4

% 4”) ft« % DOI: 10.6023/cjoc201408014 SZR5iR

Chinese Journal of Organic Chemistry

REVIEW

AT E S BENTIER-RERERKR N PN AMRER
A& KEREC A B KW

(HEALIMYE A5 B s L 235000)
C LB RE R AR 230036)

TE LI AR IR S LA AL AR P BB SRR R B 273k, o BT A L A BT AU i e —. B
P DL & Eh sl G S VR AL A A% B3 5ty A S lie, JRESRE . 15 Gy MR S5 B, 7ERA5 B 2 ki
SR, FIREOMVIFEACIRAR, TTA TR 1 58 R i A AT SO 27 SR A D L3 ) LY B iR A —
IR, R T DR AL R - B S A 0Bk S 2 v (R T e

KegE WEeSE; FORMET Stafess; M B R

Advances in Carbon-Carbon Coupling Reactions Catalyzed by
Supported Transition-Metal Catalysts
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(“ College of Information Science, Huaibei Normal University, Huaibei 235000)
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Abstract The transition-metal catalyzed coupling reaction is one of the versatile methods for the generation of new carbon-
carbon bonds in organic synthesis, and it has become a hot topic in current organic chemistry. Transition metal salts and their
complexes were used as catalyst directly in the classic methods with the drawbacks of high cost of the transition metal, the
metal contamination of the product and the toxicity remained. In order to overcome these problems, developing green synthetic
methods based on efficient and reusable catalytic systems is more desirable in organic synthesis. In this paper, the recent pro-

gress on the carbon-carbon coupling reactions catalyzed by the supported transition-metal catalysts has been reviewed.
Keywords transition metals; supported catalysts; green chemistry; separation and recovery of catalyst
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Figure 1  Design and application of the supported catalyst
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FIRIRUAL. Kohler NHP B TE AL A (I MO~
TiOy\ ALOs 55)Z% M S 3 B A RO R B IR
RERITHHIBBC SN (Eq. 1), Herboi RIBCHER BT
RN Jsde m BRI PR PR e L PR HEAT AT AR K 52
Wi {EL P AR R T AT A 22 8] VA 2 T ) A 22 B A
&, BRI PR R R RO, R
FRURRRE AL T PERE A FR EE I AR AR R, Davies 1%
IRAIHIETE T = A AR AR AL 5T (PA/ALOS) AT

(1] Heck SMAAZR, B GEH T ARSARELR AL AR R Y
PIAREAALEL IR AR S A AR L ST,

Ph

Pd/MO, (0.1 mol%) .

PhBr + PhHC:CH2 (1)
NaOAc, DMA, 140°C  py

MO, = MgO, TiO,, Al,03, SiO,

Tyer Z5C12230 R FIM AR ARG BRI &2 R AR, Hil# T
Ni(0)/ALO; T AL, FERUTT A NI R £ FR
KOHEM) Heck R HRIUH — & FEALIENE, (HARE
ARG TT K21 Heek SR

1999 4, Kabalka i1 10 Pd(0)#5 A\ KF/ALO; fi
AR 2 B T BRI  TEHE 7K Suzuki {586 S0 A
SO R TR MR R, TR D5 R DL R IRAR IS R e AT K
UFRIUSCER, AR JR IR R AN, 55 S0 R 2 LE A
TR R T AF, (HAZAR R AN 2 2 A A Ak 7 )
PN

2002 4, Barbarella Z"{# ] PdCly(dppf), {F: AL,
W H A B KF/ALOs, TETCVE I AF TSI T e e ik
) Suzuki 185 K Ri(Scheme 1). %5 KRR T R B
T, AN E Lo b B AT 58 SR R [ B AR AT v
(RIEMH IR A R 7 — Al 28ty Hox R 58
FUFI 7%, AT & e SR I U 4.

2012 4, Li f Chang 219 YARiE 7 4045 B 3 4h
KA L P 75 FE R AN 55 3 B AR 1Y) Suzuki R S0
(Scheme 2), J S A BAAN A OB AIAC (4, DA R R Ny
W, =R AT

2 FEMxGHTESRELT
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Scheme 1 Pd doped on KF/Al,O; catalyzed Suzuki reaction under microwave irradiation and solvent-free conditions
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Scheme 2 Suzuki reaction of arylboronic acids and arenediazo-

Cat. A

nium salts

AR EAR AL B, HATS) 2 T 2 it g
& )&, I Au/C, Pd/C, Ni/C, Cu/C ZE AL E R Th N
BHLVE RN, FHor Pd/C AL R F BN 2.

1994 4F, Marck Z5PHRIE T Pd/C HEAL Y Suzuki fH 5k
SR 2 DRAR TS 1R AN = R FR B O I B, AT 45
P W47 10 45 2R (Scheme 3). AR, 1EFH W50 T FCAR X
Pd/C ALK RGN, 25 3R, HJLLRARITIEN
JEVIRT, FERE AT FRATHE e R ISR, {EL A 24 55 2 &
RIS, P22

_PdIC, PhyP_
[ ><:>_©_ (HORB "-CsH11N2,C0,, DME
17 h,80 C
0
(X4 O ot
o

Yield 85%
Pd/C, Ph;P
C @@H@ i Prs
Na,COs;, DME
17 h, 80 C
C m

Yield 89%

B3 RATTRAN = FAERR R 5 07 B R Y Suzuki R
Scheme 3 Suzuki reaction of arylbromides and aryltriflates
with organoboronic acids

Kohler /NAMI 2% T RAIARFRK PA/C AL, I
DL Heck [ N MR, AT FT T AL PA(0)HTk 4>
B R JFERERE . Bk, Ak i S R O A R 1
ISEIR, SEE6 R BN K A RIURL 7 B L e 451 2, 1&& L5,
BrKEAE 50% ~ 60% AL 771 14 A0 36 1 B . AR,
Pd/C HEALFITE S %ﬁ%#mﬁqmﬁfEFW%Tm
MRIR Heck JMipiAR4kwdRiE, RINFIEA =M
REAk v P 0 B A2 A F PR

2012 4, Sun ZPHRGE T 1E 50% H EEK I H Pd/C
AL 18-7e-6 (2 3E ¥ 2% R4 AN 55 LR 1Y) Suzuki
BB N(Eq. 3). YISO R, SR8 T H ok
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X Pd/C, (n-Bu)sN N R
X s
| + /\RZ A, | 2)
[ [OMIM]BF 5, MWI //
R! R

[OMIM]BF,4 = 1-octanyl-3-methylimidazolium tetrafluoroborate
R'=H, OCHg, NO,; R? = Ph, CO,C,Hs; X = Br, Cl

5 H B A 11 D R VLA AR 5 B B TR S e v 7 e b it
FIHEAT, P22 EIE 99%. BLAk, ZMEA AT DLIEH 8
H 5 ORISR R AL .

@B + (HOMLB @ Pd/C, 18-Crown-6
\ r
X 7 N\ A k2 K,CO;, 50% MeOH
X 7 NN @)
R’ R?

2013 4F, Liu Z5MHR70E 7 ERLA S 51 Pd/C L)
77 IR YA TS FEER ) Suzuki 185K M (Eq. 4). £
BT, S EUREE ) 57 2R WA 5 B R # fE =
PR HAE 50% LI/ A A 5E B, AL 7R AT JE 3R A
M 105, HAEMEER LR ZERK. ZETHTE
I BT A R

1@Br + (H0)2|3—<\:/\>R2 ___Pac

K,CO3, EtOH/H,0
r.t., in air

R
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BHLE DT REW AL IE S 8 AT — B 7E
REW AT B bR, A0 78 4R H R T8k
HReH, sUETEC R TR R A& E B G
(RN ZY S S VLT3l VAT W S M i g = S TANE ()RR NI

BRI ERNREMBA L —, FAE 1978 4,
Teranishi %5V I8 T R I L0485t ki I 4 @ 4
SN E D, HRIIRH TN Heck KRB J&
Sk, Zhang /N RIh AT BERTE AR RIS MR R
LIEWIEAR, FAERT DL 34, JF T AL B 55 & fn
PRI T g 114 J2 .

2000 4F, Schwarz {f R HRAE 1 1E SR 205
REMIAEF LM E Pd LSS BARMEIT. Z4E1
FXF P I RIS 5 0 1075 B JR 1 Heck [N LA 2 i 4
PiE T, BT S H A A P R T TR S LR AR 5 R 1)
SN, BT DL SRR AL IR R T e 5 E AR DT R R
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Ry teah, HEAGRIFEE S 15 K5, His AR WL &
FEAIK.

JRJ5, Lin ZUSIH Yamada 2V R AT AT T B4
Y P AT 2540 L HAE Heck ROBH LTS
.

Wang /NHPDLRIE 205 Nk, 2t B
SRR T BT IR AR A SR T, 49 3 A e R R
TR, FEE WA RIS, AR TR
PRI =7 F BN, i€ T RAIBRA R EY)
(Eq. 5). AT DAPEIRME A 12 1R, HARE HEAE )
T B ARk, % TAER Synfacts 1E N5% S 3t47 T ¥
WL FEMMATIERIE T B &R ek S R AL i
SN, 3R AT A ORI ERR

N
)
N
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R—==+H H>-NR2R3 — )
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\\\jo}\//l
R" "H

R = Aromatic, Aliphatic; R' = H, Aromatic, Aliphatic;
R2, R® = Aromatic, Aliphatic

Billaud 55 2H 22 22358 SR A7 K A G {8 B {EL DB L
AR AT T AV & BB E A Heck [BLHEALTIG
WEPEAL . K Ni BURL 2 0T SRR (PAND) i % T
Ni(0)/PANI AL, MREEAR TR 69%, HEAFIFR
SEMEARLT, 7E B4 R 5 AR R L4 R B I TR

Yang %5 PV BLER - & 4 3 b b3 M
Co(OAc), IRAIYEN Heck SNIA BT, M SR
FREATIAE] 95%, EEMEH 3 Ik, FRAREE 83%.
185 5 -p-Z A ZE AT 3T Cu fEALFIARLE, Co AT
e BB e 1 SN i

[FBT, A2 RA T ¥ S E W oot 4 B i
EFIHEA ) Suzuki B NG T KR, R1FIHET
BRI R A WAL 3 R R S

1997 4E, JangV 15 VO 5 A S B A LT A
Suzuki BN, 1M AT b 1) 1 A B — 460 P 2R
TR AL G W 5 A HLIIAL G P I AR B s 97 Hh 3% TR HE 3 4
s, HHERMNERE, #ATAEE A5 5 R MR
EWoyE, BATEEMH 10 &, &R W PR (Eq.
6).

2000 4, El-Sayed 21 RIE T 5 £ 47 ML v ki i
(PVP)Fa & AN KAL), 2 A AR AT 7E KA Hh S 3
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Polymer-bound Pd

R'BY + R2X R'R? + Polymer-bound Pd (6)
R" = Aryl, Alkenyl, Alkyl; @

R? = Phenyl, Aryl, Alkenyl; REUSE

X =1, Br, OTf;

Y = Catechol, Disiamyl, Dicyclohexyl, 9-BBN
(i-PrO),, (OH),

Suzuki 38 XABER SN (Bq. 7). AT R0 55 S0l B 75 0
BEARAELE . BRAT 40% 1) £ BE KIS BB R I 2644 R,
ALRTFEL R 722 IF HAE AL S R IR B T R S5 AR S
RRAE B, B2 SN R A AE R AR A R T (E I S B 45
W, A&BAyiE B, SRR e R .

O/ HO), @PVP -Pd nanoparticle O_@ @
40% EtOH, reflux g

2002 4E, Uozumi ZFPHRGE T —Ff i S i 57 311
AR AL TR ) B LR /KA Suzuki 8 Bk S B (Eq.
8), KM T 8 MR I5 e 12 R 245 AN 75 FEil B F s
W, BRONEHR ORI 2 BRI e B A E =, 1 HoiZ
FREAGTIEDE I 3 IRJG, MEAGIE 1 oK LB 2 FEAIK.

o 2mol% Cat B R
Y] +RBOH), ——————— Y1I— ®)
= in water _—

8 varieties 12 varieties 96 combinations

rt\ /j_\ P
— o) N ((Pd} cr
n \—P"‘\

cat M

2004 4E, Hu 2P —#ikbil 4 7 58 N N- ket
R AR R ) A K AR AR 4L ) PDHC-Pd, J@id TEM A
A H A ELHAR G R P RS2 08 3 nm(B 2), KEL
NERTE. BEFCRIR, TCBTEAL GUnFi T i & 1E s i #4
N, IR AR X T Suzuki 18R B2 B H AR A A4
TEPE. ARG INIATT R, MAAKIERER 5 KE, W
PEREAMRIF AR, 2R 90%; SR, FEMm#HIT =
T, MAFVIERRER 5 KJE, HA R IR PR (Eq.
9).

X (HO),B —
0 X PDHC-Pd_ / \
R1©/+ @—» @—@ ,
R2 R R

R'=H, Br; R?=H, CHO; X =1, Br

2006 4, Fan 528 4008 7 — R 8508 B A
RBEEWFaE R BYKRL T B AL Suzuki 1B S M
(Scheme 4). 4% FhAR 5 12 B AR 5 B 5 ZR IR Je oz
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F1 RSB ARAENTIE Suzaki 55N iR H]

Table 1 Polymer-supported catalysts in the Suzuki reactions

Catalyst preparation : Catalytic reaction _ YVield% Ref
Pd source Support Aryl halide Organoborane Conditions
. (E)-p-Styryl-1,3,2- 2 h, 80 C, benzene,
Pd(0) complex Polymer-bound (2)-Styrylbromide benzodioxaborol NaOEt, 1% Pd 96 [24]
12 h, reflux, 40%
Poly(N-vinyl-2- 2-Thioph i ’ .
Pd nanoparticles Oy (¥-Viny Todobenzene Thiophencboronic b 1y Na.po,, 92 [25]
pyrrolidone) (PVP) acid
0.3% Pd
3 L . L. 12 h, 50 ‘C, water,
[PACI(°-C5Hs)],  Amphiphilic resin 4-lodophenol Phenylboronic acid K,COs, 2% Pd 99 [26]
0.6~24 h, reflux
. Poly(N,N-dihexyl- Todob d L . ’ ’
Pd nanoparticle oly( . Hexy odobenzene an Phenylboronic acid dioxane, K,COs, 84~99 [27]
carbodiimide) bromobenzene
0.5% Pd
48 h, refl i
Pd(acac), Phosphine dendrimer Aryl chlorides Phenylboronic acid K83P(,)f 2;:’}:(1;0)(%6’ 51~94 [28]
. . L 4 h, r.t., EtOH,
Pd(OAc), Merrifield resin Bromobenzene Arylboronic acid ' 78~93 [29]

K,COs5, 0.5% Pd

Py

B2 5 NN-TE AR I S B 4K A K TEM 43 #
(bar=50 nm)

Figure 2 TEM analysis of palladium nanoparticles stabilized by
poly(,N-dihexylcarbodiimide) (bar=50 nm)

B, A F5 22 0.06 mol%f b il, [ FIEPH]E =i T, 4%
FREARTT B SR INR [ SR, 5 2E 2.0 mol%fEfLF, F=
FNIE 51%~94%. ZEAFIEEIRMER 8 G, 15IH
ATERFFILTEPE. 46, AR XS Sk & ST B A
TR

Wang P Merrifield ¥ fg/E AEAAK, LR
&M, ADKEA0SE S ik e A T IR R T, 2k 97 2K
e B A, f&AS B AR A, AR T
Suzuki B, P2 EIE 93%, BRI H K2 1%
RAEE R TR T, TR 0.50 mol%, Jk
WDEE T, AR PRI R 015 8] T B R A,
ATDAE G AEH 205 10 &, TG ERREA A (Eq. 10).

2009 4, Razler ZPHRIE T/ ERALY T, Ko
B 2000 (PEG-2000) %1 ZALMHAL T Suzuki BN
(Eq. 11). PEG-2000 54 £ AT PLER# (<1 min) A7 AE %
K4 SR AR T (B 3), 7E 1.0 mol% K f B AL 77 T
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RIS (HORB G,DenP-Pd
II\ > + | _RZ _—
Z = K3PO4'7H20

X=1Br,Cl:Z=C, N dioxane, reflux

R1 —
TSN
«;_:->_<\:\>R2 TON up to 65000

BR 4 BRRESY-GOREAELK Suzuki S
Scheme 4 Polymer-stabilized Pd-nanoparticles for the Suzuki
reaction

A PR R Suzuki 8 XABEE H AR ). FEIX
H, PEG-2000 B AT LA AL IR B BNAH, SLAT LA
ARAREAMET, @ B, BEAR S B SELY
AR 1 7 51 5

2009 4, Guo MR RIS T % 2-F IL 6T (PATP)
RN K S Suzuki FRIBE RN, 2% % 3 BN
S, FEKA P BEAT (Bq. 12). BAMESEZRE, 5
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O’X . QB(OH Cat. C (0.50 mol%) (ﬁlgspAmETV)
/ / > EtOH, K,COy rt Ar=X + Ar=B(OH), — i @0 equv] Ar—Ar (12)
H,0, 4 h
7\ \ (10)
R1/ — \ \Rz Aryl halide Arylboronic acid Yield/%
HOOCOCI QB(OH)Q 95
O
o
OMe
Cat. C @m QB(OH)Q 91
Br  (HO),B d(OAc), (1 mol%) MeQ
O/ \O PEG 2000 (10 mol%) er GB(OH)Z 82
R —
FN 11
RYan\ / an

B3 PEG 2000-Pd 4L (¥ TEM 43#7
Figure 3 TEM imaging of the PEG 2000-Pd catalyst
After (A) 1 min, (B) 5 min, (C) 30 minand (D)2 h

S5 R S B 1R 7= 6 T LT A O (1 Y8 A 47 s gt
5 2RI 2 S 1) 7= 28 A 4.

2010 4F, Wang ZP2HRIE T —Fh R i R 2K 2.0 B
B A TR A T O B IR BT FE LS 5 RS I A
SABBE RN, 7E R RICR RN, B e 0 200 P
UF(Bq. 13). Z A AT MR NI & 4 v 7 {58 4 25
&, EEEH 10 R, BT 1 AT PRI,

Wang /NP G J& W AWCKAR R 76 57 R R LR
Uity e 5 e AR (MBI ) 5 J PR A I S L PRI T 0, 1) 4%
T PR R £ 3R 20 LR S B (PVP) £ 3840 K AT
ALY, ML ECRAR . T A NI
P, SRR EIRA DT B 5 K im 2 1) Sonoga-
shira N, 23R EIA 98%, PVP Tk gk fifk
A G et b H, wEEMA 8 K, WEHEAAE
(Eq. 14).
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DMSO, KF, 105 C

Q—<;>—(:|-|2F>F>r12F>ch:|2
D
1 RZ

7 N\ __ ., __PdOYPVP_ 7N\ __ R (14
@X * R—="H T co,EoH <_l_> = R (4
R No ligand R?
No copper
No amine

Recoverable palladium
32 BYikAAITEERELT

BT R — M EFREBGEERT 100 CH 2E

WP, — % E JCATLRA 25 FE BLRH B8 74 6 1 k. 78
dERTIVES, BT RAAE ZENAE RN Z K
T, THR AR B ik S s R, a4k
BT R E AR BRI A E, SRS DR RS T
TR IR R — SRR A 8 4 B A 7 B A

2003 4F, Audic Pl id £ 5 A BT B b ke 2
1 # [ Grubbs 47 #4LF(Eq. 15), A THEE K
N, SEEG 25 R, Le ki 25 67 2k K Grubbs 8 4677 (i
TG PER, RNF=3IE 95%LA b, HF FARHIZ IRIEFF
fERTARIGEYE, 7E28 10 IRIEIME A J5 7= AT R R
95%.

2004 4F, Corma Al Garcia ZEB9R 8 1 5 Bc A7 AL 1
AT, PRI 5N EEIR WK 5 ) £ TS IR AL 5,
Bl e i 1 IX AR &Y T Heck A1 Suzuki 22 X ARk
S L ALV PE(Scheme 5).
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OH
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Scheme 5 Ionic liquid supported Pd for the Heck and Suzuki
reactions

2004 4, Dyson ZPHRIE T R AN S B REIL I & T
TR 1~4 FALIAE AT 5~9 JZ7E Suzuki A1 Stille 1
P B R, BRI, BT AL & 43 R
R U AL T 1 (Scheme 6).

2006 4, Shreeve 25| £ 17— R FIIL WAL 3,5- —
FE I P B A Ak UL 11 25 R B T AR B AT (A A
1677 (Scheme 7). Bifi J5 B 70 1 1% # AR AL T /£ Heck,
Suzuki & Sonogashira 1 5B¢ [ N Y8 .

2007 4F, IZUA P S AT (2-MH e IR ) - K I 1)
BT RAARRCA PR, HEIEFT T AR Heck 1
WSS, AL F7E Heck JOMirh 30 HY T AR5 4
(A% P 5 A A [E] 05 FAs FH 14 (Scheme 8).

2006 4F, Wang HH MG ThEEAL B8 iU AAAE R —
Tt BKCRTAE BRI S A I, FETC I BC AR 1 2614, AR
FREAL Y Heck SM(Eq. 16). %5 M A# FH[HEmim][BF,]
VERIEF, BERREIVE AN, ZRRADVE NMEILT). 4R RIS
TR LRSI R D, ES: 6 IRSESG, KRIUE
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Scheme 6 Nitrile functionalized ionic liquid coordinated Pd
catalyst
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60 °C 48 h N N 80°C, 12 h Water/acetone
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N—l;l Y N N/Pd —N= N>
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BR7 MR RE AL R TR L A R A AL 77
Scheme 7 Pyrazolyl-functionalized ionic liquids and their pal-
ladium(II) complexes

CHO /—\
N« NH
N 1) EtOH, 0 °C
| +OHCCHO +NH3(aq) —————»
2)25°C | N
=
} N N\R1
R'X, NaOH R2X LiNTf,, 25 °C
DMF/H,0, 25 °C | SN 100°C  water/acetone
=
2 —~R! / N
R . PdCl pa— NS
B NTf 0 | \N// 1 2
| /N MeOH, 25 °C J ¢ R\N N—R
R'=Me, Pr, Bu 2NTR =

B v I U A R W AL
Scheme 8 Pyridyl-functionalized imidazolium-based ionic lig-
uid and its palladium(II) complex
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FR PTG B PR, R R R % R RAE =

LA AT LA T
X Pd(OAC), (2 mol%) N R
| + 2 g | (16)
A~ K3PO,, [HEmim][BF 4] 1/ Z
R’ No amine ! R
No phosphine !
Recoverable IL |
Recoverable catalyst !

X =1, Br;
R = Ar, CO5R,, CN

(E)-Product

2009 4k, Lombardo 2515 i A FH Fi bl i) . 76 25 <
AIFEARAEI) . 5 5 b ER ) & B AR ) 3 AR e &
Y, 9258 7 HAE Suzuki RSN H N H (Scheme 9).
TE S5 1 SN B TR RN B R AT A 2644 R, AL I BR e
6 KJa, B T A ) SRR TR A 2 A
AT T

Ph -
| NTf;
R £

+

EtN Ph
NTf; P, <
2 7 pg Ph NTE;
P Pd | 2
Cl Fi\/\/\ﬁEts
Ph
cat. Pd

@( + PhB(OH), Cat.Pd ©\/
Br Ph

B9 EBERCAL AR AEAL T T Suzuki B
Scheme 9 Diphenylphosphine palladium complex for the Su-
zuki reaction

[E)4E, Wang NHWIL=IE T e 2R M 1,4-—
IRT e N Rk & T B 7 U& (Scheme  10). ZIIfgft
BT AR T, RIBEGWMARHE. b5 L Heck
L RERR, 552 T DRe B T IR AR % B I R
. g5 SRR RROL T8 B A, E AR IR D)
ReAb B TR FR SRR A MIMNGR, 5t ae M) Sz I 4
JEFEMEAGY) Heck S, T H R SRATER, 722,
A TR TTIEAE 6 IR, FePER AR LRFEAAL.

2011 4, Wang ZEMHRIE T (2-nng 3 ) -1k me g 25 7
TRAATC AL )AL A AL FRZE KA H ) Suzukid I ON, TG0
05 FEIA D T A AN 2V TS M 1 05 B ST e R AR A X
IS N, I HAZ M IR L AE E, B T2
Kk H, AKEBIZE (Scheme 11).

4 BH-TNRUEMBEEAENTEERE
&4

HWHE TR — A R 2 15, HAA HA L
PR BF HIAUBMORT AR E k. KA HLBC AR 1 3 38 oL
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BrCH,(CH,),CH,Br + Br
—_—

- n-C4Hg)sN(CH,);CH,Br
(n-C4Hg)sN CoHoOH, reflux (n-C4Hg)3N(CH,)3CH,

HN(CH,CH,0H),
C,H50H, reflux

+
(n-C4Hg)3N(CH3)4N(CH,CHOH), Br]

X
h PN [l TsiL NoNUR
// + 77 OR |
Pd(OAc), (1 mol%) //
No additional base ! | R'
X=1,Br, Cl; No phosphine ! (E)-Product

Recoverable TSIL !

Recoverable catalyst |

R']
R = Ar, CO,R? CN ‘

The functions of
task-specific ionic liquid !

,3

OH
[ y,/'(n-c‘tHg)gHN‘W\/ ~"on’
‘\\ Br- @,/’/
B N,O-ligand

xR 10 ZUae i B4 H T Heck RN

Scheme 10 Multi-functionalization ionic liquid and its applica-
tion in Heck reaction

PORLER T, T BE P42 my e A A SR T AR, SOnT FRAIR AR
B HL-TEHL AR 2 8 0 6 8 BRI . MCM-41 .
SBA-15 S AU R R T 82 s b A7 1240, it s
S NEAE R B B G B A A R R R ML
FHI—REEMEL R Ee 2 A 0 20 & e
HFIECAL T Thae B [ b, AT SEERLAE A0 7] ) B k.

2006 4F, Wang BREH"IBFR T LAEHLZ FLIEM R
FER R MR LTS £ R oA HURE S e il 7 B2 b
et & A M- TEHL AR 8, i e &
Be A& (A LN PA(L), A3 A M- WL A A0 B 47
B R A, JF BT T 1L Sonogashira
SN, RNAE TG oA B B e AR PR A7 0 B AT
e, RNAEREE BRI H CBEH R 6 h, 7=
M ECRIE 98%, IR ERT LAY KRB, B
FIAT [N 30 KA K& P (Scheme  12). 58 & R,
ZMEAL IR AT AL Suzuki S B(Eq. 17)0) [RI4EAATTIR
T8 T ZBUAM R 712, Cu()fE{LIY Sonogashira K&
MiH7(Scheme 13)F1 =M A& R S N2, 3 B oh il £ 7
ZHCA B Ca(IDHEALF, HI T AL Ullmann Btk
&[49].

2008 4E, iZ/NAPORIE T — R B AL RE B
B Il R R (D A WL TCHL A A AR E Dy — P s 2k i
1B H T Sonogashira B, KRufHEEIZENT] TS
77 FE AL VDA IRA D NG s 45 21 AH . 1 28 AR 1 =
W, W R, EAR T I S SR ) T B g8 [,
FESLPEIE A 6 R ML IE 14 JC B & PR K(Eq. 18).
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CHO /T
1) EtOH
)0 °C Ny AN B~

\
| N + OHCCHO + NHy (aq) ————= — =
_ 2) 25°C N°X, NaOH, DMF/H,0
I =
N N~
X Me3N * Pd(cod)CIZ
N MeCN reflux CHQCIZ rt.
I =
R=H,Cl
L
"N N\ ad R
“pd
(I NS
I =~ Cat.E

B(OH), Cat. E (0.1 mol%)
o ETTEN o,
HZO 120 C R

97% 99%
91% 82%
HiC  68% 92%

B 1 & RS R A AL T Suzuki S

Scheme 11 Pd chelating complex of ionic nitrogen-containing

ligand for the Suzuki reaction

@ @x Cat. F (1 mol%)
+ _—
v BOM:2 = X/ K,COs, DMA

7\ N (17)
/
VA
Fos-On
= el
H /
H @)
e Y/HO
HN
Y _OH
anchored Cu(l) cat.  CU()
anchored Cu(l) cat.
R'—X + RZ——H o) R'——R? (18)

K,CO3, DMF
[l AE A AT IR R T R i B B S 1 1 — A Ak
TR AR R A AL 7, IR FL R F T4k Heek M. (Eq.
19). FZ A BAMENTR, SCILETCE . BREREF M. N,N-
TR R ROV RIS T RIOR IRRAAR SR L
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E_OH 3-(2-aminoethyl- E—O NN
—OH  amino)propyltri- E_O_S' H NH,
:—OH methyloxylsilane —O PdCl,
OH ————— = O H -
I—OH i—0—Si_~_N _NH,
i—OH i-o
Sio, : Sio,
Hl®
—0=si" THN_  NH,
O Pd(Il)
o N
osi_~ N NH;,
Hal®
SiO, Cat.F
Cat. F (1.0 mol%
@x+R:H at F (1.0 mol'%) ;\ — R
1= K,CO3, EtOH, reflux_ X
R R
No copper !
No amine !

Recoverable palladium catal.!

B 12 AHL-THEAAR A AL B Sonogashira B
Scheme 12 Sonogashira reaction catalyzed by immobilization
of Pd in organic-organic hybrid materials

3-(2-aminoethyl-
OH amino)propyltri-  |—0O H

i . NH, Cul
on Methyloxylsilane O;SI\/\/N ,NH2 u
OH %

Sio, Si0,

cu\
—0 SN
o=si_~ N NH:
S
o)
Si0;  cat.G
72\ X + R—=——H Cat. G (5.0 mol%)
R1/_ KoCOj3, PPhs, DMF
X=1,Br
7N\ —
X — R
R1

B 13 AP R R {4 1K) Sonogashira [ B
Scheme 13 Sonogashira reaction catalyzed by immobilization
of Cu in organic-inorganic hybrid materials

WEARIE S B, P2 3R K. RIIRHZ /NP RGE T PR
2 AR RS MR IO 2 FLEA R R R 8k, 1
R A A A G DA R A NI DA ) % 67 38 1) v
TEPEAR AL T (Scheme 14), MIhF T fLmmIEpL . 1.
W = TR RN, X5 . MR, J7Fkpe. NEN
W, L BENi G RAF AL ROR. AL H 4
A2 S B AT 7 25 3 S TRV RIS N AT, fRAER) T AL
ZIR N FEINE 80 C. X FIFMEAL T AT 2 IR AEFR
fEAMAREN, et E2eR, R i 178
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HOBL, DIC/CH,CI,
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0] F TS B A A A [3 - 208 i s i)
. (Et0)3Si(CHa,)3NH, Il
I—OH APTS E O
S - e B
Si N N N , E 2Ll
B N N \
O ot Y Y bl
O\SI H O OH
o) 0 o I~ \n/\/\n/
Cat. G (o) O

X xR
. 1 1% P X
» : X N /\R Cat. G (1 mol% Pd) R’ : (19)
_ K,CO3, DMF Z

— NH,
N N_.. |Cul tBuONa O: Cul, DMF
X" CHs Toluene, 80 °C NH,

Toluene

Cat. |

B 14 A HL-TEHUAAA R R 677

Scheme 14 Immobilization of copper in organic-inorganic hy-

brid materials

2011 4E, Wang /NHPYEAT 414 7 REA WU E
REALIORERR, 4k % T RER 57 R A LB A0 BC 547,
HAGH BT Suzuki BECR R, BUS TR 41 [ V2L
F, R E . RV SRR EE B R
(Scheme 15). SEIGZERFBH, ZMALTIBIRCR S, K
PR VL, FF B AN AT 2 IR A AN R
P, Rt EEZoR, AT IER & T RV
B AR, R A TG Suzuki, Sonoga-
shira, Heck %A ML, TSR, 72006
I FE T AS PR B VB AE 1 b P i

Cai /NHAE MCM-41 87 T K& TAE. 2007
4, Cai ZPURIET MCM-41 7R AR (0) HEAL 771,
R M T IR FE AR AR, AR S R X O AR
) Sonogashira < N AK A #4L. 2013 4F, Cai 254
T8 T — bR S v ) R AR ARG I AR 1 R A
MCM-41 FE AL, o] DL = 2R A Bk SR 75
FEA AR SARBE SN 12 M Ak 3 A a7 B At D [
e, PEIAER 10 D AL s PR VA TR B R FRE(Eq. 20).
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E < > 2THF CH30H
: N Ph
S'\/\/ N \n/\/\n/ ;< >_ 2

“Mﬂ

Supported palladium catalyst

(_ MB(OH o

7 N\

R1/_ \\’RZ

Supported palladium catalyst
(10.50 mol% )

MeOH/H,0 (W/V = 1/1)
Base, r.t.

B 15 AH-EHAAA R BTN T Suzuki 3
Scheme 15 Immobilization of Pd in organic-inorganic hybrid
materials for the Suzuki reaction

l —
EiG (AcO)Pd—NH

MCM-41-2N-Pd(OAc),

0]
3

1.5 mol% MCM-41-2N-Pd(OAc),
NMP, BusN (1.0 equiv.), 80 °C

@)
3 AN (20)
5 HMAKRATRENTESRIEWT

I JUSE SR A JE R — AL RE AT R IR AE W R 2 oK
RURLER AW b, SEIL T 8 20 RIS e 2510k 45 i 58
Y. TR B RSHEGUR G0, AR 40R KL T
Wtk Z M TS LA R B B e, b T
FOF B, RIS AR Z LEXE N, A3 AL S
PR A R TR R, FEARRAEE B3N 1 & i)
I3 ¥ SR Z TR A A o XA EL AR FH AR R
flesdt TARSIHI AL, B T RN AR, Al AR VAR
—ERE R ERGE T MM, XA FAE K BB
AW, AT U T T A A 7 5 BT A RS S 7
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W oy E, SR T REE A8 KR T R A R ) TR
PEE 4)P7,

a) Reaction taking place on an attached catalyst
(NP as support, NP catalytically inactive)

A+B c*

catalyst catalyst*
+ ease of handling and work-up
+ recycling possible

+ if magnetic: magnetic decanting
possible, thus very fast separation

b) Reaction taking place on the NP
(NP as active catalyst)

B4 AR ANRRL T SR A A 77 S s
Figure 4 The design of magnetic nanoparticle immobilized
catalyst

2006 4E, Gao HFFT/NHPEKE A ) N-Z23FF 5240
(PA-NHC) ¥ 2 B3 R e 1, SR 8] % 76 A2 B K i 1
gk y-Fe,05 b, AT —MEE | il 1 BG40 Kb
TG, 21). ZHAFITE Suzuki (BB R
HAR AL I, TEIR R A TR B T3 B IR i A
ﬁi%?ﬁ@la’]ﬁﬂlﬂ*x TR TS IR I N, JLT-#Re1S

EIIFEE,
’ o> s = N ~Me
cl- P
Iron oxide-Pd
QX . @ Iron oxide-Pd — 21
X/ 2 DMF, Na,CO5 R@_@ @0
12 h, 50 °C \

R = Me, OMe, OAc; X = |, Br up to 93%

2007 £, Manorama iff 75 /NP & B T NiFe,04 1%
U (DA)-Pd fEALTT, FF B AR 206 5 05 B iiib )
AR Heck ABIDE SN HH 7R R AT IR Ak 2 A ik
BYE, N AR ANEg. 22). BEEX TR E, HE

FIFRAE ) S L RR
NiFe,0,-DA-Pd O
DMF, K2C03 |
O 22)
T130°C. 36 h O
R = H, Me, COMe, NO,, OMe R 72% ~ 95%
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2010 4, Lee BF70/INHIOHRGE T — Rl M4 il e 1)
WEVE QKR TR TR). AT & e BTk & e T — R
Pd MIECEYD, SRJ5AE Bl 0 H R i = 2 B e e
B e FR % B2 B WM 48 K KL F (Scheme 16). B
K,COs M, KA, £ TBAB AEMFEREFIMIAIET,
AT AR B (0 1 Ak 55 i S5 2R IR 114 3 K .

W
- ! Toluene
+ (EtO)sSi N O
: e \ / 100°C, 12 h
SiO.
/ \
PhsP

YY
\ O
/ \Me

Pd- SIOQ@F6304

:< Q Pd-Si0,@Fes0,
)2 H,0, TBAB, K,CO4

5~6h, 60°C

Rzﬂ R', R?=H, Me, OMe, OH

87% ~ 94%

Bz 16 Fe;0,@Si0,-Pd E1LI¥) Suzuki J
Scheme 16 Fe;0,@Si0,-Pd catalyst for the Suzuki reaction

2012 4, Wang BRI RIE T REMEKRL T 73K
HUMEAL ) Suzuki, Sonogashira F1 Heck fc N, A6 R
SRR Uk, v LRI A 2D 8 IRTE R
I HAE AL 75 P (Scheme  17). 7038 & BLiX — AL 77 [H]
FERT DAL 7 2 P S 2k 05 AR R 5 o AR5 264k &
YY) Hiyama 28 XABEE S N E, B T 65 1 (0 R50R 9,
RGN E: S (R AR A RGN 2 I 5
Hiyama [ B ER A8 R {044 2R

2013 4F, Luo ZF“HRIE T — Click =¥ e 14 1
Tl A K ROk A7 AR A A R E CBEZK IS ) Suzuki
R B [ B (Scheme 18). %K R H =K, T B
1'213 I HAZAME AT AT DUR 25 5 b M RAR 2 43 85 75 7

H, JEIMEH 2 Um0 o i 35 13 PE BRI,

2013 4E, Zolfigol ZICHHRIE T Fa e AR TEHE 9K At
AL I 75 S8y 1b e SR Sonogashira A2 X ARk s
(Scheme 19). ik Z A% NaOH/ZKH, 5 SR &
RSP T AR B, FLARAFI EIORI A 6 IRifiAS
FEARTE 1 (] 4).

2014 4, Sardarian S5\ HRIE T — R R HREC S0 1
B Be ARG E DR URL 1 B AL 7E Sonogashira B
HHE R, AL T I A A AR T et R L b gk AT
Mi(Scheme 20). %Ak RAMH =K, AR, 5 H
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Scheme 17 Preparation of SiO,@Fe;04-Pd catalyst and its application in Sukuzi, Sonogashira and Heck reactions
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Scheme 18 Preparation of magnetic nanoparticle immobilized
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TEOS CIPPhy, Ny

I -
Sonication
Toluene

Fes04 S0 Sio

PdCl,
—_—

v
e

B 19 FIEGRRL T AL AL 7]

Scheme 19 Magnetic nanoparticle immobilized Pd catalyst
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Figure 5 Preparation of the magnetically separable system
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