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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. Create new catalysts having novel structures and functions

4. Develop efficient, selective chemical transformations

5. Create 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 untapped 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, H. Zhang, Shi, Toda, Yamamoto)

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 character of the rare earth metal complexes. A series of half-sandwich scandium dialkyl
complexes bearing various auxiliary ligands have been examined for the copolymerization of isoprene
(IP) with 1,6-heptadiene (HPD). Significant ligand influence on the catalytic activity and selectivity has
been observed. The THF-coordinated complex (CsMesSiMes)Sc(CH2SiMes)2(thf) (1) and the methoxy
side arm containing half-sandwich complex (CsMesCéHsOMe-0)Sc(CH2SiMes)2 (2) can serve as
excellent catalysts for the random cyclocopolymerizations of IP with HPD. The random HPD-IP
copolymers possess six-membered ring methylene-1,3-cyclohexane (MCH), 1,4-IP and 3,4-IP units with
HPD incorporation in a range of 11-55 mol%. By use of the catalyst bearing a phosphine oxide group
(CsMesSiMe2CH2P(0)Pha)Sc(CH2SiMes)2 (8), the alternating copolymerizations of IP with HPD have
been achieved for the first time, in which HPD is completely cyclized to the MCH units. More
remarkably, in the alternating copolymerization of HPD and IP by 3, the regio, stereospecific cis MCH
selectivity reached as high as 99%. The microstructures and compositions of these copolymers showed
significant influences on their mechanical properties.
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2. Efficient, selective organic synthesis by rare-earth and other transition metal catalysts (Hou,
Takimoto, Nishiura, L. Zhang, Song, Y. Luo, Wang, Ueno, Carry, Gholap, O)

The development of new catalytic reactions for synthetic organic chemistry on the basis of our
original rare-earth metal complexes is also a major interest in our laboratory. We found that cationic
half-sandwich yttrium alkyl complexes can catalyze the addition of benzylic C-H bonds of various
2,6-dialkyl-substituted pyridines to a variety of olefins such as 1-hexene and styrenes, to afford new
alkylated pyridine derivatives. In the presence of [(C5sHs)Y(CH2CsH4NMez-0)z2] (4)/[PhsC]l[B(CeF5)4l, the
reaction between 2,6-lutidine and 4 equivalents of styrene selectively gave the dialkylation product.
Interestingly, when the more sterically demanding complex [(CsMes)Y(CH2CsHsNMe2-0)2] (5) was used,
the monoalkylation product was obtained as the major product. Substituted styrenes bearing fluoro
and chloro groups are also suitable for this reaction. In all of these reactions, only the linear alkylation
products were obtained. In the reaction of 2,6-lutidine with 1-hexene catalyzed by
[(CsMes)Y(CH2CsHsNMez-0)z2] (5)/[PhsCl[B(CeF5)4l, the dialkylation product was obtained in high yield.
In this case, the branched alkylation products were exclusively obtained. An efficient and general
protocol for the alkylation of various pyridine derivatives via C-H addition to olefins has been
developed by cationic half-sandwich rare-earth catalysts, which provides an atom-economical method
for the synthesis of alkylated pyridine derivatives. Studies on further application of the catalytic C-H
activation/insertion process are in progress.
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Carbon dioxide (CO2) is a naturally abundant, readily available, and non-toxic carbon resource.
Furthermore, COz is continuously emitted by the combustion of fossil fuels, and acts as a greenhouse
gas causing the current global warming. Therefore, the use of CO2 as a renewable chemical feedstock
has attracted much current interest to achieve the sustainable growth of our society. Our research
group has been working on the development of transition metal-catalyzed organic reactions using COz2
as the Ci building block. We previously reported that N-heterocyclic carbene (NHC) copper(I)
complexes can serve as an excellent catalyst for the carboxylation of organoboronic compounds and
borocarboxylation of alkynes under an atmospheric pressure of COz. In this fiscal year, we have
demonstrated that the combination of the methylalumination of alkynes with the Cu-catalyzed
carboxylation with COz2 can serve as a useful protocol for the synthesis of a variety of a,p-unsaturated
carboxylic acids with well-controlled regio- and stereo-selectivity. Although the methylalumination of
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alkynes, in which methyl-aluminum bond inserts into the alkyne carbon-carbon triple bond, is a useful
method to synthesize multi-substituted alkenes in a regio- and stereo-selective manner, nucleophilicity
of the generated alkenyl aluminum species is generally too weak to react with CO2. We have found that
a NHC-copper complex, (IPr)CuCl (6), acts as an excellent catalyst for the carboxylation of less
nucleophilic alkenyl aluminum species under mild conditions to afford the corresponding
o,B-unsaturated carboxylic acids in high yields. A highly sterically demanding tetra-substituted
alkenyl aluminum species prepared from an internal alkynes via the Sc-catalyzed methylalumination
can smoothly react with CO2 (1 atm) at room temperature in the presence of a catalytic amount of
[IPr)CuCl] to give a tetra-substituted o,B-unsaturated carboxylic acid quantitatively after hydrolysis
(Scheme 3).
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100%

The current one-pot protocol is applicable to various catalyst systems for the methylalumlnatlon and
hydroalumination reactions, and a variety of a,B-unsaturated carboxylic acids can be efficiently
obtained (Scheme 4). In all the cases, the carboxylation proceeds in a stereospecific manner with
retention of the stereo-configuration of the alkenyl aluminum species, and therefore, the regio- and
stereoselectivity of the overall reaction is determined solely by the methylalumination or
hydroalumination process. In view of the high regio- and stereo-selectivity, simple one-pot reaction
operation, and the use of CO2 as a starting material, this protocol should be a practically useful and
attractive for the synthesis of various o,B-unsaturated carboxylic acids with desired configurations.
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We have also found that N-heterocyclic carbene-alkoxide complex [(IPr)Cu(O#Bu)] (7) can act as a
highly efficient catalyst for hydrosilylation of carbon dioxide with triethoxysilane [(Et0)sSiH] (Scheme
5). The reaction proceeds smoothly under very mild conditions (without solvent, at 60 °C, and at 1 atm
of CO2) with 0.01 mol % of the copper catalyst 7 and completes in 6 hr to afford the desired silyl formate
in 71% isolated yield (75% by 'H NMR measurement), exhibiting a turn over number (TON) of 7489
and turn over frequency (TOF) of 1248 h'l. The present catalyst is the most active for the
hydrosilylation of CO2 producing a silyl formate product. A key reaction intermediate, copper formate
complex 8 has been isolated and structurally characterized, which provides important insights for the
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mechanistic details. The obtained silyl formate would be potentially useful in organic synthesis as an
equivalent of carbon monoxide, and application of this material in organic synthesis and further
development of novel CO:z incorporation reactions by using the related reaction pathways are in

progress.
Scheme 5
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8. Dinitrogen Activation by Multimetallic Hydride Clusters (Hou, Shima, Kamiguchi, Kang, Okazaki,
G. Luo, Y. Luo)

Dinitrogen (N2) is the most abundant component (78%) of the Earth’s atmosphere. N2 has a strong
N=N triple bond and hence is largely chemically inert under ordinary conditions. Industrially, NHs is
produced in ca. 108 tons/year quantities from N2 and Hz by the Haber-Bosch process. This process
requires relatively harsh conditions to activate N2 on the solid catalyst surface, and accordingly is
energy-intensive. The search for new catalysts for the activation N2 under milder conditions is
therefore highly desired. In view of the fact that both Haber-Bosch and biological ammonia syntheses
likely rely on the cooperation of multiple metal sites in the activation and hydrogenation of N2, the
investigation of the reactivity of multimetallic hydride complexes with N2 is of great interest and
importance.

We previously reported that the hydrogenolysis of the CsMesSiMes-ligated (Cp'-ligated) rare-earth
dialkyl complexes such as [Cp'Ln(CH2SiMes)2(THF)] (Ln = Sc, Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) with
H: easily afford the corresponding tetranuclear rare-earth octahydride complexes of a general formula
[Cp'sLna(z-H)sl. The analogous tetranuclear zirconium and hafnium octahydride complexes
[Cp'sMs(zrH)s] (M = Zr, Hf) have also be obtained similarly by the hydrogenolysis of the alkyl
precursors [(CsMesSiMe3)M(CH2SiMes)s]. Those octahydride complexes do not react with No at all.
However, when the hydrogenolysis of the titanium alkyl complex [(CsMesSiMes)Ti(CH2SiMes)s] (9) was
carried out under similar conditions (4:1 H2:N2 mixture at 5 atm), a mixed di-imido/tetrahydrido
tetranuclear titanium complex [Cp'sTis(us-NH)2(z-H)4l (10) was obtained in 90% yield (Scheme 6).
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When the hydrogenolysis of 9 with Hz (4 atm) under Na-free conditions was carried out a
nitrogen-free trinuclear titanium heptahydride complex [Cp'sTis(us-H)(12-H)e] (11) was yielded in 69%
yield, together with a small amount of the tetranuclear titanium octahydride complex [Cp'sTis(z-H)sl
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(12) (10%) (Scheme 6). Although the tetranuclear octahydride complex 12 showed no reactivity toward
Nz at room or even high temperatures (~120 °C), the trinuclear heptahydride complex 11 showed high
reactivity with Nz, affording the imido/nitrido complex [{Cp'sTis(us-N)(1NH)(1-H)z] (13) in 91% yield,
upon exposure to an N2 atmosphere (1 atm) at room temperature for 12 h (Scheme 7).
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To gain more information on the formation of 13, the reaction of 11 with N2 was monitored by NMR
spectroscopy at low temperatures. The reaction of 11 with N2 took place even at —30 °C, leading to
formation of a dinitrogen complex A with release of two equivalents of H2. In this process, N=N was
formally reduced to [N2-—N2-] by four electrons generated by reductive elimination of two molecules of
H2 from 11. When the temperature was raised from —30 °C to —10 °C, nitrogen—nitrogen bond cleavage
took place to give B almost quantitatively. This transformation was accompanied by the oxidation of
the two Ti(III) sites to two Ti(IV) units. When the temperature was raised to 20 °C, one of the two
nitrido units in B was hydrogenated (or protonated) by an H ligand, yielding the mixed
imido/nitrido/dihydrido complex 13. In this reaction, a hydride (H-) is oxidized to a proton (H*), while
the two Ti(IV) ions bridged by the hydride are formally reduced to Ti(III), clearly demonstrating that a
hydride ligand can serve as a formal proton source through metal reduction. The reaction process is
also studied by DFT calculation, which shows good agreement with the experimental results.

The trinuclear titanium polyhydride complex 11 reacts with N2 through N=N bond cleavage and
N-H bond formation under mild conditions without reducing agents or proton sources, suggesting that
this titanium system can be a good candidate for a mild dinitrogen reduction catalyst.
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