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† Electronic supplementary information (
3b), 2303637 (complex 3a), 2303638 (com
(L3), 2303641 (complex 4), 2303643 (L4) a
crystallographic data in CIF or o
https://doi.org/10.1039/d4sc01158a

‡ X.-R. L. and P.-F. C. contributed equally

Cite this: Chem. Sci., 2024, 15, 9274

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 19th February 2024
Accepted 16th May 2024

DOI: 10.1039/d4sc01158a

rsc.li/chemical-science

9274 | Chem. Sci., 2024, 15, 9274–9
activity of a unique M/C–H
interaction stabilized by carborane cages†

Xin-Ran Liu,‡a Peng-Fei Cui,‡a Yago Garćıa-Rodeja,b Miquel Sol̀a b

and Guo-Xin Jin *a

Broadening carborane applications has consistently been the goal of chemists in this field. Herein,

compared to alkyl or aryl groups, a carborane cage demonstrates an advantage in stabilizing a unique

bonding interaction: M/C–H interaction. Experimental results and theoretical calculations have revealed

the characteristic of this two-center, two-electron bonding interaction, in which the carbon atom in the

arene ring provides two electrons to the metal center. The reduced aromaticity of the benzene moiety,

long distance between the metal and carbon atom in arene, and the upfield shift of the signal of

M/C–H in the nuclear magnetic resonance spectrum distinguished this interaction from metal/C p

interaction and metal–C(H) s bonds. Control experiments demonstrate the unique electronic effects of

carborane in stabilizing the M/C–H bonding interaction in organometallic chemistry. Furthermore, the

M/C–H interaction can convert into C–H bond metallization under acidic conditions or via treatment

with t-butyl isocyanide. These findings deepen our understanding regarding the interactions between

metal centers and carbon atoms and provide new opportunities for the use of carboranes.
Introduction

Icosahedral carboranes (C2B10H12) are carbon–boron molecular
clusters,1 serving as useful building blocks in various
applications.2–7 The carborane substituents have been widely
used to tune ligand properties. Because of the unique electronic
effects of carboranes,8–12 they are oen recognized as three-
dimensional inorganic benzene analogs.13,14 Based on this
property, many studies have explored compounds such as car-
borynes (1,2-dehydro-ortho-carboranes),15 transition metal–car-
boryne complexes,16 and o-carborane-fused borirans.17

However, being a large steric, electron-decient group, carbor-
ane also exhibits considerable differences compared to the
benzene ring. These differences contribute to the stabilization
of radicals18–20 and intermediates.21 However, whether carbor-
ane can stabilize specic bonding interactions is yet to be
discovered. Currently, considerable effort in carborane chem-
istry is primarily devoted to the research of metal centers and
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B–H bonds.22–27 The advantages of carborane itself in stabilizing
special interactions, especially the metal/C–H interaction, are
unclear and under investigation.

Because species containing a metal–arene bonding interac-
tion are known to be the key intermediates in synthetic
chemistry,28–30 considerable efforts have been devoted to
understanding this bonding interaction.31,32 Among these
species, the metal/C–H interaction of arenes is easily confused
with other interactions, such as metal/C p interactions,33,34

metal–C(H) s bonds (Wheland intermediate),29,35–37metal/H–C
agostic interactions,38–40 and the van der Waals interactions41

(Chart 1). Structural similarity and unclear concept of metal/
C–H interaction are the root causes of this confusion. Moreover,
Chart 1 Examples of bonding interactions between a metal centre
and arenes. The (a) metal/C p interaction, (b) metal/H–C agostic
interaction, (c) metal–C(H) s bond, and (d) van der Waals interaction.
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Scheme 1 Synthesis of complexes 1, 2, and 3.
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the unique M/C–H interaction is unstable and can easily
metallize the C–H bond, making its stabilization more difficult.
Therefore, the M/C–H interaction is mainly stabilized by
additional intramolecular restraints. Such restraints can be
introduced by incorporating the arene moiety into an appro-
priately sized macrocycle.41,42 However, it is unclear whether the
metal/C–H interaction can be stabilized by regulating the
intramolecular electronic effect.42 A clear denition of this
bonding interaction has also not yet been proposed.

To investigate the stabilizing effect and bonding character-
istics of the metal/C–H interaction, tridentate coordinating
pincer-type ligands containing carborane, phenyl, or n-butyl
groups were designed and synthesized. The results reveal that
the special electronic effects of the carborane cage can stabilize
this bonding interaction. Theoretical calculations were also
performed to gain insights into the bonding model of this
special metal/C–H interaction. Further investigations indicate
that the unique metal/C–H interaction can achieve C–H bond
activation under acidic conditions or in the presence of the
strong coordination ligand t-butyl isocyanide (CN–But). These
ndings clearly dene the characteristics of the metal/C–H
interaction and broaden the prospect of carboranes in stabi-
lizing special bonding interactions.

Results and discussion

Generally, the C–H bond of benzene in pincer-type ligands is
easily activated by transition metals owing to strong chelation.43

Therefore, obtaining the metal/C–H bonding interaction in
such complexes is difficult. To address this challenge, different
© 2024 The Author(s). Published by the Royal Society of Chemistry
pincer-type ligands were designed and synthesized (for more
details, see the ESI†). Further, the reactions of the synthesized
pincer-type ligands with [Cp*MCl2]2 (M = Ir or Rh) were
explored (Scheme 1).

First, when ligand 1 was treated with [Cp*IrCl2]2 (0.5 equiv.),
followed by the addition of AgOTf and potassium bis(-
trimethylsilyl)amide (KMDH), the 1H nuclear magnetic reso-
nance (NMR) spectrum of complex 1 showed no singlet peak
corresponding to the C5–H proton and the Cp* signal was
observed at 1.64 ppm (Fig. S1†). This indicated that the C5–H
bond on the benzene ring was directly activated. The 19F NMR
spectrum of complex 1 showed a signal at −78.35 ppm
(Fig. S6†), indicating the formation of an ionic complex; this
result was also supported by electrospray ionization mass
spectrometry (ESI-MS) analysis [(M − OTF)+ = 675.1479; calc.
675.1456; Fig. S7†]. These results conrm the metallization of
the C5–H bond. Aer failing to achieve the metal/C–H inter-
action using ligand 1, it was determined if the interaction could
be achieved by altering the electronic effects of the R group
presented in Scheme 1. Then, ligand 2 was designed, where
phenyl was replaced with n-butyl. However, a similar reaction as
in case of ligand 1 occurred, forming complex 2. The structure
of complex 2 was further conrmed via NMR and ESI-MS
analysis (Fig. S8, S10 and S14†). The signals of Cp* and the
N–H proton were observed at 1.52 and 10.94 ppm in the 1H
NMR spectrum of complex 2 (Fig. S8†), respectively, indicating
the presence of a C5–H bond-metallized complex such as
complex 1. The ESI-MS analysis results [(M − OTF)+ = 635.2096;
calc. 635.2083; Fig. S14†] also supported the formation of
Chem. Sci., 2024, 15, 9274–9280 | 9275
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complex 2. These results indicate that the C–H bond of the
benzene ring is easily activated in such a coordinated model.

To achieve the metal/C–H interaction, the charge density at
the iridium center needs to be modied. Because phenyl and n-
butyl can be considered as electron-donating groups, the effect
of an electron-withdrawing group on the stability of the metal/
C–H interaction needs to be explored. The carborane cage is
a very competitive candidate as an electron-withdrawing group
because of the electron deciency of the B atom. Currently,
carborane is used to stabilize radical complexes because of its
large steric hindrance and unique electronic effects, but its use
for stabilizing special bonding interactions is challenging.
Ligand 3 was designed and reacted with [Cp*IrCl2]2 (0.5 equiv.)
under conditions similar to those of ligands 1 and 2 (Scheme 1
and Fig. 1). The 1H NMR spectrum of complex 3a shows
a singlet corresponding to the C5–H proton, and this peak
shied upeld (from d = 7.51 to 5.66 ppm) from the normal
region for aryl protons in complex 3a (Fig. 1c and d). This
indicates that the metal/C–H interaction is observed in
complex 3a. The 13C NMR spectra of complex 3a also showed
that the signal of C5 appeared at d = 41.71 ppm, which is in
contrast to the other carbon atoms in the benzene ring, exhib-
iting peaks at 118.83–159.92 ppm (Fig. S29†). No signal was
observed in the 19F NMR spectrum of complex 3a, indicating the
Fig. 1 (a) Molecular structure of complex 3a: colour codes: Ir, red; S, yello
bond lengths in the benzene ring and the angle of Ir–C5–H. (b) ESI-MS o
partial 1H NMR (CDCl3, 298 K) spectra of complex 3a (c) and ligand 3 (d). T
analysis of the complex 3a and benzene ring. (f) Comparison of the tota
calized electrons in benzene and in the benzene ring of complex 3a.
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formation of neutral complex 3a, consistent with the ESI-MS
results [(M + H)+ = 807.4387; calc. 807.4412; Fig. 1b]. These
results support the presence of a strong interaction between the
metal center and the carbon atom in arene. Notably, van der
Waals interactions and metal/C p interactions do not exhibit
this phenomenon.44 Therefore, the NMR signal is one of the
characteristic signals indicating the presence of the metal/C–
H interaction. Furthermore, the NMR signals of the protons of
C(7,9)–H were also shied upeld from d = 7.52 (in ligand 1) to
6.59 ppm (Fig. 1c and d). Additionally, cyclohexadienyl cations
usually exhibit an absorption band at ∼420 nm in ultraviolet-
visible (UV-vis) spectra;45 however, no corresponding reso-
nance was observed for complex 3a (Fig. S34†). This shows the
difference between the M/C–H interaction and the M–C(H) s
bond. As mentioned above, themetal/C–H interaction exhibits
unique characteristics and may be an important intermediate
in synthetic chemistry. Moreover, it is easily confused with
other similar bonding interactions. It was assumed whether it
was possible to come to an inductive denition of this bond,
which requires as complete a characterization as possible.

The X-ray single-crystal diffraction data of complex 3a were
collected. The structure of complex 3a shows that the metal
center remains trivalent and is coordinated with two S atoms,
a Cp* ring, and a C5 atom (Fig. 1a). It indicates that the valence
w; N, blue; C, gray; B, pink; and H, light gray. The numbers indicate the
f complex 3a (bottom: experimental; top: theoretical). Comparison of
he numbers indicate the carbon number on the benzene ring. (e) EDDB
l population of electrons (from EDDB charges in electrons) and delo-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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state of the benzene ring does not change in M/C–H bonding
type. However, as for M–C(H) s bonding type, the carbon atom
can be viewed as sp3 carbon and the complex is a s complex or
Wheland intermediate. Thus, the benzene ring should be
positive.29,45 The lengths of the C5–C6 and C5–C4 bonds in 3a
are 1.45 and 1.44 Å, respectively, which are slightly longer than
those of the other four bonds (∼1.39 Å) (Fig. 1a). However, the
lengths of the C5–C6 and C5–C4 bonds do not correspond to the
length of a C–C single bond (1.54 Å). Additionally, the six carbon
atoms in the benzene ring remain planar (but not in the M–C
(H) s bonding type29,35) and the angle of H–C5–Ir is 102.2°
(Fig. 1a). These results suggest a considerable but not complete
disruption of the aromaticity in the benzene ring of 3a. Given
the partial preservation of aromaticity, the Ir–C5 bond is ex-
pected to be somewhat longer than a comparable Ir–C s bond.
In line with this hypothesis, the observed Ir–C5 length of 2.24 Å
(Fig. 1a) is consistent with the lengthening of the Ir–C s bond
(2.05 Å).

Natural bond order (NBO) analysis (Table S1†) veried the
role of carboranes in stabilizing the M/C–H interaction.
Because of the electron-withdrawing nature of the carborane
cage, sulphur atoms exhibited lower charges (−0.089e and
−0.121e) in ligand 3 than in ligands 1 and 2, where S atoms had
a charge of approximately −0.2e. Therefore, in ligands 1 and 2,
Fig. 2 (a) Synthesis of complex 4. (b) ESI-MS of complex 4 (bottom: expe
code: Ir, red; S, yellow; N, blue; C, gray; B, pink; H, light gray.

© 2024 The Author(s). Published by the Royal Society of Chemistry
the lone pairs of electrons on the S atoms were more available
for dative bonding compared with ligand 3. These differences
favoured the formation of a neutral structure for ligand 3 and
cationic structures for ligands 1 and 2. This is corroborated by
the calculated Gibbs energies of the following reaction (see
Fig. S66†):

Complex n + NEt3H
+ / complex np + NEt3 (1)

For ligand 3, the C–H activation from complex 3a is ender-
gonic by 12.50 kcal mol−1, whereas for ligands 1 and 2, it is
exergonic by 7.01 and 6.04 kcal mol−1, respectively.

Density functional theory calculations provide insights into
this bonding interaction. The three-center electron sharing
index (3c-ESIs) value is close to zero, which indicates the
absence of a three-centre bond in complex 3a (see Table S4†).46

Therefore, almost no interaction occurs between Ir and the H
atom on C5. This illustrates that the M/C–H interaction is
a two-centre bond, which differs from the three-center bond,
metal/H–C agostic interaction. Table S4† gathers the results
for complex 3a and other types of interactions. M/C–H bond
complexes are characterized by a relatively large M–C and a C–H
bond order, a M–H bond order close to zero, and a relatively
small 3c-ESI. The electron density of delocalized bonds (EDDB)
rimental; top: theoretical). (c) Molecular structure of complex 4. Colour

Chem. Sci., 2024, 15, 9274–9280 | 9277
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was computed to determine the inuence of M/C–H interac-
tion on the aromaticity of the benzene ring.47 The delocalized
electrons decreased from 5.6e for the benzene ring to 3.5e for
complex 3a (Fig. 1e and f and Table S2†). Moreover, the
computed out-of-plane component of the nucleus-independent
chemical shi (NICS(1)zz) corroborate the results obtained by
EDDB, with NICS(1)zz = −19.9 ppm for complex 3a and −27.7
for benzene (Table S3†). Therefore, the aromaticity of the
benzene moiety is reduced but not completely disrupted. This is
consistent with the aforementioned experimental results. To
further understand the role of the C5 atom in this bonding
interaction, NBO analysis was used,48 which indicates that the
Ir–C5 bond is formed through the interaction between the p-
orbital of the C5 atom and the d-orbital (5dz

2) of the Ir. With
this interaction, the C5 atom can be viewed as providing a pair
of electrons for iridium to satisfy the 18-electron rule. So far, the
basic characteristics of the M/C–H interaction have been
clearly characterized. Its characteristics can be summarized as
follows: (1) the M/C–H interaction is a two-centre, two-electron
bond, and the C atom provides a pair of electrons to the metal
centre. (2) The aromaticity of the benzene moiety is reduced but
not completely disrupted, causing a slight increase in the C–C
bond length in the arene ring and metal–C interaction, but the
six carbon atoms in the benzene ring remain planar. (3) Owing
Fig. 3 (a) Reactivities of complex 3. Molecular structure of complex 5a (b
C, gray; B, pink; H, light gray; O, orange; F, green. The notes show the c

9278 | Chem. Sci., 2024, 15, 9274–9280
to the strong interaction between the metal centre and carbon
atom in arene, the signal of M/C–H in the NMR spectrum
shis considerably upeld. These characteristics provide a way
for identifying the M/C–H interaction. Similarly, this interac-
tion can also be formed by reacting [Cp*RhCl2]2 (0.5 equiv.) and
ligand 3 (Scheme 1). The characteristics of complex 3b have
been described in detail in the ESI (Fig. S35–S42 and S69†).

Then, the ligand 4 was designed and synthesized to observe
the effect of substituents on the benzene ring. The reaction of
Ligand 4 with [Cp*IrCl2]2 (1.5 equiv.) to form complex 4 in
CH2Cl2 was explored (Fig. 2a). The ESI-MS analysis shows the
synthesis of trinuclear complex 4 ((M + H)+ = 1659.7423; calc.
1659.7402) (Fig. 2b). The 1H NMR spectrum of complex 4 also
exhibits a singlet at d = 5.59 ppm (Fig. S43†), indicating
M/C–H interaction formation. The X-ray single-crystal
diffraction data of complex 4 conrm the unusual bonding
pattern between the Ir center and C atom on one side and
metallization of the B(3, 4) sites of the carborane cage on the
other side (Fig. 2c). These results demonstrate that an M/C–H
interaction can be stabilized by the carborane cage and is not
affected by substituents on the para-position of the benzene
ring.

Aer achieving the controlled formation of M/C–H inter-
action, its reactivities attract our attention. The rst challenge is
) and complex 6 (c). Colour code: Ir, red; Rh, dark red; S, yellow; N, blue;
arbon number on the benzene ring.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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whether it can be converted into C–H metallization products.
Compared with complexes 1, 2, and 3, we found that if we could
increase the charges of the S atoms, C–H bond metallization
might be achieved. Hence, triuoromethanesulfonic acid
(HOTf) was added to complex 3 (Fig. 3a) to facilitate the
formation of C]S bonds, increasing the charges of the S atoms.
In the 1H NMR spectrum of complex 5a, the singlet signal of the
C5–H bond in complex 3 disappeared, indicating C–H activa-
tion. The proton of the C–H peak from the remaining benzene
ring appears at approximately d = 6.78 ppm (Fig. S48†). In the
13C NMR spectrum (Fig. S50†), in contrast to complex 3a (d =

41.71 ppm), the signal of the carbon atom attached to Ir appears
at d = 108.35 ppm. The bond lengths of the C5–C6 and C5–C4
bonds are 1.40 and 1.39 Å (Fig. 3b), slightly shorter than those in
complex 3a (1.43 Å and 1.44 Å). Moreover, the benzene ring in
complex 5a exhibits considerable rotation (Fig. 1a and 3b),
reducing the length of the Ir–C5 bond (2.24 Å in complex 3a and
2.05 Å in complex 5a) and activating the C–H bond.

The abovementioned strategies to achieve C–H activation
require changing the C–S bond to a C]S bond. This raises the
question of whether C–H bond activation can be achieved while
retaining the C–S single bond. To achieve this, the oxidation
state or coordination conguration of the metal centre must be
changed. However, complex 3 dissociates when an oxidizer (I2)
is added to it. This shows that C–H bond metallization cannot
be achieved by changing the oxidation state of the metal centre.
Subsequently, we applied a strong electron-donor ligand, CN–
But. When CN–But is added to complex 3b, the Cp* ring leaves
to form complex 6 (Fig. 3a). However, a similar reaction did not
occur in complex 3a, possibly due to the stronger affinity of the
Ir centre to the Cp* ring. The crystal structure of complex 6
(Fig. 3c) conrms that C–H-bond activation also causes a rota-
tion of the benzene ring compared to complex 3. These results
again illustrate the importance of charge density at the metal
centre in stabilizing the M/C–H interaction.
Conclusions

In this study, compared to alkyl or aryl groups, the carborane
cage presents a unique application prospect in stabilizing
special chemical bonding interactions. Owing to the impor-
tance of the M/C–H interaction in synthetic chemistry, this
interaction was characterized in detail through single-crystal
analysis, NMR spectroscopy, UV-vis spectroscopy, ESI-MS anal-
ysis, and theoretical calculations to provide a denition of this
interaction. This would also effectively reduce the confusion of
the metal/C–H interaction with other interactions. The anal-
ysis of this bonding interaction type can help deepen our
understanding of the interactions between a metal centre and
carbon atoms and is benecial to understand the C–H bond
activation process.
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