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Chapter 1
General Introduction

Early transition metal-mediated and/or -catalyzed organic syntheses
are a relatively new field. Particularly, the chemistry of group 4 metal
complexes has been well studied due to their unique chemical and physical
properties. They can play a role as catalysts for coupling reactions of
unsaturated compounds via carbon-carbon bond formation. In addition,
hydrometallation and carbometallation can be extended to the synthesis of
general organic products and natural products. In addition, novel and/or
synthetically useful reactions can be also expected from this area. The
organometallic chemistry of the group 4 elements is well-developed and has given
rise to a series of interesting new reaction patterns. The vast majority of
this chemistry is associated with the Cp,M fragment. In this chapter, the
chemistry of group 4 metal organometallic complexes bearing a unit of [Cp.M] (M=
Ti,Zr,and Hf) and the variety of reactivities induced by low valent metallocene

complexes will be briefly introduced.

Chapter 2
Highly Selective Monofunctionalization of Zirconacyclopentanes and
Dialkylzirconocene Complexes

Zirconacyclopentanes(l) have been readily prepared by intermolecular
coupling or intramolecular cyclization of unsaturated compounds on Cp.ZrBu,
(Negishi reagent). For the functionalization of zirconacyclopentanes, many
reactions with various reagents have been reported. However, most of the final
organic products were difunctionalized compounds or cyclized compounds.
Consequently, only “symmetrical” compounds are formed from “symmetrical”
zirconacyclopentanes. From the point of view of organic synthesis, formation o

“unsymmetrical” compounds from “symmetrical” zirconacyclopentanes is very
attractive.

In this chapter, a selective monofunctionalization reaction of
zirconacyclopentanes using PPh,Cl or SnR;Cl1(R=Me,Ph) is reported. As shown in
Scheme 1, reaction of zicronacyclopentanes with PPh;Cl or SnR,;Cl(R=Me, Ph) gave
monofunctionalized products 4 or 5, respectively in good to high yields with

high selectivities
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Chapter 3
Highly Regio- and Diastereoselective Carbon-Carbon Bond Formation Reaction of
Zirconacyclopentanes Using Copper Salt.

Regioselective and stereoselective reactions are very attractive and u
seful for organic synthesis. A large number of copper-catalyzed carbon-carbon
bond formation reaction have been reported, e.g., allylation reaction of
alkenylzirconocenes, alkenylzirconocene, zirconacyclopentenes and
zirconacyclopentadienes. However, not only a further carbon-carbon bond
formation reaction of unsymmetrical zirconacyclopentanes but also a carbon-
carbon bond formation method which gives diastereomerically pure products from
zirconacyclopentanes remains to be investigated.

Reaction of unsymmetrical zirconacyclopentanes(6) bearing
substituents in a«-position with allyl chloride in the presence of a
stoichiometric or a catalytic amount of copper chloride gave allylated products

(7) with high regioselectivity and diastereomeric purities(Scheme 2).

Scheme 2
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The reaction of zirconacyclopentane(8) with benzoyl chloride in a same
condition above leads to the isolation of crystals of compound(9) in 58% yield
as shown in Scheme 3. The X-ray structure analysis of 9 indicates that
stereochemistry is retained from zircdnacyclopentanes to benzoylated compound
during transmetalation from zirconium to copper. This high stereoselectivity is
due to the effect of added copper chloride. In place of unsymmetrical
zirconacyclopentanes, allylation of symmetrical zirconacyclopentanes were
investigated as a fundamental study. Finally, as an application of this

reaction, tricyclic compound was synthesized from obtained allylated compounds.

Scheme 3
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Chapter 4

Reaction of Alkenylzirconocene with Dialkylzirconocene: Unexpected Formation of
Bimetallic (x -Alkynyl)zirconocene Complexes

Bimetallic transition metal complexes are attractive because both

metal center have the potential to interact simultaneously with an organic
molecule. Reaction of alkenylzirconocenes Cp,ZrX(MeC=CH,) (X=Cl1 or Br) (10) with
dialkylzirconocenes, Cp.ZrBu,(11) yielded unexpected bimetallic zirconocene
complexes, CpzZr(u -X)(px-C CCH;)ZrCp,(X=Cl or Br)(12) (Scheme 4). Its structure
(X=C1) was determined by X-ray crystallography. The’monitoring of the reaction
of Cp2ZrBu, with Cp,ZrBr(MeC=CH,) revealed that the first step of this reaction
was an exchange reaction of the Bu group of Cp,ZrBu, and the Br group of the

alkenylzirconocene.

Scheme 4
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Chapter 5
Preparation and Reactions of CP,HfRCl, Cp.HfRR’ and Hafnacylopentenes

In comparison with the chemistry of zirconocene derivatives which has
been extensively studied over the past two decades, the corresponding hafnocene
chemistry has remained undeveloped. Dialkylzirconocene compounds play an
important role in the zirconium(II) chemistry but they are not stable at room
temperature when alkyl gfoups have a g-hydrogen. In order to investigate the
reaction mechanism of such zirconium chemistry, there are some difficulties due
to the unstability of dialkylzirconocenes. Therefore, the synthesis of more
stable dialkylhafnocene complexes was investigated.

Reaction of CP,HfCl, with R;Al(R=Et, n-Pr or n-Bu) selectively
produced monoalkylhafnocene complexes Cp:HfRCI1(13) in high yields. The
treatment of 13 with alkylation reagents such as R'Li or EtMgBr afforded
unsymmetrical dialkylhafnocene complexes Cp.HfRR’ (14) in good to excellent

yields (Scheme 5).

Scheme 5
RAl ‘ |
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Yield 76-89% Yield 78-99%

It is found that Cp.Hf(sec-Bu). can be used as a good precursor of
Cp.Hf(II) species. Hafnacyclopentenes(I5) were prepared in good yields by the
reaction of Cp.HfEt, with alkynes(Scheme 6).

Scheme 6
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Chapter 6
Reaction of Cp.TiCl, with EtMgBr and Alkynes




The combination of Cp,ZrCl./EtMgBr led to further catalytic
intermolecular carbon-carbon bond formation reactions. However, surprisingly,
the similar type of intermolecular coupling reactions using Cp.TiCl./EtMgBr to
give titanacycles have not been reported. In this chapter, the first example of
titanacyclopentene(16) formation by an intermolecular coupling of Cp,TiCl,,

EtMgBr and an alkyne is reported(Scheme 7).

Scheme 7
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Reaction of Cp,TiCl, with 2 equiv of EtMgBr followed by the addition
of various of internal alkynes at -30C gave the corresponding
titanacyclopentenes(16) in high yields with high selectivities. This reaction
is very similar to that of Cp,ZrCl,/EtMgBr system. In a sharp contrast to
zirconium, the formed titanacyclopentenes are thermally unstable to decompose.
After hydrolysis of titanacyclopentenes, trisubstituted olefins were obtained in

good to excellent yields.

Chapter 7
Preparation and Reactivity of Zirconocene(II) Complexes Stabilized by Olefinic
Phosphine Ligands

The preparation of zirconocene-alkene complexes and their reactivity
was recently reported. Most preparative method for Cp,Zr(II) species is the
reaction of Cp,ZrCl, with 2 equiv of alkxl metals such as n-Buli or EtMgBr,
which produced zirconium-alkene complexes such as Cp.Zr (CH,=CHEt) or Cp.Zr
(CH,=CH,). However, zirconium—alkene complex is sometimes rather thermally
unstable and decompose under ekposure to moisture and air in solution. There is
no report of fairly stable zirconium-alkene complexes.

Reaction of Cp.ZrBu,(Negishi reagent) generated from Cp.ZrCl, with two
molar equivalents of n-butyllithium, with bidentate olefinic phosphine ligand

yielded a stabilized Cp,Zr(II) complexes(17) (Scheme 8).
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Chapter 8
Properties of Zirconacyclopentenes with Alkynyl Substituents at a« -Position
Recently, it has been reported that zirconocene-ethylene complex
catalyzed highly regioselective carbon-carbon bond formation reaction of 1,3~
conjugated diynes. In these reactions zirconacyclopentenes(18) with the alkynyl
substituent at « -position were observed.
During the course of search of further reactivities of
zirconacyclopentenes(18), selective zirconium-carbon bond cleavage were observed

as found in zirconacycles before. In this chapter, it is reported that

_treatment of zirconacyclopentenes(18) with 1 equiv or excess of methanol

generated monoprotonated compounds, i.e., alkenylzirconium methoxide complexes
(19) byhighly selective zirconium-sp® carbon bond cleavage. The correlation of
the alkynyl substituent with zirconium atom in prepared complexes above was

considered by the '°C NMR spectroscopy(Scheme 9).

Scheme 9
R! R
I I ,
_R? MeOH Wi
Cp,Zr ~  CppZr
r, 1 h |
OMlNe
18 19
Yield 55-79%




MXDEERKROEE

KB IE, CoMER (Cp=v 20 RV STy M=TI,Ir, i) %2 BT 2B IVENEHER S
BREOF LM EEREHEHALICLTEY, 8FEA ST 3,

FXTR, 03/, NT /2 BLUFY /0 —BUARELERIEAER L
TWVW2, B2ETR, ARV VBIUEABZILAD LI LaForuyv s vedRE
KED, "2 DEREEEZBERPHEC I 70V Y VBIZBAIEIREEZEVWELTW 3,
BIETHR, BLEFET. BTV A5 VRELRY YAV ERBTI LT Fo 2
URVIVEDRIRTIUGEELERFIERIE, NBERUEKE-REES S £ R X
COHMRRIBICEBL TS, HA4ETR, FAFSAI LI+ ESTAEAT LT
TEVEDORIET, FAFZNVEPEBLEFLVWIA 7O2BI NI FSBEKD SR
KERBL, TOREBE*XBETICIVELMIZLTWS, £52 T, CpHfCl2& b
VTNFNTANIZTLEDRIEEEIDZRIRBEE/ TAFANT /v EEADERED
BN, ST/ TAFAINT Vv BERETAEL)FILEER IV YREL OKIS
KEBFENBITAFANT /e Vv BUEOARERRVELTWVWS, H6ETR., Yoo
UFY /Y E2FBOLF V7)Y RERREES B, EBOABT ALY Y 5 KIS
SRT, ~BEOF IV FrruxRvF vEKEBLI B BARERET LTS, B7E
TH, BR. ZRCH L TBOTCARLET. ROBVWSBEETCH-=T A r =L Lo+
TYEEBICA VI AV ERBASEETERUCFEAVC, AME&ERE ST, %
DREMEZRBHCM LI T VS, HE8ETR., YVaFrvrsuxyy v {baiz. %
ELBEBREIEHAHEaMNICADEVWI Y IZEEL T, afiic7EFLUvEKBEHAL T,
FlRE-REZBEGERRSERVWELTW 3,

UEo#ED, ZAFREINVaFrrsoRyy v bahrFELT, NEBRGYEBERE
BARBEI BRI URE-REBEGERREER LS BEVHLTH . HRLRLE
NDREBERET>TWV3, /2, PNaF L IHERT. BERERTWEFS J &
IBIUNT /) VDE/TAFABLICS T AR VELAOBEAAREEZEVWE L, &
K., InootdWEOHERER IR I LA HEEN B,

AMRCET 2RI, BRERODIEXEZCBECIHBE L THED. TOHNER
BLTLHELTRXE LT+ THELHMEN 3,

BERAZEOEIHRICH T 208K BRCHELTE, 6090OMEREL 05D — B
HBESOERXNBOHERERE 2T ok, MANARSBEEGC BT 2 — By xENS
FURBI Ir ISR AR EREHCHETIHMAERMCIH L TL, BERNEE+41
BLEETEIESZ RS EXTHD, AXEIT L LIOE DB LIVHABRITHTH 5 & UK
ENt,

AHARBRRERIBVWTL, PLaF vy, NI/ VBIUFY e ic BT 5ERAL
EENLEY, VIFNLMBELRLKEITHEY, ¥R +-9Thb s UK SN,
MEtRXEBEFTEINTEY, FEAERAERESEDZT XY T3y AOHERED
EfT-THY, RBOEHNCZHBLTIL+HTH3 Sk, ULOBHT., E5ES
ER-BTERBEHEL =,

— 100 —





