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Annual Research Highlights 
 
(1) “Development of bifacial nucleobase that forms 

hydrogen-bonded and metal-mediated DNA base 
pairs”  

 
A novel bifacial ligand-bearing nucleobase, 

5-hydroxyuracil (UOH), which forms both a 
hydrogen-bonded base pair (UOH–A) and a 
metal-mediated base pair (UOH–M–UOH), has been 
developed. The UOH–M–UOH base pairs were 
quantitatively formed in the presence of lanthanide ions 
such as GdIII when UOH–UOH pairs were consecutively 
incorporated into DNA duplexes. This result established 
metal-mediated duplex stabilization as well as 
DNA-templated assembly of lanthanide ions. In addition, 
a duplex possessing UOH–A base pairs was destabilized 
by addition of GdIII ions. This observation suggests that 
the hybridization behaviors of the UOH-containing DNA 
strands are altered by metal complexation. Thus, the UOH 
nucleobase with a bifacial base-pairing property holds 
great promise as a component for metal-responsive 
functional nucleic acids. 

 

 
 
Fig. 1 Hydrogen-bonded base pairing and metal-mediated 
artificial base pairing of 5-hydroxyuracil base (UOH). Other 
possible coordinating ligands on the GdIII are not shown for 
clarity. 
 
1.(1)-1) Chem. Eur. J., 21, 14713–14716 (2015). 
 
(2) “Molecular recognition of ruthenocene based on 

metal-to-metal dative bonding”  
 
 Ruthenocene, which has a Ru(II) ion sandwiched by two 
cyclopentadienyl anions, is one of the typical 
organometallic compounds, and is known to exhibit 
characteristic redox behavior and reactivity. Here we 
developed a Ag(I) complex of 
2,9-bis(9-anthracenyl)-1,10-phenanthroline as a new host 
molecule for the effective recognition of ruthenocene. It 
was found that this host compound formed a 1:1 
host-guest complex with ruthenocene in CH2Cl2, and its 
binding constant was estimated to be over 104 M–1. The 
molecular structure of the complex was also revealed by 
single-crystal X-ray diffraction analysis, and the resultant 
structure possessing a Ag(I)–Ru(II) dative bond with the 
distance of 2.782 Å indicated that this silver(I) complex 
served as an excellent host compound for ruthenocene. 

 
 
 
 
 
 
 
 
 
 
 
Fig. 2 (a) Chemical structure of ruthenocene. (b) Crystal 
structure of the host-guest complex. 
 
1.(1)-2) Z. Anorg. Allg. Chem., 641, 2056–2059 (2015). 
 
(3) “Iridium-catalyzed carbon-carbon bond cleavage 

reaction on a corannulene skeleton”  
 
 Carbon clusters such as fullerenes and carbon nanotubes 
have recently attracted much attention, and selective and 
efficient carbon-carbon bond cleavage or formation 
reactions are essential to modify their structures as 
designed. Here we revealed that a carbon-carbon bond in 
a derivative of corannulene, which is the partial structure 
of fullerenes, was site-selectively cleaved by a reaction 
with Ir(III) chloride in ethylene glycol at 250 °C under 
microwave irradiation to produce a 
benzo[ghi]fluoranthene skeleton. Several experiments 
also suggested that 2-pyridyl group in the compound 
served as a binding site for an active iridium species to 
site-selectively and efficiently cleave the carbon-carbon 
bond of the corannulene skeleton. Furthermore, the relief 
of the nonplanar strain in the corannulene skeleton was 
also essential for this reaction. Therefore this reaction 
would be applied to carbon-carbon cleavage of other 
curved nano-carbons such as fullerenes and carbon 
nanotubes as a new tool to effectively modify the carbon 
clusters.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Reaction scheme of the carbon-carbon bond cleavage of a 
corannulene skeleton. 
 
1.(1)-3) Angew. Chem., Int. Ed., 54, 5351–5354 (2015). 
2.(2)-2) 化学, 70, No. 8, 34–38 (2015). 
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Figure 3. Crystal structure of [Ag1(RuCp2)]SbF6·CHCl3; (a) 50%
ORTEP views, (b) a partial chemical structure with selected bond
lengths /Å and angles /°, and (c) a space filling model, in which some
parts of counter anion, solvent, and hydrogen atoms are omitted for
clarity.

ble matter.[7i] Indeed, upon mixing equimolar amounts of
RuCp2 and AgSbF6 in CDCl3/(CD3)2CO = 90/1, a colorless
precipitate was immediately formed with a broaden signal of
RuCp2 in the 1H NMR spectrum (Figure S34). On the other
hand, the host-guest complex [Ag1(RuCp2)]+ is stable under
this condition as shown in the 1H NMR spectrum (Figure
S31).[14] Notably, an alternative metallo-host [M1Xm]n+ (M =
CuI or ZnII) or ligand 1 itself did not show any significant
interactions with RuCp2 in CDCl3/(CD3)2CO, indicating that
the Ru–Ag dative bonding plays a central role in the binding
of RuCp2 with [Ag1X]+, where the CH–π interactions between
RuCp2 and anthracene walls would be auxiliary (Figures S35–
36, Supporting Information). Thus above results lead to the
conclusion that the present metallo-host with a coordinatively
labile site on an AgI ion provides an excellent binding site for
RuCp2 through Ru–Ag dative bonding as a key driving force.

Conclusions

In this study, we have developed a novel binding motif for
host-guest complexation through metal-to-metal dative bond-
ing as a central driving force. A Ru–Ag dative bond between
Lewis acidic AgI-host, [Ag1X]+, and Lewis basic metallocene,
RuCp2, provides a metal–metal bonded host-guest complex
[Ag1(RuCp2)]+ with a bent metallocene structure as revealed
by NMR, ESI-TOF MS, and single-crystal XRD analyses. No-
tably, the stability constant of this host-guest complexation was
estimated to be over 104 M–1 in CD2Cl2 at 300 K, which is

Z. Anorg. Allg. Chem. 2015, 2056–2059 © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2058

comparable to reported examples of non-substituted metallo-
cene binding in non-polar solvents.[8,13] Thus, proper combina-
tion of Lewis acidic and Lewis basic metals can provide a
novel strategy to create metal–metal bonded supramolecular
architectures with certain structural and electronic properties
specific to the coupled metal atoms.

Crystallographic data (excluding structure factors) for the structures in
this paper have been deposited with the Cambridge Crystallographic
Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK. Copies
of the data can be obtained free of charge on quoting the depository
numbers CCDC-1026280 for [Ag1(Et2O)]SbF6 and CCDC-1415267
for [Ag1(RuCp2)]SbF6·CHCl3 (Fax: +44-1223-336-033; E-Mail:
deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk).

Supporting Information (see footnote on the first page of this article):
Details of the experimental procedures, spectroscopic data, and crystal-
lographic data.
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Host-Guest Interactions by Metal-to-Metal Dative Bonding: Recognition of
Ruthenocene by a Metallo-Host
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Abstract. Host-guest complexation driven by metal-to-metal dative
bonding was studied using a mono-nuclear AgI complex of 2,9-bis(9-
anthracenyl)-1,10-phenanthroline as a simple metallo-host. This host
molecule can capture a ruthenocene with a Ru–Ag dative bond in solu-
tion as revealed by NMR spectroscopy and ESI-TOF MS spectrometry.

Introduction
Metal ions are widely used as structural motifs of molecular

metallo-hosts,[1] in which coordination bonding and electro-
static interactions are essential driving forces between transi-
tion central metal atoms and coordinating guest species for the
guest binding (Figure 1a). Metal–metal bonding is a unique
attractive force[2] which may allow for electronically-coupled
supramolecular interactions.[3] Herein we report an alternative
host-guest complexation through metal-to-metal dative bond-
ing using an AgI host and a ruthenocene.

Metal–metal bonding is generally categorized into two
groups according to the type of bonding characters:[2c] non-
dative bonding, in which two metal atoms share electrons, and
dative bonding, in which one Lewis basic metal atom provides
electrons to the other Lewis acidic metal atom.[2] The distinc-
tion between these two categories is not always clear-cut and
often considered empirically.[2g] However, in the latter cases,
proper combination of Lewis basic and Lewis acidic metals
possibly provide designer coordination architectures with alter-
nately arranged hetero-metal centers.[2c,2f,2g,3a,3c] In this study,
we have established that metal-to-metal dative bonding is a
useful binding motif for host-guest interactions (Figure 1b).

Metallocenes with a group 8 transition metal atom have
been widely studied due to their chemical versatilities and five-
hold symmetrical sandwich-type structures.[4] Taking advan-
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Single-crystal XRD analysis of the host-guest complex revealed a Ru–
Ag type dative bond with a significant change in the coordination ar-
rangement of the central Ru atom of ruthenocene. The binding constant
for the host-guest complexation was estimated to be over 104 M–1 in
CD2Cl2 at 300 K.

Figure 1. Schematic representation for guest binding by metallo-hosts;
(a) binding of coordinating guest species, (b) binding of a metallocene
by metal-to-metal dative bonding, and (c) formation of metal-to-metal
dative bonding between Lewis basic ruthenocene and Lewis acidic AgI

complex.

tages of their structural characteristics, a number of excellent
examples of molecular architectures have been reported such
as foldamers,[4c] molecular machines,[4a] macrocycles,[4b,4d,4f]

and supramolecular assemblies.[4e,4f] Besides, their unique re-
dox property also enhances the functionality of metallocene-
based molecular architectures.[5,6] With a view to developing
a novel non-covalent binding motif for host-guest complex-
ation, we focused on the Lewis basic characters of metallo-
cenes[7] and Lewis acidic metallo-hosts. Metal atoms of group
8 metallocenes are known to act as Lewis bases due to the
donating property of the electrons in occupied e2g orbitals. In
particular, ruthenocene [RuCp2 (Cp = C5H5

–)] and osmocene

(a) (b)
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Iridium-Catalyzed Reductive Carbon–Carbon Bond Cleavage
Reaction on a Curved Pyridylcorannulene Skeleton**
Shohei Tashiro, Mihoko Yamada, and Mitsuhiko Shionoya*

Abstract: The cleavage of CˇC bonds in p-conjugated systems
is an important method for controlling their shape and
coplanarity. An efficient way for the cleavage of an aromatic
CˇC bond in a typical buckybowl corannulene skeleton is
reported. The reaction of 2-pyridylcorannulene with a catalytic
amount of IrCl3·nH2O in ethylene glycol at 250 88C resulted in
a structural transformation from the curved corannulene
skeleton to a strain-free flat benzo[ghi]fluoranthene skeleton
through a site-selective CˇC cleavage reaction. This cleavage
reaction was found to be driven by both the coordination of the
2-pyridyl substituent to iridium and the relief of strain in the
curved corannulene skeleton. This finding should facilitate the
design of carbon nanomaterials based on CˇC bond cleavage
reactions.

Carbon nanomaterials, such as fullerenes, carbon nanotubes,
graphene, carbon nanorings, and buckybowls, are organic
materials that have recently attracted increasing attention,[1]

and the chemical modification of their basic skeletons is
essential to expand the capability of such materials. The most
typical transformations entail structural extension by attach-
ing functionality.[1, 2] On the other hand, cutting the carbon
nanomaterials through CˇC bond cleavage has also been
developed as a unique and useful transformation to obtain
hard-to-find structures.[3] For example, fullerenes were holed
to encapsulate guest species.[3c] Carbon nanotubes have also
been cleaved to open the nanotube termini[3e] or to shorten
the nanotubes.[3f] Another remarkable example is the unzip-
ping of carbon nanotubes[3g] and graphene sheets[3h] through
successive CˇC bond cleavage reactions.

Corannulene[4a] is a typical buckybowl,[4] and its character-
istic properties, which result from the curved structure, such
as bowl-to-bowl inversion,[5a,b] molecular recognition,[5c,d]

metal complexation,[5e,f] and self-association,[5g,h] have
attracted much attention. As with other carbon nanomate-
rials, there are many reports of the structural extension of the
corannulene skeleton through modifications of its perip-
hery.[1e, 5c,g,h, 6] In contrast, CˇC bond cleavage reactions of less

strained buckybowl skeletons are limited to only a few special
examples, such as the fragmentation of corannulene during
mass measurements, the cleavage of a strongly distorted
corannulene derivative during flash vacuum pyrolysis, the
ring opening of decapentynylcorannulene via a diradical
intermediate, and laser annealing or oxone oxidation of
sumanene derivatives.[7] Herein, we report an efficient and
selective CˇC bond cleavage reaction of a curved corannu-
lene skeleton by using IrCl3·nH2O as a catalyst under
microwave heating at 250 88C in ethylene glycol to obtain
a flat benzo[ghi]fluoranthene skeleton (Figure 1). It was
suggested that relief of the nonplanar strain in the corannu-
lene skeleton was an important factor contributing to the

cleavage through insertion of iridium into the CˇC bond. CˇC
bond activation of strained compounds with transition metals
is a hot topic in this field,[8] and for example, oxidative
addition reactions of metals to strongly distorted carbon
nanomaterials, such as deeper buckybowls and open-cage
fullerenes have been reported, but the inserted metals were
still present in the products.[9] However, to the best of our
knowledge, catalytic bond cleavage reactions of less distorted
corannulenes[10] with metals have not been reported. Indeed,
it was found that among the late transition metals commonly
employed, this reaction was specific to iridium.

We have previously reported that 2-pyridylcorannulene
(1) reacted with a PdII salt to form the cyclopalladated
complex [Pd(1ˇH)(CH3CN)2]BF4 under mild conditions
(60 88C).[11] In the current study, it was found that the
corannulene skeleton of 1 was readily cleaved by a catalytic
amount of IrCl3·nH2O (0.1 equiv) under microwave heating
(250 88C) for 30 minutes (Figure 2a). The resulting yellow
suspension that contained some metallic solid was initially
purified by extraction with CH2Cl2 to obtain a crude product.
1H NMR spectroscopy of the crude product indicated that the
starting material 1 had been completely consumed, and that
a new species had been generated instead (Figure 2b,c).
After further purification, the product of CˇC bond cleavage,
2-(6-ethylbenzo[ghi]fluoranthen-4-yl)pyridine (2), was iso-

Figure 1. CˇC bond cleavage and concomitant planarization of a cor-
annulene skeleton.
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The first step of this reaction, the reduction of IrCl3·n H2O,
was experimentally confirmed by X-ray photoelectron spec-
troscopy (XPS). When we analyzed black solid samples
obtained by microwave heating of IrCl3·nH2O in ethylene
glycol at 250 88C for five minutes, two distinct peaks corre-
sponding to Ir 4f7/2 and Ir 4f5/2 were observed at 61.4 and
64.4 eV, respectively. These binding energies were signifi-
cantly lower than those of IrIIICl3 (62.7 and 65.6 eV),
suggesting that the IrIIICl3 salt was reduced to a lower-valent
iridium species (Supporting Information, Figure S19). The
disappearance of the peaks that are due to the Cl atoms also
supports the reduction of IrIIICl3. The binding energies of the
reduced Ir components are close to those of metallic iridium,
Ir0 (61.35 and 64.35 eV),[13] indicating that the resulting
iridium species should be based on Ir0 or IrI. Indeed, these
reaction conditions are very similar to those of a known
method, the so-called polyol process, where metallic nano-
particles are produced from a transition-metal salt by heating
in ethylene glycol at high temperature.[14] According to the
literature, ethylene glycol reacts with a metal salt to afford
elemental metal, 2,3-butanedione, and HCl.[14d] As iridium
nanoparticles are also synthesized by a similar process,[14e] the
formation of Ir0 species is likely to occur under these
conditions.

As electron-rich transition metals in low oxidation states
generally prefer to insert into CˇC bonds through oxidative
addition,[8a] we propose that the resulting low-valent iridium
species, Ir0 or IrI,[15] inserted into the aromatic CˇC bond of
the corannulene skeleton of 1 to form intermediate I with an
IrII or IrIII center (Figure 5). This mechanism is well supported
by a recent theoretical study, in which metal insertion into
a CˇC bond at the edge of a carbon nanotube was proposed as
the first step of the transition-metal-catalyzed unzipping of
carbon nanotubes.[3j] Furthermore, the proposed structure of
intermediate I also meets several conditions that need to be
fulfilled for CˇC bond activation to occur, such as relieving
strain energy, inducing aromatic stabilization, forming stable
metallacyclic complexes, and chelation-assisted activation.[8a]

For instance, intermediate I comprises two metallacycles, one
of which is stabilized by chelation with the 2-pyridyl
substituent. In fact, the 2-pyridyl moieties often serve as
chelating auxiliaries in transition-metal-mediated CˇH and
CˇC bond activation reactions.[16]

By the formation of intermediate I, the curved p-system of
the corannulene skeleton of 1 is likely to be flattened to some
extent through the iridium insertion because the planar
benzo[ghi]fluoranthene skeleton of I is only loosely tethered

with a seven-membered metallacycle. Therefore, the relief of
the nonplanar strain of the curved corannulene skeleton
should be another key driving force for the formation of
intermediate I. In the same way, more curved compounds
(with a deeper cavity), such as a half fullerene (C30H12) and
open-cage fullerenes, are known to undergo CˇC bond
activation through oxidative addition,[9] and their nonplanar
strain energy is much higher than that of corannulene
according to a recent calculation.[10] Our observation of
aromatic CˇC bond cleavage in a carbon nanomaterial with
a shallower curvature, namely corannulene, thus constitutes
a rare example.[7]

The final step in the proposed mechanism entails reduc-
tion of the vinyl moiety and protonation to give product 2. It
was experimentally confirmed that our reaction conditions
allowed for the hydrogenation of styrene to form ethyl-
benzene, even though the conversion was only approximately
50% (Table S1). Accordingly, the possibility of direct hydride
insertion from the iridium center to the metalated vinyl group
cannot be excluded. The following protonation is likely to
take place because HCl should be generated according to the
mechanism of the polyol process. Consequently, the released
iridium species with a higher oxidation state, IrII or IrIII,
should again be reduced by the polyol process to enter the
catalytic cycle once again. Another possible pathway, the
reductive elimination of IrII or IrIII from a hydride complex
and subsequent dissociation of Ir0 or IrI, might also be
involved.

Finally, we investigated the metal specificity of this
reaction by conducting screening experiments with various
transition-metal chlorides (FeCl3, CoCl2·6H2O, NiCl2·6 H2O,
CuCl2·2 H2O, RuCl3, RhCl3·3 H2O, PdCl2, AgCl, IrCl3·n H2O,
PtCl2, and Na[AuCl4]·2 H2O) under almost identical condi-
tions (with ca. 1 equiv or an excess amount of the metal salts).
Interestingly, it was found that only IrCl3·nH2O provided full
conversion of 1 into 2. Other metal salts (except for RuCl3,
which afforded a rather complicated mixture including 1 and
2) did not react with 1 at all, and the starting material was fully
recovered after the reaction (Figures S23–S33). These results
strongly indicate that the aromatic CˇC bond cleavage
reaction of 1 is specific to IrCl3·nH2O among the late
transition metal chlorides that we tested, which is consistent
with recent progress in CˇC and CˇH bond activation with
Group 9 metals (Rh, Ir). The superiority of Ir over Rh has
been reported for some CˇC activation processes and was
explained in terms of the stability of the MˇC bonds.[8c]

In summary, we have demonstrated the efficient and site-
selective CˇC cleavage reaction of the corannulene skeleton
of 1 by using IrCl3·nH2O and ethylene glycol as catalyst and
solvent, respectively, with the aid of microwave heating at
250 88C.[17] Several control experiments suggest that an Ir
species obtained by in situ reduction reacted with 1 to form
intermediate I in a process that is driven by both 2-pyridyl
chelation and the relief of the nonplanar strain in the
corannulene. Although several CˇH and CˇC bond activa-
tion reactions have been developed to date by means of
elaborate iridium catalysts, the commercially available iri-
dium salt IrCl3·nH2O used here is one of the simplest iridium
catalysts. We envision that a further expansion of this reaction

Figure 5. Plausible mechanism of the iridium-catalyzed reductive CˇC
bond cleavage reaction of 1. X= solvents, Clˇ , and/or hydrides, y =1–
3.
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The first step of this reaction, the reduction of IrCl3·n H2O,
was experimentally confirmed by X-ray photoelectron spec-
troscopy (XPS). When we analyzed black solid samples
obtained by microwave heating of IrCl3·nH2O in ethylene
glycol at 250 88C for five minutes, two distinct peaks corre-
sponding to Ir 4f7/2 and Ir 4f5/2 were observed at 61.4 and
64.4 eV, respectively. These binding energies were signifi-
cantly lower than those of IrIIICl3 (62.7 and 65.6 eV),
suggesting that the IrIIICl3 salt was reduced to a lower-valent
iridium species (Supporting Information, Figure S19). The
disappearance of the peaks that are due to the Cl atoms also
supports the reduction of IrIIICl3. The binding energies of the
reduced Ir components are close to those of metallic iridium,
Ir0 (61.35 and 64.35 eV),[13] indicating that the resulting
iridium species should be based on Ir0 or IrI. Indeed, these
reaction conditions are very similar to those of a known
method, the so-called polyol process, where metallic nano-
particles are produced from a transition-metal salt by heating
in ethylene glycol at high temperature.[14] According to the
literature, ethylene glycol reacts with a metal salt to afford
elemental metal, 2,3-butanedione, and HCl.[14d] As iridium
nanoparticles are also synthesized by a similar process,[14e] the
formation of Ir0 species is likely to occur under these
conditions.

As electron-rich transition metals in low oxidation states
generally prefer to insert into CˇC bonds through oxidative
addition,[8a] we propose that the resulting low-valent iridium
species, Ir0 or IrI,[15] inserted into the aromatic CˇC bond of
the corannulene skeleton of 1 to form intermediate I with an
IrII or IrIII center (Figure 5). This mechanism is well supported
by a recent theoretical study, in which metal insertion into
a CˇC bond at the edge of a carbon nanotube was proposed as
the first step of the transition-metal-catalyzed unzipping of
carbon nanotubes.[3j] Furthermore, the proposed structure of
intermediate I also meets several conditions that need to be
fulfilled for CˇC bond activation to occur, such as relieving
strain energy, inducing aromatic stabilization, forming stable
metallacyclic complexes, and chelation-assisted activation.[8a]

For instance, intermediate I comprises two metallacycles, one
of which is stabilized by chelation with the 2-pyridyl
substituent. In fact, the 2-pyridyl moieties often serve as
chelating auxiliaries in transition-metal-mediated CˇH and
CˇC bond activation reactions.[16]

By the formation of intermediate I, the curved p-system of
the corannulene skeleton of 1 is likely to be flattened to some
extent through the iridium insertion because the planar
benzo[ghi]fluoranthene skeleton of I is only loosely tethered

with a seven-membered metallacycle. Therefore, the relief of
the nonplanar strain of the curved corannulene skeleton
should be another key driving force for the formation of
intermediate I. In the same way, more curved compounds
(with a deeper cavity), such as a half fullerene (C30H12) and
open-cage fullerenes, are known to undergo CˇC bond
activation through oxidative addition,[9] and their nonplanar
strain energy is much higher than that of corannulene
according to a recent calculation.[10] Our observation of
aromatic CˇC bond cleavage in a carbon nanomaterial with
a shallower curvature, namely corannulene, thus constitutes
a rare example.[7]

The final step in the proposed mechanism entails reduc-
tion of the vinyl moiety and protonation to give product 2. It
was experimentally confirmed that our reaction conditions
allowed for the hydrogenation of styrene to form ethyl-
benzene, even though the conversion was only approximately
50% (Table S1). Accordingly, the possibility of direct hydride
insertion from the iridium center to the metalated vinyl group
cannot be excluded. The following protonation is likely to
take place because HCl should be generated according to the
mechanism of the polyol process. Consequently, the released
iridium species with a higher oxidation state, IrII or IrIII,
should again be reduced by the polyol process to enter the
catalytic cycle once again. Another possible pathway, the
reductive elimination of IrII or IrIII from a hydride complex
and subsequent dissociation of Ir0 or IrI, might also be
involved.

Finally, we investigated the metal specificity of this
reaction by conducting screening experiments with various
transition-metal chlorides (FeCl3, CoCl2·6H2O, NiCl2·6 H2O,
CuCl2·2 H2O, RuCl3, RhCl3·3 H2O, PdCl2, AgCl, IrCl3·n H2O,
PtCl2, and Na[AuCl4]·2 H2O) under almost identical condi-
tions (with ca. 1 equiv or an excess amount of the metal salts).
Interestingly, it was found that only IrCl3·nH2O provided full
conversion of 1 into 2. Other metal salts (except for RuCl3,
which afforded a rather complicated mixture including 1 and
2) did not react with 1 at all, and the starting material was fully
recovered after the reaction (Figures S23–S33). These results
strongly indicate that the aromatic CˇC bond cleavage
reaction of 1 is specific to IrCl3·nH2O among the late
transition metal chlorides that we tested, which is consistent
with recent progress in CˇC and CˇH bond activation with
Group 9 metals (Rh, Ir). The superiority of Ir over Rh has
been reported for some CˇC activation processes and was
explained in terms of the stability of the MˇC bonds.[8c]

In summary, we have demonstrated the efficient and site-
selective CˇC cleavage reaction of the corannulene skeleton
of 1 by using IrCl3·nH2O and ethylene glycol as catalyst and
solvent, respectively, with the aid of microwave heating at
250 88C.[17] Several control experiments suggest that an Ir
species obtained by in situ reduction reacted with 1 to form
intermediate I in a process that is driven by both 2-pyridyl
chelation and the relief of the nonplanar strain in the
corannulene. Although several CˇH and CˇC bond activa-
tion reactions have been developed to date by means of
elaborate iridium catalysts, the commercially available iri-
dium salt IrCl3·nH2O used here is one of the simplest iridium
catalysts. We envision that a further expansion of this reaction

Figure 5. Plausible mechanism of the iridium-catalyzed reductive CˇC
bond cleavage reaction of 1. X= solvents, Clˇ , and/or hydrides, y = 1–
3.
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研究ハイライト  
 
(1)	 水素結合型塩基対および金属錯体型塩基対の双

方を形成する Bifacial 核酸塩基の開発	 
 
	 DNA二重鎖中で、水素結合を介したWatson-Crick
様塩基対と、金属配位結合を介した金属錯体型人工

塩基対の双方を形成する bifacial核酸塩基を開発した。
5-ヒドロキシウラシル塩基(UOH)は、天然のアデニン
塩基(A)と水素結合型塩基対 UOH–A を形成する。さ
らに、4位のカルボニル基と 5位の水酸基が二座配位
子となり、GdIII などの希土類金属イオン存在下で、

金属錯体型塩基対 UOH–M–UOH を形成することを見

出した。これにより金属イオンによる DNA二重鎖の
安定化や、DNA鎖を鋳型とした希土類金属イオンの
集積化が可能となった。UOH–A 塩基対を含む二重鎖
では、GdIII の添加により熱的安定性が減少した。こ

のことは、UOH塩基を含む DNA鎖の会合挙動を金属
錯体形成により制御できることを示しており、金属

イオンに応答する機能性核酸への応用が期待される。 
 

 
 
図 1	 5-ヒロドキシウラシル(UOH)が形成する水素結合型
塩基対と金属錯体型人工塩基対。図では、GdIIIイオンに配

位している可能性のある他の分子を省略している。 
 
1.(1)-1) Chem. Eur. J., 21, 14713–14716 (2015). 
 
(2)	 供与型金属-金属間結合に基づくルテノセン分

子の特異的認識	 
 
	 ルテノセンはルテニウム原子に 2 つのシクロペン
タジエニル環が結合したサンドイッチ型の有機金属

化合物であり、特徴的な酸化還元挙動や反応性を示

す興味深い分子である。我々は、供与型ルテニウム-
銀間結合に着目し、ルテノセンを効率的に認識でき

る新たなホスト分子として 2,9-ビス(9-アントラセニ
ル)-1,10-フェナントロリン銀(I)錯体を開発した。この
銀(I)錯体とルテノセンを塩化メチレン中で混合した
ところ、1:1ホストゲスト複合体が形成され、その結
合定数は 104 M–1以上であることが示唆された。さら

に単結晶 X 線回折測定を行ったところ、ホストの
Ag(I)とルテノセンの Ru(II)原子が結合を形成してい

ることが明らかとなり（原子間距離 2.782 Å）、この
銀(I)錯体がルテノセンの優れたホストとして機能す
ることが示された。 
 
 
 
 
 
 
 
 
図 2	 (a) ルテノセンの化学構造式。(b) ホストゲスト複合
体の結晶構造。 
 
1.(1)-2) Z. Anorg. Allg. Chem., 641, 2056–2059 (2015). 
 
(3)	 イリジウム触媒を用いたコラニュレン骨格の位

置選択的炭素-炭素結合切断反応の開発	 
 
	 フラーレンやカーボンナノチューブなどの炭素ク

ラスターを自在に成型するには、これらの分子の炭

素-炭素結合を選択的かつ高効率に切断および結合
していく必要がある。今回、フラーレンの部分構造

であるコラニュレンの誘導体と塩化イリジウム(III)
をエチレングリコール中、250 °Cでマイクロ波加熱
したところ、コラニュレン骨格の一箇所の炭素-炭素
結合が切断および還元され、ベンゾ[ghi]フルオラン
テン骨格が選択的に形成されることが明らかとなっ

た。種々の実験からこの反応メカニズムを検討した

ところ、コラニュレン誘導体が有する 2-ピリジル基
が活性イリジウム種の結合部位として機能すること

で、位置選択的かつ高効率な炭素-炭素切断反応が実
現されたと考えられる。さらにいくつかの対照実験

によって、湾曲したコラニュレン骨格の歪みエネル

ギーの解消が、本反応の進行に寄与していることが

示唆された。本反応は、コラニュレン誘導体に限ら

ず同様の湾曲構造を有するフラーレンやカーボンナ

ノチューブにも適用できることが期待される。 
 
 
 
 
 
 
 
 
 
 
 
 
図 3	 コラニュレン骨格の炭素結合切断反応スキーム。 
 
1.(1)-3) Angew. Chem., Int. Ed., 54, 5351–5354 (2015). 
2.(2)-2) 化学, 70, No. 8, 34–38 (2015). 
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Figure 3. Crystal structure of [Ag1(RuCp2)]SbF6·CHCl3; (a) 50 %
ORTEP views, (b) a partial chemical structure with selected bond
lengths /Å and angles /°, and (c) a space filling model, in which some
parts of counter anion, solvent, and hydrogen atoms are omitted for
clarity.

ble matter.[7i] Indeed, upon mixing equimolar amounts of
RuCp2 and AgSbF6 in CDCl3/(CD3)2CO = 90/1, a colorless
precipitate was immediately formed with a broaden signal of
RuCp2 in the 1H NMR spectrum (Figure S34). On the other
hand, the host-guest complex [Ag1(RuCp2)]+ is stable under
this condition as shown in the 1H NMR spectrum (Figure
S31).[14] Notably, an alternative metallo-host [M1Xm]n+ (M =
CuI or ZnII) or ligand 1 itself did not show any significant
interactions with RuCp2 in CDCl3/(CD3)2CO, indicating that
the Ru–Ag dative bonding plays a central role in the binding
of RuCp2 with [Ag1X]+, where the CH–π interactions between
RuCp2 and anthracene walls would be auxiliary (Figures S35–
36, Supporting Information). Thus above results lead to the
conclusion that the present metallo-host with a coordinatively
labile site on an AgI ion provides an excellent binding site for
RuCp2 through Ru–Ag dative bonding as a key driving force.

Conclusions

In this study, we have developed a novel binding motif for
host-guest complexation through metal-to-metal dative bond-
ing as a central driving force. A Ru–Ag dative bond between
Lewis acidic AgI-host, [Ag1X]+, and Lewis basic metallocene,
RuCp2, provides a metal–metal bonded host-guest complex
[Ag1(RuCp2)]+ with a bent metallocene structure as revealed
by NMR, ESI-TOF MS, and single-crystal XRD analyses. No-
tably, the stability constant of this host-guest complexation was
estimated to be over 104 M–1 in CD2Cl2 at 300 K, which is

Z. Anorg. Allg. Chem. 2015, 2056–2059 © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2058

comparable to reported examples of non-substituted metallo-
cene binding in non-polar solvents.[8,13] Thus, proper combina-
tion of Lewis acidic and Lewis basic metals can provide a
novel strategy to create metal–metal bonded supramolecular
architectures with certain structural and electronic properties
specific to the coupled metal atoms.

Crystallographic data (excluding structure factors) for the structures in
this paper have been deposited with the Cambridge Crystallographic
Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK. Copies
of the data can be obtained free of charge on quoting the depository
numbers CCDC-1026280 for [Ag1(Et2O)]SbF6 and CCDC-1415267
for [Ag1(RuCp2)]SbF6·CHCl3 (Fax: +44-1223-336-033; E-Mail:
deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk).

Supporting Information (see footnote on the first page of this article):
Details of the experimental procedures, spectroscopic data, and crystal-
lographic data.
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Host-Guest Interactions by Metal-to-Metal Dative Bonding: Recognition of
Ruthenocene by a Metallo-Host
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Dedicated to Professor F. Ekkehardt Hahn on the Occasion of His 60th Birthday

Keywords: Metallo-host; Metal–metal bonding; Dative bonding; Ruthenium; Metallocenes

Abstract. Host-guest complexation driven by metal-to-metal dative
bonding was studied using a mono-nuclear AgI complex of 2,9-bis(9-
anthracenyl)-1,10-phenanthroline as a simple metallo-host. This host
molecule can capture a ruthenocene with a Ru–Ag dative bond in solu-
tion as revealed by NMR spectroscopy and ESI-TOF MS spectrometry.

Introduction
Metal ions are widely used as structural motifs of molecular

metallo-hosts,[1] in which coordination bonding and electro-
static interactions are essential driving forces between transi-
tion central metal atoms and coordinating guest species for the
guest binding (Figure 1a). Metal–metal bonding is a unique
attractive force[2] which may allow for electronically-coupled
supramolecular interactions.[3] Herein we report an alternative
host-guest complexation through metal-to-metal dative bond-
ing using an AgI host and a ruthenocene.

Metal–metal bonding is generally categorized into two
groups according to the type of bonding characters:[2c] non-
dative bonding, in which two metal atoms share electrons, and
dative bonding, in which one Lewis basic metal atom provides
electrons to the other Lewis acidic metal atom.[2] The distinc-
tion between these two categories is not always clear-cut and
often considered empirically.[2g] However, in the latter cases,
proper combination of Lewis basic and Lewis acidic metals
possibly provide designer coordination architectures with alter-
nately arranged hetero-metal centers.[2c,2f,2g,3a,3c] In this study,
we have established that metal-to-metal dative bonding is a
useful binding motif for host-guest interactions (Figure 1b).

Metallocenes with a group 8 transition metal atom have
been widely studied due to their chemical versatilities and five-
hold symmetrical sandwich-type structures.[4] Taking advan-
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Single-crystal XRD analysis of the host-guest complex revealed a Ru–
Ag type dative bond with a significant change in the coordination ar-
rangement of the central Ru atom of ruthenocene. The binding constant
for the host-guest complexation was estimated to be over 104 M–1 in
CD2Cl2 at 300 K.

Figure 1. Schematic representation for guest binding by metallo-hosts;
(a) binding of coordinating guest species, (b) binding of a metallocene
by metal-to-metal dative bonding, and (c) formation of metal-to-metal
dative bonding between Lewis basic ruthenocene and Lewis acidic AgI

complex.

tages of their structural characteristics, a number of excellent
examples of molecular architectures have been reported such
as foldamers,[4c] molecular machines,[4a] macrocycles,[4b,4d,4f]

and supramolecular assemblies.[4e,4f] Besides, their unique re-
dox property also enhances the functionality of metallocene-
based molecular architectures.[5,6] With a view to developing
a novel non-covalent binding motif for host-guest complex-
ation, we focused on the Lewis basic characters of metallo-
cenes[7] and Lewis acidic metallo-hosts. Metal atoms of group
8 metallocenes are known to act as Lewis bases due to the
donating property of the electrons in occupied e2g orbitals. In
particular, ruthenocene [RuCp2 (Cp = C5H5

–)] and osmocene

(a) (b)
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Iridium-Catalyzed Reductive Carbon–Carbon Bond Cleavage
Reaction on a Curved Pyridylcorannulene Skeleton**
Shohei Tashiro, Mihoko Yamada, and Mitsuhiko Shionoya*

Abstract: The cleavage of CˇC bonds in p-conjugated systems
is an important method for controlling their shape and
coplanarity. An efficient way for the cleavage of an aromatic
CˇC bond in a typical buckybowl corannulene skeleton is
reported. The reaction of 2-pyridylcorannulene with a catalytic
amount of IrCl3·nH2O in ethylene glycol at 250 88C resulted in
a structural transformation from the curved corannulene
skeleton to a strain-free flat benzo[ghi]fluoranthene skeleton
through a site-selective CˇC cleavage reaction. This cleavage
reaction was found to be driven by both the coordination of the
2-pyridyl substituent to iridium and the relief of strain in the
curved corannulene skeleton. This finding should facilitate the
design of carbon nanomaterials based on CˇC bond cleavage
reactions.

Carbon nanomaterials, such as fullerenes, carbon nanotubes,
graphene, carbon nanorings, and buckybowls, are organic
materials that have recently attracted increasing attention,[1]

and the chemical modification of their basic skeletons is
essential to expand the capability of such materials. The most
typical transformations entail structural extension by attach-
ing functionality.[1, 2] On the other hand, cutting the carbon
nanomaterials through CˇC bond cleavage has also been
developed as a unique and useful transformation to obtain
hard-to-find structures.[3] For example, fullerenes were holed
to encapsulate guest species.[3c] Carbon nanotubes have also
been cleaved to open the nanotube termini[3e] or to shorten
the nanotubes.[3f] Another remarkable example is the unzip-
ping of carbon nanotubes[3g] and graphene sheets[3h] through
successive CˇC bond cleavage reactions.

Corannulene[4a] is a typical buckybowl,[4] and its character-
istic properties, which result from the curved structure, such
as bowl-to-bowl inversion,[5a,b] molecular recognition,[5c,d]

metal complexation,[5e,f] and self-association,[5g,h] have
attracted much attention. As with other carbon nanomate-
rials, there are many reports of the structural extension of the
corannulene skeleton through modifications of its perip-
hery.[1e, 5c,g,h, 6] In contrast, CˇC bond cleavage reactions of less

strained buckybowl skeletons are limited to only a few special
examples, such as the fragmentation of corannulene during
mass measurements, the cleavage of a strongly distorted
corannulene derivative during flash vacuum pyrolysis, the
ring opening of decapentynylcorannulene via a diradical
intermediate, and laser annealing or oxone oxidation of
sumanene derivatives.[7] Herein, we report an efficient and
selective CˇC bond cleavage reaction of a curved corannu-
lene skeleton by using IrCl3·nH2O as a catalyst under
microwave heating at 250 88C in ethylene glycol to obtain
a flat benzo[ghi]fluoranthene skeleton (Figure 1). It was
suggested that relief of the nonplanar strain in the corannu-
lene skeleton was an important factor contributing to the

cleavage through insertion of iridium into the CˇC bond. CˇC
bond activation of strained compounds with transition metals
is a hot topic in this field,[8] and for example, oxidative
addition reactions of metals to strongly distorted carbon
nanomaterials, such as deeper buckybowls and open-cage
fullerenes have been reported, but the inserted metals were
still present in the products.[9] However, to the best of our
knowledge, catalytic bond cleavage reactions of less distorted
corannulenes[10] with metals have not been reported. Indeed,
it was found that among the late transition metals commonly
employed, this reaction was specific to iridium.

We have previously reported that 2-pyridylcorannulene
(1) reacted with a PdII salt to form the cyclopalladated
complex [Pd(1ˇH)(CH3CN)2]BF4 under mild conditions
(60 88C).[11] In the current study, it was found that the
corannulene skeleton of 1 was readily cleaved by a catalytic
amount of IrCl3·nH2O (0.1 equiv) under microwave heating
(250 88C) for 30 minutes (Figure 2a). The resulting yellow
suspension that contained some metallic solid was initially
purified by extraction with CH2Cl2 to obtain a crude product.
1H NMR spectroscopy of the crude product indicated that the
starting material 1 had been completely consumed, and that
a new species had been generated instead (Figure 2b,c).
After further purification, the product of CˇC bond cleavage,
2-(6-ethylbenzo[ghi]fluoranthen-4-yl)pyridine (2), was iso-

Figure 1. CˇC bond cleavage and concomitant planarization of a cor-
annulene skeleton.
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The first step of this reaction, the reduction of IrCl3·n H2O,
was experimentally confirmed by X-ray photoelectron spec-
troscopy (XPS). When we analyzed black solid samples
obtained by microwave heating of IrCl3·nH2O in ethylene
glycol at 250 88C for five minutes, two distinct peaks corre-
sponding to Ir 4f7/2 and Ir 4f5/2 were observed at 61.4 and
64.4 eV, respectively. These binding energies were signifi-
cantly lower than those of IrIIICl3 (62.7 and 65.6 eV),
suggesting that the IrIIICl3 salt was reduced to a lower-valent
iridium species (Supporting Information, Figure S19). The
disappearance of the peaks that are due to the Cl atoms also
supports the reduction of IrIIICl3. The binding energies of the
reduced Ir components are close to those of metallic iridium,
Ir0 (61.35 and 64.35 eV),[13] indicating that the resulting
iridium species should be based on Ir0 or IrI. Indeed, these
reaction conditions are very similar to those of a known
method, the so-called polyol process, where metallic nano-
particles are produced from a transition-metal salt by heating
in ethylene glycol at high temperature.[14] According to the
literature, ethylene glycol reacts with a metal salt to afford
elemental metal, 2,3-butanedione, and HCl.[14d] As iridium
nanoparticles are also synthesized by a similar process,[14e] the
formation of Ir0 species is likely to occur under these
conditions.

As electron-rich transition metals in low oxidation states
generally prefer to insert into CˇC bonds through oxidative
addition,[8a] we propose that the resulting low-valent iridium
species, Ir0 or IrI,[15] inserted into the aromatic CˇC bond of
the corannulene skeleton of 1 to form intermediate I with an
IrII or IrIII center (Figure 5). This mechanism is well supported
by a recent theoretical study, in which metal insertion into
a CˇC bond at the edge of a carbon nanotube was proposed as
the first step of the transition-metal-catalyzed unzipping of
carbon nanotubes.[3j] Furthermore, the proposed structure of
intermediate I also meets several conditions that need to be
fulfilled for CˇC bond activation to occur, such as relieving
strain energy, inducing aromatic stabilization, forming stable
metallacyclic complexes, and chelation-assisted activation.[8a]

For instance, intermediate I comprises two metallacycles, one
of which is stabilized by chelation with the 2-pyridyl
substituent. In fact, the 2-pyridyl moieties often serve as
chelating auxiliaries in transition-metal-mediated CˇH and
CˇC bond activation reactions.[16]

By the formation of intermediate I, the curved p-system of
the corannulene skeleton of 1 is likely to be flattened to some
extent through the iridium insertion because the planar
benzo[ghi]fluoranthene skeleton of I is only loosely tethered

with a seven-membered metallacycle. Therefore, the relief of
the nonplanar strain of the curved corannulene skeleton
should be another key driving force for the formation of
intermediate I. In the same way, more curved compounds
(with a deeper cavity), such as a half fullerene (C30H12) and
open-cage fullerenes, are known to undergo CˇC bond
activation through oxidative addition,[9] and their nonplanar
strain energy is much higher than that of corannulene
according to a recent calculation.[10] Our observation of
aromatic CˇC bond cleavage in a carbon nanomaterial with
a shallower curvature, namely corannulene, thus constitutes
a rare example.[7]

The final step in the proposed mechanism entails reduc-
tion of the vinyl moiety and protonation to give product 2. It
was experimentally confirmed that our reaction conditions
allowed for the hydrogenation of styrene to form ethyl-
benzene, even though the conversion was only approximately
50% (Table S1). Accordingly, the possibility of direct hydride
insertion from the iridium center to the metalated vinyl group
cannot be excluded. The following protonation is likely to
take place because HCl should be generated according to the
mechanism of the polyol process. Consequently, the released
iridium species with a higher oxidation state, IrII or IrIII,
should again be reduced by the polyol process to enter the
catalytic cycle once again. Another possible pathway, the
reductive elimination of IrII or IrIII from a hydride complex
and subsequent dissociation of Ir0 or IrI, might also be
involved.

Finally, we investigated the metal specificity of this
reaction by conducting screening experiments with various
transition-metal chlorides (FeCl3, CoCl2·6H2O, NiCl2·6 H2O,
CuCl2·2 H2O, RuCl3, RhCl3·3 H2O, PdCl2, AgCl, IrCl3·n H2O,
PtCl2, and Na[AuCl4]·2 H2O) under almost identical condi-
tions (with ca. 1 equiv or an excess amount of the metal salts).
Interestingly, it was found that only IrCl3·nH2O provided full
conversion of 1 into 2. Other metal salts (except for RuCl3,
which afforded a rather complicated mixture including 1 and
2) did not react with 1 at all, and the starting material was fully
recovered after the reaction (Figures S23–S33). These results
strongly indicate that the aromatic CˇC bond cleavage
reaction of 1 is specific to IrCl3·nH2O among the late
transition metal chlorides that we tested, which is consistent
with recent progress in CˇC and CˇH bond activation with
Group 9 metals (Rh, Ir). The superiority of Ir over Rh has
been reported for some CˇC activation processes and was
explained in terms of the stability of the MˇC bonds.[8c]

In summary, we have demonstrated the efficient and site-
selective CˇC cleavage reaction of the corannulene skeleton
of 1 by using IrCl3·nH2O and ethylene glycol as catalyst and
solvent, respectively, with the aid of microwave heating at
250 88C.[17] Several control experiments suggest that an Ir
species obtained by in situ reduction reacted with 1 to form
intermediate I in a process that is driven by both 2-pyridyl
chelation and the relief of the nonplanar strain in the
corannulene. Although several CˇH and CˇC bond activa-
tion reactions have been developed to date by means of
elaborate iridium catalysts, the commercially available iri-
dium salt IrCl3·nH2O used here is one of the simplest iridium
catalysts. We envision that a further expansion of this reaction

Figure 5. Plausible mechanism of the iridium-catalyzed reductive CˇC
bond cleavage reaction of 1. X= solvents, Clˇ , and/or hydrides, y =1–
3.
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reaction conditions are very similar to those of a known
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particles are produced from a transition-metal salt by heating
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nanoparticles are also synthesized by a similar process,[14e] the
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activation through oxidative addition,[9] and their nonplanar
strain energy is much higher than that of corannulene
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