not contain hydrogen atoms. Cage C–H atoms were added in idealised positions at normalised C–H
distances.

b Trifurcated C–H· · · Br3 interaction.

Interactions involving bromine are rare,Table 7, and
the only example of a C–H· · · Br interaction that has
been described is the crystal structure of the bromide salt
of a carborane phosphonium ion 3-(Me3P(CH2)3)-1,2-
C2B10H11

+Br− (LOTJIN). Our studies of the CSD reveal
that there are three examples of C–H· · · Br contacts in early
crystal structures (reported in 1966–1976).

The crystal structures of two trihalo-meta-carboranes,
8,9,10-X3-1,7-C2B10H9 (X = Cl, TCCBOR10; Br, TBM-
CBO) are worthy of discussion here. One of the two acidic
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Table 8
Characterising data for hydrogen bonding of the type I· · · H–C in C2B10 carboranesa

Refcode Reference C–C B–R Anion H· · · I C–H· · · I C· · · I

Ortho
CARLAIb [96] 1.666(12) 9-IPh+ I− Inter 2.92 138.7 3.80

1.639(11) Inter 3.10 123.0 3.80
Inter 2.21 131.8 3.05

EGUFUH [25] 1.624(8) 3-I Inter 3.10 131.1 3.90
WURVOU [10] 1.626(5) 9,12-I2 Inter 3.00 138.9 3.88

Meta
QEZPUG [81] 2.60 9-I Inter 3.12 139.8 4.01

YOZSEL [97] 2.58 9,10-I2 Inter 3.02 145.6 3.96
2.65
2.58

YOZSEL01 [81] 2.60 9,10-I2 Inter 3.14 136.8 4.00
2.60

Para
ZAKYAL b [98] 3.065(5) 2-I Inter 3.20 167.3 4.06

Inter 3.20 137.2 4.26

All of these examples contain two C–H groups, i.e., there is no 1-R substituent.
a The data for 2,3-I2-1,12-C2B10H10 ZAKYEP (ref. [98]) are omitted, since the crystals contain 6% of a tri-iodo species.
b Structural data retrieved from the CSD does not contain hydrogen atoms. Cage C–H atoms were added in idealised positions at normalised C–H

distances.

Table 9
Data characterising carborane cage C–H· · · C6 ring � interactions for co-solvates of 1,2-C2B10H12, ortho-carborane

Refcode Reference C–C Co-solvate H· · · Cent

HIKGUD [99] 1.627 (C6H4(OH)CH2)5, CH2Cl2 2.446, 2.484
HIKHAK [99] 1.599 (C6H4(OH)CH2)5, C6H5Me 2.364, 2.539
HIKHEO [99] 1.610 2(C6H4(OH)CH2)5, 0.5CH2Cl2 2.425, 2.595
TUQTEE [100] 1.622 [CH2C6H4(OMe)2]3 2.232, 2.559
WOGTER [101] a [CH2C6H4(OMe)2]3, Me2NCHO 2.245

The C–C distances in the cluster are given, together with the H· · · ring centroid distances.
a Only one cage C atom was positively located in WOGTER.

hydrogen C–H atoms present in these compounds is located
near all three halogen atoms of a second molecule with
nearly equal C–H· · · X distances. These intermolecular
C–H· · · X distances are significantly longer than expected
for C–H· · · X interactions but since the acidic hydrogen

Fig. 5. The structure of 1,7-C2B10H12·(Me2N)3PNH showing hydrogen
bonding between the carborane C–H and the imine nitrogen[19,20]. All
hydrogen atoms other than the carborane C–H atoms are excluded for
clarity.

is trifurcated to three donor atoms the distances would be
expected to be long. Indeed, these interactions are not iden-
tified by a standard search of the CSD using van der Waals
radii based search criteria, we identified them when seeking
to account for structures where the carbon and boron atoms
are ordered without apparent reason.

Fig. 6. The molecular structure of 1-(NCC6H4OCH2)-1,2-C2B10H11

(TELLAX [54]) showing the intramolecular C–H· · · O interaction.
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Table 10
Data characterising carborane cage C–H· · · C6 ring � interactions for co-solvates of substitutedortho-, meta- and para-carboranes. The C–C distances
in the cluster are given, together with the H· · · ring centroid distances

Refcode Reference C–C 1-R B–R Solvent H· · · Cent

Ortho
BZOCBNa [102] 1.62 4-PhCH2O Inter 2.486

COSJAV [14] 1.638(6) Link (CH2C6H4)3C6H3 CHCl3 Intra 3.152
1.647(6) 3.161
1.651(6) 3.172

HECSUD [103] 1.621(4) 9-SPPh2 Inter 2.621
JENBOT [104] 1.658(5) Link CH2PPh2Ru

(CO)2ClPPh2CH2

Link 3-Ru Intra 2.427

OCATER [105] 1.6225(5) 3-Ph Inter 2.477
TAVNAF [106] 1.633, 1.642 Link C6H4C6H4 2 C6H6 Inter 2.993
TOLCABa,b [30] 1.62 4-MeC6H4 Inter 2.36
XEHVUB 1.620, 1.617, 1.624, 1.600 9,12-(4-F-C6H4)2 Inter 2.479
ZAYMOB [107] 1.666(9) PPh2 Inter 3.46
CCDC-202913c [108] 1.621(4) 9,12-(C6H5)2 Inter 2.276
CCDC-202914c [108] 1.612(4) 9,12-(4-OMe-C6H4)2 Inter 2.246, 2.263
CCDC-202915c [108] 1.611(6) 9,12-(4-Cl-C6H4)2 Inter 2.492, 2.419,

2.454, 2.454
CCDC-202916c [108] 1.625(6) 9,12-(4-OH-C6H4)2 Et2O Inter 2.318, 2.421

Meta
DOMJAQa [109] 2.62 9-Ph Inter 2.54
YOSZOV [97] 2.60 Ph Inter 2.72

Para
NEVCAS [110] 3.11 Link C6H4C≡CC6H4 Inter 2.81

a Structural data retrieved from the CSD does not contain hydrogen atoms. Cage C–H atoms were added in idealised positions at normalised C–H
distances.

b Only one cage C atom positively located—seeFig. 17.
c Structure is not in the released version of the CSD. CCDC deposition numbers are used instead of refcodes. C–H· · · � distances are those quoted

in ref. [109], and the C–H distances are not normalised.

Organic compounds do not provide examples of
C–H· · · I−C interactions because the C–I bond is almost
non-polar due to the similar electronegativities of these
atoms. The reported examples of hydrogen bonding to io-
dine involve ionic iodide. In contrast, since boron is more
electropositive than carbon, B–I bonds are polar and do

Table 11
Data characterising carborane cage C–H· · · C5 ring � interactions for co-solvates of substitutedortho-carboranes

Refcode Reference C–C 1-R Co-crystal H· · · Cent

QEQFUN [111] 1.666 (C5Me5)2Yb Inter 2.365
GULQEJ [112] 1.642 SiMe2C9H6Er(ClNa(THF)3)C9H6SiMe2C2B10H10 Inter 2.874
GUMGUQ [113] 1.623, 1.633 Link CMe2C5H4Sm(THF)2(Cl)C5H4CMe2 Intra 2.578
GUMHAX [113] 1.566-1.670 Three way (CMe2C5H4)3Sm and C6H5Me Intra 2.586
GUMHOL [113] 1.641-1.695 Link CMe2C5H4Yb(THF)2C5H4CMe2 Intra 2.547
HOJWIM [114] 1.691 SiMe2C5H4Yb(THF)3Cl2 Intra 2.678
HOJWOS [114] 1.643, 1.653 Link SiMe2C5H4Sm(THF)3ClC5H4SiMe2 Intra 2.771, 2.902
PUMHAG [115] 1.646, 1.651 Link SiMe2C5H4Yb(THF)2C5H4SiMe2 Inter 2.702. 2.967
QOMCUQ [116] 1.675, 1.679 [SiMe2C5Me4Sm3Cl7OLi(Et2O)Li(THF)C5Me4SiMe2]2 Intra 2.978
QOMDAX [116] 1.639, 1.682 SiMe2C5Me4NdCl2(Li(THF)(Et2O)C5Me4SiMe2 Intra 3.125, 3.161
VAGGEP [117] 1.663 SiMe2C5H4NdCl2(THF)3 Intra 2.848
VAGGIT [114] 1.614, 1.629 SiMe2C5H4NdCl(THF)3C5H4SiMe2 Intra 2.743, 2.970
XAJQOO [118] 1.658 SiMe2C9H6Yb(THF)Na(THF)3C9H6SiMe2C2B10H10 Intra 2.514
XIGJIG [119] 1.667 IPr2NBC9H6 Intra 2.679, 2.874

The C–C distances in the cluster are given, together with the H· · · ring centroid distances.

provide the potential for C–H· · · I−B interactions. The first
examples of C–H· · · I interactions were reported recently in
the crystal structures of the carboranes, 3-I-1,2-C2B10H11
[25] and 9,12-I2-1,2-C2B10H10 [10] In this present study, we
have identified five further examples with C–H· · · I contacts
from earlier crystal structures of carboranes.
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Table 12
Data characterising carborane cage C–H· · · P interactions for substitutedortho-carboranes

Refcode Reference C–C 1-R H· · · P C–H· · · P C· · · P

QEVSOZa [120] 1.644(3) Me2PCH2 Intra 2.94 102.7 3.35
Inter 2.94 136.1 3.79

QEVSUFa [120] 1.691(16), tBu2PCH2 Intra 3.05 101.8 3.43
1.719(16) Intra 3.02 102.8 3.43

a Structural data retrieved from the CSD does not contain hydrogen atoms. Cage C–H atoms were added in idealised positions at normalised C–H
distances.

Table 13
Data characterising carborane cage C–H· · · H-B interactions

Refcode Reference C–C 1-R B–R Solvent H· · · H C–H· · · H C · · · B

Ortho
BOFPOB [121] 1.622(2) 3-(8′-5′,6′-B8C2H11) Inter 2.31 137.9 3.99
NURLER [72] 1.676(9) Link C6H4CB10H10CC6H4 MeCN Inter 2.2 156.9 4.10
OCATER [105] 1.6225(5) 3-Ph Inter 2.174 165.8 3.84
OCATER01 [122] 1.626(3) 3-Ph Inter 2.2 164.5 3.86
TIJTAH [55] 1.631(2) CO2H Inter 2.162 127.5 3.72

XOWSIL [123] 1.655(4) CH2S(Me)B12H10SMe2 Inter 2.184 127 3.84
2.514 109 3.91

YIGQAG [122] 1.671(6) Ph 3-Br Inter 2.064 147.1 4.17
ZUHTOL [124] 1.649(2) Ph Inter 2.346 155.6 3.83
ZUHTOL01 [125] 1.640(5) Ph Inter 2.368 135.3 3.96

Para
BCABOR10 [126] 3.078(4) 2-(2′-1′,12′-C2B10H11) Inter 2.30 130.8 4.00

Inter 2.40 139.5 3.97

NEVCEW [110] 3.10, 3.11 C6H4C≡CPh Inter 2.33 131.4 3.15
ZAKYUP [98] 3.17 2,9-Ph2 Inter 2.32 106.5 4.11

4.5. π–hydrogen bonds in crystal structures of icosahedral
carboranes (X = arene, alkyne)

The first solid-state structure containing a� interaction
between an acidic carborane cage hydrogen and an arene
ring was reported in 1984 (COSJAV)[14]. Subsequently,
Raston and his research group have reported at least five
examples ofortho-carborane-arene co-crystals containing
intermolecular contacts between the acidic hydrogen of 1,2-
C2B10H12 and the centre of an arene ring. The data charac-

Fig. 7. Intramolecular C–H· · · S interactions in the platinum complex
(C2B10H11S)2PtN2C12H6Ph2 (PUSFUE[77]).

terising these arene complexes are listed inTable 9. Raston’s
co-crystals have interesting ‘ball and socket’ architectures
with the ortho-carborane as the ‘ball’ and the cyclotrivera-
trylene (CTV) or calix[5]arene as the ‘socket’. An example
of this ‘ball and socket’ feature is shown inFig. 10.

Fig. 8. The molecular structure of DPCBPT (ref.[87]) Hydrogen atoms,
other than that involved in the interaction, are omitted. The cage carbon
C28 is ordered as a result of a hydrogen bond to the metal-bound chloride
ligand. The sites labelled C14 and B5 in the second cage are not involved
in any C–H· · · X interaction and are 50:50 disordered carbon and boron.



M.A. Fox, A.K. Hughes / Coordination Chemistry Reviews 248 (2004) 457–476 469

Fig. 9. Part of the extended structure of 1-Cl3GaN(Me2)CH2-1,2-C2B10

H11 (MECHOR [87]), showing intermolecular C–H· · · Cl-Ga contacts.

There are also examples of substitutedortho-, meta- and
para-carboranes with C–H· · · �(C6) interactions, and the
data for these interactions are listed inTable 10. Whilst this
review was in preparation, Hawthorne and co-workers re-
ported the synthesis and structural characterisation, includ-
ing C–H· · · � (C6) hydrogen bonding, of a number of 9,12-
(aryl)2-ortho-carboranes, and data for these are included in
the table, using their CCDC codes.

Recent interest in carborane functionalised cyclopenta-
dienyl ligands, and their complexes with early transition
metals and lanthanides provides examples of carborane
cage C–H· · · � (C5) intramolecular interactions. Most
of the examples are found in lanthanide complexes of
C5H4–SiMe2–C2B10H11 and a typical example appears in
Fig. 11. Such interactions are likely to be favoured by the
known highly ionic nature of cyclopentadienyl coordination
to the electropositive lanthanides, so the acidic cage C–H is
directed towards the negatively charged C5H4 fragment. Xie
et al. have reported twelve such examples, and the co-crystal

Fig. 10. A view of the host guest complex of 1,2-C2B10H12 with cyclot-
riveratrylene (TUQTEE ref.[100]) showing two favourable C–H· · ·
arene(�) interactions, and one unfavourable B–H· · · arene(�) interaction.
Hydrogen atoms on the cyclotriveratrylene are omitted for clarity.

Fig. 11. The molecular structure of [(C2B10H11)SiMe2(�-C5H4)]2

NdCl(THF)2 (VAGGIT [117]), showing the presence of two cage
C–H· · · C5 � interactions. Hydrogen atoms, other than those involved in
the interaction, have been omitted for clarity.

(C5Me5)2Yb: ortho-carborane has also been described. The
only example of a metal-free carborane with C–H· · · � (C5)
interactions is 1-iPr2NB(C9H6)-1,2-C2B10H11 (XIGJIG).
Data for C–H· · · � (C5) interactions are listed inTable 11.

Interesting C–H· · · � interactions are found in the crystal
structure of a compound which contains twopara-carborane
cages linked by a four-carbon diyne chain, (2-(1,12-
C2B10H11)C≡C)2 (TINKIK) [26]. The diyne is attached
to each cluster at a boron atom, leaving two cage C–H
groups available for hydrogen bonding to C≡C bonds in
adjacent chains. There are eight unique C–H· · · C(yne) con-
tacts (H· · · C 2.65–2.81 Å, C–H· · · C angle 176.2–140.5◦,
C · · · C 3.63–3.89 Å) and the supramolecular assembly is
complex (Fig. 12).

4.6. Phosphorus–hydrogen bonds in crystal structures of
icosahedral carboranes (X = P)

The structures of 1-R2PCH2-1,2-C2B10H11 with R = Me
(QEVSOZ) ortBu (QEVSUF) appear to contain intramolec-
ular C–H· · · P contacts, the details of which appear in

Fig. 12. Partial packing diagram showing one set of cage C–H· · · C(yne)
interactions in (2-(1,12-C2B10H11)C≡C)2 (TINKIK [26]). A second plane
of contacts is approximately orthogonal to this plane. Hydrogen atoms,
other than those involved in the interactions, are omitted.
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Fig. 13. The H· · · H dihydrogen contact between the acidic cage C–H
and hydridic Pt–H in GUQDAX[28].

Table 12. The H· · · P distances involved in these cases are
longer than the sum of van der Waals radii, and these may
be examples of electronically preferred orientation of the
C–P bond coplanar with the cage C–C bond. It is the case
though, that the unsubstituted C–H is located accurately,
with no disorder of the cage carbon atom. Again, as for sul-
fur, only structures ofortho-carboranes are found to contain
these phosphorus contacts.

4.7. Hydrogen–hydrogen bonds in crystal structures of
icosahedral carboranes (X = H)

It is now recognised that close contacts between polar,
acidic, N–H, O–H and C–H hydrogen atoms with hydridic
hydrogen atoms make an important contribution to inter- and
intra-molecular secondary bonding[27]. Such interactions
are frequently described as “dihydrogen bonds”.

Two examples have been found with close dihydrogen
contacts involving the acidic cage hydrogen of carboranes.
A platinum complex with twoortho-carborane cages and a
Pt–H bond has an H· · · H distance of 2.20 Å (GUQDAX)
(Fig. 13) [28]. The hydrogen at the metal is obviously hy-
dridic in character.

The ortho-carborane: 1,10-phenanthroline co-crystal
(BOVQUY) contains an H· · · H distance of 2.18 Å (Fig. 14).
The carbon atom in the phenanthroline molecule which is
attached to the hydrogen involved in the interaction has
a high positive charge, making the hydrogen atom itself
hydridic in character.

Fig. 14. The C–H· · · N and C–H· · · H−C interactions in the co-crystal
of ortho-carborane: 1,10-phenanthroline (BOVQUY[39]).

Fig. 15. The structure of 1-Ph-1,2-C2B10H11 (ZUHTOL ref. [124]) show-
ing the presence of a short C–H· · · H−B contact.

In addition, there are several examples of short C–H· · ·
H–B contacts in the solid-state structures of carboranes
(Fig. 15andTable 13). For the many early structures where
the CSD does not retain hydrogen atom position data, there
are examples where the C–H· · · B distances suggest that
there are short contacts between the acidic C–H and the
H–B hydrogen atoms, although these have been excluded
from the table. If boron atoms or hydrogens attached to
boron atoms of the carborane cage are regarded as donor
atoms in these structures, then these short contacts may
be regarded as either very weak hydrogen bonds or purely
electrostatic interactions[15,29].

5. Hydrogen bonding and disorder

Given the spherical nature and low polarity of the C2B10
skeleton, carboranes are often found to have C/B site disor-
der in the absence of either a substituent at carbon, a cage
C–H· · · X contact, a strongly preferred substituent orienta-
tion or a packing effect in the crystal.

Consider the B-substituted benzyloxy carborane 4-
PhCH2O-1,2-C2B10H11 (BZOCBN) as an example. This is
a structure with a moderately highR-factor (15.0%) and the
hydrogen atom coordinates are not available, but the posi-
tions of the two carbon atoms have been reliably located, on
the basis of the observed bond lengths. For the purposes of
our study, hydrogen atoms have been placed on the cluster
carbon atoms in idealised locations. A 4-substitutedortho-
carborane may be expected to have C/B disorder with one
carbon and four boron atoms occupying the five positions
(C1, B3, B5, B9, B10) in random, next to the substituted
boron (B4) in one belt. Another carbon and four boron
atoms would randomly occupy the five other positions in
another belt (C2, B6, B8, B11, B12). In this example these
two carbons are ordered due to C–H· · · O and C–H· · · �
contacts with a second carborane molecule in the crystal
(Fig. 16). Now let us use a related derivative 4-(p-MeC6H4)-
1,2-C2B10H11 (TOLCAB) where similar C/B disorder may
occur [30]. In this case one carbon (C2) is ordered with
intermolecular C–H· · · � contacts. The carbon next to the
substituted boron has no C–H· · · X contact and therefore
with a boron atom randomly occupy two positions (C1/B3)
(Fig. 17).
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Fig. 16. Two molecules of benzyloxy carborane 4-PhCH2O-1,2-C2B10H11

(BZOCBN [102]), showing the presence of C–H· · · O and C–H· · · �

contacts, creating a dimer with ordered carbon atoms.

The tables presented earlier in this work have summarised
the structural chemistry of icosahedral C2B10 carboranes
containing at least one C–H group and with cage ordering,
and have demonstrated that many of these compounds have
ordered solid-state structures resulting from C–H· · · X in-
teractions of varying strengths. In some cases these are gen-
uine C–H· · · X hydrogen bonds, whilst in other cases the
interaction is at the limit of acceptable lengths of hydro-
gen bonds and might be better considered as an acidic and
dipolar C–H bond aligning itself preferentially with another
polar or dipolar site in the crystal. It is not our intention to
discuss what is a hydrogen bond[16], but merely to indi-
cate the significance of such interactions in the solid state
chemistry of icosahedral carboranes. We have also presented
cases where an interaction results in the localisation of one
C–H bond in a molecule, whilst the lack of a suitable in-
teraction means that a second C–H site is disordered with
adjacent B-H sites. We would conclude that the vast major-
ity of the ordered structures reported in the CSD have cage
C–H· · · X contacts.

Fig. 17. Part of the extended structure of 4-(p-MeC6H4)-1,2-C2B10H11 (TOLCAB [30]), showing how a C–H· · · � interaction leads to an ordered
location for the C–H unit on C2, and the absence of any interaction results in a boron and carbon atom occupying the sites labelled BC1 and BC2 with
50% probability. Hydrogen atoms other than that on C2 are omitted.

We have found only two compounds whose structures
are contained in the CSD and where the C–H and B–H
sites are apparently ordered, either on the basis of reason-
able C–C and C–B distances, or by examination of the
thermal data in the original publication, and where we can-
not find even very long C–H· · · X interactions. There is
no clear C–H· · · X interaction in the ferrocene derivative
1-(C5H5FeC5H4)-1,2-C2B10H11 [31], where the cage C–H
hydrogen atom is directed into the space between the two
cyclopentadienyl ligands, although at a distance too far
from the iron atom to be considered bonding. Finally, al-
though 2,9-(Me3SiC≡C)2-1,12-C2B10H10 (TINKOQ) [26]
is remarkably similar in molecular structure to (2-(1,12-
C2B10H11)C≡C)2 (TINKIK) [26], there is no evidence for
a C–H· · · � (alkyne) interaction.

6. Molecular structures of 1,2-, 1,7- and 1,12-C2B10H12

Of all structurally characterised carboranes, the accuracy
of the molecular structure of the parentortho-carborane,
1,2-C2B10H12, is regarded as of vital importance from
which to make comparisons with molecular structures of
mono-, di- and poly-substitutedortho-carborane derivatives.
There are in fact many more crystal structures ofortho-
carboranes than those listed here, e.g., we have not tabulated
1,2-disubstituted-ortho-carboranes since these contain no
C–H vertices.

In the absence of a co-crystallised solvent engaging in hy-
drogen bonding, 1,2-C2B10H12 has not given crystals from
which a satisfactory solid-state structure can be determined.
There are now several well defined crystal structures of
ortho-carborane, which do contain C–H· · · X interactions.
So far the most accurate molecular structure reported (based
on the esds) is in the co-crystal with 1,10-phenanthroline
(BOVGUY) (Fig. 14). This structure reveals a cage C–C
bond length of 1.620(3) Å, and has other cage bond dis-
tances listed inTable 14. This table also includes parame-
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Table 14
A comparison of the bond lengths (Å) in the best reported solid-state
structure of 1,2-C2B10H12, as its co-solvate with 1,10-phenanthroline
(BOVGUY), and the optimised structure at the MP2/6-31G∗ level of
theory

Bond X-ray
(BOVGUY)

MP2/6-31G∗ Difference

C1–C2 1.620(3) 1.618 −0.002
C1–B3/B6, C2–B3/B6 1.711(4) 1.714 +0.003
C1–B4/B5, C2–B7/B11 1.686(4) 1.692 +0.006
B3–B8, B6–B10 1.758(3) 1.761 +0.003
B3–B4/B7, B6–B5/B11 1.769(4) 1.773 +0.004
B4–B5, B7–B11 1.775(3) 1.781 +0.006
B4/B5–B9, B7/B11–B12 1.773(4) 1.773 0.000
B8–B9/B12, B10–B9/12 1.786(4) 1.786 0.000
B9–B12 1.776(3) 1.779 +0.003

ters of the optimised geometry at the accurate MP2/6-31G∗
level of theory. The agreement between these two geome-
tries is excellent and the misfit value on geometrical fitting
between the two is only 0.0051 Å (sum of root mean square
deviation) for the boron and carbon cage atoms.

For the parentmeta-carborane, 1,7-C2B10H12 the most
accurate molecular structure reported so far is in the
co-crystal with iminotris(dimethylamino)phosphorane,
(Me2N)3P=NH, which has a hydrogen-bonded chain
[19,20]. Table 15lists the bond distances of the experimen-
tal geometry along with bond distances of the optimised
geometry of 1,7-C2B10H12 at MP2/6-31G∗ level of the-
ory. The misfit value on geometrical fitting between the
two geometries is only 0.0053 Å (sum of root mean square
deviation) for the boron and carbon cage atoms.

In the case ofpara-carborane, 1,12-C2B10H12 the most
accurate experimental structure at present is in the 1:2 co-
crystal with the salt (Me2N)3PNH2

+HCO3
− as shown in

Fig. 18 [19,24]. For para-carborane, the misfit value on ge-

Fig. 18. The structure of 1,12-C2B10H12·2{[(Me2N)3PNH2]+(HCO3)−} showing the presence of an extensive hydrogen bonding network between the
carborane C–H and oxygen of hydrogen carbonate as well as between iminiumtris(dimethylamino)phosphorane and hydrogen carbonate[19,24].

Table 15
A comparison of the bond lengths (Å) in the best reported solid-state
structure of 1,7-C2B10H12, as its co-solvate with (Me2N)3PNH, and the
optimised structure at the MP2/6-31G∗ level of theory

Bond X-ray MP2/6-31G∗ Difference

C1–B2/B3, C7–B2/B3 1.692(3) 1.688 −0.004
C1–B4/B6, C7–B8/B11 1.709(3) 1.709 0.000
C1–B5, C7–B12 1.708(2) 1.706 −0.002
B2–B3 1.778(2) 1.781 +0.003
B2–B6/B11, B3–B4/B8 1.763(3) 1.765 +0.002
B5–B4/B6, B12–B8/B11 1.777(3) 1.778 +0.001
B9–B4/B8, B10–B6/B11 1.778(3) 1.775 −0.003
B5–B9/B10, B12–B9/B10 1.772(3) 1.772 0.000
B4–B8, B6–B11 1.767(2) 1.765 −0.002
B9–B10 1.782(2) 1.789 +0.007
C1· · · C7 2.614 2.598 −0.016

The C1· · · C7 vector is not a bond, but is included for completeness.

ometrical fitting between the two experimental and MP2-
optimized geometries is 0.0075 Å for the heavy cage atoms.
Bond distances for these geometries are listed inTable 16.

The earlier co-solvates ofortho-, meta- and para-car-
borane with hexamethylphosphoramide, hmpa; (Me2N)3P=O
(TOKGIJ, TOKGOP and TOKGUV respectively, shown in
Fig. 19) are less accurate structures (higher esds) showing
larger rms deviations of the heavy atoms from the MP2
optimised geometries,ortho—0.0091 Å, meta—0.0142 Å,
andpara—0.0114 Å.

Molecular structures of 1,2-C2B10H12, 1,7-C2B10H12
and 1,12-C2B10H12 were determined by gas-phase electron
diffraction in 1971, but the results were of low accuracy
[32]. More accurate gas-phase data for these carboranes
are desirable to assess the true effect of the weak hydro-
gen bonds on the carborane geometries in the solid state
and also to compare with the MP2-optimized ‘gas-phase’
geometries.



M.A. Fox, A.K. Hughes / Coordination Chemistry Reviews 248 (2004) 457–476 473

Fig. 19. The structures of the co-crystals of hexamethylphosphoramide, hmpa; (Me2N)3P=O with (a) 1,2-C2B10H12, producing a hydrogen bonded dimer,
(b) 1,7-C2B10H12, producing a hydrogen-bonded chain and (c) 1,12-C2B10H12, also a chain[56].

Table 16
A comparison of the bond lengths (Å) in the best reported solid-state struc-
ture of 1,12-C2B10H12, as its co-solvate with [(Me2N)3PNH2]+ (HCO3)−,
and the optimised structure at the MP2/6-31G∗ level of theory

X-ray MP2/6-31G∗ Difference

C–B 1.704(3) 1.703 −0.001
B–B (tropical, e.g. B2–B3) 1.777(3) 1.781 +0.004
B–B (meridianal, e.g B2–B7) 1.765(3) 1.762 −0.003
C1· · · C12 3.071 3.047 −0.024

The C1· · · C12 vector is not a bond, but is included for completeness.

7. Theoretical studies of C–H · · ·X interactions in
carboranes

Raston et al. reported the first ab initio computations
on C–H· · · X interactions of ortho-carborane with pro-
ton acceptor molecules at the HF/6-31G∗ level of theory.
With symmetry constraints the favourable energy com-
puted was 2.7 kcal mol−1 for C–H. . . arene(�) interaction
with benzene[100], 9.3 kcal mol−1 for the docking with
1,11-diaza-18-crown-6, 3.7 kcal mol−1 for the C–H· · · O
interaction with dimethyl ether and 0.9 kcal mol−1 for the
C–H· · · N interaction with dimethylamine[33]. Without
symmetry constraints the attraction energy of the bifurcated
C–H· · · O2 interaction between 1,2-dimethoxybenzene and
ortho-carborane was 5.5 kcal mol−1 [44]. Of these optimised
geometries, none can be compared with experimentally de-
termined solid-state structures where no C/B cage disorder
is present. Thus the accuracy of the HF/6-31G∗ level of
theory has not been demonstrated for carboranes with inter-
molecular C–H· · · X interactions. More theoretical studies
on C–H· · · X intermolecular interactions of carboranes are
desirable to exploit the role of carboranes in supramolecular
chemistry and crystal engineering. With no symmetry con-
straints, the benzene molecule near one cage C–H proton
in the starting geometry moves over to interact with both
cage C–H protons at HF/6-31G∗ with an attraction energy
of only 0.3 kcal mol−1 and confirmed as a true minimum
by a frequency calculation[34]. However at MP2/6-31G∗
the benzene molecule reverts to interact with one cage C–H
proton with the attraction energy of ca 1.0 kcal mol−1. In

the MP2 fully optimised geometry the C–H· · · centroid
distance is 2.220 Å—a more realistic value than 2.694 Å
reported at the HF/6-31G∗ level [100] when compared with
experimental distances inTables 9 and 10.

For accurate modelling of C–H· · · X interactions it is
necessary to consider correlation effects, so MP2 or DFT
levels of theory should be used[15]. Recently, several
known carboranes with intramolecular C–H· · · N interac-
tions were examined at the MP2/6-31G∗ level of theory
[22]. The compound 2-pyridyl-ortho-carborane was com-
puted to have a remarkably strong intramolecular C–H· · · N
interaction with an energy of 5.4 kcal mol−1. Energies of
intramolecular C–H· · · N interactions between 2.4 and
3.1 kcal mol−1 were determined for four other nitrogen-
containing carboranes. The agreement between experimen-
tal and MP2-optimized geometries for these carboranes are
excellent—including the C· · · N distances where C–H· · · N
interactions are present. The agreement between computed
proton shifts from MP2-optimized geometries and observed
proton shifts for these carboranes are also very good.

8. Conclusions

In conclusion, we note the following aspects of the struc-
tural chemistry of mono-substituted carboranes. The weakly
acidic C–H group of a carborane appears to behave in a
very similar fashion to the similarly acidic C–H group of an
alkyne[35], and the crystal engineering potential ofortho-,
meta- andpara-carboranes has yet to be fully exploited.

The solid-state structures of manycloso-C2B10 carbo-
ranes are potentially subject to disorder of the near spherical
carborane cage. The nature of the disorder makes it occa-
sionally difficult to model. Although the CSD does contain
published disordered carborane structures not listed in this
review (see footnote 1), personal experience and anecdotal
evidence suggests that many more disordered structures re-
main unpublished. The published ordered structures appear
to present some feature which promotes this order. Signif-
icant C–H· · · X hydrogen-bonding interactions have been
noted previously, but our survey of the CSD reveals that al-
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most all structurally ordered examples of mono-substituted
closo-C2B10 carboranes employ their remaining acidic C–H
group in an interaction with an electronegative atom or a
�-electron rich ligand. The strengths of these interactions,
as judged by the H· · · X distance, varies greatly, and whilst
many of the examples are previously unrecognised genuine
hydrogen-bonds, in some cases the hydrogen-bond “length”
is somewhat greater than is normally expected. Given the
shape of a Morse-potential energy curve, even a very weak
long hydrogen bond can be expected to be attractive, and
make a contribution to the enthalpy of the system. In the
cases of ordered carborane structures the hydrogen-bonding
enthalpy appears to outweigh the entropy associated with
cage disorder.
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