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Synthesis, Characterization and Catalytic Performance in
CO; Conversion of Novel Dinuclear Rare-Earth Metal Alkyl
Complexes Bearing
1-(2-Benzoxazolyl)-3-(/N-Pyrrolidinyl)Methylene Indol-2-yl

Ligands

ABSTRACT

In this thesis, the indolyl-based ligand  precursor
1-(2-benzoxazolyl)-3-(N-pyrrolidinyl)methylene indole (HL, L =
1-(2-C7H4NO)-3-(N-C4sHsNCH»2)CsHaN))was designed and synthesized.
Under anhydrous and argon atmosphere of glove box, the HL reacted
with the 1 equiv. of rare-earth metal trialkyl complexes
RE(CH:SiMe;)3(THF), (RE =Y, Er, Yb, Lu) to synthesize a series of
novel 1-(2-benzoxazolyl)-3-(N-pyrrolidinyl)methylene indol-2-yl
dinuclear rare-earth metal alkyl complexes
{[=n":(u-n':nY):m'-1-(2-C7H4NO)-3-(N-C4sHsNCH2)CsHsNJRE(CH,SiMe
322 (RE = Y(1), Er(2), Yb(3), Lu(4)) in high isolated yields. All the
rare-earth metal alkyl complexes were characterized by elemental
analyses and infrared spectroscopic analyses, and thESIr -crystal
structures were determined by single-crystal X-ray diffraction.
Additionally, the diamagnetic complexes 1 and 4 were characterized by

'H NMR and BC{'H} NMR. As evidenced by the single-crystal
VI



8 W YN R R TATS'S

structures of the complexes, the indol-2-yl C-H bonds of the ligand was
activated, and the metal-carbon bonds (Crme-M) were successfully
constructed. The coordination number of each rare-earth metal center is
six-coordinated, and the two 1,3-functionalized indol-2-yl ligands bridge
the two rare-earth metal centers in a u-n':(u-n':n'):n' manner to form a
dinuclear structure.

The efficient conversion of CO> is not only crucial for energy
utilization but also significantly impacts the environment. Consequently,
the efficient catalytic conversion of CO> has emerged as a pivotal area of
research in contemporary scientific discourse. In this study, the catalytic
performance of a series of synthesized dinuclear rare-earth metal alkyl
complexes was investigated for the cycloaddition reaction of CO, and
epoxides to form cyclic carbonates. The optimal reaction conditions were
determined through systematic screening of variables, including catalyst
type, co-catalysts, reaction temperature, reaction time, pressure of COy,
and catalyst loading. The catalytic efficiency of the system was further
assessed with various epoxide substrates. Experimental results
demonstrated that the catalytic systems combining dinuclear complexes
with the ionic liquid 1-ethyl-3-methylimidazolium bromide ([EMIm]Br)
exhibited superior activity for the cycloaddition reaction of CO; and
epoxides  compared to  traditional  co-catalysts such as
tetrabutylammonium bromide (TBAB). The new catalytic systems

exhibited excellent activity and higher efficiency under mild conditions.
VIl
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A variety of mono-substituted epoxides can work well with CO; to
convert to cyclic carbonates in excellent yields (> 95%) with high
selectivity (> 99%) at 40 °C under 0.1 MPa CO; in the presence of the
dinuclear complexes and ionic liquid. The disubstituted epoxides can also
react with CO; to generate the cyclic carbonates by adjusting the reaction
temperatures (50-70 °C) and CO, pressure (0.5-1.0 MPa), and by
prolonging the reaction time (7-24 h) to provide high yields of cyclic
carbonates. To the best of our knowledge, this is the first effective
catalytic system composed of ionic liquids and dinuclear rare-earth metal
complexes for the cycloaddition reaction between CO; and epoxides.

Liu Chencheng (Chemistry)

Supervised by Wang Shaowu

KEY WORDS: indolyl ligand, dinuclear rare-earth metal alkyl

complexes, catalytic conversion of CO,, cyclic carbonates, ionic liquid
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Ji 1) C=N i B 44 A\ 2L IE T AE M 4047 sp? C-H B b S2B) 2- AR e AT 424
BHEAL C-H s M AR S Ho, 96 4@ NI (I-1),  HEARE T e
UbAh, S B I ER TR, A RS R S A AR R R R R, St
WERTAEMIIRE B R R, BRI TR (B 1-1).

R2
2 HN”
RU_Ng RN [Y] or [Lu] Cat. RN

| + |k | A R3

= R3 _

R R
- Isolation of key intermediates
Ar—N N—Ar R=H, RE=Y(l-1)
N\ /
THF/RE\THF - Asymmetric C-H aminoalkylation

R = Ph, RE = Lu(l-2)
SiMes

BI1-1 & NN 57 3 £ e A4 0 < s T 5 0 fRE A 2- AL RE AT 2R 0 0 EL#R AT AL
C-H =Nt
Figure 1-1 Direct ortho-C-H aminoalkylation of 2- substituted pyridine derivatives catalyzed

by rare-earth metal complexes with N,N'- diarylethylenediamido ligands
2
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Figure 1-2 Synthesis of rare-earth metal dialkyl complexes supported by a A-diketiminato ligand
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il % 22 Pl S B ek R A R i B ek B R AT A= P (R R s 2 — (] 1-3)

Me
Ph Ph
NN N/
\RE/ (5 mol%) RE =Y(I-7), Er(I-8), Yb(1-9)
RN

THF THF

R———H
SiM
. s R—=—[Si-O(N)R' + H,

R'(N)O-[Si]-H 34 examples
R = aryl, alkyl, heteroaryl, ferrocenyl 46- 95% vyields
R' = Et, Me Gram scale synthesis

K 1-3 M BRI A R S e 5 O/N B S RE e I A B &
Figure 1-3 Dehydrogenative coupling of terminal alkynes with O/N-based monohydrosilanes

catalyzed by rare-earth metal complexes

3
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Y (CH2SiMes)s(THF )2(I-10) 75 i A1 1) 2540 1 1 A0 0 TN 2R B2 1 I S IRE I A A AL e
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GBRMEAARAA TR, RYIE NIRRT, A R S5 PRI X ek 2
Y, DA T ZEINGRANE S W BRI SER 3 Ak, AR R FT DL T
2353 F IR BRI 2 5 2R 5 B 1-4).

OH
H Hydroamination )\/\ R
AR ATR) N
OH Y(CH,SiMe3)3(THF),(1-10) Ar
P +
Ar(R) —ANGE simple rare-earth metal OH
as the catalyst
HO - Ar(R))\/\O/\Ar

Hydroalkoxylation , . o
R =H, alkyl anti-Markovnikov selectivity

57 examples
1-4 7 B 1 4 J = be BRI & 0 A 0 TR R e 110 e 1 IR U AL A S b LAk
Figure 1-4 Anti-markovnikov hydroamination and hydroalkoxylation of allylic alcohols
promoted by a simple rare-earth metal trialkyl complex
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1-5).
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O O HZN\K\OH

-0 o~ HOQ\ )\/OH EtsN, MsCl  NaOH, H,O/MeOH
NaH, 110 °C CH,Cl, 85°C o o
O
R R
L-H R = Me,
L,-HR=Ph
RE(CH,SiMe3)3(THF), 1-Y(111) R=Me,, RE=Y, n=1

ey M OOY EEEREED
e | onwes ZSTo R RETNTE
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E11-5 S0 CERMEIR) FE7 1 4 A A 5 PR
Figure 1-5 Synthesis of bis(oxazoline)-based rare-earth metal complexes
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Figure 1-6 Isoprene polymerization catalyzed by rare-earth metal complexes supported by a

tridentate amidinate ligand
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Figure 1-7 Copolymerization of ethylene and butadiene catalyzed by rare-earth metal complexes

supported by a amidinate ligand
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H

H N
Ph@
RE = Yb(I-26), Eu(1-27), Sm(I-28)
1-8 F2-ZE L0 W FC AR 17 & R AL S M & A
Figure 1-8 Synthesis of rare-earth metal complexes with 2-phenylindole ligands
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Bt B AL S Y (1-29~1-30), FEEHTTTRBL,  EA U A ke An 17
ALY, IR IR R G, 14 R Al ik 98.2%. [,
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> THE
N /
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P 1,4-cis PIP up to 98.2%

[B11-9 S W - 4 IR A AL R IR R
Figure1-9 Isoprene polymerization catalyzed by imino indolyl rare-earth metal complexes
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Figure1-10 Conversion of sp? carbanion to electrophilic carbene and of 1,1-H(D) selective
migration insertion
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Figure 1-11 Synthesis of indol-2-yl-based NCO pincer rare-earth metal alkyl complexes
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Figure 1-12 Reactivity of the rare-earth metal complexes bearing the indol-2-yl-based NCN pincer
ligand
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Figure 1-13 Reactivity of rare-earth metal alkyl complexes with nitriles or isonitrile
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Figure 1-14 Reactivity of rare-earth metal alkyl complexes with pyridine derivatives
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Figure 1-15 Transformation of sp? carbanion to electrophilic carbene
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Figure 1-16 Synthesis of dinuclear Salan rare-earth metal complexes
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Figure 1-17 Synthesis of half-sandwich rare-earth metal complexes bearing a
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Figure 1-18 Synthesis of rare-earth metal alkyl complexes with 3-arylamido-functionalized indolyl
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Figure 1-19 Enantioselective hydroboration of ketones catalyzed by a rare-earth metal
complex containing Trost ligands
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Figure 1-20 Synthesis of P-C bond cleavage induced Ni(II) complexes bearing
rare-earth-metal-based metalloligand
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Figure 1-21 Synthesis of dinuclear rare-earth metal alkyl complexes bearing functionalized
pyrrolyl ligand
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Figure 1-22 Ring-opening polymerization of rac-lactide catalyzed by rare-earth metal

complexes bearing unsymmetrical diarylamido ligands
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Figure 1-23 Synthesis of dinuclear o-phenylene linked bis(amidinate) rare-earth metal
complexes
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Figure 1-24 Synthesis of a hydrido- and imido-bridged dinuclear ytterbium(III) complex
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Figure 1-25 Efficient hydrosilylation of alkenes catalyzed by rare-earth metal complexes
supported by 1,3-functionalized indolyl-based ligands
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Figure 1-26 Synthesis of difunctionalized indol-2-yl-ligated bimetallic rare-earth metal complexes
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Figure 1-27 Isoprene polymerization catalyzed by binuclear enamino-oxazolinate rare-earth metal
complexes
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Figure 1-28 Reversible hydrosilylation reaction between phenylsilane and pyridine catalyzed by

low-coordinate Ca(II)-Yb(II) hydrides

1.4 &RBENL CO, AT R IR TR

COy T H AR o tEA A FRAE I, 2 — M B AR B W] DAGIAE e BEINEL Y
Cl BEJRe-ea, ek, KA CO BRI, & FH T ARz H
FRISS-641, PRIk, RS2 51208 COn & BRI 22 o 1 F 1T THAT 78 Qs 165661,

19



TR R L2

Horpr, BRI COp [ IVAE AR B BRIGR Bl & 2 i 7 1 SR B W i I R
H CO Wirikz —, AT A LLEE] 100% 1 J5 75 267, [Fif, HP=9R
BRIRTE (V) R 20 T3z, ] LAV A e 0 A B TS, A HILVA 77U LA A L
£ (B ARUTOISE i SRR e P LAVE ok G FRI01 R A A e g 1) B i B A 2]
A TAERIRYE RIS . (R, BT COLfEZN 1% L A# % Lt e, #
WHITE CO FeAb Pl RBAE U4, Hul, CIFRIM T 2K R, &R
FLA0S, 4 @A HIMESL(MOF #ENTS, B FARUTLL KA MU A% .
i, SIRA VRSV R T T Z 0E. 24 Rk, CFFR Bk
LJEN Al Mg, Ca)f%2, ¥4 8 Cr. Mn. Fe. Co. Zn)®84, JeX 4@
P & (0 Mg-Co)85891, i - 43 J& i & 40 LA S i - 4 J TBC 45 0 A 771) 1001001
T CO, 5 A RN A RIFRIREE S = 2> TR & . Hh, L4
F 8 R (1 26 5 B R L B B R R I A A, EAR M A RS TR 3 3 T iz
(R REFHUON {2 LSR8 T A A R A B s 4 T A5 A M % S L PR 5
b2 20 L7 A 5 I B ) e RS I 3L SR A
141 k&R

2018 4, Williams PRAEZHEOE R iHE A T — RV BEE Salen ZHHAC &
Yy, IR HAE AL COL AN EIR Rt 3 & S B A . Forr, 4 CAA
PR Jr 898 S 7 AT T A RO BEL IR AR ARSI (1-107), AL TE PR RN G B B 0
FE 5 TR A AN IR ART B A AL 7R 1) 564 R, 60 °CJ B 48 h, X SR AR BRI 1) e F6 44
15 99%LA I o B F7 54 ST AR B, S T3 RN B L R LRI 2 — 2R R R,
1 COy IR FE B RAMER R X B T HAL COL IR AI D P IL R
(IR AL 7R, I ELIEE X6 S 30 725 BRI 9 T i LA B S5 I B v [ A 1) 4
BORIRAE, $EH 7 — AR A AL (B 1-29).

RO 0=C=0
0.1 MPa
/F_as\
N,/T\\N

1-107 < l
. e
P
. r.d.s N
Square pyramidal 0 Octahedral

Mononuclear mechanism Structurally characterized
Iso-enriched PCHC intermediates
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Bl 1-29 AR APEACIEE IR Cht(CHO) S COa IFFERIEER
Figure 1-29 Ring-opening copolymerization of cyclohexene oxide (CHO) and CO; catalyzed by a
indium complex

2021 4%, Parisa 2L PR AR F B A7 BHL IR = 2R B BRI T FEA2 1 (1 2
Py TC A I AR e A PR A S Sl B 5, 0 N AICL;. GaCls. InCls
BN EBRCEY), B X=ATAYHAE COy M EIF Ol L R ML
Ao Forbr, A HSEAN T B A BRI, AP (1-108) A0S 1
AR B 2 v TR A S ARG &)« 23 R 7 1 DA S FTIR otk St (1
AL AR R, R, M4 @00 ALR Ga B, BERCAA 2 4
JBLiES, SRR THEETFRMEEPORA, FEMAEME TR, ks
JEF O In I, BERCARANG RO, HUR SR 0 AR B B T Re AR, AR
IR O A4 @ O B AN TT B o ARAC S AN S A DU T S A 20 s i ek R
£ 80 °C+ 3.0 MPa ] CO2 JE /I, R 24 h, FALZRIK 80%, X 5wk IR s (1) 3%
BetEIE 95%( 1-30).

+ CO, 4@9 \V\O O]/

—‘ TBA*

S cl N_
QQE\}C/_Q} - /\/‘%}
@ No/Cl (|:| By ©/© B
108 |-1(;9 TBAN,/CI
B 1-30 HHAC & LIRS CUsE(CHO) 5 COn IITFHR 363
Figure 1-30 Ring-opening copolymerization of cyclohexene oxide (CHO) and CO; catalyzed by a
indium complex
2022 4, EFRAAUREAEAR H — R 5 AR S P (1-110~1-115) 1 o6 T4
AT LR (=R ) AL B (PPNCOAE N BI AL 77, 7E 635 nm 7] WO I
St N AE CO, MM IR Ot TP LR . X2 — PRI T WoOBAE R A, JF &
ﬁ%~ﬁﬁﬁCmﬁ%ﬁ%%%%%%ﬂ%%@mxnm%:A~%%oﬁ%%
W IR DL e CO RN A S B LI AN AR . oo SR 78 R I
1E 635 nm 7] W ARG N [F) i, A R i BEAR b, AR

21



ey WMWY TR VAT
MR T, IXAUE I T OGFAON 2x B B AL AL COn AN S I TT IR B S
W ZF AN CO MM EMMIILE, IENNERIHF IR RS ALY
IR T 1) 4t 5 45 FLAB PR BAAR 1) 0 SR B AR R AR AL 7 — Pk N G e s
(K 1-31).

O Cat./PPNCI e}
Light-635 nm
o v () Lo
R n

1-110: R=H;
1-111: R=F;
1-112: R=Cl,
1-113: R=Br;
1-114: R=OMe,
1-115; R=1Bu;

1-31 7] WG CO M 2 (CHO) G AT ML 2R
Figure 1-31 Photothermal ring-opening copolymerization of CO»/CHO under irradiation with
visible light

142 JESRE

2015 4, EMAR BREAISIBETH & 1B Salen B = AR & H(T-116),
T FAE AL COL TN IE Tkt 28 8 3 58 I B AR 711« 25 SN 9 120 °C
I, FEXU(E R AL (PPNC I IE AL T, Salen & = EkHL &R I
RO HIEALTEE, FAREANRIE 557 bt HO SRR IR K 3% B 14 vT I8 99% LA F (B
1-32).

O Ti" complex

o O
[PPNIX HO o © cl
Gllvealule
o)
n

—N\ /N— Thermally robust: 120 °C
Ti : — -1
Highly active: 557 h
By o’ o gy O |
Cl Completely alternating
By Bu No cyclic byproduct
1-116
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[ 1-32 =44k Salen JE/L &P HEALER S 3F CUsR(CHO) A CO, K148 5 365K
Figure 1-32 Alternating copolymerization of cyclohexene oxide (CHO) and CO; catalyzed by a
trivalent titanium Salen complex
2018 4, Christopher {43 4 25 B4 Fi i B b5 i Xy i 4 i 44 A S4B 7
VUSRI 78 °CTF IS4 31 i e Xy £% (LD BT & 4 (1-117), F45 FE ARG
b CO2 FIFR IR CUbt L 3R ML AEAL R o 25 A 4- — FF ke (DMAP) DA B XU
(ZRFEI E AL (PPNCOYE N B AL IR, SRILH R AT RIS, 7E 60 °C.
4.0 MPa [J COx [5 /) F B 24 h J&=, BALZRIK 70%-90%, X BB R IR R e 64k
FIE 98%. [AIET, XELA4H DMAP 4RI A1k RIEAT T 3h 2wt 7e, %
A A= B SR B R i 1) I I S TR AL RE N 62 kJ/mol(] 1-33).

By

1-33 &AL AP HEAL IR A 258 (CHO) AT COr AR

Figure 1-33 Ring-opening copolymerization of cyclohexene oxide (CHO) and CO; catalyzed by a
chromium(I1I) complex

2020 4, Williams ZdRREHII TG T — RIVI 72 4% Co(II)-Hi 5 J& (1)
KRIABAY, FHK I RTEMAL COL IR ke IR R A OB AL . 43t se
BRI, XL R SR AU CO AW i R, Xt
RORERIG IR BEVEIE 95% L o Bk 4x @ N (KB (I-118), fEALTE B LF, 76
HEAL R TR 0.025 mol % SN JE N 70 °C B K CO: [k 7174 3.0 MPa i,
Co(ID)-K(1) 5 ¥ & @ AL 77 #5455y 800 b, 43 TEAATIRZEM < 1.15). 1§
Va1 TR, G I R RN b LA S AL VR B 2 — kM R &
M CO RN EERLME KRR, R, SiERERENIT, BFF 7R R A RO
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AR R (ko) RIFEM I HAF H AR SR IR R IR 6 I AV A RE N 92.6 kI/mol. 1t
4b, Co(ID)-K (DAL FIFE HAR IR AN 5 COL FFIRIL IR I Bt B A AR e R 7%
PEFIERE (] 1-34).

0] R
0 ROCOP HO O)J\O OH
A + C02
R n

AcO Co OAc

Easy Catalyst Preparation

Highly Active PO/CO,, TOF= 800 h'

<~ / \ > Selective Polyol Synthesis

I 118 Tolerance to Chain-Transfer Agent

1-34 54% Co(LID)-K (1) K EE & AL IR A ke (POY AT CO, HITF AL R
Figure 1-34 Ring-opening copolymerization of propylene oxide(PO) and CO; catalyzed by a
heterodinuclear Co(III)-K(I) macrocyclic complex

2023 4, WhHEIIUREA BRI S5-I T 3E)-2- R R A R AN A AN A
B HUAR BRI A0 K e/ F RV VR R SRR Y. 24 h JE 15 B L BT R LR H A
PG TS I P AN > 5 1) DU K A R 6 7 DY ke b s R R BE 24 h 19 31—
IR CoWINBL &Y. H1ZR I EYRAE S Pl 8, 9387 5F
AFEMES AZ CoV/IDEL G HIXPA R IR &P HLE COL FIFRA A O
B IR IE I S N F A 7). Fod, 7E.90 °C. 3.0 MPa [ CO2 JE /1R, HAARH
MARRZ Co(IWIDAC & V)(I-119) K EATENE e = (FTIE 87%), X SRR 1)1k
Bt KT 99%(18 1-35).

0 OH
O o__0O
3 n
or
3.0 MPa > 99% polycarbonate
24
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S
N
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’] 1-35 Co(IV/II) KIEL A PR E IR T e (CHO) A CO, A LR
Figure 1-35 Ring-opening copolymerization of cyclohexene oxide (CHO) and CO; catalyzed by
a cobalt(II/I1T) macrocyclic complex

2023 4, Kazushi ZHXURIABIR GBS — Ml — DS TR =AM T
ZH IR B S 1 DU A% K FRBC &) CaCos(1-120), 25t AF 78 R BLELAE 1.0 MPa [f) CO»
JE 71 X COL AT Fe(PO) S 5 4L 3R S B B AT R A I PEAL s M o e, BHES 1
VU A% K IRTC G 0T N, N-— PR R SR A DY (3 8 68 ) I IR 56 2 RS 11 8 A 1k R ATE T
X COL FIFR G A o (KL 5 S B AR I R A PO A T 1, o SRR i 11 i 4%
PERTIK 99%. HRHEXT 2 Iz B BRR THSL, RWIFHES T VU KIAEL-& 4 CaCos
N, N-— B R 2R e DY (R R i ) I 2 2 S 80 A B T B A v P R B 8 3 1
A, KRR T IR A BT IR AL RE . JE— BB R I, 45 25 7RG 25 1
B ) SV FCARAZ 40t T CO2 FIFR S A 5t (PO) AT B 3 5 S 7 (A IBUR 1 AT B A B
B (Kl 1-36).

COZ +

Kl 1-36 FHE T PURZKIR CaCos BL & WML IR A Kt (PO) I CO A8 B 3L 5%
Figure 1-36 Alternating copolymerization of propylene oxide(PO) and CO catalyzed by a cationic
tetranuclear macrocyclic CaCos complex

2024 4F, Williams ZHR IR BB SR T — RV 2% Co(IID)-M(I)< &
ML&(M) =K. Na. Rb), FF 70 KA COL MR AL IR R A B PERE o
o Co(II)-K (D) 452 Ja& BT & VAL 7 1E B i (1-121), AER AN 267 T (Peo2 = 0.2
MPa-1.2 MPa, T = 50-80 °C), HEALFIHRASIFEZATIE 1728 bty X EEHIRNR
WEFENE AL 90%. SRR AR R RKIL, 78 COL LMK T 1.2 MPa ), R
RREACTIRE . AR BRI LL N COy B B — B R 24 COx
JE /5T 1.2 MPa UL ERY, JRNGEFRM CO K TR, HAMEALTIIRE . REA
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BEk I 52— AR DR R o XS4 SR B N X — U A 1 T4 O 7 e
THR R (Keq=1.27 M), Williams 3% H 1 —MEFTA %M N E g —
R TR, 7R A] AR AR NP IR, IR HAHZ R A OB oAtk
(R AL AR BRI o e b, XSG — IR 3)) ) 27 T RO BB~ 46 ) L fige T LA
B PRI LR R G I FR M BT, AT DA PR (4 8 S R AR (] 1-37)

o8

0
N XO l o}
[ \C|/ \K/ N
(o]
/ \ X =0Ac
1-121 N| O/‘\x\o/
o)

N 0
0 K@ How/éojxoj\}nOH . 3)50

/ \ + CO,

Poly(propylene carbonate) Propene Carbonate
PPC PC

Kl 1-37 R4% Co(ID)-K(DIC &ML AN BE(PO)FI COa HIFF LR
Figure 1-37 Ring-opening copolymerization of propylene oxide(PO) and CO; catalyzed by a
heterodinuclear Co(III)-K(I) complex

2023 4F, Williams RPN A R T — 251 57 4% Mg(ID)-M(ID) 48
M A (1-122~1-128), I F0H A AL SR (B MG BRI ) A 58 L COL FIFA IR bt
SSLIEALPERE o £ 140 °CH SRR EE T, AL FINE M S i IR AR 02 1-125., 1-126
F11-128, AL I KR HE 4R 4 5] 8100 ht, A A Ul ik B 99% LA .
2R B T TR A T 1 DA B R P T TR 1o 1) A 58 e A 7 v B e 1 o AR
P xR TR BN 15 LA RS A BERIRIEFE % DI I A SR A AL TR RN I [1) CO, FIFR AR
CbE SR A AR L, A REAN S ROEE A RO, IR 2 5 S 18 D v )
AN, IR A I SR IR A G SR - B R R (DA, T S T e SR 1) S o ) 4
e B AR . X — R AL AR IR AT LR T SRR AL A A 5
Williams 20452 PR A At 0] 52 00 g SR A AL (R AR DG BRI B JEAT T IR NI AT, 10 Aok
(156 T IE b AL SRR TR AL T — N B, 7T DU ) R R T DA R it i T
(K4 )&, n Mg(I)Z5(1& 1-38).
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By
o<
C} T1a0°C @ + CO, \/' N:
X =0Ac
Bu
Mg(IM(1)

M = Mg(I-122), Mn(1-123), Fe(I-124), Co(1-125),
Ni(1-126), Cu(1-127), Zn(1-128)

Kl 1-38 551Z Mg(ID)-M(11) % & Bl A DAL IR (B BR A IR IR fif 55
Figure 1-38 Depolymerization of poly(cyclohexene carbonate) catalyzed by heterodinuclear
Mg(IT)-M(II) complexes
143 HBLreERMEZHLIERE
2015 £, Antonello PR IH FIH AL SRR M AL & W) s L )

Y Salen BT A0 <5 SR A5 B S o B3 S S A5 214G %E 1Y Yb-Salen 2EHC & 4)(1-129),
TR T AL CO» IR Cbe L SR IR R AL PR . Forh,  HI4ROK il 3-
U] BE-2- 53 FEOR R DL B K G R R BRLE FH I o IR S RE 3 h 73 BIAR € (C &
YIVE AL, 52 1 BTlIE ¥ % 43 )& Salen BLA#I(Cr. Co 55)HEAL COL FIFR
A CHLRME, B RNEMHRM, BhRE, 2 TEK S TESMES
. HAEMFT 7 EERN 0.1 mol%, CO2JE71M 2.0 MPa, KINIRFEN 70 °C,
T FRFAE T, I T RS A B AR, H i ST is 70%, &

=7 RIA 10.2 kg/mol,  HX SRBRBRME 1L £ AT Ik 99%,  [RIIN 43 ¥ & 73 A 42
(PDI = 1.3-1.4)(& 1-39).

N MeOH

\

Q Y
0.1 mol%[Yb], Nu H / \
@ p(CO,)p =2.0 MPa Z:; [Yb] =
70 °C, neat O
CHO PCHC CHC \
1-129
K 1-39 Yb(salen)F e & AL PRI Ot (CHO) AT CO, HFF IR LR
Figure 1-39 Ring-opening copolymerization of cyclohexene oxide (CHO) and CO; catalyzed by a

Yb(salen)-based complex
27



TR R A A8 S

2019 4, k5 BF VR AH VR Y 2 B e 7 32 00T TR A4 i A R = (B T — M i)
it R NAF B — RPN R - & B APRE =Y. Yb. Nd. La), HH 4%
LE TR NB N LR, BLAEYA RN, OB TR BRI L
T AR, AL 45 (1-130~1-131) . 1% R AU S 034 RS AL CO, FlER
BRI B IR IR o 248 - ot A B, (A st dRe i, DD T 23R4k,
¥ (TBAB)ZL U4 AR 22 7E 100 °C. 18 h. 0.1 MPa [ CO. JE /1R, RBFALZR
AlIE 65%-96%, X PAERIRER 1AL FEEL 99% LA b [RII,  0F T B0HE S M. R XU
RIFEAY), 7 CO2 JE 1% 1.0 MPa, 1 A] DLk B4R I 1 #54k 3 (60%-91%) o
[T, gl 26 T 2R A 2L ) P A2 T A R = GO 32 0 ) s 1 DA B T /K B e il 17—
RYNH R L RS Y)(Y-Zn(1-132). Nd-Zn(I-133). Sm-Zn(I-134)), f
WA ILILRE m AU AL COL IR EIR bt L3R . Ufe &8 O NELET, 78 3.0
MPa ] CO2 JE /1T 90 °CI N 24 h, FALZRTIIL 88%, {H 20 SEORIR A 1L %
PEA AR 17 (& 1-40).

Bu

[ Bu 'Bu
Bu \g Bu
Q\O Y ‘Bu
‘Bu | ISz S N

p SRS (o] Z [
3 NN SN P u
el [, TR
\O 8 AN N

Bu ‘Bu -
QC\\ ”“’T‘.‘ /,IQ / ;—\.::RF o ”
/ PR TN -0
_RE S0 S ~, THF
AN Zn O /\ -

O\ ‘Bu By O/\\ % ~Q . NE
\ (THF) o} ~o e >
, (THP), ONO7TN 0 0 B

\ N
H)k Q\,\R\E]zﬁ " fe B B Bu 0O R
(0] ] | u 4
N , %
B o
R, R Bu ‘Bu * Bu BY ! O)\( \>n
1 2
RE = Nd(I-130), La(l-131) Jo RE = Y(I-132), Nd(I-133), Sm(I-134) Ro
%
0

Bl 1-40 ZEERGHRE U I AR E R SR+ 42 B I & M Ak COx RISR AL I
Figure 1-40 Homo- and heteronuclear rare-earth metal complexes stabilized by
ethanolamine-bridged bis(phenolato) ligands catalyzing reactions of CO, and epoxides

2020 4, Bho B IRBAIRHE R T — R Z h N-FEE L EE =
FoRRaE M L& RAC Y, JR AR AL COo FIFR AL B FRIN A S5 7 i
el Fodr, & Jm N E TR AR ORI (I-135),  £E 25 °C, 0.1 MPa ]
CO2 Fi /7 BA S DU U T HE AL S5 AR BRI B 264 T, A 17 AN SREUR IR AR
AT CO BRI FSC B B0 R i de v DA R B BOATE S 1) 77 S 45 B AOIR B 1 T
(49%-99%). Xf THHMER M) 6 BRI EALY), %L &P AaELE 60 °C. 0.1
MPa 1] COx JE /1T, HEAFRIBUR BGRIHEAT, FELL 70%-99%H1 7= #45 F PR
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4 BV TR AT
BRI 32 B 19 s <5 TiC & D A ) AT DAAE Y T SE IR S8 AL ) AT

COx FIM IR B FIIE, I H = R R E (K 1-41).
Bu

/@tBu
N/ o)

R /N/
La

Bu o '!'I—TFO Bu 0
R O Bu By 1135 R o)ko
1>z \ 1§_(
R, Ra Bu,NI, neat, R, Rs
0.1 MPa CO, r.t.-60 °C
terminal epoxides 17 examples, 49-99% yield
disubstituted epoxides 6 examples, 70-99% yield

Kl 1-41 & RCRE) B HIR +2 B I S AL COL Fe AL IR IR R
Figure 1-41 Conversion of CO; into cyclic carbonates catalyzed by rare-earth metal complexes
bearing poly(phenolato) ligand
2020 4F, ko I R ZH O3] FH XU e ) Ry B PO AR AR 5 48 4 B i
J& = Hi F A &%) RE(CH,SiMes)s(THF)»(RE = Sc, Y)ill it o & 43 il (& 3 T BR)
RS E— BRIV H R AR L &R UEI A . K, AU &)
(I-136) 17 24 T ) 2- R LA g 76 IR AN 1) 2640 T T DUR AR e F: sp?C-H &AL, 2R
RO S AL B S (1-137) o[RBT, 76 70°C. 5h. 1.2 MPa [f) CO. K /IR, B
ELIL AT DA R AL COL RTIR SRR Ui 3L 2R, i 8- ik 97% LA F (B 1-42).

Bu
Bu catalytic
studies
Near 002(1 2 MPa)
| N _N_
AN L NT 2 | Ar
- N__—>Y/ 4 4 /O
| -— Ar
Y <—(THF) o
7 | ichi i n 01 -0.5%
= Stomhil:gﬁégc and ( toluene poly(CHO- 002
THF reactivity SiMe; “SiMe; colnvi_rs_;on >:7O;/o
>
1-137 1-136 selectivity o

B 1-42 & 2 R IETC AR 10 M6 -+ 4 BRI & Ak COL RISF AT S TFFR 658 LA C-H i ik
Figure 1-42 A rare-earth metal complex supported by polydentate phenoxy-type ligand catalyzing
ring-opening copolymerization of cyclohexene oxide (CHO) and CO, and C-H activation
reactivity

2020 4, Hiroki Asaba Z{#%PHEE NFIH K = RNANE ARG R T — &
FI G- 50 7A% & R I & P (1-138~1-143), HH4 HAE AL COL IV EM Ol &
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HRH R B BECE Y H =AY Co(ID) B 1 F1—DMIRIR 2 14 e i S 4%
ot Z < )i B AL AL R R OVBR N, TS TE B, X SRR R e Y
RV 98%. 5L G (11)-Salen FEAL & YIANE, 2L #vase v
R, AEAF AR IR S MR J B R Bk 21 13000, X A2 TE4 D 1E Tl i) 5 %
&R AR 28 1) A A e OB (T 1-43).

¢ 9 ofo o
—N N= _N}’ 1 _N=
0/0;0\0 yield
OH HO Co(OAC), (3 equiv) O\ L - RE = éa((ll-:éi;)), 9;%
i e RE-ei-- e(l- s 0
v OH HO RE(OAC) N0 (1 eau) \NL«? i ?/O/ A,j’ Pr(1-140), 63%
N N... MeOH/CHCly, rt,20h 07" “Co. /5 Co™ 0 Nd(I-141), 66%
0 Q & [%572 N J Eu(l-142), 94%
<\ HO  OH ’> o Ny d N~o Gd(1-143), 68%
o/N\\ z § //N\o
L = solvent

Kl 1-43 -1l R e e B IS VI & R
Figure 1-43 Synthesis of Cos/RE heteronuclear metal complexes

2021 4F, Agustin Lara-Sanchez R 4515 1H A AL T — R 51 0 H 55 Y
TE AR SC P 1) B0 A% R L 4 B XU B TE & ) (1-144~1-146) DL K B4 7 1 4 Jg XU
FEFETL 5 W) (1-147~1-148), FEHF 5T HAE AL CO2 FNIRSEIA O obe 3L 58 S B 1) 7 4K
YEBE. S SEIOHE ORI, %R BVEC A ¥ REAE 5 2H Oy i AT v R AL
CO IR IS e LI . oy, B < 8 DU L RO IE & W) (T-147) )
s v B, ERE AR SL T, 60 °Cy 4.0 MPa ) COz JE /1R, BALFRAIA
T1%, FRRFRES (LB MER L 99% LA E. [N, MG ERIBIELF, ZE AW
FEH RN R BMEEAL CO2 FI IR FR T Je 1 3k 58 B B DA S N B e 2, HL B i
RN 0 2= BT AR, 0 SO e B AN R o 2480 XU 2R T ) A
(PPNCOIE A B AL, %A G WIREAE S R R @ AU CO2 FIFR R 2 1)
AN RS L AR BN IR Bk B T, e B vk 99% A By T A A DY T AR
AL (TBABME N Bh AL IR, ZEC & WITE IR T s Uik CO, A3 A 3
O LR RN, JEBEPE Sk 99% L b DL B SEE 45 5 IR E A T &
THHE G E 8, BNRETE A%, MR AR TE 5 IR A IR Bk R
s MR, FETAGEE, AN AT AR, S0 A T A R S R e
(K 1-44).
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NMe,
Me,N
Ca—O
\ N(SiHMe,),
RE[N(SiHMe,),)(THF), \‘N(SlHMez)z
toluene, 2 h, 0 °C \ Ae

NMe, -NH(SiHMe,),
Mef’/x)\l\/le3

Me,N
O RE = Y(I-144), La(I-145), Lu(1-146)

Ve -OH Me NMe
,N_ MezN
Q
=N
Me _—
M . Ca—O
€ RE(CH,SiMe3)3(THF), / \ CH,SiMes
toluene, 2 h, 0 °C HC'"'/N-N\“'RE;\‘CstiMez
-CH38|M63 MWAe

(@]
N-N Q
\
MeS’K)\Me3

RE = Y(I-147), La(I-148)

o
o o 0O
1147 1-147
+ CO
<‘:§ “BuN'Br @ 2 PPN*CI Z:; ©
n
cis-CHC PCHC

&1 1-44 S AE TR L& JRIC A AL COL REREALI I SRS
Figure 1-44 Reactions of CO; and epoxides catalyzed by heteroscorpionate rare-earth metal
complexes
2021 45, BROEHH IR TG R T — BRI 2 U5 SRR X
wﬁﬁmmﬁﬁiéﬁm%%wux&mN¢mk@ﬁ,%ﬁ~%&%%%,%
T T P SO A T A R = (P 3 M ) A b o I RS R B A S — K
B L 4% R AE DU S5 PR o e A 31— R 81 I i < R - R I B ) (1-149~1-150),
AN 43 1) E TR R RN B RO o o IR I [ A% DA R SR AT
PIVE S COL FNER AR N S B AR o 223 SRR FE R, Al L4
JB-FE A AT T B T R LR A, EREREE T, A
THRAE(TBAB), AT LA s U AL S BRI S AT COL IR SR 8L, e i 36
i5 88%-96%, JMIFRIEREMEIR 99% L b o TR e S N B FR AR, $R
s B E) 100 °C, FEHE N 40 h, FAEETIA 40%-80%. LA FSRie 2 SRAiE
W7 A% L & R - O A ) B Y TR O T i ) A (] 1-45).
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O
@)
R1 R2 >—< R4 R2 O n

0

By 0] ‘N
@/ \_/ \) ,,,,, Q
. RE = Sm(1-149), Nd(I-150)

1-45 M SR - B A YL COL FIBR A HE A IR B 5
Figure 1-45 Conversion of CO, and epoxides into cyclic carbonates catalyzed by heteronuclear
rare earth metal-zinc complexes

2022 4, WS HIERE ALV G L T — R B SRR e = M B AR AR
TR T EBEC A, JHR AN COL FIFRE I b s & 2L R M A A5 o
Horbr, AR RIAREE R OISR RUT B, 1330 @ M. sl K
BLR) SRR - 4 R L S A-151~1-153); 17 40 A EUIRIE R A7 LA /N ) F 3k
PAS SEUREERT T4 31 ot 42 J8 N i U - 43 JE BC & ) (1-154~1-155) . [F]
i, B AR AR A B (-151) A4k (1-152) 525 M B (O R R S N, 2B ke
X L R R R RO (R B M L4 SR I A SRER S5 RR I, £ 70 °C, 2.0 MPa
(1 COL LR, HAZM 14 JR AL & ) (1-152)1F v 5 4 4 AL I AL CO FI3E
AR ORI R AR TEAR 22, AR NSS4 8 1) 28 PR AR D 36 3R s R PR B AL IR
FAE T B R = (mik 86%), FRIKIRIR I FENETIE 99% L o JFH., FIg
HA 2 TS A7 PR SR W = 42 JB L& W0 A o A R S 2 R L & B A )
(1-152)5 25 B2 1 UL e Al s 22 EAR A I RV PR AT 3 R 1 AE 3
S AR b SR AT AR BT RN R RIS, PR XU M L 4 SR T S 40 o 5 B VO G AR P
B RAT B 1] 5T 1 (MALDI-TOF) 73 M iE 55 1 S8 i BR I8 1 R i 225 A R R S 2 AT A
B o G S BRI R B COn RN R A K IR — 0 (K 1-46).

32



R TR R 22 185
rt,12h \
E:[ \RE -(THF)n

By
RE = La(I-161),n =2
+ RECp3(THF) RE = Nd(I-152), n = 1
RE =La, Nd, Y RE = Y(I-153), n=1

H;L'(R = Me)
HiL2(R = Cl)
HsL3(R = Bu)

RE = Nd(I-154), R = Me
RE = Nd(I-155), R = Cl

Kl 1-46 AR — e Mride = (B ) B AR A8 E I <5 i S 5 1%
Figure 1-46 Synthesis of rare-earth metal complexes stabilized by o-phenylenediamine-bridged
tris(phenolate) ligand
2022 4, e B IR ZH O8IR Y — 40 B RS I R FH 40 2R i = I I A
HI AR = (R [ ) 2 B AE DY SR v 508 S B 24 h 2 5 FRINN - Z SR R
MEMETEAFBAREE MK FEE, 50 °C M 48 h Z 55 B35 — R 5 AL
I MRE = () A e E AL -4E-24(Nd-Zn-Nd) = R &R &Y, KL
1B COL MIFREFR Che L R ORI AL 1 o Forbr, S TCAAR R 2R BR B 42 v pr) AR
N WREEL T R SRS 1 DA S R PR PR A AR g W L1 ) = 3 P I (I-156), 5
V24 B R S S i, 7£ 90 °C, 2.0 MPa [f) CO JE /1R, A LA
AR B 58 420 B L IR N SRR TR, SUSL RS R Tk 99%,  HLARE AL 71 55 K S i 4t
G5 5640 o RIEB) AR TR, SLHE TN EAR DL AR A TR 2 — R
YRR, M COy MIKIE R BHLMERRE 1-47).
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EWG help !

By

Q o o)
) B Yo 6 ©
~ | 0 O : ] n
l N\\\N{j//,o\ .-““‘\\\\O\\\}\ld::’ NH Ol poly(carbonate)
TR ,——"Z”“‘\\\\ I\ N

N: O—"’ o O l "/:

i, ©/t8u - B Yo
" u - ~
; Bu B

u

1-47 54 R E-HFEC S AL A S 3R e (CHO) AT COa [T
Figure 1-47 Ring-opening copolymerization of cyclohexene oxide (CHO) and CO; catalyzed by a
heterometallic neodymium-zinc complex

2023 4, Bk BH R ZH OO FH AT 2R - cbfr i = 1 IO AR A RN = (R TR ) )
Wi = LA R oK B R — WA E T K DU AR H 60 °CHg /S 12 h J&, 35— &
HI| S (U -84 (D & JB L A W (1-157~1-160) . M S48 Fdr, Al LA HHX DY
NSV EAPAD =M B TR A T, — A2 AR A — A
=AW LB TR A B RCAL, DAL FE ] DA R G AL S P A =
81, HARPIA Dluo-n' o RIS 1 8 7 RCAL, 53PS Bla-nPen! 1
RS LEE TS, %R, XUANTE Y6 =B CO FIFR
AR CHIER, BT RBOA R 440, XS HIIEEEEIE 99%LL F, IXATAE
& RE(ID)AI Co(I1) B ¥~ 2 [8] T R 452 g B ] 2050 1 5 350 1) o 88 i i o A e P 25
47 I} 8] B 8 (MALDI-TOF) /3 BriE 52 7 CO» IR Ot £ X B AL H, HESIR
Wl AL andE . MRHE SN 72T TR I, S i 3 A B DL K AR B e — e 2k
YRR, FFHE TR IT IR R LT SR s 2 (18] 1-48).

Bu By Bu g

u tBLI
Bu 0o
By o ' Bu” Y //
OH : =
Cp3sRE(THF) 0 l 2 O i

NH THF, 60 °C, 12 h @HN\CO/ REZ AN o5
N0 N
©: Co(OAc), N / \ / 0 \:8__’ N /

N THF, 60 °C, 12 h

RE = Y(1-157), Sm(1-158), Nd(1-159), La(l-160)
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Kl 1-48 SptZ L (ID)-Hh (1) & J@ BC & 0 1 & 1%
Figure 1-48 Synthesis of heterometallic rare earth(III)-cobalt(I) complexes
2024 47, WhIEIREREIZHU TG AT 8 Pl ZR e R (0 S B E — e
S E R PIVER T L& RAC S, R LR CO AR AL IR N S
IS FR) AL G AR o 220 SEER A ST R I, FLAATEE U 8 v T R A R
Pe, & 4 R 2 iz 3 2E SR OUEEL 2R A 711 3 B ARTR) (0 PR A TR MR FTSC S ) 500
5%, ANIE] R B 2R SRR e L R S R A RS PR R A R R .
Uygs %mw@aawm%¥M%%mA%amn%%w&ﬁ%&ﬁmmi*%%)
0.1 MPa [¥] CO2 JE /1R, AT W] LLs U AL 18 AN BB IR EL AT CO,
MR B, P 2] LA E 55%-99%, S B HIid B T LU ] 99% L F .
T 6 MR B, W R T ET &R (60-120 °C), AL s AT 4
HE(2 mol%) M AEIE B AL m I %, AFTRETHE CO2 L JI(El 1-49).

s
0.5-2.0 mol% \);j\
OC\

bifunctional rare-earth O

O catalyst PN
A + CO, [e e
Ry Rg 30-120°C, 24 h —

CO, balloon (0.1 MPa), neat R: Ry

La
23 examples J/
up to 99% yield Kl
\

N/

1-161

P 1-49 5 HEBEAR I = (B e A4 AR s - < B S WAL COn S A 0 R S
Figure 1-49 Cycloaddition reactions of epoxides and CO; catalyzed by a rare-earth metal complex

bearing amino-bridged tris(phenolato) ligands

1.5 REEITH R

W S A A A & B, & T AT AL SR8, RERS 51 N2 RhE REAL I
B, ARt EC AR TERE . BhAh, MIbkaEs L2 RS &R uREia, X
T Z BRI S0 00 23 ) 2 RH, 38 B8 TR e i Re il kT 2 e FE I
IIVAGT EE

W5 Sk L & B AC SRR E 2, JF BRI MR RO AL TERE, JCHAER L
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TR TR K 200 2547 18 5T
B BONVEEAL, s B HAT R F o X SR TC & W0 e ke A Ve S T £ 4
Jo PR3 7 N A B P Vo PR A PR L 288 B R 2 TR RO o BATTAEC-HEE A . ANXTFR
A S OUSERBUIC R, T AR e AL TR AL 1T R AT 98 25 1)

TG R I DL < Jm i S 200 A0 ARE T & K 1-2-2K
I8 e )-3-(N- DU Sk gt ) V. R BES DRFCAR TR . FETK TSR TE4 T, K
TZBC A AN 45 2 B A L 8B = e EEIC & ) RE(CH.SiMes)s(THF )2 HEAT L AL
AT B — R B0 WA - 4 R R R L A . R, it 2R RAE T BN
FPREGE . ik, A6, TR TR XA 2R AT SR, B 12 R
SRS, FERIEFE T2 BE BN R HC A4 M <0 e A AR

IEAk, A TR T 1% 2 51 W5 W A - 4 8 IR SR E S A N A CO, FIER
AN B S I EAG 7, BRI AR . AL IR . SOSEI E] L
PRI« SRS 77 PR AT S BB LA 7 R AT S A PR R, Ik
AR LA, AT AR (B 1-50). [RIRF, HeTSCRiaat, $&h 17—
ANFTRE A AL S S ABFAHLEE .

0]

H
§ N i
@ 12 ] +12 H)kH ©j\§ (1) NaH, Ar, DMF @\/\g
N
N AcOH, r.t. N S—cl \
H H 1.2 @[8— SN

N
{ N\ \\\/SiMe3
RE(CH,SiMe3)3(THF), N RE“\\

N
solvent, r.t.
O/KN NG/ \
=N SiMe,
o)
o)
A, co, Gatand cocat, o’
R R, R,
R1 R2

K 1-50 iR BT %

Figure 1-50 Design ideas for subjects
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B N YN =L VA5
B2 E 1-(2-FRHMEME)-3-(N-PU SR g L) I B FL-2-A5 e
Wizt & RBIEEOL SIS R FRIE

2.1 5|8

ST VLRI SCRRIAT, 5l et O R ARG 1 8 B 3 & I EC AR, W%
M < SR B T B X R i (R R 02103, S I ARy LA S PR (A P RE
M GHEACZE AT T2 REN106), SRR, A R XUZH: - R e & PRIk
MR, 2020 4, ERRRBAEINRIE 17— b &R 7872 00T i 2k e (A4 5
FE MXUZHM L BEC AP, WU DL n] AE Ny m i e A BRT A SR 1 5
— AT,

A F A PSR 9 20, AEMSI IR 1-RLAT 3-A2 5 ANAS R () B QI xoh FL gk
AT, B R T KAL) 1-(2- 2% FFIE IR )-3- (V- DY Sk it ik ) 1. Y e s g P 44 i
i, AIH 2-M1W C-H S AL IR, Rz R AT R ARG L e = bt il & it
ITIRNL, 133 — R I HET T XUZHG L8 R e 54 .

2.2 SLUGERSY

221 FEHM

SO0 Tk P BT A BV R E Cobg, FRRBL L DRI &%), 78 2 B
B FREIMNALLIZIBRK, HEAEH W R 9 B a5, HaEG SRS T
IR BRE BB (E Cbt RIS, HIRDL R IUE M 2R B E), SR
FEAE BT CaH2 23, FFINIENR =R EA AR . Bt 211 mAREGRICDCL
AT SE ] 4A > TIMR TR 7K CoDo SE AN & & 15 24 h,  FHIRE 7518
Bk G NFEFGHAEI. DMFEH TR I\ CaHy THRIRZIEHCR . B XK E
BRI A IIE R AR R, A ARHERISchlenk B R A B, A% HERR 2SR
KAy, BUTE 7R Al &R T B 48 b 3 AT . LiCHaSiMes!'% . RECLI™ |
RE(CH:2SiMes)s(THF),!119 (P RE =Y, Er, Yb25)%%, MR STk 7 vl % . [%r
TSN, G BRI BT 30 00 25 S nis| e, 2-SURHFREME . FEEE . DY &L
W TO/K BRI SO S = F AR WRERIR . & @IS o brat, vl EEA A
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222 LWYEE

LAY H TH NMR 1 BC{'H} NMR 3 1iF £ 4 b 78 [ A5 & o &5 A 77 1
Bruker AV-500 714 NMR A 5E , 5 A 2546 2 45 b i ) A 5 24 7] A2 77 1) Bruker
SMART CCD X-4J £k B St A7 S A 5 o 45 s 8508 e i OB e A B B IR A
F] A ) WRS-3 44 s ACAS . Jo 3R /3 A £ B Elemental A 7] (1) Vario EL T4
H 37t & 70 S AT 7€ o 4140 % 1% Bodfs B 0 AR By A W) A2 77 1 Shimadzu
FTIR-8400s B CHEACIE o BT EdE B Agilent 6220-TOF J5t i {3l €
223 1-(2-F F E o E ) 3(N- 0 S Mg B ) T B OE M| Bk AL A AT

(1-(2-C7H4NO)-3-(N-CsHsNCH2)CsHNH) B & AR 5 3R A4E

(1) 3-(N-DYE Atk I ) V. HH JEE M5 e (1) 5 Jl S5 3R AIE

H o NO
@ +12 C 7 +12 J __ACH _ N\
N H H r.t. N
H H

P21 3- (- U SR g 25 ) 3 F R 5 PR ) 5 e
Figure 2-1 Synthesis of the 3-(N-pyrrolidinyl)methylene indole

FREUG] (50 mmol, 5.86 g) I Bl 13 14# 1Y 250 mL [FECKHEIE H o 7EOKIK I
T IIA 150 mL () 4018, FEorHH2) . MBI A DY 2% (60 mmol, 4.27 g),
PAEL) 15 min J5, IINFEEER(4.87 g, 37%), MEVOKH, FERRNER. K
Rk & rid & ) SR A AN AT . H QTR B AU, TR AT Bk vk
AN, TOKBREREAT1E, WA N IRERR 5. G E A N R 13 2 3-(N-
VU SN gt i) S R MG R g | Bl 4%, 77 50 95%, W&l 2-1 P PPkt
AW BRUSRAL. ZLAMGHE AT = 70 7 o 1 70 B R AL

Colourless crystals, M. P.: 135-137 °C. IR (KBr pellets, cm™): v 2799, 2362,
1649, 1446, 1351, 1243, 1117, 1046, 1020, 861, 819,740, 580. 'H NMR (500 MHz,
CDCls, 298K, ppm) 0 9.19 (s, 1H, NH), 7.66 (d, J = 7.8 Hz, 1H, Ar-H), 7.18 (d, J =
8.1 Hz, 1H, Ar-H), 7.12 (dd, J1 = 7.4 Hz, J» = 7.2 Hz, 1H, Ar-H), 7.06 (dd, J1 = 7.6
Hz, J = 7.2 Hz, 1H, Ar-H), 6.91 (s, 1H, 2-indole-H), 3.82 (s, 2H), 2.60 (t, J = 6.4 Hz,
4H), 1.75-1.72 (m, 4H). BC{'H} NMR (125 MHz, CDCls, 298K, ppm) J: 136.19,
127.83, 124.01, 121.69, 119.26, 119.01, 112.99, 111.29, 54.15, 50.34, 23.58. HRMS

(ESI) m/z calcd. for Ci3Hi7N2[M+H]": 201.1386, Found: 201.1383.
38



8 W YN R R TATS'S

(2) 1-(2- A FFEME I )-3-(IV- U SR et Jike ) SV, PP M| R A2 T A4 £ 5 Bl 5 SR AIE

N/J 12 Nio CE\{N/J
©j§ NaH @ L

Ar DMF, r.t.

122 1-(2- HFIEIAE )3 (- T L IHL 18 ) S 0B ) 5 1

Figure 2-2 Synthesis of the 1-(2-benzoxazolyl)-3-(N-pyrrolidinyl)methylene indole

W 3-(N-JU I v 35 ) IF FE 36 05] 55 (30 mmol, 6.0 g) I\ & 4 50 mL DMF [¢] —
HRmF . ERSAAF, I NaH(40 mmol, 2 g), #FEAW4h )5, WA
2-F A FFREME(36 mmol, 5.5 g), ERRN 2 he JIKE KRN, P25 LR .0
R, R JE AR SR eSS, TOKERBRIN T, U8, ERA T ERER AR
TSR =Y. A=Y A EE: 48R ARG DIE AT BT E pr4idh, 18
B 1-(2- A FFWE LI )-3-(V- 1Y SN et ik ) IV PP M| R PG A T 44688 @)y 3 EEu T 44,
W h 92%, WIE 2-2 fus. PRAR i ElE . Bk RAE . LLAM GRS 7 745
T IRAIL .

Colourless crystals, M. P.: 105-107 °C. IR (KBr pellets, cm™): v 3051, 2954,
2782, 2367, 1636, 1567, 1453, 1406, 1347, 1298, 1256, 1135, 1051, 991, 859, 801,
740, 585. '"H NMR (500 MHz, CDCls, 298K, ppm) J: 8.75 (d, J = 8.3 Hz, 1H, Ar-H),
8.04 (s, 1H, 2-indole-H), 7.98 (d, J = 7.8 Hz, 1H, Ar-H), 7.89 (d, J = 7.8 Hz, 1H,
Ar-H), 7.74 (d, J=7.9 Hz, 1H, Ar-H ), 7.65 (dd, J1 = 7.9 Hz, J» = 7.5 Hz, 1H, Ar-H),
7.57-7.49 (m, 3H, Ar-H), 4.07 (s, 2H), 2.84 (t, J = 6.8 Hz, 4H), 2.04-2.02 (m, 4H).
BC{'H} NMR (125 MHz, CDCls, 298K, ppm) J: 154.77, 148.48, 141.68, 135.06,
130.24, 124.84, 124.71, 123.43, 122.89, 122.82, 120.26, 120.02, 118.77, 114.59,
109.87, 54.41, 50.61, 23.68.HRMS (ESI) m/z calcd. for C20H20N3:O[M+H]": 318.1601,
Found: 318.1597.

224 1-Q-FFHEBME)3-(V-TUSWEE) T EHEE2-BIRENZIGELTEBEER
BCEYINE RS RIE

WK 2-3 iR, EFEMT, HRE(CH:SiMes);(THF), (RE =Y, Er, Yb, Lu) 5

1-2- 2% JF W& me Kk )-3-(v- YOS dEoms Jk ) M O3k m5) Wk BC 4R AT A
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ey WMWY TR VAT
(1-(2-C7HsNO)-3-(N-CsHsNCH2)CsHaNH) P4 1: 1 FBE/R ELIR & J5 I 2 1E 2 bt
RSN S, BAEBR VA, AR HRRE SR B E AR R, SRS
BB B T-20 CCARIRAFEH 13 2— RBUME B A7 (1 Ak

& S lx

O%N >Si4\ =
g
A

RE = Y(1), Er(2), Yb(3), Lu(4)

2-3 BL&Y) {[1-(2-C7HaNO)-3-(N-C4HsNCH»)CsH4NJRE(CH2SiMes o} F &
Figure 2-3 Synthesis of the complex {[1-(2-C7HsNO)-3-(N-C4sHsNCH,)CsHaNJRE(CH:2SiMes) }»
2.2.4.1 {[1-(2-C7/H4NO)-3-(N-C4HsNCH,)CsHsN]Y(CH2SiMes).}» (DBIE R 53R
fiE

ETXKEEANFEH T, # Y(CHSiMes)s(THF), (1.5 mmol, 0.74 g)
1-(2-C7H4NO)-3-(N-C4sHsNCH2)CsHsN (1.5 mmol, 0.48 g)II A F10 mLI¥) 1E e,
Fim N RN0.5 h, RV S B AT, Y4 mL I RAT2 mLiE
CEFE A . SEHCRIRE TN VKFE AR IR, -20 °CCIARREUR, LL45%IH 7= 245 23
(EENTEL TN

Yellow crystals, M. P. (sealed): 164-166 °C under Ar. IR (KBr pellets, cm™): v
3142, 3050, 3010, 2988, 2963, 2889, 2809, 2777, 2750, 2645, 2554, 2367, 2210, 1638,
1578, 1592, 1546, 1495, 1457, 1436, 1397, 1347,1323, 1311,1275, 1238, 1177, 1143,
1002, 991, 950, 925, 905, 859, 774, 754, 745, 738. '"H NMR (500 MHz, D¢Ds, 298K,
ppm) 6 8.40 (d, J = 8.3 Hz, 1H), 8.28 (d, J = 8.0 Hz, 1H), 8.22-8.20 (m, 1H),
7.41-7.39 (m, 1H), 7.33-7.30 (m, 1H), 7.26-7.21 (m, 4H), 7.06-6.97 (m, 4H), 6.89 (t, J
= 7.9 Hz, 1H), 6.66 (t, J = 7.7 Hz, 1H), 6.57 (t, J = 7.7 Hz, 1H), 4.44 (d, J = 13.0 Hz,
1H), 3.85 (d, J = 14.2 Hz, 1H), 3.73 (d, J = 13.0 Hz, 1H), 3.63 (d, J = 14.2 Hz, 1H),
2.92 (s, 3H), 1.67-1.62 (m, 5H), 1.29-1.23 (m, 8H), -0.08 (s, 9H), -0.13 (s, 18H), -0.14
(s, 9H), -0.48 (d, J = 18.6 Hz, 3H), -0.77 (s, 2H), -1.46 (d, J = 11.8 Hz, 3H). *C{'H}
NMR (125 MHz, Toluene-ds, 248K, ppm) J 184.13, 184.06, 183.97, 183.90, 180.83,
180.72, 180.64, 180.57, 162.63, 161.72, 149.16, 148.81, 139.34, 139.01, 138.19,

13791, 135.52, 134.43, 133.24, 133.16, 132.77, 126.57, 125.81, 124.30, 124.01,
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123.87, 123.17, 122.75, 118.96, 118.64, 117.45, 114.31, 113.69, 113.28, 110.94,
110.23, 57.36, 56.25, 55.79, 55.02, 54.14, 53.37, 39.43, 39.13, 38.32, 38.00, 36.97,
36.66, 36.19, 35.91, 4.44, 4.29, 4.14, 4.11. Anal Calc. For Cs¢HsoNcO2Si4Y2: C, 58.01;

H, 6.96; N, 7.25; Found: C, 58.03; H, 7.01; N: 7.21.
2242 {[1-(2-C7H4sNO)-3-(N-C4HsNCH,)CsHsN]Er(CH2SiMes )2 } 2 () I A B S5 3R

fiE

HELXKEEAKTFER T, ¥ Er(CHSiMes)s(THF), (1.5 mmol, 0.86 g) £l
1-(2-C7H4NO)-3-(N-CsHsNCH,)CsHsN (1.5 mmol, 0.48 )il A %110 mLI¥) 1E S ke,
FR NP R N0.5 h, [NV GG B A AEA], MY 4 mLFF2EAT12 mLiE
Cehe . FRBURILHEIMAIKAG AR Z, 20 CCIRVREUR, LAS5%IK /™ 245 21
TR

Orange yellow crystals, M. P. (sealed): 145-147 °C under Ar. IR (KBr pellets,
cm™): v 3144, 3059, 3018, 2980, 2953, 2880, 2802, 2777, 2755, 2640, 2550, 2366,
2210, 1636, 1573, 1598, 1543, 1495, 1457, 1430, 1391, 1347, 1323, 1311, 1273, 1230,
1177, 1141, 991, 944, 925, 905, 851, 772, 759, 749, 735. Anal. Calc. for

Cs6HgoNeO2SisEr: C, 51.10; H, 6.13; N, 6.39; Found: C, 51.18; H, 6.17; N: 6.32.
2.2.4.3 {[1-(2-C7H4NO)-3-(N-C4HsNCH2)CsHaN]Yb(CH:2SiMes )2} Q) I E R S5 %=

fiE

HETKEEAWTFERMT, ¥ Yb(CH2SiMes)s(THF), (1.5 mmol, 0.87 g) Al
1-(2-C7H4NO)-3-(N-C4sHsNCH2)CsHsN (1.5 mmol, 0.48 g)iI A $10 mLI¥) 1E e,
Him N SN0.5 h, SOBES R AR TAE G, A4 mLF SR 2 mLIE
Cbife . SEBURREBRNIKA R R, -20 CCRUREUR,  LL60% I ™ 2245 2 I
EANEEN LIS

Dark red crystal, M. P. (sealed): 149-151 °C under Ar. IR (KBr pellets, cm): v
3149, 3052, 3010, 2984, 2953, 2882, 2802, 2771, 2751, 2646, 2559, 2366, 2216, 1633,
1576, 1598, 1543, 1492, 1453, 1433, 1397, 1342, 1321, 1310, 1278, 1230, 1170, 1144,
993, 944, 920, 907, 855, 773, 754, 743, 735. Anal. Calc. for CssHgoNsO2SiaYbo: C,

50.66; H, 6.07; N, 6.33; Found: C, 50.62; H, 6.14; N, 6.30.
2.2.4.4 {[1-(2-C7HsNO)-3-(N-C4sHsNCH,)CsHaN]Lu(CH2SiMes ). > (B AR 53

fiE
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HELXKEERKTEM T, ¥ Lu(CH:SiMes)s(THF), (1.5 mmol, 0.87 g) Al
1-(2-C7H4NO)-3-(N-C4sHsNCH2)CsHsN (1.5 mmol, 0.48 g)iI A F10 mLI¥) 1E e,
Fl RN 0.5 h, SR B A TVER, A4 mL R ZRAT12 mL Ik
CRe iR FRBGBRIETINVKFE R 5=, -20 CCIRTREUR, LL62%I) ™ Z 15 31| 58
[EEN: TR

Yellow crystals, M. P. (sealed): 155-157 °C under Ar. IR (KBr pellets, cm™): v
3135, 3057,3017, 2980, 2955, 2880, 2809, 2773, 2758, 2646, 2550, 2369, 2214, 1630,
1576, 1594, 1546, 1498, 1457, 1432, 1392, 1342, 1322, 1315, 1274, 1237, 1172, 1146,
998, 949, 926, 908, 858, 777, 766, 759, 744, 735. '"H NMR (500 MHz, D¢Ds, 298K,
ppm) 0 8.39 (d, J = 8.5 Hz, 1H), 8.35 (d, /= 7.8 Hz, 1H), 8.27 (d, J = 7.9 Hz, 1H),
7.40 (d, J = 8.5 Hz, 1H), 7.33-7.27 (m, 4H), 7.10-7.07 (m, 1H), 7.03-7.00 (m, 2H),
6.91-6.88 (m, 1H), 6.80-6.79 (m, 1H), 6.65-6.62 (m, 1H), 6.57-6.53 (m, 1H),
6.49-6.41 (m, 1H), 4.27 (d, J = 12.9 Hz, 1H), 3.97 (d, J = 14.1 Hz, 1H), 3.81 (d, J =
12.9 Hz, 1H), 3.68 (d, J = 14.2 Hz, 1H), 3.31-3.27 (m, 2H), 3.06 (s, 2H), 2.94-2.86 (m,
6H), 1.89-1.85 (m, 1H), 1.64-1.60 (m, 5H), -0.02 (s, 9H), -0.15 (s, 9H), -0.17 (s, 9H),
-0.28 (s, 9H), -0.36 — -0.45 (m, 2H), -0.90 (q, J = 11.6, 11.0 Hz, 2H), -1.15 (d, J =
11.3 Hz, 1H), -1.63 (d, /= 11.4 Hz, 1H), -1.72 (d, J=11.4 Hz, 1H), -2.06 (d, J=10.9
Hz, 1H). BC{'H} NMR (125 MHz, Toluene-ds, 248K, ppm) ¢ 190.62, 187.29, 162.77,
149.31, 149.09, 139.85, 139.67, 138.21, 138.05, 134.49, 134.36, 133.36, 133.18,
130.00, 126.61, 126.56, 124.26, 124.13, 123.81, 122.16, 118.99, 118.91, 118.57,
117.69, 116.88, 115.63, 114.50, 114.01, 110.98, 110.33, 55.39, 54.55, 53.87, 53.65,
51.25, 43.13, 41.33, 40.86, 39.94, 39.48, 4.99, 4.68, 4.32, 4.05. Anal. Calc. for
Cs6HgoNeO2SisLuz: C, 50.51; H, 6.06; N, 6.31; Found: C, 50.56; H, 6.08; N, 6.28.

23 BR5V8

WL E A IR R RPN SR, RISV iR E TR . 4046
JGIERAE, PURATERIEC S 1 A 4 AR SIS NS R AE . LRI BT ATE &
VIR RGNS, A IS WS A BT 44 ) 2-02 8% | [ 57 515 518 (0 = 8.04 ppm)TH &,
XRMAER MR AL T sp?C-H #iE L, BRITE T &J8-BE(Come-M). M
FCE4 1 AT 4 FORZ R, ) AR B R E BC AR 1) 2- (7 (5 5 WA 2 A2 A% 7931
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GRUTRE R L 22 S

£ 180 ppm 1 190 ppm /i A7, /N T ARUREA 2 B IE 1 5 1-(2-MLnE £5)-3-(2- K 5F
M IAf 5 )- 25 I 5 US4 S S B PIE 5 WS8R 2-0r A5 T b 2, X R
W51 1,3- AL UL AN [F], S B08C & 4 1) 22 TS LA B, 5~ SO AN ] 5 | e 27 i
(A5 Ak 2= A R A B 2251

[, RETC A A I s T XS 2R AT S A e L850, FRIFAE 1-Q2-2R 08
WA 2 )-3-(IV- DY S b i ) . P s R A i £k 5 - 4 1 i 7 =X

Bl 2-4 BEA 1 R (B S0%MIER R R, 25 H T4 1)
Figure 2-4 Olex diagram of 1 (thermal ellipsoids are shown at the 50% probability level, H atoms

are omitted for clarity)

B 2-5 a2 Mk gE I (DL S0%MIERR EoR, S5 H JRT48%)
Figure 2-5 Olex diagram of 2 (thermal ellipsoids are shown at the 50% probability level, H atoms

are omitted for clarity)
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K 2-6 FLo 3 I dh IR EE M BRI (LA SO%IIIMER R o, S5Mh H JE 741
Figure 2-6 Olex diagram of 3 (thermal ellipsoids are shown at the 50% probability level, H atoms

are omitted for clarity)

] 2-7 FCAri 4 1 PR LE R Pl (BL 0% ER 2 Bk, 45Heh H JRT-48)
Figure 2-7 Olex diagram of 4 (thermal ellipsoids are shown at the 50% probability level, H atoms
are omitted for clarity)

W 2-4, 2-5. 2-6. 2-7 fiioR, JEIE XGRS AT AT R, % R SIAD
EE BN C2/e, JBHRRNL R, BN EBEEREY. BB
Y 1-4 BC A 08| L 2 207 Cypo-H BEIIHOEAL, RIIHIE T RE-Cypo i, WA
N PR S PR AR 1 R0 A< (- "oy 05 SRR P M - <, TR O < S oo
I8 A), 79 AT A2 I A PRV PR 2~ i JE— R 79/ 6 Ja 9 A Bl T — AL Y
WATEEERE o W51 1-O7 1) 2R FELEREBE AN 3-47 (1 DU LR i b N 90 5l 5 4 42
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3. GNP TR AT
Je& H s RSBC AL B o B R TRl B S S = T S e R T A R
(-CH2SiMes), TR — NXIUZABCAA KT IU e i - e m i &7 . B4 &8 LIk
FNBCAL AR N AR AL, 7 e RIS &) 1-4 5 2 B R £ sk 2-1 P
% 2-1 FCAY) 1-4 1 £ B KR A LA

Table 2-1 The selected bond length (A) and bond angle (°) of complexes 1, 2, 3, 4

1-Y 2-Er 3-Yb 4-Lu
RE-N2 2.513(4) 2.497(3) 2.488(4) 2.461(6)
RE-N6 2.573(4) 2.553(3) 2.557(4) 2.526(5)
RE-C21 2.696(5) 2.675(3) 2.655(4) 2.652(7)
RE-C1 2.615(5) 2.602(3) 2.583(5) 2.545(7)
RE-C45 2.410(5) 2.378(4) 2.352(5) 2.330(8)
RE-C41 2.394(6) 2.373(4) 2.369(5) 2.354(8)

N2-RE-C21 101.78(15) 102.27(10) 102.60(13) 102.5(2)

N2-RE-C1 66.05(15) 66.46(10) 67.09(14) 67.1(2)
N6-RE-N2 164.73(14) 165.59(9) 166.37(12) 166.33(19)
N6-RE-C21 72.33(15) 72.61(9) 72.90(13) 73.13(19)
N6-RE-C1 98.92(15) 99.28(10) 99.38(13) 99.3(2)

C1-RE-C21 82.48(15) 82.48(10) 82.67(14) 82.4(2)

C45-RE-N2 91.01(18) 88.43(13) 88.41(18) 88.7(3)

C45-RE-N6 102.20(18) 104.62(13) 104.11(17) 103.9(3)

C41-RE-C21 161.55(19) 159.19(13) 158.98(17) 159.3(3)

C41-RE-C1 97.85(19) 93.01(14) 92.07(18) 92.6(3)

C41-RE-N2 95.11(18) 94.37(13) 93.92(18) 93.8(3)

C41-RE-N6 89.46(19) 88.22(12) 88.02(17) 88.0(3)

C45-RE-C21 84.43(18) 88.12(14) 88.22(18) 88.6(3)

C45-RE-C1 150.41(19) 150.35(13) 151.03(17) 151.4(3)

C41-RE-C45 102.8(2) 104.90(17) 105.3(2) 104.6(3)

MR A B B A HE P T DU, BCE 9 1-4 1) RE-Cge ' Y-C(1) 18K
N 2.615(5) A, Er-C(D)FIEEK N 2.602(3) A, Yb-C(1)FEEK A 2.583(5) A, Lu-C(1)
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g 2.545(7) A, B H Y, Er, Yb, Lu ()7 LILEHR/ NS . R
I, BLAY) 1-4 1 RE-Cyo ' Y-CQD B K N 2.696(5) A, Er-CQ1)HIHEK N
2.675(3) A, Yb-CQIEEK N 2.655(4) A, Lu-CQEEK N 2.652(7) A, K
2 Y, Er, Yb, Lu ()57 2 BUEERCNES . HILPTLLE H, MER LSRR
BT AR BB /N(Y3T > Er¥ >Y b3 > Lu), 1% 291 (S S| W7 4 e 3t
ML &4 RE-Copn BEEE KA R ILHB/NES, X — I RATE 0 R
i, A Y-C(1), Er-C(1), Yb-C(1)AI Lu-C(1)AEEK N 2.615(5) A. 2.602(3) A.
2.583(5) A 2.545(7) A, RITEHRHIZIRMLLZ GIHRE I 1-2-ILBEE)-3-(2-2%
T e 5 ) -2 - | e 5 XU s 1 4 & IR SR B A 8 | Y-C(1), Er-C(1), Yb-C(1)
1 Lu-C(1) 8K 2.605(9) AL 2.593(6) AL 2.581(5) A. 2.540(10) AMHELE K [H]
I AZ VR 2H 2 TR 55 1-(2- M IE 5 )-3-(1- FF 2 248 1 IDK A 8 ) W e SOUAZZ s 1=
GBI EE A IR ) Y-C(1), Er-C(1), Yb-C(1)F1 Lu-C(1) 5K 2.702(13) A.
2.708(6) A 2.728(6) A 2.742(5) AFHELI R, X AN25 R B, 1,3-A0 UAREE M)
AN, GEECE PR T AN A 23 (AL SRR F 708, 2 oK BITRG I

2.4 FENE

ARSCLAM e, PUStng . R R, I 8 e OB, BL9S% ) E R A
J.3-(N-PY SRt gt 5% ) 7. FH B 5] e Al 540 . AEDMF T, 3-(N- DY SUHHk i ) MY R A 0g]
W SEAINaH R N £ 205, PN 2- SR W e i S R AR L LA 92% 1) 7 3245 5]
1-(2- 28 JF Wg wg KL )-3-(N- DY &L b s L) 1 A OKE 0] Wk C {4 [T 44 HL (L =
1-(2-C7H4NO)-3-(N-CsHsNCH2)CsHuN . P=#) il I 'H NMR, BC{'H} NMRAHI i
AR RAE S Mo G B R I BCAR AT AR HL 5 55 24 & 0 L & B R 5L &4
RE(CH2SiMes)s(THF), £ 1E Qe R B, & e 7 — R 51 3T AL 1-(2- 7% - 15wk
BE)3-(N- DY A Ak e B ) W R OEE M M B W B M LR ER S
{[1-(2-C7H4NO)-3-(N-CsHsNCH,)CsHaNIRE(CH>SiMes),}» [RE = Y (1), Er (2),
Yb(3), Lu(4)](El2-8). X— RIMELSPINES L. TLE M LA SX- 528 5 i
BT MR APPSR A YY) Lu@)Sid T REE . i
RAE. ABCE VISR S AR R IRA AT DL A4S Y, OIS W BE AR HIT 4 ¥)2- 62 C-H
SESBEIL, I T RE-Coof, MIMR2-MIBHER A8 . NI
Phue=n":(u-n":n" )y WIS AR S PN L& B R, T OB DY I R R 454
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NP NC 3 el VAT4S'S

N
L /i‘RE

Q _ n-hexane 0N )
2©jl\l§ + 2 RE(CH,SiMe3)3(THF); —M — @ \RIE \N

0 N
1.2 +12 U N/J O
2 ) 2 LNy { (1) NaH, Ar, DMF o N
N N
ACOH, rt. N 12 @: - L
5 <

O)§N 0.5h,rt \Si‘//\ N _

—Si
7/ \
RE =Y (1), Er (2), Yb (3), Lu (4)

2-8 LR LRSI Ak

Figure 2-8 Synthesis of the ligand and complexes
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SRR LSR5
FEI3E MBS 1-Q-FFIEME)-3- (V- SR egE) T R E-2-
|k E %% 1+ € B IR LB S E N IR E L FI CO I/ Ik
R Rz RER 5T

3.1 5|8

TR RS MG E AR, SRR ERARN C1 BRI SR A Tk
CO2 5N EAM IR A IR 55k R T B 8 70 T S S W O 2 S 7 2 U I 4t
(100%J5 TR ), —FABENEMFH Co. 7%k, Bil, IR
FiEE BN Al Mg, Ca). ¥4 JE@N Cr Mn. Fe. Co. Zn). Z<XW&JBHEL &
YI(n Mg-Co). L& B AL LM -2 & B SV H LTI THL Co 5
MMM IR B A R BRI B 2 T SR B ), (B2 LURG - & R & ki
A AE SR TR) RS Sl B s g v i R

AR, TATE B G B — KAV R L& R R B AW 1-4 1B
CO2 FIFR AR NN LS SL I EA ), 5328 HH SR DL S R 2% A, I AE B AR S 25 A1
TRV

3.2 SLIGERSY

321 FEHM

T BIRR EAYE A5 FH T34 75 B F CaH Bt BE T4 72 WS, AEG IR T sk
JEZ RGN T B R UK PRI CR AT o B AL (BLAE 2= SR MR e S ik g 25
BT IR P AT 5 75 B E 4 o, P AR 24 hBR 255 BE IR /KRN R 2 Ja s N
FERPAFL L5 H B S 2ECO AR (ZEE> 99.999%) M B 35 5 kA7 BR 51
FEAFEIN .
322 KIG{NER

'H NMR #1 3C{'H} NMR FAEA FH 4 [ 175 & 50 2 7] ¥] Bruker-AV 500 A% #%
PEACHATINE « B2 HEB i (HRMS) S 7 Agilent 6220-TOF B4 i 4% 3l e .
323 SWHE
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3.2.3.1 EE(0.1 MPa) N & IR kB ERRY1# A 75 3%

FETK TR FERM S, Fo T R UEF R B0 LR AL
Yy, FEEEANN B R AERET15 mLs2 O A 4575 S i R 4 e
%, KW HFEMERSIXNHE R R b, BAEACOSME, TEEEH N
R MR BEEH G, R BRI A > B, INN0.5 mLIFICDCls
BEATTH NMREAE . H LR CFRZEBCH ), FA BT 208 2 B3R 1104 44
FALGHC I e 0], SR AE E AT B4R 4, 1531474 .
3232 SETEBRPREEEEERIER 5%

FETAKR TR T B, Fo R T U R B LR AL
Yy, IS B AR TS mLA S . RE A EE AR E
M e R N A, A R RN, WS 2CO 4% 1.0 MPa, 1E
70 °C TR B MRMNEER G, #mmEE P RCo U, H— IR R
B> B S, INN0.5 mLIFICDCL#E T TH NMREAE . 2.8 2B 35 HUH
FER, A TN C R LT R 1 TOM AR LU BT ] e e B R, 3@ A SR A o 1
PRal, 1934 (K3-1).

/[?\

O R

3 ) (o)

/\¢ Cat. and co-cat. H,0

R1 R2 + COz § : R3
R4 R,

B 3-1 (A SO % 26

Figure 3-1 Catalytic reaction route

33 RS

33.1 FERAEBMENTIEN BRI ENRCOIM AR R B FHALIL

X & A HT R 1-(2-FR NI A )-3- (V- DU S M gt i) P PR -2 e ik
X% A L 4 R AR FEIC S 1) 1-4 1AL COL RTINS AL (1 BRI e B B2 1 2% AR R AT AL
L 12-3R S A eV E AR Y, AEAS R K26 A COo S, 33 SERRAR TT 1
BOEACTTI IR SE . AL IR RISE . AR R B NEIR L LA S LI Ta] X AL
S AR RIS
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R 3-1 BRI SO (52 @

Table 3-1 Effect of co-catalyst on the reaction”

(0]
0]
. co, Cat. and co-cat. O)J\O
Ch~ 0.1 MPa CO, \_«/
Cl

Entry Cat. Co-cat. Time(h) Conv.(%)"
1 1-Y - 10 trace
2 1-Y TBAB 10 20
3 1-Y TBAI 10 50
4 1-Y TBAC 10 35
5 1-Y TMAC 10 80
6 1-Y TMAB 10 59
7 1-Y BTAB 10 71
8 1-Y TOAB 10 66
9 1-Y PPNCI 10 23
10 1-Y DMAP 10 25

11° YGs TMAC 10 14
12 - TMAC 10 trace

“Conditions: n(Cat.) = 0.5 mol%, n(Co-cat.) = 2 mol%, n(ECH) = 2 mmol, temperature = 25 °C,
solvent-free. ®Conversion of product and selectivity were determined by 'H NMR spectroscopy.
Selectivity for the cyclic carbonate product was all >99%. “Using 1 mol% Cat., YC3 =
Y (CH2SiMe3)3(THF); .

F 3-1 R REURIR AR CO, LA VE BT, IR &9 1-Y 1
AT, 7E 0.1 MPa ) CO2 B3R, & RN 10 /N [ R B fh 2. o,
R 1,2-F S8 S K8 &8 2 mmol, AL FIFT &9 0.5 mol%, BhfiEf7
BN 2mol%. M 3-1, entry 1 FISLIRZE R, AT LA 15 H 24 AR R A
INBIEALT, RAEALFIR, 7€ 0.1 MPa (] CO2 JE /T, SEIRXM 10h, KW
AR EEAY 0, ViHRA BIIEALR], FINAUR N LA REHEAT . BlJS, 047
GRERIRE T AR B AL, B TR A RS MR . AR 3-1, entries 2-10
(Rrsca g Frp, RATE LRI 24 QSR BRI AR, HoAh R B &R
RHF, I TMAC B DY 3L AR R B AR 7], R0 B S SRR 80%
AR AR T FA 00 2 Eh B AR . BRI, BRATISRE tH TMAC Sy i
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TR R A A8 S
R B R HIRATR M 14 J8 = Hi FERC &4 Y (CH2SiMes)s(THF) 75 Jyfi
PR, 7E Al N S5 A AR AR 5 30 T (Table 3-1, entry 11), JEisRibgE 8, AT
RIVE BEAGTE IR, B4 RAUE 14%. X ELAE B &4 1-Y WO Ak 7R
15 80%IM AL AL 3, AT DLIE B RATT BT -6 B &5 1,3 Z US| W BE C A4 PR XY
WM R R I SRR o [RIE, E AR S B 26 A AR B LT, 23R4T
TE R NAR R A I BT TMAC, AT, BIEE#H &R 03
57T, fHEWRN LA RE K 4 (Table 3-1, entry 12).
F 3-2 S FE RN ORI ()6 12 s S PR 2 ) @

Table 3-2 Effect of temperature and reaction time on the reaction?

0
AN 1-Y/TMAC o )ko
Cl 2 0.1 MPa CO,

Entry Temp.(C) Time(h) Conv.(%)"
1 25 8 70
2 25 10 80
3 40 3 70
4 40 4 87
5 40 5 99
6 50 2 73
7 50 3 99
8 70 2 82
9 70 2.5 99

aConditions: n(Cat.) = 0.5 mol%, n(Co-cat.) = 2 mol%, n(ECH) = 2 mmol, solvent-free.
bConversion of product and selectivity were determined by '"H NMR spectroscopy. Selectivity for
the cyclic carbonate product was all >99%.

® 32 AR EN N CO, LAZ=EER TMAC 1B, A&
1-Y {EO AL, 7E 0.1 MPa 1) CO2 [5 73R, AN [ 1) e R BT s 2 I 18] (1 4%
e, Hodr, B 1,2- PR A A A LE &8 2 mmol, LTI EY 0.5 mol%,
BIEALTTI &N 2 mol%.

M 3-2 (RSB Bt h, 3RATTAT LA AN [R] (14 S it P58 A e L e ) 36 1224
SSLIEVESC AR R o 24 RS BE A 25 °CRF, B 10 h 403 80%: 43k
TR S ML E 3 =y 1) 40 °CIN, ot S Bk R ANAS, [eNL 3 h i, SRRl fg
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TR R L2
B 70%, KRR 5 h B, RS FEACERBEIAS] 99% A b BRI s R LR
] 50 °CBf, RINAX 3 h, RIFEEA RIS F] 99%LA by T 24 A T SR TR
PR E) 70 °CHF, MY 2.5 h i, [RBIFFALER AR IR B 99% LA F, {HRALEL R
AR E R 50 °CY, Zi% 1 /e BRI, AR 50 °C, 3 h AR A OB
F1%) i 8 AT (]

R 3-3 MEAGTTRR AN B0 S ML R i @

Table 3-3 Effect of catalyst types and the amount of catalyst on the reaction”

o]

O Cat. and TMAC )J\
C'vA r 00 0.1 MPa CO; QP
Cl
Entry Cat. Time(h) Conv.(%)"

1 1-Y 3 99
2 2-Er 3 96
3 3-Yb 3 85
4 3-Yb 4 99
5 4-Lu 3 75
6 4-Lu 5 99
7¢ 1-Y 4 54

4Conditions: n(Cat.) = 0.5 mol%, n(Co-cat.) = 2 mol%, n(ECH) = 2 mmol, temperature = 50 °C,
solvent-free. ®Conversion of product and selectivity were determined by 'H NMR spectroscopy.
Selectivity for the cyclic carbonate product was all >99%. “Using 0.25 mol% Cat.

M 3-3, entries 1-6 (SR, FATAT LA B4 AT AR SEA F R
AL SN AR 2R IR R B IR KA ZE A o AEHAB I SR BRI, AL
FUONBEEY1-Y I, RN PE e, HEAL OB AL R ATk 99% A F; = fiEfL
FUNEC &Y 2-Br I, EACTETEIRZ, (B SN R R R AT IA B 96%; 41
WFHINEE A 3-Yb I, HEATEE T REBOR, A SN AL R AL FEIE 2] 85%,
TEA S NI 1] 2 4 b B, AL OB AL R A BEIR B 99% LA by AN &
Yy 4-Lu b, HEALTRTE T FREARK, AL SN AL R AL REIR 2 75%, SEA S NI
12 5 h I, HEAL SN B 3 REIA B 99% LA Lo AHXS T & JmECK UL, i
TR, LSRN AL SRR I AR, X R & B A BRI & T4
AR TRV o0& BIA BAEH (Y3 > EC>Yb3 > Ludt) o 78 H Al SR 26 A AN
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BHIREDLR, RGBT 1-Y (A EZE 025 mol%, M 4h 5, kxRN
[PV RAN 54% o PRI L, FRATTAK IH L FEAE AL 54 0.5 mol% (Table 3-3, entry 7).

M 3-1 B3 3-3 (WSEI0sE, FoAI L tH ARk SR AR B i Ak 7 e i
SRR SFAE: £ 0.1 MPa 1) CO R0 R, TR, MR EEA 50 °C, X
JBFIEIN 3 h, BCEY) 1-Y YERMEALR], FIE 0.5 mol%, A TMAC fE B fL
M, FHEHN 2mol%, J&SalA IH B A% A EAT S RN E A I IR 2
332 FEEEBMENTIEL RS RIIER LN

MC& 1-Y RN MEAT], TMAC fE BT, fERR N T, AT
SRR E A 1 R4 R SR

WRYEHR 3-4 I HEE, AT DUR IR T HBURY 1,2-FR 8 & A B2 41,
A 55 2 P R IR A 0 1,2-FR IR A e DL K 1,2-BR %0 T e B REAE e A1t 19 J2
L&A TSI 99% DL EHIFAAL R, EEE 12- IR AN KETE 25 °CF M 3 h #tRES
# 99% L EHFAL AR (5a-5d) . SRTT, RV SR FEI A 2 e AR AL )
BRI NSRS, T 34K H bl 9% P9 3640 /K H e . 2R R4 K H i b 25
(Se-5m), TERMIIRMFAET, RN ERILE] 60%-T0%/ 47, A BB
THA 99%, $& 1 MR 70 °CHF HIEK [ NI [A] 52 6 h, AV AEILF] 80%
Ao CUIRMIA 12- 3R SERe(5n) AL 1,2-3R %+ ke (S0), 18 SR ) S 7 2% A
5 BRI RN 59%A 50%, $g 5 S BLIRE 2E 70 °CHE HAE A S B ] 2 8 h,
WAL REIL B 79%H T4%. [FEFER), 3 I HARAR 5L 546 XU (Sp)
I, FRI0 S R AR BE MR EAT AR IR BRER B =), R AR R, A
55%, HEmRMIREZ 70 °CH HALK R VES A2 8 h, AL MALAEIAS] 75%.
AL S R A K H IHOBEBE(SqIN, FERALEI S BLAEAEN, IRSFALZRAUN
60%, B4 i S S FE 28 70 °CHF HAE K B[R] 2 8 h, Fe A6 ZR AL BRIk 31 83%.
BRI 1,2,7,8- S EBE(SO) I, FRINRCSON [FIRE A] DUIRAEEAT, A2 R
WEREREE =1, I HP= = A #4531, 02 RV AR R
65%, [FIFERT, $&wm RMIRE 2 70 °CH HAEK ST [ %2 8 h, AL Z L AR
| 82%. 1XA] AESE T AR S AL LR, AT T IR 4%
FULIECAL . Sz, ACA BRI SEIGHOE vT LA, XU 4 I T & ) A
TMAC 2H R (AR A 22506 SR (038 AR T, S0kt BUA R 35 7 BEL 42 /0 ) JE 420 F e
WRBCRB TR T HURIE AL BB KR, BRI 8], TR, Ak
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BAKIBAEE
* 3-4 BLAEWY 1 A TMAC AL SR BRI AR CO I IR B @ ©

Table 3-4 Cycloaddition of Mono-substituted Epoxides and CO; Catalyzed by Complex 1 and

TMAC®?
(o]
0.5 mol% 1-Y
(o)
/\ + CO, 2 mol% TMAC O)j\o
R 50 °C, 0.1 MPa CO,, 3 h
R4
5 6
o) JOL o o)
O)J\O (@) (@) O)ko [e) (o)
\‘—«/q L—«—Br LQ L«,_
6a, 99% 6b, 99% 6¢, 99%° 6d, 99%

X X X I
0" o 0" o 0" "o o o
pZ
%O\ \-—k/OvPh %OA \—K/O\//
6e, 62%, 82%¢ 6f, 65%, 78%° 64, 68%, 78% 6h, 66%, 85%7
by X i b
o o o~ o
o o o” Mo
o — o “{_o
“Ph Ph L—k/ 5 j<
6i, 68%, 85% 6j, 68%, 82%° 6k 62%, 81%¢ 61.68%, 80%¢
X i 2 0
OL&O TP T2 o/[ko
\( W

6m, 70%, 82%7

5
6n, 59%, 79%°

©

60, 50%, 74%°

6p, 55%, 75%°

X
O\‘&OVCQ O\\Z/\/\EO/\;O

6q, 60%, 83%° 6r, 65%, 82%°

9Conditions: n(Cat.) = 0.5 mol%, n(Co-cat.) = 2 mol%, n(epoxide) = 2 mmol, solvent-free.
bConversion of product and selectivity were determined by '"H NMR spectroscopy. Selectivity for
the cyclic carbonate product was all >99%. ‘Temperature = 25 °C. “Temperature = 70 °C, time = 6

h. ¢Temperature = 70 °C, time = 8 h.

FERMCS LT, XIS SR 8 R e B &7 1-Y AR TR 24 3
EAPIAN COL IR INBLS B R ANEE, BIMSE T i . K R S R 4 TGV R 1A
2 99% L E AL . R HRAT T HR g T 3R FLAR B = R B AL, IR A
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A CO S ML B MEAL 1A 2R

333 BT RIMEBENTEL RIS CO EM MR M A F AL
3 3-5 DAL % SN R 2 @

Table 3-5 Effect of co-catalyst on the reaction”

@)

0]
. co Cat. and Co-cat. O)J\O
Ch~ 2 0.1 MPa CO, L_K’

Cl

Entry Cat. Co-cat. Time(h) Conv.(%)"
1 1-Y - 10 trace
2 1-Y 1- 2 55-3- H BL AL K 4 [EMIm T 10 79
3 1-Y 1-Z.5:-3-F B YR AL K [EMIm] Br 10 99
4 1-Y 1-2,3%-3- F B S AL K [EMIm]CI 10 54
5 1-Y 1-] 33 FRE R AR K I 10 50
6 1-Y 1- ZEE AL L IE 10 66
7 1-Y 1- 2, H-3- H B LA Ik g 10 65
8 1-Y 1- 7T -4 FRAR R AL AL g 10 60
9 1-Y 1- T Fe-4- 50T FE VR A AL g 10 78
10 1-Y 1- -4~ — PR L LA I g 10 56
11 1-Y 1- £ 34— P FE R AL L IE 10 59
12 1-Y 1- T e-4- g B R AL I IE 10 32
13¢ YC; 1- 2. 5:-3-F B YR AL K 4 [EMIm ] Br 10 60
14 - 1- . 55-3-H LR AL K ¥ [EMIm ] Br 10 34

“Conditions: n(Cat.) = 0.5 mol%, n(Co-cat.) = 2 mol%, n(ECH) = 2 mmol, temperature = 25 °C.
bConversion of product and selectivity were determined by '"H NMR spectroscopy. Selectivity for
the cyclic carbonate product was all >99%. “Using 1 mol% Cat., YC3; = Y(CH2SiMes)3(THF): .

TR AL 5 AUTCH LA & 7 4L R IR A R i A ol B — i
PESR ML), A 8 1WA 9 B A TR 12 S B (1 51 A2 2
HIACE FrikiE, EReREEAFIE L SR EE. £ 2021 4, FRIEHREHMN
L DFT BASTHEIRTT 7 A vk i — F 5105 RIS DL K e 25 B 1WA B
AR RE LT I 52 J (Salen) BT & (AL CO2 ATIA AL IR IR S5 LA e
MCIRBRER R (1 S NLER o F AT, A Ao P R AT 1 IR AL B R AL AR 2R i
AN RIAR AR IE o DRI, FATT 22108 Y 8 1 VU iz feE A S o 1) B AR A 771D,
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TR R A A8 S
PR T HAN 4 2H R L A A R AL e

R 3-5 R AURIF AT CO ARSI A B AT, LABC AP 1-Y 1B
AL, 7E 0.1 MPa 1) CO2 5 /)R, Zil R 10 MR R NG Ze . Horr, H8E
PR 1,2- A E A Ke FH 4 2 mmol, AR 0.5 mol%, BhfEf6s &
N2 mol%. FA1— 3Gkt T 11 MR BIEA ], IS5 BmIRA AT LIS H
[EMIm]Br B 1-Z,2%-3-H 35 R AL DKM R0 RO B 4F  7E 0.1 MPa [¥] CO2 5 7 T
R 10 /NG, (EAIZ N AR AT LLE S 99% LA |, Tiif# H TMAC fE
BT, MRIZEET, RASES] 80%MIFE L3R . 3X AT LLIIE B K B8 74
[EMIm]Br F1% -t 4 Ja 25 1 (15 2R 1k A A 22 1 S LU 2R 4 58 TMAC AT 465 J& 2H i
(I £ A 2R A 1L R4 SR 4 (Table 3-5, entries 2-12). [AINF, I -4 )8 =k kil &4
Y (CH:SiMes)s(THF )2 YEMEAL TR, 78 Fo A 5 82 2 A AR (1445 452 T (Table 3-5, entry
13), @i SRR, AT LURBLHMEE TERE, B R AUH 60%, {H2AH
LeT-H TMAC fENBIEAGT, AL RAA 14%, [EMIm]Br /E A B4 7B B
AL 35 o 3X 2 50403 [RDRE T DAGIE BA BT v & BRI XU A L 4 J R IG5 W R AT
PELL R LAY 1-Y 58 TR [EMIm]Br 4 0040 14 R A IR stk . [
I, 7R H A S RS AR G LR, S IRATLE RORNAR & B RN Bl A 5
[EMIm]Br, AIIAfETR, BEEHFEERP OS5, #ibxMBELE,
HRMENRIRALE, A% A 34% (Table 3-5, entry 14).

% 3-6 B EURF AL A CO, LL[EMIm|Br 1E A BEAL 7], PARCEH 1-Y
TENMEAT, 7E 0.1 MPa ] CO2 Fi /1T, AN [] (14 Js2 IS B8 1 s I ] T [ % A 26
Horp, B 1,2-FR A &AL 28 2 mmol, (AL EN 0.5 mol%, B
WHIHEA 2 mol%. MFE 3-6 FISLIH G, FATAT LUE AN F] ) S S 5 A
S5 N TR 2 PR A S5 2 T P R AR K o 24 S BT N 40 °CHY, B2 2 h (%%
WA T7%; FEK S SIS [RI 2] 3 h i, 5] LLUEE] 99% L _E#FE4LR (Table 3-6,
entries 2-4); Ak, 4REETFERE E 50 °CLL K 60 °CIy, fEf M 2h 2 )&, HifE
K F) 99%LL AL ZE (Table 3-6, entries 5-10). & Bk R N & AF I, 15
R R i, b IRA s 4O £ T BHRIRA 40 °CIE N RN IIREE, )%
I TRIA 3 h, BT IR REAE A BIEEAL 71 SRR . Z A TMAC 1B Bh AL
FIEF, FREAE 50 °CF RN 3 h, FACERAREF] 99%, 3K i — YCUE B KL 28 25 -1k
PR[EMIm]Br FHIXURZ i - <55 & e T 0 WD 28 R 37 B A Ak 2R R M4 Vs PR B
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B 3-6 S AN N IR [0 2% 5 8% FE) B 0 @

Table 3-6 Effect of temperature and reaction time on the reaction®

0
. o 1-Y/[EMIm]Br o)Lo
C'VA 2 0.1 MPa CO,

Entry Temp.(C) Time(h) Conv.(%)"
1 25 10 79
2 40 2 77
3 40 2.5 91
4 40 3 99
5 50 1 83
6 50 1.5 95
7 50 2 99
8 60 1 85
9 60 1.5 98
10 60 2 99

¢Conditions: n(Cat.) = 0.5 mol%, n(Co-cat.) = 2 mol%, n(ECH) = 2 mmol. *?Conversion of product
and selectivity were determined by 'H NMR spectroscopy. Selectivity for the cyclic carbonate

product was all >99%.

M 3-7, entries 1-4 HJSEE AR T, AT LA A5 2448 FH AN R RS 114
AL, PR B AL B A IR K22 50 78 AR S B AR A AR I 5L T
bt L 4R 0 B AR HIE BTN (Y3 > B > YB3 > Lu™), (AL 1 A K
BEAR. X2 AT A TMAC 1EABIMEAGTT, RIS A IR 20 i A Ak S5 R 1

IRCR R SE A SRAR R o RIS, AR H A R RGBT, R B

1-Y FHEZR 0.25 mol%if, N 3 h 5, MEWRPRFAZENE 59%. K,
BAVK IF LRI &4 0.5 mol% (Table 3-7, entry 5).

M 3-5 B3 3-7 MSEIn B, FRA IR H LABK MR B 1 /A [EMIm]Br 1
SNy B AR A TR BT A0 2 S B R e G A A2 7E 0.1 MPa 1) CO JE 70N, RBEIRLE N
40 °C, JRNITEY 3 h, BEEY) 1-Y 1EJ9MEALTT, &Y 0.5 mol%, LA[EMIm]Br
TERBIEALTR, TN 2 mol%, JaLRIRA TR 4 I bk 26 A EAT S BRI A A 1
R .
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2 3-7 MEALTRITh AN H B0 2 S5 L R 5 ) @

Table 3-7 Effect of catalyst types and the amount of catalyst on the reaction”

0 O
Cat. and [EMIm]Br )j\
C'\/A rC0 0.1 MPa CO, QP
Cl
Entry cat. Time(h) Conv.(%)*

1 1-Y 3 99
2 2-Er 3 95
3 3-Yb 3 84
4 4-Lu 3 81
5¢ 1-Y 3 59

9Conditions: n(Cat.) = 0.5 mol%, n(Co-cat.) = 2 mol%, n(ECH) = 2 mmol, temperature = 40 °C.
bConversion of product and selectivity were determined by '"H NMR spectroscopy. Selectivity for

the cyclic carbonate product was all >99%. “Using 0.25 mol% Cat.
334 BREEEEFIRAEEENTIEC RIS UYRYAR IR

FC & 1-Y 1R MEAGTR], [EMIm]Br /N BIIEALTR], TESR AR RN 5% 1F R
REAT BRI A I SR 4 R 556

WRYER 3-8 MU HE, FRATAT LUR IR T RBURY 1,2-FR 8 & A B2 4h,
JHC At 7 B P SR AR RSB 1,2- PR SRR TR e DA B 1,2-31 50 T Be B REAE eIt (¥
LA AE RS 99% LA Bk, HE 1 2- A AKEAE 25 °C N 3 h #ifgik
3 99% LA L (5a-5d). RPN 1,2-F A F K (Se) LI 1,2-FR 5+ hi i
(5f), TERAMBIRNZAET, 4050 LA R 99%H 87% K65, XFLL TMAC
1 R B AL TR ERT 7 S 36 285 AR A S o TEIRE LI, 2 FRATTRE SR ) AR B Bl
A EESE IR IEIS, BT B4 K H b 4 T 64 K H I . IR K H i ok
55(5g-5n), TERAMMIRBLIEM T, FAbRMKIHAT LUA S 85% /5 47, JEK S B
A 5hi, HARIEATLUES] 99% 4 4. [FIRER), LI EI BRI &
R (So) T, FR AR B BENRURI AT, AE B L IR B R B =4, 4k,
RAFEIL T 85%, EKJNVET[EZE 5 h i, HALRATLLER] 95%. MY NIREE
R KRBT, TR T, A2 B Kk 3 75%, (H2 5 R
W E R 50 °CH AL [ B[] 22 5 h, FEALZRAEIE S 95%. AL IR MR 4 K
HHERE(SqRT, TERAMI R AT, RN HALE Kk 3] 78%, (H 24 R
I JE 2 50 CCHAEAK NI ] 28 5 h, FEALRAEIAH] 98%. [FIFEUILL, 2 R BIEY)
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R 1,27 8- ARG, 5 COy I NA IIRBRIER RS, PN PR e# 0 In
H R B AL 2R TE R 76%, $m R EE 2 50 °CH LK R BRI 2 5 h, i3
REIAF] 98%. it LA EASeEedd, W—UiEl 7 AR T A TMAC 1E B
3R, [EMIm]Br FECAY) 1-Y L0008 R AL A R AE B B &, RO
AT HIRAN, JRAEFVESE T, KPR B IR [EMIm]Br /Ry Bh AR S B
ﬁt?ﬁno
¢ 3-8 Wi Ar4) 1 AI[EMIm]Br AL S URER U A COa FIFR N R B
Table 3-8 Cycloaddition of Mono-substituted Epoxides and CO; Catalyzed by Complex 1 and

[EMIm]Br®

(0]
0.5 mol% 1-Y
(0]
/\ + CO, 2 mol% [EMIm]Br o)J\o
R1 40 °C, 0.1 MPa CO,, 3 h \~—<

Ri
5 6
o o
o o)
OJ\O O)J\o O/Mo 0%
Cl Br L&
6a, 99% 6b, 99% 6c, 99%° 6d, 99%
0 o o}
oo o oMo Ao
5 \—k/OvPh L_k/o\/
9
6e, 99% 6f 87%, 99%7 69, 83%, 99%7 6h, 82%, 99%*
Q o o) o)
o)ko o)J\o vo o)Lo

6i, 85%, 97%7

o
o <

6m, 89%, 99%

6q, 78%, 98%°

6j, 88%, 98%

O

O)J\o
o .

6n, 88%, 97%

\‘K/\/\E(}: o

6r, 76%, 98%°

6k, 86%, 98%

(0]

w

60, 85%, 95%7

61, 87%, 98%“

0]

A

o ©°

Ph
6p, 75%, 95%°
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?Conditions: n(Cat.) = 0.5 mol%, n(Co-cat.) = 2 mol%, n(epoxide) = 2 mmol. *Conversion of

product and selectivity were determined by 'H NMR spectroscopy. Selectivity for the cyclic

carbonate product was all >99%. ‘Temperature = 25 °C, 3 h. ‘Temperature = 40 °C, time = 5 h.

¢Temperature = 50 °C, time = 5 h.

3.3.5  BRMEEEFIiRIAIEBNE LT ML ERR IR E AL FNCOIM N Ak S Bz ) 5%

e

% 3-9 BLAEY 1 AMEMIm]Br LSRR LA CO2 I SN,

Table 3-9 Cycloaddition of Disubstituted Epoxides and CO; Catalyzed by Complex 1 and

[EMIm]Br®

0.5 mol% 1-Y

0
AR3 . 2 mol% [EMIm]Br 0 OR
Ri Ro 40°C, 0.1 MPa CO,, 3 h R/; QR 3
2
7 8
0
i 1 J§
)k 0" o O 0
0" o
& . 1§
8a, 15%° 8b, 40% 8¢, 34%
L X 1 ]
0" o o~ o 0" o 0”0
50
0
8d, 12% 8e, 14% 8f, 19%

4Conditions: n(Cat.) = 0.5 mol%, n(Co-cat.) = 2 mol%, n(epoxide) = 2 mmol.

bConversion of product was determined by 'H NMR spectroscopy. Selectivity determined by

'H NMR spectroscopy of the reaction mixture. “Temperature = 30 °C.

% 3-9 & WEURF E ALY CO, LA[EMIm]Br i Bh L7, PABL &4 1-Y {E
AT, TE 0.1 MPa ] CO2 JE /1R, 40 °CI B 3 /MR BEFEILER . S,
SRR A B2 2 mmol, AL I &4 0.5 mol%, B AL I &4 2 mol%.
M 3-9 BSEIGEE b, AT LU IAE R e et N AT, FLE ) 1-Y AL
PR PR AE . MR 12-FR A e A 2- RIS SR e, (36
HEB 3 30% /A4, HARRMMFEALZHTE 20% 0 Fo Bk, X TR
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Table 3-10 Effect of temperature and reaction time and pressure on the reaction®

0] 0]

0 N N

® . co, 1-YIEMIMBr ‘2:‘5 + Cé:i
cis trans
Entry Temp.(C) Time(h) PCO,;(MPa) Conv.(%)* cis/trans(%)°

1 40 3 0.1 12 -
2 70 18 0.1 49 -
3 50 9 0.5 33 -
4 70 18 0.5 68 85:15
5 70 18 0.7 90 87:13
6 70 24 0.7 93 87:13
7 70 24 1.0 99 93:7

“Conditions: n(Cat.) = 0.5 mol%, n(Co-cat.) = 2 mol%, n(1,2-epoxycyclohexane) = 2 mmol.
bConversion of product was determined by "H NMR spectroscopy.
“Selectivity determined by '"H NMR spectroscopy of the reaction mixture.

# 3-10 A XEU R E LA COo LA[EMIm]Br fBI#E4L 7], LLRC &40 1-Y 1E
AL, SO R SR RS TA] DA S BT T R A 2. Hodh, 1,2-BR %
e F N 2 mmol, LTI EA 0.5 mol%, BT HEN 2 mol%. MK
3-10, entry 2 HySEIREHE, FRATAT LUABLRIE T i S Ml JE 2 70 °C, B KR
NI TEIE 18 h, B AL 2K IH R BEIE B 49%. DRI, AT H B8R AU = 4
(R IpiE, BT v AR i IR S R A A 2 Bk 90% DA F. A 3-10, entry 3 (3K
HAE, RATAT LRI, MR BIREH 50 °C, RMBIEIIHN 0.5 MPa, JXB9h
e, RSEVFAC AN 33%. AETHEIRE R 70 °C, SEA B A £ 18 h,
N fREE AL 23R 5 5] 68%(Table 3-10, entry 4). I IS, e &N E L%
0.7 MPa, M IR A KIERTF, 240 LLUEF] 90% (Table 3-10, entry 5). 24
AR S B AN I BN, S RS 1 % 1.0 MPa, ZEK J BiE ] 42 24
h, SN A A8 H] LUIA 3 99% L) _F(Table 3-10, entry 7). 1,2-3F 43 kiR CO»

61



ey WMWY TR VAT

A0SR N AR ORI (R PR AR B R B = 06 R e b Ak o M RS E SR 70 °C, )
SN [E] 2 24 h i, R UM 0.7 MPa #2551 1.0 MPa, [ HIFALZR N 93%F2 15
£ 99%, 7 s 2 S ) A4 0 e =X S ) A 1) Bl A5 M 87:13 $2 /=1 2] 93:7(Table 3-10,
entries 6-7). FeZé, T SLIGLER, PATEBIHE H UKL 2 25 7 #4 [EMIm]Br
S AR A TRV S XA V| PO s - 6 B e JEE T 5 A 2% IS 7 P B 8 I I 2% AP
CO2 7175 1.0 MPa, A 70 °C, NEFTEA 24 h, BL&4) 1-Y 1A
A, =N 0.5 mol%, LA[EMIm]Br fEABIHEAA], FEHN 2 mol%, &A1
12 U SR A BEAT XU E A B IR 2

33.6 BREEEEFIRAERNENFTIEU RIS LRIAR IR

% 3-11 BAY) 1 MEMIm|Br HEAL I AT COx PRI SN b

Table 3-11 Cycloaddition of Disubstituted Epoxides and CO» Catalyzed by Complex 1 and

[EMIm]Br*

0 Rr 0.5 mol% 1-Y o o
3 2 mol% [EMIm]Br
R AR + CO, o [ ] )\%R:S
1 2 70°C, 1.0 MPa CO,, 24 h R, R
2
7 8

0O
R A o

0o o O 0

- =, 8!

8a, 99%° 8b, 99%4 8c, 99%7
St hi§ hi§
o 0 Qe (O Ne) (o)
5 8 .

0

8d 8d'

8e, 99% 8f, 98%
99%:; 8d:8d' = 93:7

4Conditions: n(Cat.) = 0.5 mol%, n(Co-cat.) = 2 mol%, n(epoxide) = 2 mmol.

bConversion of product was determined by 'H NMR spectroscopy. Selectivity determined by
'H NMR spectroscopy of the reaction mixture.

“Temperature = 30 °C, pressure = 0.5 MPa, time = 7 h.

dTemperature = 50 °C, pressure = 0.5 MPa, time = 7 h.
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AR S 56 225 BRI HH PR e e SRS 2% 2, AT SUBUARFR S A0 (R IR A ¥ i S 5
MRAE R 3-11 MSeI0 s, FRATATURIL, TESIUR &M TR, SRR E Y
F CO [N B BL I AL R RETE B 99% iAo L2, MIRPIA 2-H IR
HFERS, £E 30 °C. 0.5MPa ] CO2 JEJJ T, A 7 h fHA] Lk 2] 99% DL E i)
e MR 2- B S S b DL & L2-FR BRI BE i, 7E 50 °C 0.5 MPa
(K COx B AR, L7 h AT LUEH] 99% LA F AL AR, [N, %MLk 2 xR
RERER G IR BEVE KT 99%,  TE S 22 Hh o S 0 2R Tk 5538 5 kT I 11 A2 i o
337 BELEY 1L CO MIRFE IR AR [ R Y 7T BEANZE

MR8 2 AT SCRR IR 12), FRATIR T AU &R R LU &4 1 FHKmE R
B IAAR[EMIm]Br 2H A ) 18 4k A R B Ak COL AR S A I B L F 1Tt F 75
P AL HLEE o

S—FHLEE: B, [EMIm]Br 5ECEW 1 M A ST &E AR R ERE
Yy, SRt &RENFER AL COy WA+ 48 O s R,
P R IRAR W A 0 T ML BHE N — U BOA e, TR, B,
B RO R, AR R ERSMI SR O E, ERIPRERBRER ), 58
R 5L, FAE AT 2R E0E L COa, FAF — AN 7 T IAL,
T J& B AL A RE o

ML 1Y%, [EMIm]Br 5ECEW 1 M A ST &E AR R ERE
Y1, SR JE R AR L RO, B IR T AR NSRRI LA /S
F— M BEBCR R, (EHIFER, B AR &R E . bEfS, BRI
St CO G4k, It BB R BUEALJE K COa, #1759 COL 4 N IHE 1= Y-O #EHh,
TE ORI ER R AR o B Ja, JRIRES A IR AAE I 431 A IR SRA% AR R A AR B 1
B2, AERORIRIRIRES =Y, eI . SRR, FA R — A
WAy AL, TFJE T RIEALIE IR (B 3-2).
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N % _ LN/W

() 3y ()]

T /”K/; S e (
o \N/f 4[EMIm]Br oSN—cT 'S N N
@ \v N @ \YJ NQ —_— '—’Y%\]
>s\‘//‘\N# /\Nj//‘ V= | h

[~ Sl N
- s Tagh
N —
% le b . "y
o0 oA r
T EC e T
L—Y%f] | I R R ‘/_\
JZ) N L= (iif u R
ot oS0 NS L—y----0"_R
‘\g \( ZNGNT L—T ﬁN'L\N/ IBr
[\ — 1] \\OQ/{O = 1]
\/NYN\ <>_<O
L—Y, O—/<o - R . Bi) L—"\JL‘Y SE:ER J co,
V R ‘\//\NIN/ % /\N'Q‘N/
2, =/ v

3-2 FRERIMEAL AN L
Figure 3-2 Possible catalytic cycle mechanism

3.3.8 B 4IARIE(6a-6r, 8a-8f):

)

N

O 0

L

4-Chloromethyl-1,3-dioxolan-2-one (6a)°'.,

'"H NMR (500 MHz, CDCls, 298K, ppm): J 5.00-4.97 (m, 1H, OCH), 4.56 (dd, Ji =
8.6 Hz, J» = 8.7 Hz, 1H, OCH.), 4.36 (dd, J1 = 5.7 Hz, J» = 8.9 Hz, 1H, OCH),
3.81-3.68 (m, 2H, CICH>). BC{'H} NMR (125 MHz, CDCl3, 298K, ppm): § 154.46,
74.47, 66.98, 44.03. HRMS (ESI) m/z calcd. for C4sHsCIO3;[M+H]*: 137.0000; found:
136.9995.

Lo
L«—Br

4-Bromomethyl-1,3-dioxolan-2-one (6b)°>.,

64



8 W YN R R TATS'S

'"H NMR (500 MHz, CDCls, 298K, ppm): J 4.98-4.93 (m, 1H, OCH), 4.57 (dd, Ji =
8.6 Hz, J» = 8.7 Hz, 1H, OCH), 4.31 (dd, J1 = 5.9 Hz, J» = 9.0 Hz, 1H, OCH),
3.61-3.53 (m, 2H, CICH>). BC{'H} NMR (125 MHz, CDCl3, 298K, ppm): J 155.20,
74.49, 67.62, 44.06. HRMS (ESI) m/z calcd. for C4Hs¢BrOs;[M+H]*: 180.9495; found:
180.9486.

PN

O o

\\Q

4-Methyl-1,3-dioxolan-2-one (6¢)"°'l.

'"H NMR (500 MHz, CDCls, 298K, ppm): J 4.85-4.78 (m, 1H, OCH), 4.51 (dd, Ji =
7.8 Hz, J» = 8.4 Hz, OCH.), 3.97 (dd, J1 = 7.2 Hz, J» = 8.5 Hz, OCH>), 1.42-1.41 (m,
3H, CH3). BC{'H} NMR (125 MHz, CDCl3, 298K, ppm): § 155.13, 73.66, 70.67,
19.28. HRMS (ESI) m/z calcd. for C4H7,03[M+H]": 103.0390; found: 103.0393.

PN

O o

=

4-Ethyl-1,3-dioxolan-2-one (6d)>l.

'"H NMR (500 MHz, CDCls, 298K, ppm): J 4.69-4.64 (m, 1H, OCH), 4.53 (dd, Ji =
8.1 Hz, J>» = 8.2 Hz, 1H, OCH>), 4.08 (dd, Ji1 = 7.1 Hz, J>» = 8.6 Hz, 1H, OCH>),
1.85-1.70 (m, 2H, CH>CH3), 1.01 (t, J = 7.4 Hz, 3H, CH2CH3). 3C{'H} NMR (125
MHz, CDCls, 298K, ppm): 0 155.24, 78.11, 69.09, 26.92, 8.51. HRMS (ESI) m/z
calcd. for CsHoO3[M+H]": 117.0547; found: 117.0555.

A
N

4-Hexyl-1,3-dioxolan-2-one (6¢e)°'.

'H NMR (500 MHz, CDCls, 298K, ppm): 6 4.67-4.61 (m, 1H, OCH), 4.46 (dd, J, =
8.1 Hz, J» = 8.2 Hz, 1H, OCH,), 3.99 (dd, J = 7.4 Hz, J, = 8.3 Hz, 1H, OCH,),
1.73-1.67 (m, 1H, CH,), 1.63-1.58 (m, 1H, CH,), 1.39-1.36 (m, 1H, CH,), 1.30-1.20
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(m, 7H, CH>CH3), 0.80 (t, J = 6.6 Hz, 3H, CH,CH;). *C{'H} NMR (125 MHz,
CDCls, 298K, ppm): 0 155.25, 77.19, 69.51, 33.95, 31.58, 28.87, 24.40, 22.54, 14.08.
HRMS (ESI) m/z calcd. for CoHi7O3[M-+H]*: 173.1173; found: 173.1178.

4-Decylalkyl-1,3-dioxolan-2-one (6f)[°2l.

'"H NMR (500 MHz, CDCls, 298K, ppm): d 4.71-4.66 (m, 1H, OCH), 4.51 (dd, J; =
8.1 Hz, J.=8.2 Hz, 1H, OCH>), 4.06-4.03 (dd, J1 = 7.3 Hz, J> = 8.4 Hz, 1H, OCH,),
1.80-1.74 (m, 1H, CH>), 1.68-1.63 (m, 1H, CH>), 1.46-1.42 (m, 1H, CH>), 1.35-1.24
(m, 15H, CH,CHs), 0.86 (t, J = 6.5 Hz, 3H, CH,CHz). 3C{'H} NMR (125 MHz,
CDCl3, 298K, ppm): 6 155.21, 77.18, 69.49, 33.94, 31.94, 29.60, 29.21, 24.43, 22.73,
14.17. HRMS (ESI) m/z calcd. for Ci3H2sO3[M+H]": 229.1799; found: 229.1796.

0
oko
“{_o_Ph

4-((Benzyloxy)methyl)-1,3-dioxolan-2-one (6g)"'l.

'"H NMR (500 MHz, CDCls, 298K, ppm): 6 7.38-7.31 (m, 5H, ArH), 4.82-4.78 (m,
1H, OCH), 4.58 (dd, Ji1 = 12.1 Hz, J, = 25.5 Hz, 2H, PhCH>), 4.46 (dd, J: = 8.3 Hz, J»
= 8.4 Hz, 1H, OCH>), 4.37 (dd, Ji1 = 6.0 Hz, J, = 8.3 Hz, 1H, OCH>), 3.72-3.59 ( m,
2H, CH>OCH,). BC{'H} NMR (125 MHz, CDCl;, 298K, ppm): é 155.08, 137.16,
128.61, 128.10, 127.78, 75.12, 73.67, 68.87, 66.32. HRMS (ESI) m/z calcd. for
CiiH1304[M-+H]": 209.0809; found: 209.0818.

( A

o)
O)ko
"L _o_z

J

4-((Prop-2-yn-1-yloxy)methyl)-1,3-dioxolan-2-one(6h)*%,
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'"H NMR (500 MHz, CDCls, 298K, ppm): 6 4.87-4.82 (m, 1H, OCH), 4.50 (dd, J; =
8.4 Hz, J» = 8.5 Hz, 1H, OCH>), 4.37 (dd, J1 = 6.1 Hz, J> = 8.5 Hz, 1H, OCH>), 4.26
(ddd, Ji1 =2.5 Hz, J, = 16.1 Hz, J; = 31.8 Hz, 2H, CH>(C), 3.74 (ddd, J1 = 3.8 Hz, J> =
11.0 Hz, J5 = 32.9 Hz, 2H, CH>C), 2.49 (t,J = 2.5 Hz, 1H, CCH). C{'H} NMR (125
MHz, CDCIs, 298K, ppm): 6 155.00, 78.60, 75.68, 74.85, 68.44, 66.21, 58.80. HRMS
(ESI) m/z caled. for C7HoO4[M+H]": 157.0496; found: 157.0491.

0
o)ko
\-K/O\Ph

4-(Phenoxymethyl)-1,3-dioxolan-2-one (6i)'.

'"H NMR (500 MHz, CDCls, 298K, ppm): 6 7.31 (dd, J; = 7.3 Hz, J» = 7.8 Hz, 2H,
ArH), 7.01 (t, J = 7.4 Hz, 1H, ArH ), 6.91 (d, J = 7.8 Hz, 2H, ArH), 5.03 (d, J=9.1
Hz, 1H, OCH), 4.62-4.51 (m, 2H, OCH>), 4.23 (d, J = 10.7 Hz, 1H, CH>0), 4.12 (d, J
= 14.3 Hz, 1H, CH>0). *C{'H} NMR (125 MHz, CDCls, 298K, ppm): 6 157.81,
154.89, 129.76, 122.00, 114.63, 74.29, 66.88, 66.28. HRMS (ESI) m/z calcd. for
CioH1104M+H]": 195.0652; found: 195.0659.

0]

PN

O o0

L‘K/OHS/

4-(n-Butoxymethyl)-1,3-dioxolan-2-one (6j)"°'l.

'"H NMR (500 MHz, CDCls, 298K, ppm): J 4.81-4.76 (m, 1H, OCH), 4.46 (dd, J: =
8.3 Hz, J» = 8.4 Hz, 1H, OCH,), 4.33 (dd, Ji = 6.0 Hz, J, = 8.4 Hz, 1H, OCH,), 3.63
(dd, /1 = 11.2, J» = 3.5 Hz, 1H, CH-0), 3.54 (dd, J1 = 11.2, J> = 3.7 Hz, 1H, CH,0),
3.45 (t, J = 6.6 Hz, 2H, CH>), 1.53-1.47 (m, 2H, CH>), 1.34-1.27 (m, 2H, CH,CH),
0.86 (t, J = 7.5 Hz, 3H, CH,CH3). C{'H} NMR (125 MHz, CDCls, 298K, ppm): &
155.16, 75.24, 71.93, 69.67, 66.38, 31.57, 19.21, 13.91. HRMS (ESI) m/z calcd. for
CsHis04[M+H]": 175.0965; found: 175.0973.
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4-((Allyloxy)methyl)-1,3-dioxolan-2-one (6k)[*2l.

"H NMR (500 MHz, CDCls, 298K, ppm): ¢ 5.92-5.84 (m, 1H, CH=CH>), 5.34-5.22
(m, 2H, CH=CH>), 4.87-4.81 (m, 1H, OCH), 4.52 (dd, J1 = 8.4 Hz, J> = 8.4 Hz, 1H,
OCH»), 4.42 (dd, J1 = 6.0 Hz, J» = 8.4 Hz, 1H, OCH>), 4.12-4.03 (m, 2H, CH-0), 3.71
(dd, /1 = 11.0, J» = 4.0 Hz, 1H, CH>CH), 3.63 (dd, J1 = 11.0, J» = 3.8 Hz, 1H,
CH,CH). *C{'H} NMR (125 MHz, CDCls, 298K, ppm): J 155.09, 133.73, 117.97,
75.15, 72.61, 68.88, 66.33. HRMS (ESI) m/z calcd. for C;H11O4M+H]": 159.0652;
found: 159.0648.

4-(Methoxymethyl)-1,3-dioxolan-2-one (61)°'1.

'"H NMR (500 MHz, CDCls, 298K, ppm): J 4.82-4.77 (m, 1H, OCH), 4.48 (dd, J: =
8.4 Hz, J» = 8.4 Hz, 1H, OCH>), 4.35 (dd, Ji1 = 6.0 Hz, J>» = 8.3 Hz, 1H, OCH>),
3.62-3.53 (m, 2H, CH-0), 3.39 (s, 3H, OCHs3). *C{'H} NMR (125 MHz, CDCls,
298K, ppm): ¢ 155.10, 75.13, 71.48, 66.22, 59.66. HRMS (ESI) m/z calcd. for
CsHoO4[M+H]": 133.0496; found: 133.0497.

0]

O)LO
“{_o \K

4-(tert-Butoxymethyl)-1,3-dioxolan-2-one (6m)*?l,

'"H NMR (500 MHz, CDCls, 298K, ppm): J 4.75-4.71 (m, 1H, OCH), 4.41 (dd, J: =
8.3 Hz, J» = 8.4 Hz, 1H, OCH>), 4.30 (dd, J1 = 5.7 Hz, J» = 8.3 Hz, 1H, OCH,),
3.56-3.44 (m, 2H, CH>0), 1.11 (s, 9H, C(CHs)s). *C{'H} NMR (125 MHz, CDCl;,
298K, ppm): 6 155.32, 75.31, 73.88, 66.58, 61.30, 27.31. HRMS (ESI) m/z caled. for
CsHi504M+H]": 175.0965; found: 175.0969.
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4-(iso-Propoxymethyl)-1,3-dioxolan-2-one (6n)">.

'"H NMR (500 MHz, CDCls, 298K, ppm): J 4.77-4.73 (m, 1H, OCH), 4.43 (dd, J; =
8.3 Hz, J» = 8.4 Hz, 1H, OCH»), 4.31 (dd, J1 = 6.0 Hz, J» = 8.4 Hz, 1H, OCH>),
3.62-3.51 (m, 3H, CH-O, CH(CH3)2), 1.08 (d, J = 6.1 Hz, 6H, CH(CH3),). BC{'H}
NMR (125 MHz, CDCl;, 298K, ppm): ¢ 155.23, 75.30, 72.99, 67.16, 66.49, 21.96.
HRMS (ESI) m/z calcd. for C7H1304[M+H]": 161.0809; found: 161.0807.

4-(3-Butenyl)-1,3-dioxolan-2-one (60)°%.

"H NMR (500 MHz, CDCls, 298K, ppm): 6 5.79-5.71 (m, 1H, CH=CH, ), 5.03 (dd, J;
=17.2 Hz, J» = 23.1 Hz, 2H, CH=CH>), 4.73-4.68 (m, 1H, OCH), 4.51 (dd, J; = 8.2
Hz, J = 8.3 Hz, 1H, OCH>), 4.06 (dd, J1 = 7.5 Hz, J» = 8.3 Hz, 1H, OCH>), 2.26-2.11
(m, 2H, CH,), 1.92-1.85 (m, 1H, CH>), 1.78-1.71 (m, 1H, CH>). BC{'H} NMR (125
MHz, CDCIls, 298K, ppm): ¢ 155.09, 136.16, 116.43, 76.43, 69.41, 33.05, 28.70.
HRMS (ESI) m/z calcd. for CsHi1O3[M+H]*: 143.0703; found: 143.0701.

@)

A

O o

\__<

Ph

4-Phenyl-1,3-dioxolan-2-one (6p)©°'l.

'"H NMR (500 MHz, CDCl3, 298K, ppm): ¢ 7.29-7.26 (m, 3H, ArH), 7.25-7.18 (m,
2H, ArH), 5.51 (t, J = 8.0 Hz, 1H, OCH), 4.62 (dd, Ji: = 8.3 Hz, J,» = 8.4 Hz, 1H,
OCH,), 4.16 (dd, J; = 8.2 Hz, J, = 8.3 Hz, 1H, OCH,). *C{'H} NMR (125 MHz,
CDCl3, 298K, ppm): ¢ 154.96, 135.79, 129.64, 129.14, 125.91, 78.00, 71.15. HRMS
(ESI) m/z caled. for CoHoO3[M+H]": 165.0547; found: 165.0542.
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4-((Furan-2-ylmethoxy)methyl)-1,3-dioxolan-2-one (6q)°%.

'"H NMR (500 MHz, CDCls, 298K, ppm): § 7.32 (s, 1H, ArH), 6.27 (m, 2H, ArH),
4.74-4.70 (m, 1H, OCH), 4.45-4.34 (m, 3H, OCH>, COOCH>), 4.20 (dd, Ji = 6.0 Hz,
J» = 8.4 Hz, 1H, COOCH,), 3.63-3.48 (m, 2H, CHCH-O). *C{'H} NMR (125 MHz,
CDCls, 298K, ppm):o 155.03, 150.73, 143.26, 110.49, 110.23, 75.01, 68.53, 66.33,
65.32. HRMS (ESI) m/z calcd. for CoHi1Os[M+H]": 185.0445; found:185.0443.

4,4'-(Butane-1,4-diyl)-bis-1,3-dioxolan-2-one (6r)*?],

'"H NMR (500 MHz, CDCls, 298K, ppm): J 4.68-4.62 (m, 2H, OCH), 4.47 (dd, Ji =
8.2 Hz, J, = 8.2 Hz, 2H, COOCH>), 3.99 (dd, J = 7.8 Hz, J> = 8.0 Hz, 2H, COOCH>),
1.72-1.63 (m, 4H, CH.), 1.46-1.35 (m, 4H, CH,). *C{'H} NMR (125 MHz, CDCl;,
298K, ppm): ¢ 155.08, 76.83, 69.38, 33.58, 24.12. HRMS (ESI) m/z caled. for
CioH1506] M+H]": 231.0864; found: 231.0870.

0]

N

O ©°

4,4'-Dimethyl-1,3-dioxolan-2-one (82a)">l.

"H NMR (500 MHz, CDCls, 298K, ppm): J 4.12 (s, 2H, OCH.), 1.48 (s, 6H, CHs).
BC{'H} NMR (125 MHz, CDCl3, 298K, ppm): 6 154.70, 81.84, 75.42, 26.03. HRMS
(ESI) m/z caled. for CsHoO3[M+H]": 117.0547; found: 117.0552.

O

PN

O o©°

Cl
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4-(Chloromethyl)-4-methyl-1,3-dioxolan-2-one (8b)2,

"H NMR (500 MHz, CDCls, 298K, ppm): 6 4.48 (d, J= 6.1 Hz, 1H, OCH>), 4.15 (d, J
— 8.8 Hz, 1H, OCHb), 3.70 (d, J = 12.1 Hz, 1H, CHxCI), 3.58 (d, J = 12.1 Hz, 1H,
CH,Cl), 1.59 (s, 3H, CH3). BC{'H} NMR (125 MHz, CDCls, 298K, ppm): § 153.95,
81.83, 72.07, 48.43, 23.08. HRMS (ESI) m/z calcd. for CsHsCIO3[M+H]": 151.0157;
found: 151.0150.

0]

N

O O

cis-Tetrahydro-4H-cyclopenta[d][1,3]dioxol-2-one (8¢)!l.

'"H NMR (500 MHz, CDCls, 298K, ppm): 6 5.12 (m, 2H, OCHCH>), 2.15 (m, 2H,
CHCH,CH,), 1.85-1.64 (m, 4H, CHCH,CH,). *C{'H} NMR (125 MHz, CDCL,
298K, ppm): o 155.58, 81.95, 33.22, 21.62. HRMS (ESI) m/z caled. for
CeHsO3[M+HT": 129.0547; found: 129.0541.

0]

PN

o O

cis-1,2-Cyclohexane carbonate (8d)°%.

'H NMR (500 MHz, CDCls, 298K, ppm): 4.60-4.56 (m, 2H, OCHCH,), 1.81-1.66 (m,
4H, CHCH-CH,), 1.48-1.41 (m, 2H, CHCH2CH>), 1.32-1.25 (m, 2H, CHCH,CH>).
13C{IH} NMR (125 MHz, CDCls, 298K, ppm): & 155.14, 75.53, 26.33, 18.76. HRMS
(ESI) m/z caled. for CsH1103[M+H]": 143.0703; found: 143.0702.

0]

PN

O O

@)
cis-Tetrahydro-4H-cyclopenta[d][1,3]dioxol-2-one (8¢)!1.

'H NMR (500 MHz, CDCls, 298K, ppm): J 5.22 (m, 2H, OCHCH, ), 4.24 (d, J=12.4
Hz, 2H, CHCH,0), 3.57 (d, J = 13.0 Hz, 2H, CHCH0). *C{'H} NMR (125 MHz,
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CDCl;, 298K, ppm): o 154.55, 80.20, 73.04. HRMS (ESI) m/z caled. for

CsH704[M+H]": 131.0339; found: 131.0338.

cis-5-Vinylhexahydrobenzo[d][1,3]dioxol-2-one (8f)"2

'H NMR (500 MHz, CDCls, 298K, ppm): & 5.78-5.52 (m, 1H, CH=CH,), 5.10-4.87
(m, 2H, OCHCH,), 4.85-5.48 (m, 2H, CH=CHa), 2.38-2.10 (m, 2H, CHCH>CH)),
1.89 (m, 2H, CHCH,CHa), 1.70-1.45 (m, 2H, CHCH.CH>), 1.42-1.14 (m, 1H,
CH,CHCH,). BC{'H} NMR (125 MHz, CDCls, 298K, ppm): & 154.0, 142.4, 110.5,
71.6, 70.5, 38.7, 33.3, 30.2, 29.6. HRMS (ESI) m/z caled. for CoHi30s[M+H]":
169.0860; found: 169.0859.

3.4 KRB/

FATBEALTI RIS . EACTUIRPSE . AR Ry S SR P A S S
IS TR) I JUAN T T, R GEHIATTT 1 BTttt & BT A 1-(2- 2R NI 3 )-3- (V=Y ==
WEE Pt ik ) V. Y 5 M| e R OURZ s - 4 Je S S B &) 1-4 AL CO2 ATFA AL B3R A0
S L PR FRE A A i o

KIRLARKY, FLEW) 1-4 FBKIESE B 57U [EMIm]Br 41 AL 1R 2R 2
REAE IR AN 261 R R AL COp AN IURIA AL IR IR SN, X AR IR
Fig (IEFEPE RIS 99% LA bo Horp, BCE 1 AT VE fe iy o I SCAR AT TER I,
548 25 TMAC VRN B AR LE , BRIRSE S IR AR [EMIm]Br /E B AL
TR XU s - 4 s e TC 5 P 2L RS L AR A R AR R A 1 B v, TR FH
BT, NSRRI AT, SR, X TR TR AR WA AL, R R COa
s 77, T i SRR B LR S S S I [ 4 REIE 1] 99% b2 .

FRIEZ A, FATIEHE T RO L <5 Jm K R L5 4 1 RTIK 288 3 1 A
[EMIm]Br 20 IR R AL COL AR AN S5 ML PR R] BEALEE o
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Figure 4-1 Synthesis and catalytic applications of rare-earth metal complexes
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Table 1 Crystal data and structure refinement of the complexes 1-2

Crystal data

1-(C7Hg)o.75

2-(C7Hg)o.75

Empirical formula
Formula wESIght
Temperature/K
Crystal system
Space group
a/A
b/A
c/A
al®
pr°
y/°
Volume/A?

VA
Pealeg/cm?
wmm-!
F(000)
Crystal size/mm?>
Radiation
20 range for data
collection/®

Index ranges
Reflections collected
Independent reflections

Data/restraints/
parameters
Goodness-of-fit on F?
Final R indexes
[>=20 (I)]

Final R indexes

[all data]
Largest diff. peak /hole /e
A3

Cs6 HaoN6O2Si4Y 2 (C7Hzg)o.75
1228.54
298(2)
monoclinic
C2/c
27.4192(19)
16.0841(11)
32.343(2)
90
101.103(2)
90
13996.7(17)
8
1.166
1.759
5164.0
0.18 x 0.15%x0.12
MoKa (A=0.71073)

4.614 to 50.054

-32<h<32,-18<k<19,
-38<1<38
203408

12303 [Rine=0.1481,
Riigma = 0.0546]

12303/1013/985
1.043

R1=0.0637, wR,=0.1334

R1=0.1175, wR>,=0.1620

0.38/-0.42

Cs6 HaoN6O2SisEr - (C7Hs)o.75
1385.24
296.15(10)
monoclinic
C2/c
27.3919(16)
16.0980(10)
32.3065(17)
90
101.296(2)
90
13969.7(14)
8
1.317
2.496
5628.0
0.15x0.13 x0.12
MoKa (A=0.71073)

5.144 to 59.148

-37<h<38,-22<k<22,
-43<1<44
193658

19398 [Rin = 0.0846,
Riigma = 0.0436]

19398/1219/985
1.054

R1=0.0406, wR, = 0.0820

R1=0.0591, wR> = 0.0890

0.58/-0.67
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Table 1 Crystal data and structure refinement of the complexes 3-4

Crystal data

3-(C7Hg)o.75

4-(C7Hg)o.75

Empirical formula
Formula wESIght
Temperature/K
Crystal system
Space group
alA
b/A
c/A
a/®
pr°
¥°
Volume/A?

Z
Pealeg/cm’®
u/mm-!
F(000)
Crystal size/mm?
Radiation
20 range for data

collection/®
Index ranges
Reflections collected
Independent reflections

Data/restraints/
parameters
Goodness-of-fit on F?
Final R indexes
[>=20 (I)]

Final R indexes

[all data]
Largest diff. peak/hole / e
A3

Cs6 HsoN6O2Si4Y b2 (C7Hg)o.75

1396.83
295.0
monoclinic
C2/c
27.384(11)
16.149(7)
32.471(14)

90
101.266(15)
90
14082(10)

8
1.252
2.745
5360.0
0.12x0.11 x 0.1
MoKoa (A=0.71073)

5.566 to 54.904

-35<h <35,-20<k <20,
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Figure 11. 'H NMR (500 MHz, CDCls, 298K) spectrum of 6b

3 [=2] o O
& = © <
0 = b )

| |

/ﬁi
00
Br
o ™ e V) " L

160 155 150 145 140 135 130 125 120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20
f1 (ppm)
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Figure 17. '"H NMR (500 MHz, CDCl3, 298K) spectrum of 6e

8011 ~
$$°CT

b vT
L8'8T
85 1€~
s6ee”

1§69 —

61'LL—

STSS1 —

T
150

T
160

1 (ppm)

Figure 18. 3C{'H} NMR (125 MHz, CDCl3, 298K) spectrum of 6e
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Figure 20. *C{'H} NMR (125 MHz, CDCls, 298K) spectrum of 6f
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Figure 37. '"H NMR (500 MHz, CDCl3, 298K) spectrum of 60
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Figure 54. 3C{'H} NMR (125 MHz, CDCl3, 298K) spectrum of 8e
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