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Synthesis and characterization of novel PCN pincer rare-
earth metal complexes containing electron-rich indolyl

skeletons and catalytic study on isoprene polymerization

ABSTRACT

Rare-earth metal complexes have garnered substantial research
interest owing to their distinctive structures and remarkable reactivity.
Investigations on the synthesis, bonding characteristics, and reactivity of
rare earth metal complexes have emerged as a prominent research focus in
contemporary chemistry. In this thesis, a new class of PCN pincer rare-
earth metal chlorides containing diphenylphosphino-substituted electron-
rich indolyl ligands were designed and synthesized. Their catalytic activity
on isoprene polymerization was investigated.

A novel diphenylphosphino and amino group substituted electron-rich
indolyl ligand [1-(2-N-C4HsN)CH,CH,-3-(Ph,P)CH,CsHsN] (HL) was
synthesized from the raw materials of 3-(dimethylamino)methylidene
indole, diphenylphosphine, and 1-(2-chloroethyl)pyrrolidine
hydrochloride. The lithium salt was prepared as a dimer by lithiation
reaction of the ligand and n-butyllithium solution at a low temperature of -
20 °C. Subsequently, a series of PCN rare-earth metal chlorides (x%pc-
L)(*pen-L)RE(u-Cl),Li(THF), [RE = Y(1), Er(2), Gd(3), Lu(4), Yb(5)]

were obtained using the 1 eq. lithium salt with 1.1 eq. of rare-earth
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trichloride through metathesis reaction in a glove box. Infrared
spectroscopy, elemental analysis, nuclear magnetic resonance
spectroscopy and single-crystal X-ray diffraction were used to characterize
the structure and composition of the complexes. It was found the rare-earth
metal center (RE*") and the lithium-ion (Li*) formed a heteronuclear
bimetallic structure via chlorine bridging, the pyrrolidinium moiety bonded
in 1’pen and x?pc modes, respectively, which may be attributed to the steric
hindrance caused by the bulky pyrrolidinyl ring. As a result, the rare-earth
metal center was seven coordination with a distorted decahedral
configuration.

The above rare-earth metal chlorides were employed as catalysts,
while organoaluminum and boron reagents served as co-catalysts. Their
combined performance on isoprene polymerization was investigated. The
results showed that the catalyst system has high catalytic activity as well
as stereoselectivity in isoprene polymerization reactions. The optimal
catalytic conditions were as follows: complex 3 were used as catalyst,
while Al'Bu; and [PhMe,NH][B(CeFs)s] served as co-catalyst,
Chlorobenzene was chosen as solvent with volume ratio of solvent to
isoprene of 5:1. The molar ratio of complex to boron reagents and
aluminum reagent was 1:1:5. Under the optimal conditions, the isoprene
polymerization proceeded efficiently, yielding the polymers with 1,4-cis-

selectivity of 99.1%, a number average molecular weight of 60.7 x 10*
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g/mol and the molecular weight distribution of P = 1.62. Notably, the
conversion rate and selectivity showed an upward trend with the increase
of the radius of the rare-earth metal ions.

Keywords: Nonsymmetrical, monophosphino side arm, PCN pincer,

earth-metal chlorides, polymerization of isoprene
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Fig. 1-9 Synthesis of 1,3-bis(oxazolinymethylidene)isoindoline NNN pincer rare-earth metal complexes
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Fig. 1-11 Synthesis of two f-diketiminato based rare-carth metal complexes with different side arms
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Fig. 1-13 Three rare-earth metal complexes with a tridentate amidinate ligand as backbone
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M =Rh, Ir
PBu, P Buz  ligand //PtBuz
N + exchange N \
b me— O Ly
N
\\P[Bu tBUZ \\PtBUZ
17-47%
PCP Ligand M = Ni, Rh

K 1-15 N-ZR 3R LR 5 R e S Y0 & R
Fig. 1-15 Synthesis of N-heterocyclic carbene-based pincer metal complexes

2018 4F, 4B A MR A PSS & 2 BT NNN AR EAR ) TAE, #— P IRE
T T IV e R T A (1 0 -8 S A 4 i IR R B & ) ) P L 5 R R AIE .
FN GBS I XUR I A 5 B e B A Wk AT OBL, BRI 4% 1 PBIAC-40
FREE R EY) TIRAER R, A4 e A5 b e 5588 1 FH =4 15D 17 2
L Z RIS RAREE . A 3 U ERne, WA RO NI, ThikedE
BTN 2 Y=, SRR E M SY(E 1-16).
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Ph Ph 'Th Ph
Ph Ph—p.  d—Ph Ph—p_ g—Ph
Ph— P E\/Ph N// E\N N// E\N
Y Nep, + 2AIMe; Ar >y< SAr + AlMe; Ar \\\\Y\

Me” >
- AHMe,(CSiH;Mes) e\ Me CHMe - AHMe,(CH,SiMes) M@ kﬂe Me

MesSi”~ SiMes Af/ \S.'M //_:\|\

IMes
Me/ Me" Ve

Kl 1-16 2 - m 0w &Y & bl 5 R g R AL
Fig. 1-16 Synthesis of yttrium-aluminum heteronuclear bimetallic complexes and their
transformation with methylaluminum

2021 4F, AL RPN G 7 — 28 T DU iE M 22 1) PNP 4t
BECAR, JFH—tE 5 Bdmii s, M7 —3K%E PNP HHUH: -5 s
EY o WREC S ETEGRILRIVER T, Be 88 m U 5 I G i B v (B
1-17). (HARER R, XNk T DU I B B AR Rt b, SRBT 0
MR IR R .

(1) RECI3(THF)n O N O
(2) 2L|CH28|Me3

(Pr) zP\ /P (Pr),

;U§

THF Me3S|HZC CHZS|Me3
O O E(CHSiMes)s(THF), ‘ :\ /:‘
(Ph) ZP\
PPh2 PPh, ~ThE

Me3S|H2C CstiMeg

Cat. —
n =z @ —
B(CgF5)3, Toluene n

cis-1,4-polyisoprene 98.5%

Cat. — —
X /I.\% +Y N
[Ph3ClI[B(CgFs)4], Toluene X yln

B 117 BT DU S0 g I 22 T PN R b 4 SR IEC & 0 K 4 F DA B A S TR M SR
Fig. 1-17 Synthesis of PNP pincer rare-earth metal complexes bearing tetrahydroacridinyl backbone and

catalytic isoprene polymerization

2021 4, Goldman PRI A 1l LAy H 421K PCP 4H A BCAAR (14K
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M &Y, IR HAF bk it S B AT, SEBL AR SR T R,
R AR TR AR 7T TR 1-18).

O‘PIBU2 P’Buz PtBuz
\ \
Ir IIr MeO IIr
O/PtBU2 PtBU.2 PtBU.2
("BYPOCOP)Ir (BYPCP)Ir (MeO-BU“4pOCOP)Ir

K 1-18 PCPEH BRI & W0 ) 45 1k
Fig. 1-18 Synthesis of PCP pincer irridium complexes
2022 4, BERAFREHOIAG R T —MEAFRE) PNP BRI LK,
TR E R — R -CEALRIM L mEC &), It — DT 1 XLl & YA
W IR R A P RIPERE (& 1-19). SRIGEE RARW], KNS WAL A [N 5644
BRI B s A - 1L4-k B, OF B RS EA B U 7 & A
BRI TR0

Ph Ph
R W P—Ph
Ph \ N/ \
REZ O THF N
NH + /4 _— N—RE=~—N-<
@P\/Ph /T @P/ \N
o pr Ph [\
Cat. —
n )\% — m _
Activator n RE =Y, Nd, Gd

K1-19 PNPE] B H + & B L A 0 1 & 1k
Fig. 1-19 Synthesis of PNP pincer rare-earth metal complexes

2022 4, AR BE IR @ I — PR A ORI T —
PAR R PG B 20 PNP BB RC i . 6T bmctA, RN LE— A
T I LEBEEY . EAERKNZ, % PNP AP RIR Z 8] T
FEUN, KRG R 0 BRI 23 A 8 . 72 IR £6 70 TIBA 1
NIEWFIIAE T, XL AP S5 08 0 0 5 A R B H BRI S (A A 12k i
(Kl 1-20). 1E 0 °C M T, ZRE AV KRG &m0 3,4-1E 814 (95%) . HEAh,

23



RT3

BIF TR I 0 4 1 AR UK BIBC S 0 (A Y2 ORI T ) 2 3 HE A v R R AL 12
AEEENE, T O R B T REVNIE S SSTRT Lo ) WAL iE R ALK

/’, Kﬂ
RE(CH,SiMe3)3(THF), \@(/Q/ Sgntxs%z;l 0/3,4-selectivity
(o]
N N
H PR, RZP\RlE/PRZ

PR,

~
Me3SiHZC/ ‘ THF,

R ='Pr, Ph
" CH,SiMes
n)\/

R = P RE = 56 v Dy, Ho
Er, Tm, Lu
1-20 ZR - ZUA4 PR B e A B 242 0 1 4 T TG 5 0 10 4 1 5 A S5 132 0 SR A Pk BB E 7
Fig. 1-20 Synthesis and catalytic properties of rare-earth metal complexes with benzazepane
backbone for isoprene polymerization
2023 4F, FOIERBAMIGHEG R 7 — R PIREE B 42 PCP B el (IDAC &
Yo Hrp(PrPCP)CoCl FEIL MY 1 5378 ) FAAS 8 IR AN AL I 1%, 8 2R B Js e A0 A
§i e B B S S, BISEEARAIC I e AL ) R B T, B RESEI e &4k, JIF

JEPLH AR FEE A2 R IE PR 1-21).

R' HBpin(1.0 equiv) R'
/& J\/Bpin
R R
R/w/\%'—— 0 o — R/W/\%\mm

F>r2"FI>—Co—F'>"Pr2
FGW c|;| FG\/\Mf\Bpm
FG = Ph, ester, amide
P 1-21 PCPEH 2R s (1 48 (o B 2 42 1 A B A s 2
Fig. 1-21 Hydroboration catalyzed by cobalt(II) complexes of PCP pincer ligands

122 EBEIENRNERSER A

2017 ¢, Milstein ZHXUREACIR 55 5 7 BA JEXFRIER PNP 1 A4 EL
SEECEY), WA T HAEMEANE A ik £ 0 S04 i — 20 0 Jke 7 T ) M
(B 1-22). SLIRZERKH, ZEAWAE 90 °C Al 30 bar HLf41FF, ZKH I
WAL 98%, HEAMFIERENE, JUFIRRI=WrA4, MOyscil 18 B g%
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Hbs i s . Ak, RV E MR Bor, X154 4 i 72k BT
THRBIMAE A EY), B m, (HI A 75 1 /5 2858 m AT & (RIS
HE W IR RAL S D0 S N LS, 5 B N AEAL 70 Y B DAS v e AL

PPr,
\ wBr
\ .
H/Fe Cat 1 H’N—F?\CO

2 RCN AN R i H/ P'Pr,
R =aryl, alkyl 30 barHy 90 °C i
-NH3 |

1 equiv, ‘BUOK

B 1-22 FEXF AR () PNPAH Y 2 < J& IIC & W & i 5 AL 1k BE AT 72

Fig. 1-22 Synthesis and catalytic properties of nonsymmetric PNP-pincer iron metal complexes

2020 4F, REHREHEIIFER T — RN B- W EE 2R
PNN ALK, R IXLelifh 55 48 = A N, & R 1 AR 4
JERCEY), FRRIC G5 75 5 OB, AR o)+ PN 52 BE I 2 B IR o (FLP) I 5
IR 4 SR TS s FE S YA IR YRR IR 2R & I S B — @ MEGAER, JF RS
Fi £ & B XURFE I A VI TR AR B, ZIE A RE BB IR S L R & R
JATR R IR ) = 2R AR Ve, DT A5 1 R0 R 11 5 HH R PR A TR FH R (] 1-23)

N N
N |\ R “Dipp

R, L0 Sc(CH,SiMeg)s(THF), R Dipp  ArOH \/
= NH N 3 RE —_— RE~—_A
r . / i
-SiMey / \SiMe3 ~SiMe, PII \O r
PPh, /P\ SiMes Ph/ \ SiMeg

PH Ph Ph

T +
[PhNMe,H][B(CgF5)4] W

N N -
R \+/\"Dipp RE =Y, Lu
-PhNMe, RE B} Ar = 2,6-Pry-CgH3, Ar' = 2,6-Buy-CeHs
-SiMe REIN B(C¢F i
4 o Q (CeFs)a R = H, CH,, Pr, Ph;
/\ Ar'
PH Ph

R ~ .
0 \,/ "Diep (QQ/T
— RE\ - —
OMe ,'/ O B(CeF5)4 OMe OMe
R \
/\ Ar
Ph  Ph

up to 95% mm

1-23 p- T B -t < R & W0 1A B 55 M A Y R PR D TR 2R
Fig. 1-23 Synthesis and catalytic polymerization of methyl methacrylate with f-diimido-based rare-earth

metal complexes

25



RT3

2021 4, Kirchner BRI IBT I B 1 RIS BEFE ) PCN X PRS-l
WESEEH RV IC S, JRRANBIETE | LSS W RFAIE A SAE 2 Pk 2 SR R R o S5
IRLE R R, XSS YIE S NaBHa. EtMgBr Al NOBF4 £ AN BRI Y Je B2 v
AR T IEA) . RN A (K] 1-24). AL, XERAEWET S
R RIFRIFRENE, FFE S SN JE I 35 s 1 22

—

N

o Ni—Cliz
CH,

1-24 PCNAE PR 28 B - ik g 45 e 20 I & P I & B 5 5 A
Fig. 1-24 Synthesis and transformation of PCN nonsymmetric phenyl-pyridyl-nickel pincer complexes
2022 4, AR IREHYIEG B T — RFIAERFR PNN 05 AL ik, JIf

5 4 R = e A SR AE P AR [ SR O M SR EC A . BEFER I,

F10 4 JB ABU(SSHFE L’ OIS, BCAEPDA LB AL AL RUE BLE5 1, T 404

JENEL(YP BT, TEAYNEME FIRE AR 51 o AR IS, XL 14

JRECEITE rac-NAEBE TR A Hp R DL B AR S I A E 1, AT DA s 43
TEA AR ) SR A R (] 1-25).
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PPh,

W
&' —si g R
/NN
+ . rac-LA o : 0
NH RE(CH,SiMes)s(THF), A wokowﬂo)kro;
(0] © é n
N

1125 Al BR 35 I BE IR P 07+ & B RE G B R
Fig. 1-25 Synthesis of rare-carth metal complexes bearing unsymmetrical diarylamido ligands

2022 47, HIEZHRREAY IV IFE T — 251 PCP T AUKEC &4, JHIR
FIHIESERE S B AR RE . B SIS O M S IME, mahfl#& T
ZMBEEDAIERCHE, 5[In(COD)CI MG, TR T Tule AL s f it & (18
1-26). FE— TR, N &4 BB A8 ok o B ) 35 1 o
TEA O TR L, TIARAL T el It S L B A PR RE 3K 5 23 1 AN )
RSO e A it S IS N ) A v P LA 85 SO o SR 4 SR A 3 W) 5 gt A 6 S A R R
ARIE BITC B WITE V2 I HH J 30 R AW oo R A 12

@\ [I(COD)CI], .
, (0.5 equiv) -
R
N~ _— >;( ’?‘ or 3( f}l

X
B | Toluene, (R1)2P—— ), —P(R,), iPrP— PP,
P(R,), 150 °C H/ | )
Cl H cl

(R4)2

X =0,R' =Me, Ry =R2=’Bu;_x=o, R'=Me, Ry =R, = Pr, '
X=0,R'=Me,R;=Cy, R, =Pr; X=0,R' =Et,R;= Ry = 'Pr,
X=8, R =Me, Ry=R,=Bu;X=5,R =Me, R; =R, = /Pr,
Kl 1-26 PCPAHRY SR TC 5 0 1 45 18 LA B A [R]85 o B 20 £ 52 Wi
Fig. 1-26 Synthesis of PCP pincer iridium complexes and the effect of different side arms on the complexes
2023 4, AREHEZREANEG T — R LUK B 2R L SRS
Y, R T ARG ERE . @IS TR R, XA RSB A,
B ARSI (B 1-27). E R R IGRE R, ZELEPR I
A S A TS MR = 1) 3, 4-1 881 (589%) &
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£ PPh £
HZN/MH i Et;N
= = PPh
N~ ci N7 ONTTTT2
Toluene H
n=1,2
P . Toluene N7 N//MPPhZ
N7 SN0 PPh2 -+ RE(CH,SiMey)s(THF), ——> \ / N—
H

RE = Sc, Lu
BI1-27 DABKIE i 28 00 1 4 SR LA 4 (1 &

Fig. 1-27 Synthesis of rare-carth metal complexes supported by amidino backbone

2024 4F, BRMEIEAPREHWIE T R IRER 7, Wit IFa T — &5
B -  Jm AU L AR BC &), IR TT 7 AR RE(A 1-28). BTG,
WAL GE A 1 A NNN =R BC Ay B 28 MM e m i &, ol 80k
RLE DA 3 7 L E AR AR e B L A . S5 R TR, RS B
FCOL G5, T A IR = A OUHE T LA A B, RE—C BB AR 148 A4 i 38
Ko IR LTS PAE 5 28 FRE AR T ik S 0S5 SRR sz rh S B H v R R A v 12
ML FEE

N N - - RE—S
" ~pipp _ LICH(SIRs)PPh,S] Lo
J \\CI Tolluene, rt. / '?\Ph
//N Me - LiCl, -CH, R3Si Ph
RE = Lu, R=Me (72%), RE =Y, R = Me (82%)
RE =Lu,R=Ph (75%), RE =Y, R=Ph (81%)
RE =Sm, R=Ph (68%)
N'\ N—DIPP [N\ N—owp
Z_ s MeLi RE-
[ /RE\ N\p—Ph = >N\
—N ol ph Toluene, r.t. / ﬁ’\ph
/ SiRs - LiCl, -CHy R3Si Ph

RE =Sm, R =Me (42%), RE =La, R =Ph (36%)

1-28 FLAZ A 1 e J i AR B A 0 P W 14 5

Fig. 1-28 Synthesis of monomeric rare-earth thiophosphinoyl-alkylidene complexes
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1.3 LUk B R EREC &Y

WG —F EZ A NEY), B rHEM R 194, 8 E L% %K Adolfvon
Baeyer/y 45 3 T WIWR 1 iAo W51k S AT AR ILE VAR T 2 AR AE . RS
AE Y, W AR B A RIEEE A, R AR 75 10 -5 WL T Jic 12 1) 2.
RSy, It BEATAEYEE T2 T 24 e 5,

G SNt (S 4 TN 7 T e TR DA E I 1= Ry A P U oo
5110k 5 4 JR AT 22 PR C AL AR 2, o 153 2 A Ml WA o A A 7 - C A6 e 2 o R 5
TR 1) S0 5,

1.3.1 ElMRERANEBE ST

1995 4, Deacon VR PRI &R T 2- LM B &R I 59
Yb(pin)2(THF )4 (pin A 2-ZKF:M|WEHE), 1%BC &5 DME 1E 100 °CH FH 2RV
S, il & AR BT WG E O VU FAR RS &9, 8 0-n'n' BRI 2OEB(E 1-

29).
[:[y (3
Ph THF I Fh N Y/

— THF
N//,, // /O\/\O/ \
/4/ N Toluene @

Ph \I

Bl 1-29 DAZRIE IS I R B 0 L & RS W & i 5 AL

Fig. 1-29 Synthesis and transformation of rare-earth metal complexes with phenylindole
132 EERELBIREIANEBE S

2008 4F, FELMGEERIRBAP IR I G T — R TR I i HE AR
s R ECAR, DA N, 586t a )8 = e R On, 381 2R S i A
BREERIFNE, SR ZMA R KM LS RIS . IURE Dy 5 AR,
FEH R TR 6 h, 133 B RONECIAM: L& _ic&Y): £E-30 °C T RN, 135
2 B B LA L B BC &4, I HA — 0 7 IUERI RO AL 1T 20 E Y
AREEFEERS, A B AL B ARG & B S (B 1-30). BHJE, & RO A

wIEBC &5 5 PrN=C=N'Pr 7E =i T N, I Bl-&9) 7 Hr &5 a5,
CHEVIRARREERT AR, A R e m R S .
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' P N=C=N'P @\ E/ \
R="Pr X RE r r

Toluene , rt. 6h N \ Toluene it 1h \N

Tt /I\©/ﬁ SiMe, Toluene , . N

N‘

RE = Lu Me33|

RE = Lu
‘ A\
y )
N R = Pr N
R R Toluene ,-30 °C. 0.5 h N—>RE\/S'Me3
\_—SiMe,
+

RE(CH,SiMe3)s(THF), RE =Lu, Sc

A\

A\
| N THF N N/L
R = Me \R/_/S'Mes iPrN=C=NPr / 7/\suv|e3
L _R=Me -
Toluene ,r.t. 1h SN _—SiMe; Toluene ,rt. 1h / \ N—¢
Mej3Si
RE = Lu, Sc RE = Lu

L 1-30 P51k P9 ik D B R O <5 I & 00 & B e AL
Fig. 1-30 Synthesis and transformation of rare-carth metal complexes bearing indolide Imine
ligands
2012 4, FEHRBEREHPII G T — RV &R RIS,
UEREC A DA RO B 48, 7E 36751\ N-FR U IEEE FR B, 0T R plds 1 4
JRIEFEA Y @I SR BT AT A, BT AR BRI A -0 0 R 6 S
fr, 3-fn N-FR IR R S B N 58S TR E R S BB A . 24
A S RLIE RIS, T G PP AN [F) S5 R R L G R A ) o UM Y 2R AE 9 i
TR, 73 2R E ALY I AL S5, A I N(SiMes)2 & B 5 0 @ B L,
T FCHL I ) DO T ) LART 25K 5 A58 FH PR 2RORT DY SRR 9 V77, 49 21 P e B A0 P
B 5—5F0 THF BAL, S8 Fu R e . I HIX RN A Y7E R
Folba] AR B AL (B 1-31) B JS SCER TS C & W AE A0 Jig e R A e B
AL TSR . S5 ORI, I SETE A0t 75 5 e A0l J7 I 35 H AT 0 v R Ak A J80R
JERAPDE VG, ERURIEAGTT & R M RRIR AR 7 2 1)
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— + IZ />>\
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[(Me3Si)oN]3RE(u-Cl)Li(THF)3

Tquene 80 °C Toluene, 80 C\THF

(TMS)2N /?\ (TMS), \ /2
et ? T o /ul

(TMS)2 " Toluene  (TMS)N
- THF C&)} NH o THE

RE = Sm, Eu, Dy, Yb RE = Eu, Dy, Yb

I 1-31 i b 4 JaB e R i 5 0 1) 4 I A B A
Fig. 1-31 Synthesis and transformation of rare-carth metal amido complexes
2014 F, FHRFEZREALIET 2 AT, Wit IEG 7 — K4 341
FINE R AL B 1 T REAL G R AR, X LEPCAA S5 e JE I EA Y I L, AR R
—RINM LB EIER GV, #— PRI XL S VIR M R I puke 5 7 7 M
IR S 2 ) s N2 R (B 1-32) 0 3 X BE S S5 K B 0 AT Rl 0, AR B PR 4P
FRY ALk Pt o P AR S5 A B ) XU AR A BE S 4, T4 - H A Py A g R A

S22 RS FR) i XUBC A S A% O < e T 5 0. 48 7 HL AR IR 1) B A S I 1
fEACTERE, S5 RRY, SRR S VIR mAEAGE YA 2 IR A s v, mT L&

ToTEmE. HENTEARIE AL OB SR, I HLAE OISR I N OB R e e

TMS ,TMs

/ \
N N
RE/o\\ /

A \,

solvent, 75-80 °C A\
X

solvent = THF, RE = Eu

solvent = Toluene, RE =Y, Eu, Dy, Er, Yb
Qj/\/Nﬂ @j
+ , ~ N
|
HN CHj (Me3Si)N._ b

Ivent, 80 °C
soven (Me;SiN” NO / CH3
Y

RE = Yb, Dy

B 1-32 &5 rpe it 5 p gl R EE A R — R B L e e AL )

[(Me3Si),N]sRE(m-CI)Li(THE);—|

Fig.1-32 Synthesis of a series of rare-earth metal amino compounds from indolyl ligands
containing neutral pyrrolyl groups
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2015 4, FHRBEIRREHNEET ZAis e, ®iriam T — K51
WL, ISR RN, GIR-3- FR S AR L RN, AT = NCARST
(K] 3-ME i hBEAL FIMIVRR AR, IF 575 148 = b b IR BE, B — R 50 4
JE LRI AW . KT, 15 BIIC G Y35 AU H i 1) = A XUHE T L]
iKY, M RONTRIHE, RN 2,6- - FHAFER, 5 Yb(CH2SiMes)s(THF)2 S AE R T
Yb (RUESEEL A, 10240 ROAFEEE, ROASUT SR AR T = Fo R s 14
JBECA(E 1-33). B4R TC UL - 408 BC & W18 38 5 IR 04 v 10 S B 2
FE. SRR I RVE R, T RAAR R e DX Al 26 14 A S A a1k 1 M -

4-FE IR Wi

R

N
@’ﬁ (CH,SiMe; R =Bn, R' = 2,6-PryCoHy;

> N RE R RE =Y, Er, Dy

R ' .

R Ny R = Me, R' = 2,6-Pr,CgHs;

RE =Y, Er, Dy, Yb
/ THF
N CH28|Me3

N \ R =Bn, R' = 2,6-Pr,CgH3;
R CH28|M93 RE = Yb
+

RE(CH,SiMej3);(THF),

R =Bn, R =Bu;
RE =Y ; Er

P 1-33 LA D B B 1 -, 3 AN [ OGS 7 = < J e & 0 1 6 B
Fig. 1-33 Synthesis of rare-earth metal complexes with different groups at 1- and 3-positions

of the indolyl backbone

2023 4, EHRFEIRBAI T 2 /Ip e, 12 16250 N 1A N 5L
O Ji¥, £ 3-ML5I N— D KRAZBHEER], RRINE PR 1, 3- XU REAL fmg Ak i
W, I 9] 5 0 < = e A SN, 1) 25 Y BRAR RO P 2R A - < R ke ik T
aW, Ja iz RV S YR R OB, R T AR RE . iR,
REHC SV R R A SN T, R I A0S AL TR VE AT IR F 0, JEHE XU
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N > 99% regiose

\ e . 32-99% vyield
\ o \|\ 3 m?l % 22 examples
nea

i r.t. for aromatic olefins
\\/N\\ I\ 40 °C for aliphatic olefins

SiH,Ph

R)\
Markovnikov anti-Markovnikov

o (branched) (linear)
NP 1T|_r|"F°' % R = Anyl R = Alryl
;2 Si @{ r.t. for all olefins
N \ //N | > 99% regiose

51-99% yield
23 examples

Kl 1-34 BURZABUZ 1 6 1 4 & Bl A 0 I i S A SR
Fig. 1-34 Hydrosilylation of two classes of mono- and dinuclear rare-earth metal complexes
2023 F, FHRFERE AP @S 0T B IR S 1- AR EIE SO, B
Wit T Yo S 14178 S G LN T N OSSR P LT NS i W S8 S ey ) SR
B — R HNAERFR YU p- s -4 8 s S A4 . fEid 2, BIN,N,C,0
S TR G LB E T4 1-35). dE— bRy, %R+
<5 JETC S PT DARE b vy 77 S 1 S SR S i

; /; N7 Di ?N(\N(
N \ RE(CH,SiMes)s(THF), PP \Ré

H_"{ RE = Gd, Y, Yb, Lu (Me)ssi/;‘ =
0 Dipp EO>\/N

P 1-35 3 2R 5 - — A IV f 2 s e P A s - <2 J P & O ) 5

Fig. 1-35 Synthesis of novel S-diketiminato ligand rare-earth metal complexes

2024 4F, FAHRFARBBHP LT Zaiwtse, B E %, £ 14675
AN 2-HEFCHE, 78 3-AL5I N NN-Z RIIERE 3., & R T JAEXTFR ) NCO £ Y
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JR =R R BRI 12 1 I, A3 2R RO BL oo #5 UHD A R - 462 Ja XL
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FH—MECREL e BT AL I B B B T (A B R S B85 FH ek
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n-hexane, r.t. 6 h N

N— RE = Lu, Yb
)
N\\/O\ MeO\L
1/2 RE(CH,SiMe3)3(THF), \Ni N)_é
n-hexane, r.t. 6 h @\/\Q

RE—N
N/ \ N
Lo |

\ SIMG3
RE = Lu, Yb, Er, Y

/ N\

K 1-36 dEXT AR FINCOE B F4 + & JmBic &)

Fig. 1-36 Nonsymmetric NCO pincer rare-earth metal complexes
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X RE= Sc, Lu, Tm, Er, Ho, Y,
H Dy, Tbh, Gd, Pr
k AW

Cat.=

Cat. D

Sc>Lu>Tm>Er>Ho
>Y>Dy>Tb>Gd>Pr

Bl1-37 2 He b 1 4 SR TG & W 10 A S A S i
Fig. 1-37 Catalytic hydroamination by fluorene-based rare-earth metal complexes
142 SN R M
20184F, LapshinZU UREEA BT 7 DIREIE B S, 782, 6-0070 0 5l N
B, BRIEAH BRI, %804 5 YDIN(SiMes ) ]o(THF ) 3547 [N, & ik 1 T
AL MR A . HiZMm L& RIEMIERMEAR, BRI SRR L
Wi o-HIEER CMAN2, 3- I T RS MR i S SR, R AR i AL
W, IR 1 X R A R ?%%H&%EEJJDEEF%(MS)O

=
o
H N N
N// + Yb[N(SiMes)slo(THF), Toluene, r.t. (MesSi)N / l
Pr. i ipr THE Pr\©/P
Cat.
X -
©/\ ©/\/F’Ph2 conversion 100%
o Ph,PH
R PPh, conversion
2 mol% cat. /©/\/ R=F82%
R =F, Cl, Me, 'Bu, OMe, R Cl 86%

Me 96%
‘Bu 96%
Q/K N Q/RPth OMe 55%
conversion 62%
)Y% -
/‘\’/\pphz conversion 40%

P 1-38 NNNEH R + 6 C & Y AL B AL S

Fig. 1-38 Phosphine hydrogenation catalyzed by NNN pincer rare-earth metal complexes
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2019 4F, Schmidt #4278 2 /i HiE (1 4 8 10 — H B I i 1k & P [La-
(Dmba)s] it b, ZEIRAN AT FIFFE T 5 ARG bR 1 DX e 5 1 B B R AL
ST TR A AR PR A PR A ST, AN R R R T R T A M A S L PR AL 2
WP, ELIZAE LRI e i I S AR 2 T e B 1) A 2 e M A0 X e 4
FERRIEANAR i e B S A B AL S R, AR BL 5 mol% i 7 48 B 7E = T X
R 12-48 h, ¥J15EILL E #8008 F B AL =PI (E 1-39).

R’ R H,P(O)P, R'

Ph,PH HP(O)Ph, > :
Ph,P < > R P(O)PH,
[La-(Dmba)s]
Ph,R R P(O)PH,
— < ' > —_—
R'>_/ RCCR RCCH R/ :R'

€1-39 [La-(Dmba); 1 £ [ S A S B2
Fig. 1-39 [La-(Dmba)s] catalyzed hydrophosphination
2022 4, EHRHFRECIH G BT FESIBRE) 16251 N N-nik 2 3%,
342G NBEMEMREEH R PR R AR, JE S5 SR =B E M REL, SR — &
HM 4 JE XU FEAC S - B 5 4R U A MR R 0 S AT A 731 1]
WA TS I 2R HRE AT A A SR 2 B B v PR A T P A L v Y
X e 4 (B 1-40).

o)
Y- = 4
RE(CH,SiMes)3(THF), A \ )
A\ (\O N RE’kO\
N N\) (2"\
(-

RE=Y,Yb,Er,Dy,Gd

1) 2 mol%
. pgpy MO _~_-P(O)Ph;
(2) H,0, Ar

up to 97%

AT
1-40 1-(N-PE R 2, 35 )- 3 (P PR K 58 P W s 1= < J T 5 220 F1 5 ol B HE A 1S P
Fig. 1-40 Synthesis and catalytic applications of 1-(N-morpholinylethyl)-3-(oxazolinyl)indolyl

rare-earth metal complexes
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143 EUMENR K

2020 4E, BE ISR BRI L Trost BLiA & T — RV & @Rl &
Yo Bz 5 4B kALY RE[N(SiMe:)2]s(RE =Y, Eu, Nd, La)[ M, &
T — 2 R T UG R A . B S FH 2RI R T A R
ST LA La® o oot & 8 M AC & 43 I A AR = IR A AL e PR AN WO B, Refe
e ALK 22 P R R A A T R, R v HO A I R (ee ) I
99%(Kl 1-41).

ﬁ: . «}r—él- 4 mol% Cat. SiO,/EA f?
R1 R2 o\ﬁ/o R1 R2
2 equiv

Ph O ‘N
Ph O + 31 examples
* up to 99% yield
\ * up to 99% ee
OﬁLa .
» computational support
PhPh
Cat.

P 1-41 &5 TrostHC A () XU M <8 J T 4540 (1 B S84 S B
Fig. 1-41 Borohydration of binuclear rare-earth metal complexes containing Trost ligands

144 EUBRRER N

2021 4, FRATRGHOTE F LA R JFORE, A T — 2R 51 s A R X
Pt T RIEBL A, S A YN ORI RE R . HARTT T AR I
PERE(E 1-42). ZAEAFIZERD . SR IEREER T, Ao i = e s R
&, FFRARE AR SRR,
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H (Me3Si),N

N ~
2 U + 2[(MesSi),NJRE(-CILI(THF); —_oMene rt- /RE\N@
-LiCl, -HN(SiMeg);  (Me3Si)N _
. /N(SlMes)z
CTSN—RE
“N(SiMes),
(Me3Si)2N
Me-Si /RE\ND
(MeaSON | Nemey,
<CISN—RE] JA/BUS/[PhsCIIB(CoFs)s
)\/ N(SIMe3)2 __
n __~\._ =~ 49/ :%‘n
RE = Y, Nd, Yb

cis-1,4-polyisoprene 95.2%

& 1-42 ML R IR A AL IR IR S
Fig. 1-42 Isoprene polymerization catalyzed by pyrrolyl-based rare-carth metal complexes

2021 4, EAHREIZIRBHOE T IHE BT —Flop 84 (5] bk NCN 484
&, fEIECKEH, F "Buli MECARTARETH A, BEJSTE THF hi5 =&MLt R
VA I 2 R e el = < R /N e i ol e 2 7 B D &R 75
R B A (B 1-43). Bl SR o A v I I e e, 28l FR R
SLEWERTT, Bt s IS R A, IS 3 e A S AR R R S
Y, MR-1,4-BF IR I EL 99.6%, Hr T BN 8.76x10°g/mol.

D @
Q& N=—
A % ,,,,,, /)@
A\ \RE/C:' L [REJ=1:1 L REJ=2:1
N
- .,

RECI,, THF RECI,, THF

THF .
N n "Li
/ AN
e THF
n=1,RE=Sc, Yb
RE =Y, Dy
T + Ligand T
| RE=Y
Ai%pg:l THE N7 ;Ql/ Y)
S _cl ¢l THEN

N
\ (
N—RE_ >R{E { " o \/
(AT 3 \\CI/RE\/>D
THFE G B
4@* K_&’THF Ci @
n=2 RE=Er, Y ")v/ ﬁ

[Ph3C[B(CeFs)al, AlBus, PhCI

1,4-cis

P 1-43 NCNEH LM £ & s e A M0 HEAL 57 IR 0 3R b

Fig. 1-43 Isoprene polymerization catalyzed by NCN pincer rare-earth metal complexes
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2022 4, ABGEBEREASIL ORI E S, WA T KTk
SR PNN BRI UG HAG - G @I &4, o0 7 HAE A R I I A T 0
REHHnEtE(& 1-44) . BoEP 50RO A iR &, BERE & AU A 7
IR IEAT IR B, 153 99.5% MR E-1,4- 58 I A A 100 %[ Je 2R-1,4-
T i R AR EORLEG, T DA & AR B AR ] 0 SUIR BOR 2 i BUIL R

@UQ %iq eagt

Ph2P—>RE<~N
THF
Me38| S|Me Me3S| SiM é3 )n Me3S| SlMe3
RE = Sg, Y, Lu RE=Sc,Lu,n=0 RE =Sc, Y
Y,n=1

> /[PhsCl[B(CFs)a
4J\¢/ Messi S R %_>=“¥%
n = -
n

Toluene . .
cis-1,4-polyisoprene 98.8%

Bl 1-44 NNPEH YA £ & R S0 & S AR e R &

Fig. 1-44 Synthesis and catalytic olefin polymerization of NNP pincer rare-earth metal complexes

2023 4F, ABGEBERIREAS T I G T R AL DAY 5 B 4
[+ & B XU EE L AYI(RE = Sc, Y, Lu), 8 AW Km0, DI
ZiEERAR L’ BRSO E RS TR AR T IR LA S YTE A IR A TR
ERvERe, SREY, ESIMEGHRILERERT, S-SRI R R
W, AR RS BA BRI 4 T BRI TR IAh, BRI
EVETI T T IR SR OIRILE, G T BAT U SR SRR AR R B
AT otk B B ik BOL R 1-45).
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R RE
THE” )
Me3Si SiMe3

C 25 z
g Sc /Ph3C[B(CgF5)4]
\ n \/\ m

Kl1-45 LLVU S 581 BE 0O & B XURIL I S IR IR R &

Fig. 1-45 Olefin polymerization catalyzed by tetrahydrofluorenyl rare-earth metal dialkyl complexes

2023 4F, Fieser Megan 4% UR AVl FI#G 146 J8 = e 24k, R5T 1 1A
1 B 2 & K [PhsCl[B(CeFs)a L R 7 I IR R S HIPERE, JFE SR NAR &R
N T A ] VA B A (an = 2R R g e SE) . SREGAE R, T 2 Y
H M [PhsC][B(CsFs)al, TA RMITER &, (B TR MESE, 4R
VEOEARRC R = R IE B (PPhs) 5, 7r TR MR EZR, I HRFE T BRI
PE(E 1-46). 1X W] = KB B (PPhs) VS INFEMEAL 7 I ) 3R & vl ARG SR &
Yoy ¥R An, JEId BARS AT, RMEIRZE A CL R JURM R R 1.Re A% I8 I H A0
BT 5 LeRE T OMEER, A& EH OB FHE, MReEh oy
BRI 2. REEEABORI A BIAZRE, 7T LA Se 4 8 b O T SR B2, kb SO
P BT 7R 5300 <5 rhC R BB R Ak, AT BB AL A 7 PR R 0 XU s 3. AT DA gk
AR R B2 AT 45, AT AR R 7E B S i R DR e ROV VE AR E P, AT ORAE AT
B A TEERIER .

O s~

| . WwCH,SiMej PPhj

Me3SiH,C—Y< =
3oIM2 (I)\CHZSiMe3 + n [Ph3C][B(CgF5)al, n=1,2

n#
Q Bl 1-46 7 14 B e AL P AL 7 R SR A /Y

Fig. 1-46 Isoprene polymerization catalyzed by rare-carth metal alkyl complexes
2023 4, fBEE BE R UONE I A SR N B LT T R B S
FofA, WS e BRSO, A U R RIS . BT IR e
oK H T I ECAE 7 3K, T RGN B) = M SUER B (B 1-47) XSRS R
HAL TR RS, BRI n & 1,3-20 (BRI . g-HEmM g-&5
XM HER A SN S s - 1L,4- IR & o SRIRBE RN, Ak R E Vi
WEFEIEILF] 99.6%, H BA m BEALN I BEIR S5 M A8 7 7 B A o (AR E R R 2
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B B =5 3 (-CF3) JERIDHEL R TSR] T R EEH, XRHET
GBI B A (R EE, BT LUA ROAEM &R A Y AL R .
R2 o)
R 0 Ri = 1Y Ry =H, R, = CFy,
1 NH N RE(CH,SiMe3)s(THF), N/ 1-Sc Ry = H, R, = CF,,
RE - -
X T e e
R MesSiH,C CH2SMes 4y Rr =ipr R, =Ph

1-47 DARE PR 9 E A B ZE 0 # +e B I & MR R 2R &
Fig. 1-47 Olefin polymerization catalyzed by oxazoline rare-earth metal complexes with

oxazoline as the ligand framework

2024 48, A HEBERBAT AT A T — R T T (TR B A £
B LAY, JFE T 1 ISR S A S R AR AR IR R R A R
fEACTERE . (I R WE I E (K SE AT, & a7 R A RS LA N BC A R P e AN [ i
REEC S, X ERE SR RE 1-48). #E—B R FARY], 70,
TG IEFEVERTS , XSRS 7 I M R R DU s A s, A2
REVHABRERIN- L 4R FEMEE 7 75 AN, MERECEWeRens 5k
BHEIER IR E, ERKREYEITIGE

o) 0}
1-Y R=Me, n=1;
0 0 RE(CH,SiMe3)3(THF), ;N(\/NJR 1-Lu R =Mey, n = 1;
) \ o R RE 1-Sc R=Mey, n=1;
THF, 0 °C VAR . 2Y R =Ph. n=2:
N N MenSiH.C \ CH,SiMeg , ;
K R €391y THE 2-lu R =Ph, n=2;
n 2-Sc¢ R=Ph,n=2

Fl1-48 = (BEMEMR) A5 T8 e I ARG R RS
Fig. 1-48 Catalytic olefin polymerization by bis(oxazoline) rare-earth metal dialkyl complexes
2024 4, GG BERBATS Wt IE R T — RS RN R AL L
JE L7/ B i BB REAL W /LR vl Ul SO T o il =N A I Sl W DU A
PRI DT 11 2 e A Y (] 1-49) it — DT Bl VIEMA R I A RS
FHTERE, AESIEGRRSLFEERT, XUZACE &P el s eI I e, A=
B R A M B A B - 1,4-18 B L BOm B 7+ BB E N 0 T B0 A1,
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I B RCR BT AR . BEAt, A R AE i 25 AF T RECRFF AL
St .

[Co-Cat] ‘<_/:<+
n /\’%

MesSiHC  CH,siMes

RE CFan -0
N \N—Q—N \
P N
© CFs ~/\TTHF,
MesSHC - b, siMes

1-49 FEMFIE XL M LB BB SN R IR RS
Fig. 1-49 Isoprene polymerization catalyzed by phenyl-bridged dinuclear rare-earth metal complexes

2024 4, RS HFREBHTIG KT — R PNP HIAM L& B AW, I
I T 1% RINA DR IR ISRk PR A FIIZE A S50, 45
WRIE R = To A R, BRI T 20 ISR IR G, s Ee 7
AR TRERAMNEESY, JESEI T 20 IR, ik BT 5
LY. Sei st R, WM AR R GRS, AR H TN K
(K 1-50).

N=
N
I\ R? IP:R" =CH3,R? =H;
MY:R' = CH,CH,CH=C(CHg),, R? = H;

R2 \ \ _ . ’
n /Y\ RE =S¢, Ly, Y, Gd, Sm [Ph3Cl[B(CeFs)al/ AlBu, o i OC:R'!=CHj, R? = CH,CH=C(CH3),
R! 2-FPB: R' = p-Fluorophenyl,R?= H;,

R! 2-MOPB:R'= p-Methoxyphenyl, R*=H

1-50 PNPEH R #% + & Jm Bl A M iEAL 7 I M R 5

Fig. 1-50 Isoprene polymerization catalyzed by PNP pincer rare-earth metal complexes

1.5 RIE I B

WG| o — AT & L RePE B0 B 2 3R R FL IR A SR Y 1 254 %
FHEIVEAL RO E A SINBURIESR Bt T B BB RS, A BT SEIL R A A
AR RE, FHSeRAEZRREVERBCAL, 2R ae 77wl ) 5
< L 1 R B AT DA S s TR BB (T 1-51)4
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H

N
©Q Qp g @Q XD Cr,

R

7' & n® '

RRE
CFX CE\H <0 I, OF
n': (u-n':nh) 117" -1 =177y 117!

B 1-51 Mg e AN ] e Az A 2
Fig.1-51 Different coordination modes of indoles

HE M < S 1 A B0 9 % 5 SRR R AL, R 2 Hi A A C 2 Ak S T AT
Z A TR 2 W (UIN . O b)) 2 i) B BC S D (N b e . i M Joe U AT
A3 700, iR R A 4 AR AR A RS RAR L DR R 3RAT 1 45 s
Wi ) TSR s, AEMSIWR IR 100 51 NTEE PRI 2% 2 e, 11 76 3-00 51 N2 2 iy )
B, R —Ah R AR B RO AR, PR 7T L A 0 55 0 < J TC 5 4 ) B AR 1

FT LA ERARTF, ASUREAL G 55— b FR 5 1R R 00 F i Ak . 72
N5| W iR 1-07 5] N DY SmEng 2L, £E3-Ar 5] N 2R L ERE, I F Schlenk BUHFE 2K,
EREARER, JSHETERNGH— RIIM RIS . RITPBKM, R
B AR, EREIEA, I IR S SRS . DR
F IR HR R G R, RRA R B A A (AR FIRR S, T, W7
L), W H O G HAL R . HETIR AR A F] 1) s =, SEAR AL
JO7, < O RIUSE R R A 5 1 R S 1 R LRI
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BT MEE 1Mk E) O E-3- (TR EBE) I E |
REHLTERENLINEK

2.1 5|5

K4 HSAB PRit, M) & T 1E i B i 5 e, 586 N2 O
2 v T T AR BT TR 0 4 JB A LIS & R R i) 5k 5 ke, 280 7T
ZORVE, JREUE T SRR AR, SR, DLRBRE 4 R TR P/S) Y4
JBEWELAYA R Z R R S KR . @ SCRIA BT, FATRSE TSR
BT A (8] 2-1 5K 2-3) 14263844, 677781 IR b, ACHF TGI8 1 1) LARS|
WOAE S, Wk IFE T PCN SAYEC A, 38 I A4 e A/ 40 e o7 5 1 [ 47 Y ) o
FROUE, RGO T2 L& R AL & W& B LA S RAE (B 2-3 BvR).

PR, CH
Me;,Si H3C 3
/NH
MeZSi H
PR, PPh,™  PPhH,
L ’O
PhyP H PPh, PR, PR, (Pr)P P(Pr),

R =Ph, Pr
Bl 2-1 AR AG £ I A R

Fig. 2-1 Symmetrical pincer ligands containing phosphino groups

P 2-2 ARXFR 5 B O A TR P A

Fig. 2-2 Nonsymmetric Phosphino containing Pincer Ligands
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Ph
/
P\
Ph

/\/Z; /2\‘

A3

K 2-3 BeitA R PCN SRS Ak

Fig. 2-3 Designed and synthesized PCN pincer ligands

2.2 SLIGERSY

2.2.1 SCEEE@ M
AL FE I TE R 4t 1 /K 58 AFE RIS B J& . BT H 3 771 (THF < Tol |

Hex) B &l P22 2 K b3, B8 J5 DA R VR 2 5. AW 22 AE USRS T IRl
TR R A(THF) EE(To)FIZEE (Hex); SR CaH, THANHE G £ T
AIRAA: MR (CDo) BN L TIRGIREZAN, T TFEMAESH. mLauy
(RECI3, RE =, Yb, Er, Lu, Gd)$3)4% H8 Sk 77 7% 24781 A7) (an 2-5 2.2
ML e SRR Eh . RIEBE . SR BVRTIE T IR R S AR, BN A TS

%o

2.2.2 KRR

'"HNMR. BC{'H} NMR F13'P{'H} NMR ¥ Bruker-AV 500 % 14
SE o EREE IR, BT SMART APEX CCD # i X-SH 2R AT B %€ - 1 |l SMART
CCD fiT S EE L, SR Mo-Ka $28(1=0.71073 A), 7E Bruker SMART CCD
T EBEATATS, A o S of AR, i/ SADABS 187 #E4T & W R IE
P Gk HA TR R i, 20 2250 0l B AR 4 R A5 B e B AR SR AR S AL
I # FH SHELXTL F2¢f1 OLEX2 FEF Xt F2 AT &M MR/ ki 5, Hik
INEVEIRAR A SR 7 A6 h5, 5P HE SR T 5T & [a e M 18, &R0 i)
TIHRBIE R R R L e Rl E 2 Vario EL A4 H 5l T
EONHIE . FLEIRILL 56 RE B Model FTIR-8400s 21 AN A3 5 56 A o
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2.2.3 3-(ZAREBEE) T REBIVRINE

Ml 2-4 Fror, ZESCEREITTVEDY, K AT(50 mmol, 8.7 g)IIAE] 100
mL SN BEJEE T EMA P I ZIRERE(50 mmol, 9.3 g), KMIESYIE
150 °C N ANFRSE 16 ho 135 RST80T, 45 BT ORI, 2T
FEMTEHFR. ChBAERELS S, BRTaH0RMAME, By 3-(CKE
TR ) U Y BE G| W, =285 90%

Ph
/CH3 /

N 150 °C R
CH; + HPPh, - Ph
N\ N
16 h N
N H

H
&2-4 3-[(CsHs),PCH,]CsHsNH )& ¥,

Fig. 2-4 Synthesis of the 3-[(CsHs),PCH,]CsHsNH
2.2.4 1-(2-MEME K E) 2 B -3-(Z R E B E) T B & 5| MR (HL) B & B

SRR 775800, FEGASARYTR, 171250 mL %) 30058 AR U N 25
CHEMERE e Eh R #5.(52 mmol, 8.8 g), 50 mLT VU RME, VKK &M N1 m
ANZAIN(55 mmol, 2.2 g), KM INSH KER AL, BATHRE
W RN2hE, THZIE R A I 25 1) 3-( 2R R ) U F g gl 2, L0
FEN: 3-(ZRFE L) WP H L0550 mmol, 15.8 g), IS0 mLER /K [ U &k
VAT, PR TN EN(55 mmol, 2.2 g). £ IR 5 Ja 20k 3En
AL, ARSESN24 he FEREAAAE FAERRIUERE, 193] B OB AR 14 .
Bt 5 FH20 mL x 3 FH RN S MR A DT AL, JG 1S A TR R OR, JF B
NRE AN ARV 5 B /N, FBON-20 CCRMIRIR 6 M E — . &5
Mok LIRIEHG I [EAR R, BN 1-2-MERg ke ) £ 3k -3-( AL PEE ) W1 3k
k. W ANFEFHEHRE, H5216.6 glIAMREAK, =X HN80%, ﬁuz-sﬁﬁ%o

Ph
/

P
\
0,
N Ph . CI\/\N (1) NaH, THF, 0°C, 2 h N\
” (2) refluxed, 24 h ;

HCI

N

&

K]2-5 1-(2-N-C4HsN)CH>CH»-3-(PhoP)CH,CsHsN) 1) 5 %

Fig. 2-5 Synthesis of the 1-(2-N-C4HsN)CH,CHa-3-(Ph,P)CH,CsHsN)
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2.2.5 FRirRER T B A Lo-Li FOE RR

F—A250 mLTE M —Bbeia NFEMT, RN E—2 R RiAT 31
FifAR(HL, 40mmol, 16.5g), 1IECki40mL, FFEBIREENAIE, BIBEBERA
HZE-20 °C, FHEZMANIRE 1.6 MIFIE T R4 1) bt (40 mmol, 25 mL).
FEBEE IE T B I WTINN , FEBOZ M W TE (A R Bt B AR B 5, Bk
PR S S AT O, AR BEE O AT . RB6hSE, 151, B
BE A, R SR . WIS SE R, A IE O kel
BEA= YR =k, BRI ORY)E, I, R NTEE, RE
HRIFE AR K155 g FEERNI0%. IS IZHE B S R AE R 1, PR T
PREEER I B La-Lize SRAIAEIGE 0 57515 2 T 43 R PR v . aniEl
2-6/1715

P(Ph Fh E:\

2 @(\g Ph _— Hexane
N + 2 "BulLi
X -20 °C, 6 h
Ph Ph
2-6 Lo-Lioff) &%,

Fig. 2-6 Synthesis of the L,-Li>
226 HELERIMNMIHEK

— Ph |
F’h\P/ph N pr /P/
\Li/ ’7\1 [Li] : [RE] = 2:1 N ;‘E C
SN I : =Z.
N i Y RECIs, THF & [N
< N Cl Gl B
K/N R ﬂ N/
\ Li
PH Ph ¥
THF

RE= Y (1), Er(2), Gd(3), Lu(4),Yb(5),
K& 2-7 (ik%pc-L)(ipen-L)(RE(u-C1),LiTHF f4 ik
Fig. 2-7 Synthesis of the complexes («%pc-L)(-*pen-L)RE(u-C1)>LITHF
Wk 2-7 fi, f£EFEHMT, ¥ RECL (RE =Y, Er, Gd, Yb, Lu)5 L2-Liz A
11: 1 BRI BIDU S kg b, W 20 5, B, H-
FHORRI DY Sk 2 B, $R UG BB A R ZUKFE TR H, 1531 — RIITTR M
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A o XS 2 B SR AT IR A3 T W, 1-(2-PHE M Joe 25 ) £ R -3 - (2R JE Bl 2 ) WP P 5 e
B R #5575 1 40 i B T B 004 i PON 42U H 1 4 8 &Au .
2.2.6.1 (&%pc-L)(x°pen-L) Y (u-C1),LiTHF (1) & BX

FEFN, FHEF T 30 mL BHEH K ZMA YCl3(1.1mmol, 0.20g), 10
mL PUERRIRE, 4 10 min f5, FRIDARBLAREE2E(2.0 mmol, 0.84 g). BEE = M1
BEAT, FCAREEER I IR R I RAFIVARRTE, JF B UL R R IARE G, B
BT AR R AR OV IE IR . RN 20 J5, DR 25 VUSRI, [ S ATE R SR
P SRR . Bl S AR SR e NN 10 mL 2K 5 2 mL POSRIE, K ithiR
BV WO NIRRT A5 5, 32070 607 B I PUIR K (0.6 g,
=% 50%)
2.2.6.2 (iPpc-L)(x*pen-L)Er(u-C1),LiTHF (2)B4 A&

FEFN, HEF TR 30 mL MNIEH DA ErCls(1.1 mmol, 0.27 g), 10 mL
PUS R, $iikk 10 min j5, FINARCA#EEE(1.0 mmol, 0.84 g). [l = B EEAT
, FCARHEERI R SR R AT A0 IE AR, JF BRI AR B, Bl 5 T
AR R S IR . Y 2 S5, JRUERR 2 DUSRI, S SIPITE SN P A
AR . BEJE RSO SE I 10mL 285 2mL DUSRM, B IbiR A
FIFWHRIPOIE HIROMGHR FR8E e, B30 @ W PuR k0.7 g, 7%
60%).
2.2.6.3 (iPpc-L)(x*pen-L)Gd(u-C1),LiTHF (3)BI4 %

FEFN, WEF TR 30 mL AN+ I GdCls(1.1 mmol, 0.28 g), 10 mL
VUSR5 10 min J5, FRIMARIEC/ASE 25 (1.0 mmol, 0.84 g) & . BEAE SN
BEAT, B AR 0 TR R RAFIVE MR, I UL IS SR E (e, B
B AL AL ERE . RN 20 5, B DU SR, ROSAAE SRR
e R . BEJE SR R SE I 10 mL 28 2 mL 78185 ) DY Sk,
W R B A ) SR IO OGR4 984 b 5, 19319 e (3% W I Btk
1£(0.7 9, 7% 60%).
2.2.6.4 (i®pc-L)(x*pen-L)Lu(u-C1),LiTHF (4)B9 & A%

FEMN, W TEK 30 mL KBS H A LuCls(1.1 mmol, 0.28g), 10mL
VUSREIR , BiEFE 10 min J&, FEINNECAR4E £5(1.0 mmol, 0.84 g). Bl [ B FIHEAT
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FIC A A () R AR SR DL RUFRVA iR, JF BRI AT 2B 0, Bl o &
ARLAFEOTEER R RN 20 J5, SRR 25 DO SUIR,  SN A0 B A 45 il
FRLACR B )OS S I 10 mL 2R 5 2 mL DUSUNR, Ff IR S 7
FIHEIOIE BTN T A4 i 5, 45 31000 (07 B I HUIR 7 44(0.6 g, 7 3 50%) .
2.2.6.5 («%pc-L)(x*pen-L)Yb(u-C1)LiTHF (5)HI & AR

FEMN, ST 30 mL ZANJEH I YbCls(1.1 mmol, 0.28 g), 10 mL
VUSRI, $iiEE 10 min J5, FI0NAC/AREE £5 (1.0 mmol, 0.84 ). BEE SN HIHEAT,
BCAREE 36 (0 SRR SR I R A fva e, JF HLA I RO o, Bl 5 i
A RLAFOTEER R [N 20 J5, BE R 25 DU, S A0 SR A 45 il
FAR . BEJE [ SOSOSE NN 10mL S 2 mL DUSMRR, H iR & a7
FIIRBOIF HIOMGIR T84 e, BRI aEHrgeReafds 0.7 g, 7%
60%).

23 ER5THE

2.3.1 BLANAIAR 1-(2-A PR EE) O BE-3-( R A S E) T2 FR A M| MR ) 254 FRALE
FERRSHREE T, AN 1.46-1.49 ppm KWL — ML EIE, 4
AR 4, VA JE MWk 1Rtk be s bR R0 581 A28y 2.15 ppm 4
WG B — A = F e, B ARy 4, VAR W51 - ik Joe b 1) I YRR 1R i 1
WIS A 2.40 ppm AW — A = Hig, BUMERAA 2, V)8 IR 1-47 2-
MR e 5k 2.3 I IR A 3.54 ppm ISR B — A, AR
RN 2, VAJE NG 3003 FF RS BIRJSF; A2Ah 3.65 ppm AW B — /=
I, FSTERA 2, VAJEAEINE 147 2-i g bedk 2.0 FIZ IR MR T ALEE0r
¥ 6.72-7.77 ppm KeABUFTHFAN 16, VAJE NWEIBCFIZRE: FRR 7, XH5HATR
R 2 BT ATIRIE G 1-(2-ME M et ) 2,3 -3-(2,6- 37 T F S 35 ) IV e ok s Wik F A
SCEARL, S5 R LERIE 160 5] N (2-En bedik) 2 FE 006 FERMESEARAR IS T, A
AR 3C NMR 3% Bl 2-67 05| % C BRFAEDE 140.1 ppm, X5 SCRRIRIE ) 2-07 9]
W C FUHRFIEIEFEAFHFTET), 55.7 5 45.4 ppm NAENS|WE 1-47 2-AE g ke dE 2,35 E )
2.5k C M558, 54.1 ppm AWM 1-Rrme e e b L C (5 514,254 5
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23.7 ppm AMERELE b C (15 5 0. EIHRIBEE S, -17.1 ppm AEWELH]— > 5
W, U i Ay M A i A o — R B e 1 R (S 5 0

HL: M.p.(sealed): 70-75 °C. 'H NMR (500 MHz, CéDs): 7.76 (d, J = 7.7 Hz, 1H,
Ar-H), 7.49-7.46 (m, 4H, Ar-H), 7.27-7.18 (m, 3H, Ar-H), 7.07-7.03 (m, 6H, Ar-H),
6.72 (s, 1H, 2-Cindolyl-H), 3.65 (¢, J = 6.9 Hz, 2H, NCH>CHa), 3.54 (s, 2H, PCH>), 2.40
(t,J=6.9 Hz, 2H, o-NCH2CH>), 2.15 (t,J = 5.5 Hz, 4H, NCH>CH>), 1.49-1.46 (m, 4H,
B-NCH2CH). 3C{'H} NMR (125 MHz, C¢Ds, ppm): 8 140.1 (d, J = 16.2 Hz, 2-Cindoly1),
136.6, 133.1 (d, Je.c = 18.3 Hz, P-Car), 128.4 128.3, 128.3, 126.5 (d, J = 10.0 Hz),
121.7,119.8,119.1, 110.2 (d,J=10.0 Hz), 109.4, 55.7, 54.1,45.4, 25.4 (d,J = 15.0 Hz,
CH»P), 23.7.3'P{'H} NMR (202 MHz, C¢Ds, ppm): 6 -17.1 (s). IR (KBr pellets, cm™):

O R S

L S I R I R e

'H NMR (500 MHz, C¢Dy)

Ph

Ph

z /i‘
el

/\

¢

O

Ty Ty mog i
T IAAT Il L T
5 5 ZE§ 8 o g = 3 2
g § 558 8 aa i g 3

8. 8.0 0 6 6.0 0 4 4.0 3.5 3.0 2.5 2.0 15 10 0.5 0.0

2-8 HL Mtz i RE

Fig. 2-8 "TH NMR spectrum of ligand HL
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8s3 - s zor
EEr 52 z Tan
=22 a7 g 248
N (i N

IJ”,J

I

Lododn

e - : e e '
és léﬂ 1;15 lliﬂ léE 13’0 léE léﬂ 115 1‘10 165 1(‘)0 9'5 9'0 8'5 Sb 7‘5 7b GIE Eb 5‘5 5‘0 4‘5 4'0 3'5 3'0 2’5 Eb 1‘5 lb
& (ppm)

Pl 2-9 HL %I AR S
Fig. 2-9 3C{'H} NMR spectrum of ligand HL
1P NMR (500 MHz, C¢Dg)
JPh
P
,
¢
O
“U ' 1%0 H‘U 9‘0 7b 5'0 ' 3‘0 lb ' 1‘0 3'0 ' —5'0 —7‘0 —9‘0 ' —1‘10 —1I30 ' —1‘50 ‘ —1‘70 —1‘90 ZIIU ! 2‘30 —2‘5‘
8 (ppm)

K 2-10 HL RZ SRS

Fig. 2-10 3'P{'H} NMR spectrum of ligand HL
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BI2-11 BCARHLI &b A 45 1) P (45 1 PR HLUE 7 24 1% )
Fig. 2-11 Crystal structure of the ligand HL (H atoms omitted from the structure)

2.3.2 BCEEER T B K Lo-Liz BOZEHSRAE

X Lo-Liz B HESIRE G AT 007, A8 2.57 F1 3.52 ppm 4b W %2 21|
AN, BTSN 4, HENEBIE 3-AL AR A F T 4 AT
AR H 0.83-1.704 2.17 A1 2.98 ppm &b, FATHIAIE N 16, HJE MM 120k
ek BT LR T AAAI RSN 3141 3.89. 4.09 AT 4.36 ppm 4b, FRS M
LN 8, VB AN 167 2-brs etk 238 B 2R RN 6.70-
7.93 ppm IS EIA A 28 ML, VAR IR AL B 28 AT, S5 IRATHTY
R IE [ 1-CH;0CH2CHy-3-(PhoPCH,)CsHaN o Lin 2 HEEE AN, I HAERZREIL
PROEIE H1, La-Liz /] °C NMR 3 & rh 5| W 2-C HIRHIEIE Y 181.8 ppm, 31X 5 3CHik
R IE BI05) Wk 2-C BIRFAEVE 183.4 ppm FEAAM RS, FEAZ ML ILREENE H, 9.1 ppm
AR SR — A PU I, NECARPE R R AR TR P R T INME B4,

L2-Liz2 : M.p.(sealed): 175-178 <C. IR (KBr pellets, cm™): v 3068, 2989, 2794,
2340, 1675, 1475, 1437, 1358, 1140, 1023, 736, 649, 610. *H NMR (500 MHz, CeDs,
ppm): 6 7.92-7.22 (m, 12, Ar-H), 6.97-6.91 (m, 10H, Ar-H), 6.76-6.98 (m, 6H, Ar-H),
4.36 (dd, J = 14.8, 4.2 Hz, 2H), 4.09 (m, 2H), 3.89 (dd, J = 15.5, 9.4 Hz, 2H), 3.52 (s,
2H), 3.14 (dd, J = 15.4, 5.1 Hz, 2H), 2.98 (d, J = 11.9 Hz, 2H), 2.57 (s, 2H), 2.17 (dd,
J =126, 4.1 Hz, 2H), 1.61 (m, 4H), 1.38-1.22 (m, 4H), 0.90-0.83 (m, 4H).:*C{*H}
NMR (125 MHz, CsDe, ppm) 6 181.8 (br, 2-Cindolyl), 141.2, 140.5, 136.9, 134.7 (d, J =
20.1 Hz), 132.9, (d, J = 18.4 Hz), 131.4 (d, J = 7.2 Hz), 130.6 (d, J = 11.1 Hz), 125.0
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(d, J=12.2 Hz), 118.2, 117.5, 116.6, 108.0, 60.1, 56.6, 54.9, 47.8, 28.6. 1P{*H} NMR

(202 MHz, CsDs, ppm) 6 -9.1 (g, J = 39.3 Hz).

BN T~ NN NN O OB S NS AR RN 2SS
2LOI=8E88E BER2voaggy Roz2o R RRREGNERRRT R

EREECERERNREEISEELECE e R R R L L L L L TR
VN e L TS LTINS T e T e ) e

e /)
L Li N
NK/ A )
thm“n
A P B e A
E.‘& B.‘O 7.‘5 7.‘0 6‘:: E.‘O a'a a‘O 4.5 4.0 3‘5 3.‘0 2.‘5 2.‘0 1'5 1‘0 0.'5 0.‘0
6 (ppm)
. ) = /=3
K] 2-12 Ly-Lia FIZ AR
Fig. 2-12 *H NMR spectrum of L,-Li;
T ——y W T Y T
BC NMR (125 MHz, CeDs)
Ph\ PHQ
@ﬁfﬁ
b >§/© .
N, *
(JthPM¥n *

\ L Jo

T T T T T
50 40 30 20 10

T T T T T
100 90 80 70 60

T T T T
140 130 120 110
3 (ppm)

T T T T T T
100 150 180 170 160 150

F 2-13 Lo-Lia FRZ R SL RS

Fig. 2-13 BC{'H} NMR spectrum of L,-Li,
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'p NMR (500 MHz, CsDs)

Ph\ /PHQ

5
&
N Li
k/N/ \P
X
e bn

T T T T T T T T T T T T T T T T
80 70 60 50 40 30 20 10 -10 =20 =30 -40 -50 -6 =70 -20

0
& (ppm)

K 2-14 Lo-Lia W% RESL R 1

Fig. 2-14 3'P{'H} NMR spectrum of L,-Li,

B 2-15 La-Lia B AR5 F B (S5 H b HL RT3 MO ) A 2R A S )
Fig. 2-15 Crystal structure of La-Li ( All hydrogen atoms and the benzene ring attached to the
diphenylphosphino group are omitted )

FCAREE R 1) 2Rk La-Liz 8300 X-SH2R s @i i e 458 2-15). J& T 5%
R R, TEBEN P2n. HBARSHE N, XK 2-60 C 2R BB P R 1
B ! MECAE RS 48 Li Bofr, MERgLe R NOEF R of MR 5
T =A@ Li AL, FH HI5IWE 2-C J5F DL g2 BRSO B /N 42 & ol Li
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=1, FFH C(D)-Li(1)F C(1)-Li(1)' BI85 4 2.258(9) A F12.165(9)A, %45
) 55 FRATTIA B ZH 1T 3938 19 [ 1-CH3OCH2CH2-3-(PhoPCH2)CsHaN o Lia 45 #2548,
B RAR EE K, 1% C(1)-Li(1)A1 C(1)-Li(1)' B8R 351 2.246(7) A 1 2.166(7)
A, IXTIFRER ER B T S AH A8
2.3.3 (i%pc-L) (Ppen-L)RE(u-C1),Li(THF) [RE = Y (1), Er(2), Gd(3), Lu(4), Yb(5)]#4
GEMRAE

SECE 1 R BEAT 704, FERREE RS, 2025 1.05 ppm
MERB|—ATElg, BT 4, HEANEM T A 1.39-1.34
ppm AWLELE|— AL Eg, B HEIFA 12, V2 A DU S0 8 A0 DY SR 5 15
WEENLFE A 2.60-2.62 ppm AWML — A2 Hig, T4 TN 10, )80k 1-
Az 2-MEng ek L BL 1K) PO AR BT R8N 3.49 ppm AL S| —
ANFLE, FRAMTHAA 4, VB VUSRI R A=A RE Sy 3.75 F1 3.83 ppm
b, B HEIFAL S 4, VB AW 367 W BT 75 A2 4.09 ppm AbEER
B —ANGEME, BUHIRA 2, VB NMEIWE 167 2-IEiE bi ik 2R L FE T 42
f#8 7y 8.01-6.63 ppm FIrHIF )y 28, VHJE ANGIMANAEL B 28 DT, X5
FRATIR A2 2 TR P25 A M R I L f - TV R T A 5 B P s - 4 JB T 54
SERRERAL, BN EFER %M L &R S, M IRRE , BLE
P 1 505k 2-C BIHRAEVE N 187.4 ppm, X5 SCHRHRIE NS Wk 2-C FRIRFAEIEAH L,
2 188.0 ppm!®¥1. SR S 46 L 4% 2RI 5 R I A9 B 06, A STk A i 4T 1) X000
] B BRI A BC A 5 5% L 20 A1 (5 M) 5 300660, FEAZ LR B e, -7.1 ppm 4k
WG B — A, SHBC G 1 R ORI P R T IS S0, HRATIREH 2
BIRIE AT H 1-(MeO)CH2CH,-3-(PhoPCH,)CsHaN) il 46 i 0 42 8 8 Y3 Fs 4
J& S LR IRBEE AR L, B R T 10(5 S0 IUAE-6.5 ppm 4L, FIFERILN
—ANEE, XM E S IR AL RS 22 R (M-6.5 ppm 21-7.1 ppm) ] BE 5 AR BT
AT R,
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aungn
28833

01
T
76
35
32
30
29
26
725
7.24
T16

'H NMR (500 MHz. C¢Ds)

Ph Phpp

<
&N o n/
N

L A o o ST —— Saliam
9.0 8.5 8(.:0 - 7.5 - ;‘0 - 6.‘5 6.'0 5.'5 5.'0 4.r5 74.‘0”“‘ 3.‘5 3.0 - 2.‘5 2.0 1. 57 1.‘0 0.5 0.‘0 0.5 1
d (ppm)
o
K 2-16 BCEY 1 AR IR S0
Fig.2-16 "H NMR spectrum of the complex 1
| | N

BC NMR (125 MHz, CsDs)

PR P

o
N \Y/ rN

& cn/\;Nj

160 léO 1';0 léﬂ 1%0 1"{0 léO 1%0 11‘0 1605 ‘ “3'0 8’0 7b G‘O Sb 4‘0 3‘0 Zb lb é ’i(
2-17 BLEY 1 IR SER B
Fig. 2-17 BC{'H} NMR spectrum of the complex 1

MECEY) 4 WZHEEEE i, AARRIIRE T, 2oy 1.39-131 2
=g, FIMEAY 16, HJEAPU A5 PSR BB T ey 2.75
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ppm MELH|—NFEE, B THIRN 6, VAR MMk 110 2-RHn b & v 1) 2 B Ak
Mgt R T ASEAI S 3.55 ppm MIER B — A= H g, B HIRN 6, HEN
W5k 17 2-HEk i ek v () 2 HE AU SRR I BT, 42200859 3.70 ppm AL 52
B —ANGEME, BUNTIAUN 4, VAR A 3-RLAE I R 75 ARl
3.94 ppm Kb ER B —ANGEUE, BUMTHA )y 4, VAJE IR 1-A7 2-ntng e B o 1 2
BRI 7.76-6.78 ppm RN THIAR A 28, VA JE W WA 2K 5 F 1) 28
AR TERZBESRGS S, T 4 1IN 2-C RFEIE )Y 195.3 ppm, X5
AT 2 BT ARTE W0 2-C MRFAE IS A AE 77,09 195.3 ppm®™l. TEAZ R ILHR
RS, -5.9 ppm ABMEL R — AN, NECEY) 4 T ZOREERBEEEN PR TR S
W, SPATURAL 2 AT RIE R 1-(MeOCH>CH,)-3-(PhoaPCHa)CsHaN )il £ f AL
&8RN Lo 10 L& B S R IR B A LG, B 5T 1015 S IITE-6.6
ppm Ab, [FEIRERI— A0l B R T 104 20088 78 57 T Re s ol T IO 4 1) 22
A 2511 5 M (581

R NN B R o oo o o

'H NMR (500 MHz, CéDs)

P Phpp
PRI

&N ol \c‘\\ NDJ

19

THF

= e e —

snog
QQQQQ

STeal -

T T T T T T T T T T T T T T T T T T T T T T T T T T
w5 1100 95 90 &5 &0 75 70 &5 &0 55 50 4% 40 35 30 25 2.0 L5 Lo 0% 00 -0.5 -1L0 -L& -2.0
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K 2-18 BL &) 4 Z LR

Fig. 2-18 'H NMR spectrum of the complex 4

57



RT3

1953
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3C NMR (125 MHz, C¢Dy)

P PPN
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]
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K 2-19 BLEH) 4 IZRESE RIS

Fig. 2-19 3C{'H} NMR spectrum of the complex 4

(?pc-L)(1pen-L)Y (u-C1):LiTHF (1) M.p.(sealed): 140-145 °C. '"H NMR (500
MHz, C¢Ds, ppm): 8.01 (br, 2H, Ar-H), 7.77-7.76 (m, 2H, Ar-H), 7.35-7.24 (m, 6H, Ar-
H), 7.07-7.00 (m, 2H, Ar-H), 6.96-6.73 (m, 16H, Ar-H), 4.09 (br, 2H, NCH>), 3.83 (br,
2H, PCH>), 3.75 (br, 2H, PCH>), 3.49 (s, 4H, a-THF), 2.62-2.60 (m, 10H, NCH>), 1.39-
1.33 (m, 12H, CH», f-THF), 1.05 (s, 4H, CH,). *C{'H} NMR (125 MHz, C¢Ds, ppm):
0 187.4 (br, 2-Cingoiy1), 139.2, 137.6, 136.1, 134.3, 131.1(d, /= 18.4 Hz), 131.3, 129.1,
125.4, 119.2, 128.5, 117.8, 108.9, 67.8 (a-THF), 55.1, 45.3, 25.3 (5-THF), 23.6, 22.4,
21.1.3P{'"H} NMR (202 MHz, C¢Ds, ppm): 6 -7.05(s). IR (KBr pellets, cm™): v 3095,
2962, 2794, 2384, 2340, 1627, 1466, 1437, 1360, 1190, 1021, 743, 690, 507. Anal.
Calcd. for CssHesCLLIN4OP,Y: C, 66.64; H, 6.67; N, 4.97; Found: C, 66.24; H, 6.58;
N, 4.58.

(«*pc-L)(x*pen-L)Er(u-C1):LiTHF (2) M.p.(sealed): 160-163 °C. IR (KBr pellets,
cm™): v 3090, 2989, 2878, 2794, 2366, 2231, 1631, 1470, 1433, 1361, 1133, 1018, 734,
692, 505. Anal. Calcd. for CssHesCLLErLiN4OP2: C, 61.92; H, 6.05; N, 4.73. Found: C,
61.62; H, 6.31; N, 4.56.
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(*pc-L)(r*pen-L)Gd(u-Cl):LiTHF (3) M.p.(sealed): 165-168 °C. IR (KBr pellets,
cm™): 13059, 2971, 2803, 2366, 1631, 1594, 1475, 1431, 1356, 1195, 1093, 1025, 741,
696, 505. Anal. Calcd. for CssHesCLLiN4OP>Gd: C, 62.60; H, 6.17; N, 4.74. Found: C,
62.32; H, 6.54; N, 4.67.

(©®pc-L) (i pen-L)Lu(u-Cl),LiTHF (4) M.p.(sealed): 150-153 °C. *H NMR (500
MHz, C¢De, ppm): 7.76-7.64 (m, 6H, Ar-H), 7.35-7.33 (m, 4H, Ar-H), 7.29-7.27 (m,
3H, Ar-H), 7.06-7.00 (m, 3H, Ar-H), 6.85-6.78 (m, 12H, Ar-H), 3.94 (br, 4H, NCH>),
3.70 (br, 4H, PCH>), 3.55 (t, J = 6.0 Hz, 6H, NCH-, THF), 2.75 (br, 6H, NCH>), 1.39-
1.31 (m, 16H, CH,, THF). 3C{'H} NMR (125 MHz, CsDs, ppm): 6 195.3 (br, 2-Cindoly1),
140.0, 137.4, 132.7 (d, J = 12.6 Hz), 128.9, 128.1(d, J = 3.5 Hz), 127.9, 125.2, 123.1
(d, J = 12.3 Hz), 120.3, 118.1, 109.2, 67.4 (a-THF), 55.7, 53.8, 45.6, 25.3 (f-THF),
22.8 (br), 20.9. 3P {'H} NMR (202 MHz, C¢Ds, ppm): 6 -6.92(s). IR (KBr pellets, cm”
h: v 3059, 2971, 2790, 2375, 2331, 1629, 1600, 1517, 1473, 1098, 745, 699. Anal.
Calcd. for CssHesCloLiLUN4OP2: C, 61.52; H, 6.01; N, 4.70. Found: C, 61.37; H, 6.41;
N, 4.53.

(©*pc-L)(x*pen-L) Yb(u-Cl),LiTHF(5) M.p.(sealed): 170-175 °C. IR (KBr pellets,
cm™): v 3050, 2975, 2803, 2388, 2340, 1805, 1633, 1477, 1439, 1365, 1188, 1091, 741,
505. Anal. Calcd. for CssHesCl,LiN4OP2YD: C, 61.62; H, 6.02; N, 4.71. Found: C, 61.71;
H, 6.40; N, 4.67.

2-20 BCEH 1(ZE) A0 206 I i A S5 A4 B (S5 F P 17 A0S R BRI A (1 2R A gt )
Fig. 2-20 Crystal structures of complexes 1 (left) and 2 (right) (All hydrogen atoms and the

benzene ring attached to the diphenylphosphino group are omitted)
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K 2-21 Bo &4 3(4)FH 40 B AR S5 A6 B (S5 K H R 1A 2R R A I () R 4 1)
Fig. 2-21 Crystal structures of complexes 3 (left) and 4 (right) (All hydrogen atoms and the

benzene ring attached to the diphenylphosphino group are omitted)

2-22 FLE) 5 Wik s M B (S5 H R 3RS TR AR (2R IR R 1)

Fig. 2-22 Crystal structures of complexes 5 (All hydrogen atoms and the benzene ring attached to
the diphenylphosphino group are omitted)

I AL AW 1-5 [0 SR S5 R4 HT a4, R R e 4B A8 3 1 2 e AN A
FE) RIS A L SR s - SR A, HES MR R D s &3 7% T RE™
AL, TERCT MR B O g, — AR pen BB T REVES,
HAEAELL iec KR REPE S, MtE&RBE FRABSI N, 2405
Teuben ZUH% VR ZH FITHRE R XU H RSB0 A PSS M AR SRALL, PN 28 R DR BE IE
i FUR T BRI B 5RO TR o-Fihr, 193] 7 EE TARE R AR
SEM LR E N, I H LT A PA VYRR R g 8 S
1-5 BB . A LR 2-1.
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* 2-1 Wi k@A 1-5 (1 FZBK(A) KB A1 (°)

Table 2-1 The main bond lengths (A) and angles (°) of rare-earth metal chlorides 1-5

Y (1) Er (2) Gd (3) Lu (4) Yb (5)

RE-P1

RE-P2

RE-C1

RE-C28

RE-CI1

RE-CI2

RE-N3

C11-RE-P1

C11-RE-P2

P1-RE-P2

C1-RE-C28

C1-RE-P1

C1-RE-P2

CI2-RE-Cl1

3.1742(12) 3.1580(13) 3.1660(15) 3.1029(19) 3.1022(12)
3.0668(12) 3.0504(13) 3.0357(14) 3.0097(18) 3.0250(12)
2.450(4)  2.427(5)  2.465(6)  2.405(6)  2.398(4)
2.449(4)  2425(5)  2.497(6)  2.399(6)  2.403(5)
2.7433(13) 2.7301(13) 2.7729(15) 2.6408(18) 2.6515(12)
2.6579(12) 2.6352(13) 2.7266(14) 2.6909(17) 2.6949(12)
2.606(4)  2.594(4)  2593(5)  2.527(6)  2.529(4)
86.04(5)  76.34(4)  78.07(4)  86.51(3)  86.60(4)
140.70(6)  167.10(4) 138.56(4) 138.47(4) 141.62(5)
111.17(6)  111.64(3)  110.58(3)  112.39(4)  112.25(3)
100.17(14)  99.72)  110.57(10)  99.72)  100.64(16)
73.45(17)  73.86(11)  70.19(12)  69.95(10) 73.87(14)
64.11(16)  64.09(10) 64.49(12) 64.07(10)  63.93(13)

80.83(5)  81.14(4)  80.72(4)  80.32(4)  80.26(4)

1 30 A A R G L B A B 0 A AT AT RE-Cl(av.) P 278Ky
2.7006(4) A (1), 2.6260(13) A (2), 2.7501(15) A (3), 2.6658(18) A (4), 2.6732(12)
A (5); RE-P(av.) ¥ K N 3.1205(12) A (1), 3.1042(13) A (2), 3.1008(19) A
(3), 3.0563(15) A (4), 3.6360(12) A (5), Eid FREEKFATTLLRIL, BEY 3
FeFA KR, BEY 4 PR A, 530k PNP ORI L R
A9 P(1)-Y(1) 8K 3.1770(9) A, P(2)-Y (1)# K 3.116(1) A LA K p-— TV ik + 4=
JBECEYIH Y(1)-P(D)EK 3.065(12) A G510 AHRTI %00 Jf B 5 IRATIR B H 2 7
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FrRI& ) PCO A ASH -/ FAL VB AR L, /2 KEUHEE 3.1140(18)A(1),
3.1385(14)A (2), 3.1356(14)A (3), 3.129(2)A (4), 3.1369(13) A (5)14; RE-N(3)
BN 2.606(4) A (1), 2.594(4) A (2), 2.593(5) A (3), 2.527(6) A (4), 2.529(4) A
(5); RE-C(av.)f T #88Kh 2.527(4) A (1), 2.426(5) A (2), 2.481(6) A (3), 2.402(6)
A (4), 2.400(5) A (5), HIATRH 2 A#ikIE K] PCO HHALH + & & AL AH LL
Yb(1)-C(1)8K: 2.466(7), Er(1)-C(1)8: 2.492(8), Y(1)-C(1)8+: 2.503(1), Lu(1)-
C()#EK: 2.456(11), Gd (1)-C(1)H#K: 2.548(7) KEUHIE, ¥ BH AT AE G AH [H] [ s B
HUER 55 g 106 841, @i sof 4 A 4T 73 el %0, C11-RE-P1, C11-RE-P2, C1-RE-
P1, PI-RE-P2, CI-RE-P2, CI2-RE-CI1 iX JUFH 8 M 2R (WG BE I AN R AR A &2, KB
R FHARXS R E , AN 0 4 S PR 53R T A R I AR A o (R LK 3, C1-RE-C28
WAL, FRER SR LR E TR R,

2.4 KREING

DA 3-( 7 FP ik MV P R g e, — SRR Bl K% 1-(2- 5 Lk Ak s e 3 R 26 09 R
H T H B E I MR 2 PCN A2 TC A T 445 [1-(2-N-C4HsN)CH2CHa-3-
(PhoP)CH,-CsHsN] (HL) o Fifl J5 ZEAIGHR 2511, S5l i 1R T R A I O bevd i,
X 21| R A RR S B E AL, BTN 4 H O 2R 09 SRR Lo-Lieo FRAEH 2 4
FLRER R AR S 1 MEp) =M LB, S jEasE, B3R5 13-
EUAR S| W3 PCN £H A% + & )8 AP («pc-L) («*pen-L)RE(u-C1)Li(THF) , [RE =
Y(1), Ex(2), Gd(3), Lu(4), Yb(5)]. RHDAMNERE. TLR T LR 0 A
i X-SH AT R RAE T AW S50 S 2 i L4 @0 (REP) S4B 1
(Li") i SEMHE R T R R4, Wha )@ o - BRCAL A TR\ T A
Y, e it gt Jo 2 A ) 243 ) A BEL A%k S A 45 P N BC A2 700 BA e P acpe BB 75

BT A YR B A5, &3 RE-Cl. RE-P. RE-N. RE-C %514
K S H35) 52 DU P Rl 340X 15 5 Bl AR US4 R, B RE G A L oo R 7 0
WA, BT RAREETRN, WIS SO S A B AR RIS, AR ARSI K,
BT 8 P A7 B PR A PG B o X S B G 78 43 BV Y 5 2R WAL 206 280 I %o TG S 44 £
SR, [ B R B 2R SO T R — 2 S A D D 2 A BRI S 1
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F=E BrEBEUMELSK TEES ML

3.1 5|5

RIRRGIEA 9 — b B L (0 AR BRI, AEFRATT Y H 3 2R s A0 Tl A 7= iy i
ANET BRI e ST, RGN AL T EER AR T LI, A BRE) 85% IR
PG B E L ENJE SRV MEANPH RS, 3 DX sk PR Al s 45 R SR AR 43
32 T W 2 v 22 ANFaE R P, ¥ 2 E ARV IT IR B T R RR IR B B A
111 AR A b 32 B A i A 7 b i B AR RE, D E9R 4 Dk H
it 3G S5 URAG B 12 BI04 BRI, A - 1,4- 58 3 e R Ak o
J I3 ANSLAREE K 5 ARG B, 30 L4 R4 32 508, I3 8 1T AR Bl B>
Mo BRI MR —FE MR, R TIGRERREET, E5RBRIEIK
FEGHRIPERE EARHAIEL B RAFIHAE . TR Z AP, B 57—
W Z AR, b ia-1,4- 38 57 8 0 G ISR = B ) 2 R A, X
PRI £ TE R IR B8 RS Dok, Besh, R e T
PR P CE L AR AR AR A, SRR I A I e T T R R S AR AR AR
msEFRERIEAL, LA A F R FRUCL BT, A RERIERRSIH 5
MR R ATt e I AR A 1,4- 5, b DU = & @ o D AR 2 CA4GIE W]
T S I R -1,4- 5 B de A AR A RO 102,

h 1,4-cis-
n
N
M 1,4-trans-
n

%\/4
1 3 I 3.4

P 3-1 57 138 s B9 DO o 3R 4 X

Fig 3-1 Four types of polymerization of isoprene
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3.2 SRIGERGY

3.2.1 EEXWZHM

SRR E T 6 EIE, EMEHETHE Cath T 3 KI5, WBUEAM,
WAFEMGH. FTANERA: AlMes, AlEts Al AlBus; BiR7]: B(CeFs)s,
[PhNHMe:][B(C6F5)4] F1[PhsC][B(CeFs)4], 3 AT &= o, W5 v LAEZE .
322 EELWNER

KRGS 8 Moy TR A i Agilent PL-GPC220 Mi15 . H 3435
A I P R i 2R R RV DSC-25 75 . B A WAL T LR Bt R AT
[ A 4 57 2> ] ) Bruker-AV 500 A2 g 1 A 52
323 BRI A%

BT 5 I8 05 R I B B VR ST e 2B S 0 - B A R AT IR L4
J& S ALHI(10 umol) I N AT HERERE T4 15 mL SSA, IA 2.5 mL THREK,
BEFERIS), BEJE IR0 pmol) 4k 234 5 min, FEAIA 1 mol/L HA M4
(50 pmol, 0.05 mL ), AAHFEHAE, IR IEHEAK0.34 g, 5 mmol),
SR T fE— RS R R NN 10 mL JE/K AR AR KON, DR W22
A KEW A OZRDUTENT H, REAREY. KR mad s s, Jam
ATREEE, ERREIF T ERRR R it PA R SR, RA
0 1) DY SR IR ) S AV R B S NG B R R R OUE s 2T BRI )
B T AT R R 405 SR E IR 2 A A T T ARG 07 A DY vk
MR, o3 F T AR SR I S GPC RAE.

A& B ET AR e R B S 1 AR SRR TFRIRT 14, WAL I IR JE A 1Y)
S NLSFATREAT T VR ER FEA S 52 o I W TESER T 58, RIS Fh OB DR 20N 2R
B RN o F ARSI R AT 595 DL SR IR 45 R PR IR

W 3-1 Pos o ARG - o &5 A DU B0 - Bd & 4 54T HL AR BT
I TeHEALAR R I, BRI RIARRE . X IREY], (U8R 14
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JEF A, SR EE BRI A ) o AR R TR S R I RS, 8
REAHSRSCHR A B, il =oAL iR R 10634,
R 3-1 WA A R R I 1 JE 5 M

Table 3-1 Data on the polymerization of isoprene catalyzed by a two-component system*

b . Conv.
Entry Cat. AlR3 Borate Time (h)
(%)
1 1 - A 24
2 1 - B 24
3 1 - C 24
4 1 AlMes - 24
5 1 AlEt; - 24
6 1 Al'Bu; - 24

C4H;Cl as solvent, Cat. = 10 umol, [Cat.]:[IP] = 1:500, Vol(Sol)/Vol(IP) = 5. Temperature = 20
°C, [Cat.]:[AIR;]:[IP] = 1:5:500. [Cat.]:[Borate]:[IP] = 1:1:500. ’A = [PhMe,NH][B(C¢F5)4], B =
[PhsCI[B(C4Fs)a], C = B(CeFs)s,

ZJE S R = AR R, IR SEIL T R I s AR S E
PRI IR BT (R R« S in N L 4 B Ak, ARG INNTE 7B 22
fitt ), IONERAF, BEJE BT, a2 % 0 B4 (Table 3-2, entries
1-9). MSEEEAR AT LIS, 2408 A BIAR 9 [PhNHMe2] [B(CoFs)a] i, #H1
A AlMes i, AR TEYE . AR AIEt I, HEHBCREM R, RS
VI A5 5y 88 15.7>10% g/mol, &34 b = 2.07, KAV 1,4- %5 1%
98.3%, {H &) Miff[E#: (24 h); 45N AlBus if, 24 h #{LR H GGk T
60 %. M entries4-6 & i, 418 FH BT M [PhsCl[B(CeFs)a] i, R Al'Bus
AR, T HAR R A RS, I B A RLE 12 h T AR RN 564,
BRI RS T8N 14.1x10% gimol, 4> T 84304 B=2.46, AWK 1.4-
HEFRME 98.1%. 448 IR 74 B(CoFs)s I, MiARRAIES: T Al'Bus A EE B
ALY, (5 24 h AL R kT 64%, HEYH 1R N A 10.4x10* g/mol,
T ENAT D=234, KEW 1,455 98.4%.
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K 3-2 ANE B LTS ORHIBUY X 53 88 0 3R A s @

Table 3-2 Effect of different co-catalysts and feeding sequence on isoprene polymerization®

Time Conv. MpP 3,4¢

Entry AIR; Borate ) ) 104 1 1,4° (%) ) T(°C)
1 AlMes A 24 trace - - - - -
2 AlEts A 24 100 15.7 2.07 98.3 1.7 -66.07
3 Al'Bus A 24 60 7.7 241 98.5 15 -65.78
4 AlMes B 24 - - - - - -
5 AlEt; B 24 trace - - - - -
6 Al'Bu; B 12 100 14.1 2.46 98.1 1.9 -65.50
7 AlMes C 24 - - - - - -
8 AlEt; C 24 trace - - - -
9 Al'Bus C 24 64 104 2.34 98.4 1.6 -64.79

“General condition: Cat. = 10 umol, Cat. = 1, [Cat.]:[Borate]:[AIR;]:[IP] = 1:1:5:500, Vol(Sol)/Vol(IP) =5, A
= [PhMe,NH][B(C¢F5),], B = [Ph3C][B(C¢F5),4], C = B(C4Fs); Temperature = 20 °C. Addition sequence:
Cat., then AIR;, last Borate. ’Determined by means of GPC against polystyrene standards in THF at 40 °C.
“Determined by 'H NMR. “Determined by '*C-int NMR. *Measured by DSC.

B G ERFUUT e SN L8 @ S, SRJ5 N T 775 45 b 25 VA s O
IONERGGR, B S PR, & a I I 0 44 (Table 3-3, entries 1-9).
NS RHR FRT LA Y, 2445 P 0B 9 [PhNHMe2] [B(CoFs)a] i, = FirE it 71
S5 T DA R A A R I H 5 e S RO AR A TG 1, L AR AR FH I ABus AL,
MOREAE, 768 h WENTRMISE4:, JEHREWEI» T2 N 18,5510 g/mol,
SRS D=1.85, BEMN-1,4-1E £ 99.2%, FF HI 7. M entries
4-6 AT AT, 248 F R 7 N [PhsCl[B(CeFs)alitt, £RIR7iEFH AlMes i), fi
Wk RTTEE . T4 A AR AIEt I, EIUH RAFH bk iEE, AT{E 12h
RNGEAT, B aF &N 14.1<10%g/mol, 7 F &4 D=2.31, REWINA-1,4-
HPRE 98.2%. MERAFIEH AlBus I AT LR, RN &M [R)# K (15
h)7A BE M54, M entries 7-9 ST AT, 24458 F AR 7704 B(CoFs)a i, 45
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FIME ] AIEt RCR B, (H SB[ (20 h) A BB S B2 56 4, (HA 0 FERR
27.2x10* g/mol, 43 FE i D=2.03, BEEWIN-1,4-1E 51 98.3%.

L IR SE g R RS TR, E =4 AR R b, BT RS
IIVRMIBURE 24 g« 5 e L 42 8 &A1, S8 )5 1 UM N [PhNHMe2] [B(CeFs)a] » Al'Bus,
B JE N I I BAAANT, (A SSOR A, 49 B8 s (1 R RLFE AL, R I3
A REEEN ST RO SN 18 RS 1 J5 PR AT R S R
G @O MIECALE R, BB SR L IR, LA R TR AR
FIR e B S B P REA B T TR B AR 8 HE PR S A s P o, AT ER
A IR R

32 3-3 N IR BIHE P A5 BTORHIGE 7 X S5 13— 45 B Fry i <

Table 3-3 Effect of different co-catalysts and feeding sequence on isoprene polymerization®

1,4° (%)

Entr AIR Borate Time conv My pP 34 T
y 3 %)  x10% 14- 14 (%) (°C
(h)
cis¢ trans?
1 AlMe3 A 12 100 18.7 2.36 98.1 1.2 0.7 -64.16
2 AlEts A 12 100 9.6 2.17 98.8 1.2 -66.54
3 AlBus; A 8 100 185 1.85 99.2 0 0.8 -65.61
4 AlMe3 B 24 trace - - - - -
5 AlEts B 12 100 141 2.13 98.2 1.8 -65.91
6 Al'Bus B 15 100 247 2.56 98.1 1.9 -65.99
7 AlMes C 24 60 134 1.71 98.7 1.3 -65.82
8 AlEts C 10 100 27.2 2.03 98.3 1.7 -65.94
9 Al'Bus C 12 trace - - - - -

“General condition: Cat. = 10 umol, Cat. = 1, [Cat.]:[Borate]:[AIR;]:[IP] = 1:1:5:500, Vol(Sol)/Vol(IP) =5, A
= [PhMe,NH][B(C¢F5s),], B = [Ph3C][B(C¢Fs)4], C = B(C¢Fs); Temperature = 20 °C. Addition sequence:
Cat., then Borate, last AIR3 Determined by means of GPC against polystyrene standards in THF at 40 °C.
“Determined by 'H NMR. “Determined by '3C-int NMR. “Measured by DSC.

AR TR IEANF VTR AL S I I BB RO, R 3-4 P . OB
VBRI A TR BT A DY SR . FOR ., IEC ke, MEARCRI R ZE . TR
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AEAE, VAR DU S0k A F RN, DY kg 5 0 <o JeR P 8 1 PO i, AR
AR NRNE AL PRE SRS TR « B, RS n'-o-ff a5 ik
1] S 2345 R 3 i AR P e 45 03 1041 > ff Y E Ui, s 4 B S I FE I
CE I MRS s T SR AL S & B RIS, el T &Us 77T LU S M L FH

TIERISIIBCAL, FEEALBLEN, B AR BT 0 26 8 77 ) B Ao v 7 2091
% 3-4 AIFEFIR AR SRR

Table 3-4 Effect of different solvents on catalytic isoprene polymerization®

3,4
Time Conv. M . 1,4°(%) T
Entry  Solvent o . ¢ o
M () X0 L4cis!  1atrans? g (O
1 PhCI 8 100 185 185 99.2 0 0.8 -65.61

2 Tol 24 trace - - - - -

3 THF 24 trace - - - - -

4 Hex 24 - - - - - -

4 Cat. = 10 umol, Cat. = 1, [Cat.]:[Borate]:[AIR3]:[IP] = 1:1:5:500, Vol(Sol)/Vol(IP) = 5, Borate =
[PhMe,NH][B(C4Fs)4], AIR; = Al'Bu; Addition sequence: Cat., then Borate, last AIR; “Determined
by means of GPC against polystyrene standards in THF at 40 °C. “Determined by 'H NMR.
Determined by '3C-int NMR. ®Measured by DSC.

Bt i 0326 1 AN IR RO A SR T 0 SR B RE AL (3R 3-5, entries 1-3). BEAE [
JSE B R T v, AL SR AR W R, e MR AR R R R, ARG T
BIGR, (A FEAMALR, HHEEY 1 PEEEEEA R E T B AT R
. BAKIM S, MRBEREER 40°C B, RERBAE 7 /N EITT 584540, it
i), BEWINEE TR MIEF] 25.1x10°g/mol, B> TR0 D MM, N
3.15. FHELZ N, HIRNERERERE 0 °C i, BIfd s Bifs [ GE K 28 24 /N, #%
WRMAN 50%. BEIS, REWRIESN 5158 Ml 10.5%10% g/mol, 73§ &40
DR, 1500 RYIEMURFMT, MK RELEERIC.

# 3-5 AN[ENREERDO AL SR I IR TR A s ¢

Table 3-5 Effect of different temperatures on catalytic isoprene polymerization”

Entry Temp. Time Conv. M o 1,4° (%) 345  Tg
(°C) (h) (%) x10* 14-cis® 14transt () (°O)
1 0 24 50 10.5 1.50 98.6 1.4 -64.25
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53K 3-5
1,4 (%
Entry Temp. Time Conv. M’ B ) 3,4° ¢ CC)
o) () ) a0 Lacist T o)
trans
2 20 8 100 185 183 992 0 08 -65.61
3 40 7 100 251 315 98.5 15 -65.57

“General condition: in C¢H;Cl, Cat. = 10 umol, Cat. =1, [Cat.]:[Borate]:[AIR3]:[IP] = 1:1:5:500,Vol(Sol)/Vol(IP)
= 5, Borate = [PhMe,NH][B(C¢Fs),], AIR; = Al'Buy . Addition sequence: Cat., then Borate, last AIR;
Determined by means of GPC against polystyrene standards in THF at 40 °C. ‘Determined by 'H
NMR.“‘Determined by '*C-int NMR. “Measured by DSC.

ZJa XA T AR ARG H 20 e B A M i 7 SRS R .
(% 3-6, entries 1-5) IS0 SLI0 AR BT, Bl 4R IR0 S0 A0 R BE AR LU i T
= RSN AN E AR, SRE YIRS > TR M N TR A D BRI ETHE
P, HIEAHIFLNM A . S8an SR R BE R EE /N T 5 I, RIS [E] 2 8h
BINA TE 4, Ui W BEE AR a0 S AR LU IR, o TG S T IR B SR S
RO B PR o A S T B an ) S A R BE R B K T 8088 T 5 I, fERR
PRI ) A B8 S B BE S 56 kAT 1) o (HAHELAER 1 4-1 VN TR0 A 5 T, 25
A S A RIS T 5 I, SRR R AR, BRINREY 1,4- 1551 &
=N 99.2%, Jr R ERE N 1.85.

3¢ 3-6 ANIRVER R RO AL I 0 T A s @

Table 3-6 Effect of different amounts of aluminum reagents on catalytic isoprene polymerizations”

c (g
Time Conv. My ) 14°0%) 34° T
Entry [AI)/[RE] . b .
(h) (%) x10 14-cis? 14-trans® (0 (O
1 7 6 100 222 220 98.3 1.7 -65.14
2 6 7 100 194 238 98.7 1.3 -65.24
3 5 8 100 185 1.85 99.2 0 0.8 -65.61
4 4 8 66 143 164 98.8 1.2 -65.06
5 3 8 50 11.7 248 98.2 1.8 -65.63

“General condition: in C¢H5Cl, Cat. = 10 umol, Cat. = 1, [Cat.]:[Borate]:[IP] = 1:1:500, Vol(Sol)/Vol(IP) =5,
Borate = [PhMe,NH][B(C¢Fs),], AIR; = Al'Bu; Addition sequence: Cat., then Borate, last AIR;
bDetermined by means of GPC against polystyrene standards in THF at 40 °C.‘Determined by 'H NMR.
9Determined by 13C-int NMR. “Measured by DSC.
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SR, DA T I Vol(Sol)/ Vol(IP) X i + 4 B S AL =7 2 —
1 55 ISR (3R 3-7, entries 1-5) R ILAIEFILLRT 5 1, BOME A R AT
PR B, (AT DLZE K S B IS (], 351 RT DUASE 15 7 1 05 ) e Ak %2 08 21 100%(entries
1-3), TEMLIRMT, REMNEID T8 M AT B0 A D R 7 E
TBHE K. SR, 24BE%E Vol(Sol)/Vol(IP)/INT 5 I, 24 Jz W A8 A5 k5 B ELAS i
MG, WRIRNL, (HRREYINFALRE H Rk E)] 55% /47, AT fg 2 N7
B, R R SBOLB AT 7, [N TGIETE 21T (entries 4, 5). BRI, 4%

ALy 5 I, AT REW e,
R 3-7 ANTFITE T AR PR R I s SR A O R @

Table 3-7 Effect of different solvent ratios on catalytic isoprene polymerization”

Entry Vol(Sol)) Time Conv. My B 1,4° (%) 3,4° Tq®
Vol(IP) — (h) (%) x10f 14-cis! 14trans? () (°O)
1 7 12 100 257 226 98.0 20 -65.07
2 6 11 100 222 219 98.5 15 -65.36
3 5 8 100 185 1.85 99.2 0 0.8 -65.61
4 4 8 60 13.2 145 98.3 1.7 -64.93
5 3 8 55 122 1.95 98.5 15 -63.27

“General condition: in CgH5Cl, Cat. = 10 umol, Cat. = 1. [Cat.]:[Borate]:[AIR3]:[IP] = 1:1:5:500,
Borate= [PhMe,NH][B(C¢Fs),], AIRy = Al'Bu; Temperature = 20 °C.Addition sequence: Cat., then
Borate, last AIR; PDetermined by means of GPC against polystyrene standards in THF at 40 °C.
“Determined by 'H NMR. “Determined by '*C-int NMR. ®Measured by DSC.

P 5 FE AL S5 B 25 A AN AR (RO, 25 AN [) 14 <62 Ja 0 52 BI) P A 791 ) 2 M R
13(F 3-8, entries 1-10). Sk HBCAY 2 I, BE2ELL AlMes AERIAF, K& BE
[PhMeaNH][B(CoFs)a] N AL KR B iy, SR (Al B0k, i HER S VIR 1,4-3%
Pk B AR X4 5 o B 5 LA [PhMeaNH][B(CFs)a] [ 52 FUBIRA, e et ffn s,
RIUEF I AI'Bus I AL T NI 5 o 76 R SLae iR al b, JEFHEAY 3 A
AL, R B AR A AIF 98 07 VR e AR HEAT SR B . A5 SR AR T, AE IRk 4%
[PhMexNH][B(CeFs)s], #HiR7i% 4% Al'Bus ML HUR SN FIAR . X5 2 BIHER
KAV FARAHTFE I, R SLe 2% B EdE .
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% 3-8 R OB kAR AR oo 4 OB @

Table 3-8 Effect of different boron and aluminum reagents on different central metals®

Time Conv. M} . , , J
Entry Cat. AIR; Borate P 14%) 3.4%) T(°C)
h (%) xw

1 2  AlMe;s A 4 100 102 2.80 93.9 6.1 -65.40
2 2  AlMe;s B 4 40 9.83 3.80 97.2 2.8 -65.59
3 2  AlMe;s C 4 100 12.0 3.64 97.6 24 -65.77
4 2 AlEt; C 4 100 153 3.02 92.7 7.3 -65.91
5 2 AlBus C 4 100 191 226 995 0.5 -65.75
6 3  AlMes A 1.5 100 119 294 97.4 2.6 -67.82
7 3  AlMes B 1 100 150 2.68 98.7 1.3 -65.50
8 3  AlMes C 0.9 100 172 3.79 97.2 2.8 -64.93
9 3 AlEt; C 0.7 100 27.6 248 96.8 32 -65.79
10 3  AlBus C 0.3 100 36.7 1.59 99.1 0.9 -65.52

“General condition: in C¢H5Cl, Cat. = 10 umol, [Cat.]:[Borate]:[AIR3]:[IP] = 1:1:5:500,Vol(Sol)/Vol(IP)
=5, A = [PhMe,NH][B(CgF5),4], B = [Ph3C][B(C4F5)4], C = B(C4Fs); Temperature = 20 °C.Addition
sequence: Cat., then Borate, last AIR5 Determined by means of GPC against polystyrene standards in
THEF at 40 °C. “Determined by 'H NMR. “Measured by DSC.

2 J5 Xk T AN Fh ot 4 B C S 0 AL SR A B2 (3R 3-9, entries 1-6).
AR OB A R ) R AR, RERNAKRE. BEHEEY 4 WG
&, JLUPARAIRR, ATRERFCA Lo S 725808, AR TR BT . 4
EHBCAEY S I, ZRAERMAKRLE, XA He2 H T/ 48 & T Y/ Yb(I)
IR SF AR T S T ST, 12 A U AT SR ) — S5 ) ik G &4 2 1
23t 3.5 h [N AR ZRIAF] 100%, -1,4- 188 B 2] 99.0%. FHELZ T,
MIEHEEY) 1B, PSR EAR S AL, R R I AR R R AL AR B (- 1,4-
EENE N 99.2%). I ER BC NMR MR, IESZ b 1,4- ) Rk
WA R, HREMRE S T8 MoN 18.5x10° g/mol, 4 FE5Hi D=1.85. {H
AL T, FEY) 3 RN ARE) /2R, AR5 0.3 h B AT Scal s fk
SEAEAL, IR HR-1 48 B mE 99.1%, HFHEREHII S FREN 36.7x104
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g/mol, 7> TENAG D = 1.59, HALA MR G RME A eI T G BRI
B 742(107.8 pm), JEREHE KR AL ERIL AL ARSI N SR KO R . 2R B
I, AT 3 MR 7T B AT AL A 5 T Y FE B B A%, et
e e RS A SR TR AR S B AR
22 3-9 AN IRl  JE RO - < SR AR AL R I 0 SR (KR
Table 3-9 Influence of rare-earth metal chlorides with different central metals on catalytic

isoprene polymerization

Entry cat Time Conv. Mp° B 1,4°(%) 3,4¢ Tg®
(hy (%)  xw 14-cis!  14trans? (B (O
1 1 8 100 18.5 1.85 99.2 0 0.8 -65.61
2 2 4 100 19.1 2.26 99.0 0.5 0.5 -65.75
3 3 0.3 100 36.7 1.59 99.1 0 0.9 -65.52
4 4 24 trace - - - - .
5 5 24 0 - - - - -
6 L2-Li2 24 0 - - - - -

“General condition: Cat. = 10 umol, [Cat.]:[Borate]:[AIR;]:[IP] = 1:1:5:500, Vol(Sol)/Vol(IP) = 5, Borate
= [PhMe,NH][B(C(Fs),], AIRy = Al'Bu; Temperature = 20 °C. Addition sequence: Cat., then Borate, last
AIR; ®Determined by means of GPC against polystyrene standards in THF at 40 °C. “Determined by 'H
NMR. “Determined by '*C-int NMR. ®Measured by DSC.

B i R T AN TR) 8 AR L 810 FiE & WAL SR 45 B SR (3% 3-10, entries 1-8).
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AL A MIE R 1T, B S/ AL FILL B I 3] 1500, HEALTEEEREAR, 24 h 714k
A 80%;: MLLEIE ] 2000 B, AR LFR 0, EAKE. MHLZ
T, HECEVERE 3 0, RUETE AR LU 2000 B4R, BTEIZE 1 h
PN SIS R A 1) 56 A AL, I BLRE ) BAT U I 4 1 o A AR s TR ) 43
TE, WHEREREIT TR, 4.70 5 4.78 ppm &N 3, 4-BEWEARIE S
I, FUFHFN 0915 5.13ppm M 1, 4-REWANE S5, FomEN 100, @
RETFEAFHIL 1, 4-RAWIMITE RN 99.1%. (H & 2 B/ (A0 77 E 138 hn 2] 3000
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A R RE R DL A i 1, AT LAAE 60 min P B4R /fEAL T EL A 3000 157K
AL 90%, £3E] 99.0% I -1,4- K S,
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Table 3-10 Effect of different monomer ratios on isoprene polymerization catalyzed by rare-

earth metal chlorides ¢

ety Cat [REY Time Conv M 1,4° (%) 34 TS
[IP] (h) (%) x10° 14-cis? 14-trans® (%) O
1 1 1:500 8 100 18.5 1.85 99.2 0 0.8 -65.61
2 1 1:1000 12 100 38.7 181 99.1 0 0.9 -65.57
3 1 1:1500 24 80 54.6 1.88 99.1 0.9 -65.70
4 1 1:2000 24 trace - - - -
5 3 1:500 0.3 100 36.7 1.59 99.1 0 0.9 -65.52
6 3 1:1000 0.7 100 44.9 1.61 99.0 1.0 -65.57
7 3 1:2000 1 100 60.7 1.62 99.1 0 0.9 -65.73
8 3 1:3000 2 90 47.2 1.65 98.7 0 1.3 -66.00

“General condition: in C¢HsCl, Cat. = 10 umol, [Cat.]:[Borate]:[AIR3] = 1:1:5, Vol(Sol)/Vol(IP) = 5, Borate =
[PhMe,NH][B(C¢Fs)4], AIR; = Al'Bu; Temperature = 20 °C. The addition sequence: Cat., then Borate, last AIRy
PDetermined by means of GPC against polystyrene standards in THF at 40 °C.“Determined by 'H NMR.
9Determined by 3C-int NMR. *Measured by DSC.
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KRB RGO T R TIRRE RS 5%, W SRR R, @A T
ER A S AR R o TESAT AT R, ik TRl BRRRIRRSE . b |
WM EHE. S HE RNSERE R P04 RS TSR E RS
SO B IR BE (NMR) L BERIEE (L (GPC) M Z /R AR B #W(DSC)4%
ST TBRRGERE T KA VRS MRHE S #uERE .

SKIHARR Y, A 3 I BRI AL TERE: EIRAT R B2 F(20°C, 1
h)F, AR 1: 2000 248 57 RSt e i, & UL A = R
SERIEII-1,4- 38 57 0 Wi (cis-1,4 IEFEMEIE 99.1%). JF HiZRESWRIEER
5 o7&, L3 60.7x10* g/mol, A7 F &M AE b=1.62, ¥EEMNT
ST SCHRGE 1 [F 2R AR R o RR MBS OCTER 2, AR RAE RS =S Tk
[ TR B S T 5% SR A A ST AL R R e (P e s 1) v e B PR s 11 ) % B2 L T
HIHARTT %

n A /Borate/AIR3
THF —
= ’
n

cis-1,4-polyisoprene up to 99.1%

M, = 60.7x10* g/mol
Bl 3-2 Rk ARG

Fig. 3-2 Isoprene Polymerization
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Fig. 4-1 Synthesis of PCN rare-earth metal complexes
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Fig. 4-2 Isoprene polymerization catalyzed by a three-component catalytic system with rare-
carth metal complexes
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Table 1 Crystallographic data for Lj-Lis
Crystal data L2-Li2
Chemical formula CseHeaLi2N4P2
Formula weight 836.43
Temperature/K 299.0
Crystal system monoclinic
Space group P2/n
a(A) 14.492(2)
b (A) 12.2579(18)
c(A) 15.668(2)
a (deg) 90
p (deg) 109.830(4)
y (deg) 90
Volume (A3) 2618.3(7)
Z 52
Density (calculated) (mg/m?) 0.990
u(mm™) 0.116
F(000) 776.0
Orange (deg) 4.322 - 48.81
Reflections collected 90597
Independent reflections 4315
Rint) 0.1771
Data/restraints/parameters 4315/0/280
Goodness-of-fit on F? 1.063

R, wRy [I>206(])]

Ri, wR; (all data)

Largest diff. peak and hole (e. A~)

0.0906, 0.2593
0.1288,0.3156

0.53 and -0.27
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Table 2 Crystal parameters of complexes 1-2

Crystal data 1 2
Chemical formula CsgHe2CLLIN4OP,Y CssHexCLLIN4OPEr
Formula weight 1060.10 1138.23
Temperature/K 273.15 298.0
Crystal system monoclinic monoclinic
Space group Pna2, Pna2,
a(A) 14.2893(5) 14.2724(14)
b(A) 20.6460(7) 20.5940(18)
c(A) 22.6435(8) 22.626(2)
o (deg) 90 90
p (deg) 95.5520(10) 95.594(3)
y (deg) 90 90
Volume (A3) 6648.9(4) 6618.7(11)
4 1 4
Density (calculated) (mg/m?) 0.996 1.370
w(mm) 1.038 1.523
F(000) 1960.0 2796.0
Orange (deg) 3.79 - 48.812 4.122 - 55.352
Reflections collected 189237 131837
Independent reflections 10939 15266
Ry 0.2494 0.1778
Data/restraints/parameters 10939/0/622 15266/475/862
Goodness-of-fit on F? 1.026 1.049

Ri, R, [I>20(1)]

Ri1, wR, (all data)

0.0591, 0.1805

0.0808, 0.1941

0.0521, 0.1083

0.0971, 0.1323
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Table 3 Crystal parameters of complexes 3-4

Crystal data 3 4
Chemical formula CssHe2CLLIN4OP>Gd CsgHe2CLLIN4OP>Lu
Formula weight 1128.27 1146.06
Temperature/K 302.0 298.0
Crystal system triclinic triclinic
Space group F1 Pi
a(A) 13.3652(7) 13.2455(13)
b(A) 13.8577(7) 13.8898(14)
c(A) 19.9151(10) 19.8949(19)
a (deg) 83.615(2) 83.397(3)
p (deg) 80.030(2) 80.728(3)
y (deg) 62.697(2) 62.367(3)
Volume (A3) 3225.9(3) 3197.0(6)
Z 21 1
Density (calculated) (mg/m?) 1.097 0.595
w(mmT) 1.194 0.857
F(000) 1030.0 584.0
Orange (deg) 3.784 - 55.126 3.828 - 50.054
Reflections collected 101800 29488
Independent reflections 14794 11033
Riint) 0.1381 0.0795
Data/restraints/parameters 14794/0/623 11033/0/592
Goodness-of-fit on F? 1.000 0.985

Ri, R, [I>20(1)]

Ri1, wR, (all data)

0.0664, 0.1988

0.0882,0.2164

0.0535, 0.1373

0.0834, 0.1527
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Table 4 Crystal parameters of complexes 5
Crystal data 5
Chemical formula CsgHe2CLLIN4OP2Yb
Formula weight 1138.07
Temperature/K 273.15
Crystal system triclinic
Space group Pi
a(A) 13.3195(9)
b (A) 13.8142(10)
c(A) 19.6760(12)
a (deg) 83.107(2)
B (deg) 80.139(2)
y (deg) 62.810(2)
Volume (A3) 3169.1(4)
4 20
Density (calculated) (mg/m?) 1.134
u(mm) 1.644
F(000) 1043.0
Orange (deg) 3.812 -55.052
Reflections collected 134540
Independent reflections 14542
Rinty 0.0931
Data/restraints/parameters 14542/0/622
Goodness-of-fit on F? 1.019

Ri, wR: [[>20(1)]

Ri, wR; (all data)

0.0468,0.1289

0.0634, 0.1460
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Fig. 13 '"H NMR of polyisoprene (Table 3-2, Entry 2).
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Fig. 14 'H NMR of the polyisoprene (Table 3-2, Entry 3).
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Fig. 15 "H NMR of the polyisoprene (Table 3-2, Entry 6).
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Fig. 16 '"H NMR of the polyisoprene (Table 3-2, Entry 9).
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Fig. 18 13C-int NMR of the polyisoprene (Table 3-3, Entry 1, Scan 9980 times).
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Fig. 19 '"H NMR of the polyisoprene (Table 3-3, Entry 2).
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Fig. 21 13C-int NMR of the polyisoprene (Table 3-3, Entry 3, Scans 8870 times).
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Fig. 22 'H NMR of the polyisoprene (Table 3-3, Entry 4).
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Fig. 23 '"H NMR of the polyisoprene (Table 3-3, Entry 6).
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Fig. 24 '"H NMR of the polyisoprene (Table 3-3, Entry 7).
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Fig. 25 '"H NMR of the polyisoprene (Table 3-3, Entry 8).
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Fig. 26 'H NMR of the polyisoprene (Table 3-5, Entry 1).
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Fig. 27 '"H NMR of the polyisoprene (Table 3-5, Entry 3).
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Fig. 28 '"H NMR of the polyisoprene (Table 3-6, Entry 1).
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Fig. 30 'H NMR of the polyisoprene (Table 3-6, Entry 3).
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Fig. 32 '"H NMR of the polyisoprene (Table 3-7, Entry 1).
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Fig. 34 '"H NMR of the polyisoprene (Table 3-7, Entry 4).
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Fig. 36 'H NMR of the polyisoprene (Table 3-8, Entry 1).
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Fig. 38 'H NMR of the polyisoprene (Table 3-8, Entry 3).
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Fig. 40 "H NMR of the polyisoprene (Table 3-8, Entry 6)
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Fig. 41 '"H NMR of the polyisoprene (Table 3-8, Entry 7).
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Fig. 42 '"H NMR of the polyisoprene (Table 3-8, Entry 8).
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Fig. 44 '"H NMR of the polyisoprene (Table 3-9, Entry 2).

111



RT3

< & o
PRI
g 2=
W " T Iy
w R\ e
g ..
ERER
s 33
T T T T T T T T T T T T T T T T
140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10

& (ppm)

Fig. 45 >*C NMR of the polyisoprene (Table 3-9, Entry 2, Scan 7521 times).
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Fig. 46 'H NMR of the polyisoprene (Table 3-9, Entry 3).
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Fig. 47 1>*C NMR of the polyisoprene (Table 3-9, Entry 3, Scan 10240 times).
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Fig. 48 '"H NMR of the polyisoprene (Table 3-10, Entry 2).
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Fig. 49 3C-int NMR of the polyisoprene (Table 3-10, Entry 2, Scan 7521 times).
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Fig. 50 '"H NMR of the polyisoprene (Table 3-10, Entry 3).
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Fig. 52 13C-int NMR of the polyisoprene (Table 3-10, Entry 5, Scan 10240 times).
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Fig. 53 '"H NMR of the polyisoprene (Table 3-10, Entry 6).
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Fig. 54 '"H NMR of the polyisoprene (Table 3-10, Entry 7).
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Fig. 55 3C-int NMR of the polyisoprene (Table 3-10, Entry 7, Scan 8523 times).
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Fig. 56 '"H NMR of the polyisoprene (Table 3-10, Entry 8).
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Fig. 57 3C-int NMR of the polyisoprene (Table 3-10, Entry 8, Scan 8000 times).
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Fig. 60 Glass transition temperature of polyisoprene(Table 3-2, Entry 6)
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Fig. 63 Glass transition temperature of polyisoprene (Table 3-3, Entry 2)
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Fig. 66 Glass transition temperature of polyisoprene (Table 3-3, Entry 6)
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Fig. 69 Glass transition temperature of polyisoprene (Table 3-5, Entry 1)

122



RT3

Heat Flow (Normalized) o (Wig)

0.2
0.0
(=3
E id point type: Half height
= 024 idpoint: -65.570 °C
2
z
T 044
0.6 T T T T T T T
-100 -80 -60 -40 -20 0 20 40
Exo Up Temperature T (*C)
Fig. 70 Glass transition temperature of polyisoprene (Table 3-5, Entry 3)
0.2
0.0
0.2 4 Mid point type: Half height
Mid point -65 134 °C
0.4 -
0.6 : . . T T T T
-100 -80 -60 -40 -20 0 20 40
Exo Up Temperature 7 (°C)
Fig. 71 Glass transition temperature of polyisoprene (Table 3-6, Entry 1)
0.2
0.0
L=}
% 02 Mid point type: Half height
S Midpoint: -65.243 °C
=
S
T 04
0.6 : . T T T . .
-100 -80 60 -40 20 0 20 40
Exo Up Temperature T (°C)

Fig. 72 Glass transition temperature of polyisoprene (Table 3-6, Entry 2)
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Fig. 75 Glass transition temperature of polyisoprene(Table 3-7, Entry 1)
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Fig.78 Glass transition temperature of polyisoprene (Table 3-7, Entry 5)
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Fig. 80 Glass transition temperature of polyisoprene (Table 3-8, Entry 2)
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Fig. 81 Glass transition temperature of polyisoprene (Table 3-8, Entry 3)
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Fig. 87 Glass transition temperature of polyisoprene (Table 3-9, Entry 3)
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Fig. 90 Glass transition temperature of polyisoprene (Table 3-10, Entry 6)
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Fig. 93 GPC plot of polyisoprene (Table 3-10, Entry 1).
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Fig. 94 GPC plot of polyisoprene(Table 3-10, Entry 2).
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Fig. 95 GPC plot of polyisoprene(Table 3-10, Entry 5).
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Fig. 96 GPC plot of polyisoprene(Table 3-10, Entry 7).
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