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Key Sentences :
1. Maximize our capability of breaking and making a desired chemical bond
2. Explore and utilize the potential of untapped elements and resources
3. Develop molecular catalysts having novel structures and functions
4. Develop efficient, selective chemical transformations
5. Synthesize novel functional materials

Key Words :

organometallic chemistry, coordination chemistry, organometallic molecular catalyst, organic
synthesis, polymer synthesis, C—H bond activation and functionalization, activation and utilization of
small molecules, multi-component copolymerization, rare-earth metal, polyhydride cluster, d-f
heteromultimetallics

Outline

The main objective of our research is to develop new generations of molecular catalysts, which can
facilitate new reactions that have been previously considered impossible, lead to more efficient,
selective chemical transformations, or create novel functional materials that can not be prepared by
previous means. The primary focus of our research is the development of our original catalysts. We
have paid special attention to rare-earth elements (group 3 and lanthanide metals), as we believe that
the exploration of the potential of underinvestigated elements is an important strategy for the
development of new catalysts that are complementary or superior to the existing ones. Our research
interests span broad areas of organometallic chemistry, ranging from the preparation, structural
characterization, and reactivity study of metal complexes having novel structures to the design,
synthesis, and application of organometallic catalysts for precision polymerization, fine-chemicals
synthesis, small molecule activation and utilization, and materials innovation.

1. Regio~ and stereospecific polymerization and copolymerization by organo rare-earth catalysts (Hou,
Nishiura, Nishii, Wu)

Aiming towards the creation of novel high-performance polymer materials, a part of our research
programs focuses on developing highly active and selective polymerization catalysts on the basis of the
unique characteristics of rare-earth metal complexes. By using the half-sandwich scandium
diaminobenzyl complex (CsMesSiMes)Sc(CHzCsH4NMez-0)2 (1-Se) with borate [PhsCl[B(CsF5)4], we
have found that the interaction between the heteroatom in a functional a-olefin and a scandium
catalyst can significantly raise the olefin polymerization activity and thereby promote its
copolymerization with ethylene. By using this heteroatom-assisted olefin polymerization (HOP)
strategy, we have successfully synthesized a new family of heteroatom-functionalized polyolefins with
high molecular weight and controllable functional monomer content (Scheme 1). Most of the
heteroatom-functionalized copolymers obtained above showed a melting point at 110—128 °C, which is
comparable with those of typical non-functionalized LLDPEs. The mechanistic aspect of the HOP
process has been elucidated by computational studies. We expect that our findings will guide designing
new catalysts and functional molecules for the synthesis of desired functional polyolefins.
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We have examined the formation and reactivity of the cationic scandium anisyl species in the
scandium-catalyzed chain-transfer polymerization of styrene using anisole as a CTA as well as in
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related reactions. A structurally well-defined, anisole-coordinated scandium aminobenzyl complex 3
was obtained from the reaction of the base-free aminobenzyl complex 2. Although the formation of a
anisyl species from 3 was not observed by 1H NMR, the polymerization of styrene by 3 yielded the
anisyl-functionalized sPS as a major product in addition to the aminobenzyl-functionalized sPS,
suggesting that the cationic scandium aminobenzyl complex 3 should exist in an equilibrium with an
anisyl species such as A. N,N-Dimethyl-otoluidine has also been found to act as an efficient CTA for
the syndiospecific chain-transfer polymerization of styrene by 1/[PhsCI[B(CéFs)4] through C-H
activation of the ortho methyl group, thus constituting the first example of wusing
N, N-dimethyl-otoluidine as a CTA in a polymerization reaction.

Scheme 2 slc.,,,,,,,:

N7 e B(CsFs)3
RS
F

Aniline-sPS Anisole-sPS

2. Efficient, selective organic synthesis by rare-earth and other transition metal catalysts (Hou,
Nishiura, Zhang, Ma, Yong Luo, Zhan, Zhou, Cao, Xu)

Sulfide motifs are important components in a large number of natural products, bioactive molecules,
functional materials, and organocatalysts. Therefore, the development of efficient and selective routes
for the functionalization of sulfides is of great interest and importance. Among possible approaches, the
C-H addition of a sulfide compound to alkenes is the most atom-efficient route for the synthesis of
alkylated sulfide derivatives. However, this transformation is highly challenging and has met with
only limited success to date, partly because a sulfide unit often acts as a poison to transition metal
catalysts and can also easily undergo C—S bond cleavage in the presence of a transition metal catalyst.
We have achieved for the first time the hydrothiomethylation of a variety of olefins and dienes with a
series of methyl sulfides by using a half-sandwich scandium catalyst 4-Sc¢ (Scheme 3). This protocol
offers an atom-efficient route for the modification and functionalization of sulfides through the
regiospecific a-C—H addition to a C=C double bond, leading to formation of a new family of sulfide
derivatives with diversified substituents. The success of this transformation is obviously due to the
unique affinity and reactivity of cationic scandium alkyl species toward a sulfide group and C-H and
C=C bonds.
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Chiral bicyclic aminocyclopropanes are of great interest and importance, as the unique
aminocyclopropane moieties are not only important components in many biologically active compounds
and natural products, but they can also serve as synthetically useful precursors through selective C—C
bond cleavage of the highly strained three-membered carbocycle. Considerable efforts have been
devoted to the search for efficient routes for the synthesis of bicyclic aminocyclopropane compounds.
However, the enantioselective construction of chiral bicyclic aminocyclopropane skeletons in a catalytic
and atom-efficient fashion has remained almost unexplored to date. In particular, the
catalyst-controlled stereodivergent synthesis of a chiral bicyclic aminocyclopropane structure has not
been reported previously, despite intense interest and recent rapid advances in stereodivergent
catalysis for organic synthesis. By using two chiral lanthanum complexes (5-La and 6-La) bearing
different cyclopentadienyl ligands, we have achieved for the first time the diastereodivergent
asymmetric carboamination/annulation of cyclopropenes with aminoalkenes 7 and 7 (Scheme 4). This
transformation involves stereoselective tandem C—N and C—C bond formation with a highly strained
three-membered carbocycle, affording a series of enantiopure unique bicyclic aminocyclopropane
derivatives in a 100% atom-efficient fashion with high stereoselectivity. In addition to aminoalkenes,
aminoalkynes could also be used for the present carboamination/annulation transformationto afford
the corresponding bicyclic aminocyclopropane compounds 8 bearing an exocyclic alkene moiety with
high enantio- and diastereoselectivities.
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Similarly, the development of efficient and selective routes for the synthesis of enantioenriched
cyclopropane derivatives represents a persistent challenge in chemical research. In principle, the
enantioselective C—H addition of an organic compound to cyclopropenes may serve as the most
atom-efficient method for the synthesis of cyclopropane derivatives with substituted chiral carbon
centers. However, such asymmetric C—H bond activation approaches have remained unexplored to date
probably due to a lack of suitable catalysts that not only effectively promote C—H bond activation, but
also show high activity and enantioselectivity for cyclopropene insertion without causing ring cleavage.
By using a chiral half-sandwich rare-earth metal catalyst 9-Y, we have achieved the first
enantioselective C(sp3)—H bond addition of 2-methyl azaarenes to various cyclopropenes (Scheme 5).
This process afforded a series of chiral pyridylmethyl-functionalized cyclopropane derivatives in high
yields and with excellent enantioselectivity in a 100 % atom-efficient manner. Functional groups such
as SiMes, linear alkenyl moieties, and aryl halides are compatible.
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Organosilicon compounds play a vital role in synthetic organic chemistry and materials science.
Therefore, the investigation of C—Si bond formation and cleavage has constantly attracted interest in
the chemical community. In the course of our recent studies on the B(CsF5)s-catalyzed aromatic C—H
silylation with hydrosilanes, we have achieved for the first time the selective C—Si/Si—-H bond
cross-metathesis of two different hydrosilanes as well as the metal-free catalytic redistribution of a
series of electron-rich aromatic hydrosilanes by using the commercially available B(CsF5)3 as a
catalyst. The reaction takes place selectively through migration of a relatively electron-rich aryl group
such as Me2NCsH4 to the Si atom of a hydrosilane unit that is activated by the H-B(C6F5)3 interaction.
A wide range of hydrosilanes are applicable for this selective transformation (Scheme 6). Aromatic and
aliphatic C-X (X = F, Cl, Br) bonds as well as alkenyl, alkynyl, and various heteroaromatic groups are
compatible. This protocol offers a concise access to diverse silylated aromatic compounds and may open

a new window to the chemistry of boron and silicon.
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3. Activation and utilization of small molecules by organometallic compounds (Hou, Nishiura, Takimoto, Shima,
Kamiguchi, Zhang, Hu-Wang(Baoli), Eue{Gen)-Luo(Yi), Gao, Bootsma)

The hydrodenitrogenation (HDN) of aromatic N-heterocycles such as pyridines and quinolines is an
important process in the industrial petroleum refining to remove nitrogenous impurities from crude oil.
This process is essential not only to suppress NOx emissions but also to improve the performance of the
hydrocracking and other downstream processes. The C—N bonds of aromatic N-heterocycles are quite
stable and are therefore difficult to break under ordinary conditions. The industrial HDN is carried out
at high temperatures (300—-500 °C) and high pressures (up to 200 atm) on solid catalysts. In view of the
fact that metal hydrides are likely the true active species in the industrial HDN process, the
investigation of the reactivity of molecular transition metal hydrides with aromatic N-heterocycles is of
great interest and importance. Previously, a number of transition metal hydride complexes were
reported for the C—H activation or hydrogenation of aromatic N-heterocycles such as pyridines and
quinolines. However, the denitrogenation of an aromatic N-heterocycle by a molecular hydride complex
has remained unknown to date.

As part of our studies on multimetallic hydrides, we have recently found that the trinuclear
titanium polyhydride complex 10 can ring-open and denitrogenate pyridines and quinolines under mild
conditions. The nitrogen atom in a pyridine or quinoline ring was extruded through the
dehydrogenative reduction of the C=N unit (complex 11) followed by cleavage of the two C—N bonds at a
trimetallic titanium framework to give a six-membered metallacycle 12 with a [Tis(us-N)(uz2-H)] core
structure (Scheme 7). Hydrolysis of 12 with H20 has been examined, which led to unprecedented
re-cyclization to afford cyclopentadiene together with ammonia.

This work represents the first example of HDN of an aromatic N-heterocycle by a well-defined
molecular system and may help better understand the industrial HDN process and guide designing
new catalysts for new chemical transformation through the cleavage of various inert

carbon-heteroatom bonds (carbon-sulfur, carbon-oxygen, etc.).
Scheme 7

[Cp'3Ti303(0OH)3]

The conversion of carbon monoxide (CO) to hydrocarbons and oxygenates on industrial solid catalysts
(the Fischer—Tropsch reaction) largely relies on the cooperation of heteromultimetallic active sites
composed of main group (such as alkali) and transition metals, but the mechanistic details have not
been fully understood at the molecular level. In this year, we have examined the cooperative
trimerization of CO by molecular lithium and samarium boryl complexes. We found that, in the
coexistence of a samarium boryl complex and a lithium boryl complex, the trimerization of CO
selectively occurred to give a diborylallenetriolate skeleton “BC(0)C(O)C(O)B” (Scheme 8).
Experimental and computational studies have revealed that the CO trimerization reaction took place
exclusively by coupling of a samarium boryl oxycarbene species, which was generated by insertion of
one molecule of CO into the samarium—boryl bond, with a lithium ketenolate species formed by
insertion of two molecules of CO into the lithium—boryl bond. These results offer unprecedented insight
into CO oligomerization promoted by heteromultimetallic components and may help better understand
the industrial F-T process and guide designing new catalysts.
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