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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 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, Shi, Toda, Ohta, 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 characters of rare earth metal complexes. A series of half-sandwich scandium dialkyl complexes
bearing various auxiliary ligands have been examined for the copolymerization of styrene (St) with
1,6-heptadiene (HPD). Significant ligand influence on the catalytic activity and selectivity has been
observed. The copolymerization of HPD and styrene by the THF-coordinated complex
(CsMesSiMe3)Sc(CH2SiMes)2(thf) (1) gave only a mixture of homopoly(HPD) and syndiotactic
homopolystyrene. In contrast, the half-sandwich scandium bis(trimethylsilylmethyl) complex bearing
the cyclopentadienyl ligand with a phosphine oxide side arm (2) in combination with [PhsC][B(CeF5)4]
can serve as a unique catalyst for the cyclocopolymerization of HPD with styrene, affording a new
series of polymer materials having unique microstructures (five and six member ring cyclic units and
polystyrene blocks) which are difficult to prepare by other means (Scheme 1). The different
performance observed between 1 and 2 suggests that the copolymerization activity and selectivity of
the half-sandwich rare-earth catalysts can be fine-tuned by changing the substituents on the Cp

ligands.
) ’ﬁ’(‘
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2. Efficient, selective organic synthesis by rare-earth and transition metal catalysts (Hou, Takimoto,
Nishiura, Zhang, Song, Y. Luo, Ma, Carry, Gholap)

We previously reported that half-sandwich rare-earth alkyls can serve as unique catalysts for the
C-H addition of some aromatic compounds such as pyridines and anisoles to various 1-alkenes, which
afforded the corresponding branched alkylation product with excellent selectivity. In this fiscal year,
we examined the asymmetric C-H bond addition to alkenes by chiral half-sandwich rare-earth
complexes. By the acid-base reaction between the rare-earth tris(aminobenzyl) complexes
Ln(CH2C6HsNMez-0)3 (Ln = Sc, Y, and Gd) with binaphtyl-substituted chiral cyclopentadienes 3a-c, the
corresponding chiral mono-Cp-ligated rare-earth metal complexes 4a-c were prepared in good yields
(Scheme 2). These complexes represent the first examples of chiral half-sandwich rare-earth alkyl
complexes. Furthermore, we found that the chiral half-sandwich scandium complex 4c¢-Sc in
combination with [PhsC][B(CéF5)4] can serve as

X ) Scheme 2
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Carbon dioxide (CO2) is a naturally abundant, readily available, inherently renewable carbon
resource. Thus, the use of COz2 as a chemical feedstock has attracted much current interest. Our
research group has been working on the development of transition metal-catalyzed synthetic reactions
using COz as a Ci1 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 the
borocarboxylation of alkynes under an atmospheric pressure of CO2. We also reported that the similar
NHC-copper catalyst system can work for the carboxylation of alkenylaluminum species prepared by
methyl- or hydroalumination of alkynes, which provided synthetically useful o,B-unsaturated
carboxylic acids. In this fiscal year, we examined the Cu-catalyzed carboxylation of arylaluminum
species. We found that various arylaluminum species, which are easily prepared in situ by the
deprotonative ortho C-H alumination of aromatic compounds bearing a directing group (DG) by an
aluminate base BusAl(TMP)Li, can smoothly react with CO2 in the presence of a catalytic amount of
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NHC-copper complex and BuOK to afford the corresponding aromatic carboxylic acids (Scheme 4).
This protocol features high regioselectivity and relatively broad substrate scope. Functional groups
such as Cl, Br, I, amide, and CN are tolerable. Heteroarenes such as indole derivatives can also be used
as substrates.
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3. Carbon-carbon bond cleavage and rearrangement of benzene by a trinuclear titanium hydride (Hou, Shima,
Kamiguchi, Hu, Okazaki, G. Luo, Y. Luo)

The cleavage of carbon-carbon (C-C) bonds by transition metals is of great interest, especially as this
transformation can be used to produce fuels and other industrially important chemicals from natural resources such as
petroleum and biomass. Carbon-carbon bonds are quite stable and are consequently unreactive under many reaction
conditions. In the industrial naphtha hydrocracking process, the aromatic carbon skeleton of benzene can be
transformed to methylcyclopentane and acyclic saturated hydrocarbons through C-C bond cleavage and rearrangement
on the surfaces of solid catalysts. However, these chemical transformations usually require high temperatures and are
fairly non-selective.

We found that the trinuclear titanium polyhydride complex 5 can react with benzene at room temperature to give a
methylcyclopentenyl complex 7 quantitatively. Remarkably, here a benzene molecule was partially hydrogenated and
ring-contracted to a five-membered ring species [MeCsHy]. This reaction required breaking a robust aromatic C—C
bond of benzene and making a new C—C bond. When a benzene solution of 5 was kept at lower temperatures (10 °C)
for two days, a new compound 6 (75%) was obtained, which was transformed quantitatively to the complex 7 at room
temperature. These results suggest that 6 may be first formed by the reductive hydrogenation of benzene by the
heptahydride complex 5 through hydride transfer and H, elimination. The isomerization (ring contraction) of the
[C¢H7] unit in 6 would finally yield the methylcyclopentenyl complex 7. When 7 was heated at 100 °C for 12 h, the
insertion of a Ti atom into a C—C bond of the methylcyclopentenyl ring took place to give a titanacycle product (8).

Scheme 5 CHs Cp
H H [
p—Ti
H4TI\H H/ . \H | H CHs
[ O .
Vo R ATVA S H
c T'<H> . T H/I>7T\i\\/-yl ' o P T\'
_ 7~H _ H
NG p H, Al H, WL H
5 B 7 Cp! 8
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Our results suggest that multinuclear titanium hydrides could serve as a unique platform for the activation of
aromatic molecules, and may facilitate the design of new catalysts for the transformation of inactive aromatics.
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4. Synthesis, structure, and reactivity of novel rare-earth metal complexes (Hou, Nishiura, Shima, B. Wang, G.
Luo, Y. Luo)

We have successfully synthesized a half-sandwich scandium boryl complex bearing a silylene-linked
Cp-amido ligand 9 by the metathetical reaction between the scandium chloride precursor and a lithium
boryl compound, thus constituting the first example of a structurally characterized Cp-ligated
rare-earth boryl complex (Scheme 6). The reaction of the scandium boryl complex 9 with NO afforded a
boryldiazeniumdiolate complex 10, which represents the first example of a boryldiazeniumdiolate
compound. This reaction might proceed by insertion of NO into the Sc—B bond in 9 followed by the
coupling of the resulting [ON(boryl)] radical anion species with a second molecule of NO.

Scheme 6
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Metal hydrides are an important class of ligands in organometallic chemistry that are involved in many catalytic
processes such as hydrogenation reactions. Heterometallic hydride complexes consisting of both rare earth and
d-transition metals are of great interest, as they may exhibit unique reactivity resulting from the multi-metallic
synergistic effect of the electronically different Ln/M centers. Most of the Ln/M heteromultimetallic complexes
reported so far in the literature were synthesized using cyclopentadienyl rare-earth units as building blocks, and the
reaction chemistry reported for these compounds remained limited, despite recent progress.

We have previously synthesized a series of Ln/M heteromulti-metallic polyhydrides (Ln =Y, Dy, Ho, Lu; M = Mo,
W, Ru, Os, Ir) by using rare-earth alkyl and hydride complexes containing a mono(cyclopentadienyl) ligand as
building blocks. Some of these heteromultimetallic polyhydrides showed unique hydrogen uptake and release
properties in both solution and the solid state. On the other hand, from our recent studies on rare-earth-metal-based
polymerization catalysts and polyhydride complexes, we found that the replacement of the coordinated
cyclopentadienyl ligand with a bis-(phosphinophenyl)amido pincer (PNP) or an amidinate ligand could have a
significant influence on the reactivity and selectivity in isoprene polymerization and on the structures of the resulting
rare-earth-metal complexes. These results prompted us to study Ln/M heteromultimetallic polyhydride complexes
containing noncyclopentadienyl rare-earth units.

The reaction of rare-earth bis(alkyl) complexes, LnPNPp(CH,SiMes), (Ln =Y, 11-Y), with ruthenium trihydride
phosphine complexes, Ru(CsMes)H;(PPhs) and Ru(CsMes)H;(PPh,Me), gave the corresponding bimetallic Ln/Ru
complexes bearing two hydrides, and a bridging phosphinophenyl (12a-Y) or a bridging phosphinomethyl ligand
(11b-Y), respectively (Scheme 7). These reactions took place by the deprotonation of one of the ruthenium hydrides
by the alkyl (CH,SiMes) group on yttrium, followed by activation of the C—H bond at the ortho-proton in the phenyl
ring of PPh; (for 12a-Y), or activation of the C—H bond at the methyl group of PPh,Me (for 12b-Y).

Reaction of complex 12a-Y with carbon monoxide gas at ambient conditions gave complex 13a-Y as the major
isolated product. It was formed by first the migratory insertion of the Y-CgH4 group into the CO triple bond, followed
by a nucleophilic attack of a hydride to the resulting acyl group. On the other hand, complex 12b-Y, which contains a
phosphinomethyl bridging ligand, reacted very slowly with carbon monoxide to give mixture of products. However,
complex 12b-Y reacted with transition metal carbonyls, Rh(CsMes)(CO), giving the insertion product via 1,3-shift of
the methylene group. Rhodium carbenes (Rh=C) were formed from these reactions. It is noteworthy that the reaction
of complex 12b-Y with coordinated carbonyls took place via insertion of the Y—CH, to the carbonyl group without
participation of the metal hydrides. This is different from that of 12a-Y and carbon monoxide, in which both the
bridging phosphinophenyl group and the hydride ligand are participating in the reaction.
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