A& RILERIRE
Organometallic Chemistry Laboratory

FEMEE B AR (L)
HOU, Zhaomin (Dr. Eng.)

*—kUTUR

1. LA O BRI - BIEEE 2 BT
FAHEROHIERH%Z BT

B LD & BERE 2 Re ol 2 BRR 95
FELWH DT E2 2L DH UG ZERET 5
B LUWRBENEM B A A2

A

F—U—F:
FHaeRibsr, BeRMEL, B, & ok, 2o tES. C-H & ok & Bk, /I
SFOIEMALEEFEIRA., FHESRE. R b R K7 I 24— d-fIRAEZEERESK

AR

MR EIL, AR T., ERMEFRE SR LT, LW iz 74 o LCAIRIL, Zhaik
A LT ARE RS ESKISOREEIT>TD, FFICZNETHE VIRFI SN TV ARD - oA a4
JE A HLONT, B, BSOS OBRICENAZE X $HAOHEE L AR ORISR 2 S0, KHEEREO
FeR 2 B0 UT- BUSE IRARIE ) & R B2 W R BN A C© & D RAIFE £ 70 1T M4 B 285K & T, mEIC
A S 7= bk 2 IR AR A BB IRIC DWW TR A < MR L TV D, flEORREE « Ak« FEIEMENT 2> & BT G0
HEREMEM B OB £ T E L TITV, RLIRFSEHR R EOREN/ Ny T oRIEERE G OTEMEAL & A%
R EEED, PEROMBECIXERREE 28 LB L7 1t 208 0 23R 0 « IR EA .
HREG RS DOBFE, & DICHTHHEREMAM Bl OAIR: O & His L T2 D T 5,

1. HIEREESMBEORR L HEERY ~—0AIB (&, fEil. A, Yang, £ (F) . AR, #EH)
WIS Tl BN Z RO THEIO A EZ B L T, & TS RORF R EZFIH L= &
T, @ERARESMEROBEZIT> TV D, FxIN—TH U R o FRIG DT LT F L
s F L7 4 D C-H #EEMINEIS BT 27 =Y — VD o7 /VF MU x LT IENE
o Z AR Uz, REEIL, BT WHESFTRERE 2 FF Dm0 T B O & RSO m 2h 2 7 W) B W s
ZHEL T, fiHEBAORKRAAMEZANL T, ZHETIZEAERESIN TR -T2 C-H FA& DOIE
Mz T2 EERY ~—D0AIRICBYVMEALLE, TOKR., A0 YU LK
[(Cp*)Sc(CH2C6HaNMe2-0)2] (1—=8c) & R L — MEAW[PhsClIB(CeFs)al & 72 iR % WD Z LT &
D, 1,4 A FFIR_oBU L ) VRLFY & D C-H fEEEMMEIEDID GER S, AR
FWRAILEASEROAIELZRBRE L. (Scheme 1), 62, # FU =0 Afilill (1-Gd) RZHW\5HZ &
W2k, RIARRFURF LU0 C=C _EiEGOEFGHFAICL2HEHES L C=C _HEFEA~DA X
v ML C-H #6568 DA Z R D BREEDFRETT 25 2 L 2R THO TR L, FiHZH IR ~—
DERICHE L7z (Scheme 2), HEHE S & FXREA TIE, EAEAN=ALNKELSERL720, FFFIZZ
NOEDORIGERZ$Z L i@EERETH D2, 2 2Tk, Bt C-H Aot b & IkFE—IRE
BSOS T 2 EWEEZBYNCIEAT 22 L Ik o CTEHRTE -,

Scheme 1
o’ . Cp*Sc(CH2CsHsNMe, 0), (1-Scy o~ o” o’
. ﬁb [Ph3C][B(C6Fs)4] R H
H toluene, 70 °C, 24 h
b P P _



Scheme 2

Cp*Gd(CH2CsHsNMe,-0y, (1-Gd)
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Toluene, 50 °C
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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, Shi, H. Wang, C. Wang, Yang, Yamamoto, Nishii)

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 (CsMes)Sc(CH2CsHsNMesz-0)2 (1-Se) with borate [PhsCl[B(CsF5)sl, the C—H
polyaddition of 1,4-dimethoxybenzene (DMB) to norbornadiene (NBD) has been achieved. This is the
first example of the application of a rare earth catalyst for C—H polyaddition and also the first example
of copolymerization of dimethoxyarenes with unconjugated dienes by any catalyst. The
copolymerization of these two distinctly different types of components took place efficiently in a
step-growth fashion, affording a new family of macromolecules with 2,5-dialkylated dimethoxyarene
moieties and other hydrocarbon structural motifs in a perfectly alternating sequence. Furthermore, we
have achieved for the first time the simultaneous chain-growth and step-growth polymerization of
para-methoxystyrene by using a half-sandwich gadolinium catalyst (1-Gd) (Scheme 2). The
chain-growth polymerization by continuous C=C insertion and the step-growth polymerization by the
C-H addition of anisole units to vinyl groups mainly occur at the early stage of the reaction. On the
other hand, the C-H addition of an anisole unit in the chain ends of the oligomer products to the vinyl
group of the monomer in a chain-growth fashion predominates at the latter stage of the reaction,
because the oligomer products are more reactive than the initial monomer. This unique transformation
has led to the formation of novel macromolecules containing multiple branches of alternating
anisole-ethylene sequences.
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2. Efficient, selective organic synthesis by rare-earth and other transition metal catalysts (Hou,
Nishiura, Ma, Yong Luo)

Tertiary anilines are important structural motifs in pharmaceuticals, fluorescent dyes, natural
products, and organic functional materials. Among possible approaches to alkylated aniline derivatives,
the catalytic C—H addition of an aniline compound to alkenes is the most straightforward and
atom-economical method. However, the direct C—H alkylation of tertiary anilines has met with limited
success, mainly because of the low activity of a dialkylamino group to serve as a directing group (DG)
for transition-metal-catalyzed C—H activation, and the easy p-H elimination of transition metal alkyl
species. By using a half-sandwich yttrium catalyst (5-Y), we have achieved for the first time the
ortho-selective C—H alkylation of tertiary anilines with alkenes (Scheme 3). This protocol features
exclusive ortho-regioselectivity, excellent atom economy, broad substrate scope, and certain functional
group tolerance, efficiently affording a new family of tertiary aniline derivatives with branched alkyl
substituents. This study has demonstrated that the cationic half-sandwich rare earth alkyl catalysts
can promote C—H functionalization that is difficult to achieve with other catalysts, thanks to the
unique heteroatom affinity of the rare earth metal ions.

Scheme 3
ﬁé—SiM%
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N 2-Y (5 mol%) SN Y —thf
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I I I I
N N_ Ph N N N
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I
N N \
~ >~ X =F, 82% N_
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Aliphatic tertiary amines are ubiquitous across the chemical sciences. Therefore, the synthesis of
tertiary amines bearing diverse substituents in a selective and atom-efficient manner is of great
interest and significance. Intermolecular hydroaminoalkylation has been rapidly gaining interest as a
100% atom-efficient synthetic route to substituted amines. However, catalytic hydroaminoalkylation of
alkenes with tertiary amines that do not contain an extra directing group was unknown. We have
recently found that the combination of a homoleptic Sc alkyl complex such as Sc(CH2CsHsNMe2-0)3
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with [PhsCl[B(CeF5)4] serves as an efficient catalyst for the hydroaminoalkylation of various alkenes
and styrenes with tertiary amines bearing a methyl group (Scheme 4). This work constitutes not only
the first example of rare-earth-catalyzed olefin hydroaminoalkylation but also the first example of
100% atom efficient, intermolecular catalytic C—H alkylation of aliphatic tertiary amines with any
catalyst. The reaction occurred between a wide variety of cyclic and acyclic amines and various alkenes,
including functionalized styrenes and unactivated a-olefins, affording a new family of tertiary amines
with diversified substituents. The success of these transformations is obviously due to the unique
affinity and reactivity of the cationic scandium alkyl species towards tertiary amino groups and C-H
and C=C bonds. Further studies to explore the potential of rare—earth catalysts for other
transformation involving C—H activation are in progress.

Scheme 4 H
Rl cH Sc(CH2CeHaNMe; 03 (5-10 mol%)  R*. R3 Rl
N e IPRsCIBCSFa] (5L0mowe) 2/\[ ~A g
R? toluene, 70 °C R
= alkyl = aryl, silyl
C,H
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N \/ED Et, 88% O /\/\ /\/e
C4Hg” Bu, 86%
93% 88% 90%
n=1,82% NN~ siMe, N R =H, 85%
N 2. 93% Ph, 94%
n 3. 90% 83% R  NMe,, 89%
F, 72%
Cl, 72%

Chiral aminocyclopropanes are important components of biologically active natural products and
pharmaceuticals. Therefore, the development of efficient and selective routes for the synthesis of
enantiopure aminosubstituted cyclopropane derivatives is of much interest and importance. Among
possible approaches for the construction of chiral aminocyclopropane units, the asymmetric
hydroamination of substituted cyclopropenes with amines is, in principle, the most straightforward
and atom-efficient method. However, the enantioselective hydroamination of cyclopropenes with
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amines has not been reported previously, partly because of the facile ring-opening tendency of the
highly strained cyclopropene skeleton. By using the chiral half-sandwich rare earth bis(aminobenzyl)
complexes as catalysts, we have achieved the first enantioselective intermolecular hydroamination of
cyclopropenes with various amines. This protocol constitutes a 100% atom-efficient route for the
synthesis of a variety of enantioenriched aminocyclopropane derivatives with excellent
stereoselectivity (Scheme 5).

3. Activation and Utilization of Unreactive Small Molecules by Organometallic Catalysts (Hou, Takimoto, Shima,
Kamiguchi, Zhang, B. Wang, Carry, Gholap, Yi Luo)

Carbon dioxide (CO2) is a naturally abundant, readily available, inherently renewable carbon
resource. Thus, the use of CO2 as a chemical feedstock has attracted much current interest. Our
research group has been working on transition metal—catalyzed synthetic reactions using COz as a C1
building block, and we previously reported that N-heterocyclic carbene (NHC) copper(I) complexes can
serve as excellent catalysts for the carboxylation of various substrates.

Recently, functional lithium borate salts, such as lithium bis(oxalato)borate (LiBOB), have attracted
intensive interest as electrolytes for high performance lithium batteries. However, the availability of
diversified functional lithium borate salts is quite limited due to the lack of suitable synthetic methods.
Therefore, the development of efficient and versatile methods for the synthesis of diverse functional
lithium borate salts from easily available starting materials is highly desirable. Cyclic carbonates such
as propylene carbonate and ethylene carbonate are among the most commonly used solvents to dissolve
electrolyte salts in lithium ion batteries. In view of the importance of lithium borates and cyclic
carbonates as well as their combinations, a lithium borate salt containing both a cyclic carbonate
structure and a borate unit in one molecule is of great interest. By using [(SIMes)CuCl] as a catalyst,
we have achieved for the first time the one-pot multi-component coupling of COsg,
bis(pinacolato)diboron (Bz(pin)2), LiOtBu, and aldehydes (Scheme 6). This protocol has enabled the
efficient and selective synthesis of a series of novel lithium cyclic boracarbonate ion pair compounds,
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which contain a unique cyclic carbonate structure fused with a pinacolatoborate unit. Various aromatic
aldehydes bearing either electron-donating or electron-withdrawing groups were suitable for this
reaction. Aromatic C-X (X = F, Cl, Br, I) bonds were compatible with the reaction conditions.
Heteroaromatic aldehydes containing pyridine, furan, and thiophene rings were also applicable.
Aliphatic aldehydes could also participate in the coupling reaction. The resulting ion pair compounds
could be of interest as electrolyte candidates for lithium ion batteries.
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We also examined the Cu—catalyzed carboxylation of allenamides, which are a class of allenes
bearing an amide group directly connected to a terminal C=C bond of the allene moiety, to synthesize
dehydro—p—amino acid derivatives. Dehydro—f—amino acids are an important class of components
found in several biologically active natural products and can serve as useful intermediates to
synthesize non—natural amino acids. In this study, we found that [IPr)CuCl] can serve as an efficient
catalyst for the alkylative carboxylation of allenamide with CO2 and dialkylzinc reagents. In the
presence of a catalytic amount of [(IPr)CuCl], the addition of ReZn and CO2onto the terminal C=C bond
of the allene moiety of allenamides smoothly proceeds in highly regio- and stereoselective manner to
give the corresponding alkylative carboxylation products bearing a skeleton of a,B-dehydro-f-amino
acid (Scheme 7). In this system, both cyclic and acyclic ynamides can be used as the substrate. The
present catalyst system can use dialkylzinc reagents bearing a B-hydrogen atom, such as Et:Zn and
Bu2Zn, to obtain the desired alkylated product despite the potential for -hydride elimination.

Scheme 7
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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 Nz 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 of N2 under milder conditions is
therefore highly desired.

We previously reported that the hydrogenolysis of the CsMesSiMes-ligated (Cp'-ligated) titanium
alkyl complex [Cp'Ti(CH2SiMes)s] with Hz in the absence of N2 afforded the corresponding trinuclear
titanium polyhydride complex [Cp'sTis(z-H)7l, which could split and hydrogenate N2 to give an
imido/nitrido/hydrido complex without using extra additives. In this fiscal year, we examined the
hydrogenolysis of the PNP-pincer ligated titanium alkyl complex 5, which in the presence of N2
afforded a binuclear titanium dinitrogen complex 6 via the formation of a polyhydride complex H and
subsequent reduction of Nz (Scheme 8). When complex 6 was heated at 60 °C with Ha,
imido/nitrido/hydrido complex 7 was obtained through the cleavage and partial hydrogenation of N2
unit. The mechanistic aspects of the hydrogenation of the N2 unit in 6 with H2 have been elucidated by
the density functional theory calculations. This work constitutes the first example of dinitrogen
cleavage and hydrogenation by Hz in a well-defined molecular system without the preactivation of N2
by other reducing agents.
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While the activation and functionalization of dinitrogen (N2) under milder conditions have received
much recent interest, studies on the direct use of N2 as a feedstock for organic synthesis are still in
their infancy. In this fiscal year, we also examined the synthesis of nitriles using titanium-activated
nitrogen species as a nitrogen source. We have found that a mixed diimido/dinitrido tetranuclear
titanium complex generated by Nz activation serves as a unique Scheme9

platform for the synthesis of nitriles through reaction with acid
chlorides (Scheme 9). This protocol features simple reaction
conditions (60 °C in benzene), no requirement for extra
reagents, unprecedented functional group tolerance, and
recyclability of the titanium complex in the present conversion
of N2 to nitriles. This method should pave the way for the
further development of resource- and energy-conserving
processes based on the direct synthesis of nitrogen-containing
compounds from dinitrogen.
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