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5 LE [ E bk

A B AR 08 — SRR & AN — Rk D 2 DI KRBI T E B, A — R I POSEE & Ay 5
IROMNAET D120 (H—E, A—IE) ., ROSHK TRIZAERY & Bt SR A S Th b, 0
STHHREDR G & b [EARARBEER RN AL B 2 BT 5 2 e TE | T/ E TORBAREID
VTV D, —J7, BRI SOSEEE & I 51 L~V T —IFEET 5700 (IR—ik) .
Ki@*ﬁﬁﬂﬁi TR RIZEWBUSTE & B2 A5 L, Table 1.1 U ¥ — Rk, A — Rk
DREE £ L DT,

Table 1.1.1. Difference of homogeneous and hetemes catalyst

P ) A
B ) .
PPN (I T TRl )
P o o
SO IR %< 1% 200CLLF % < 1%~500C
LT B s
RO B e
it 73 B R w5
R IHH A L A

VTR Y — SRR & 88— R Al O i A e da i A 7 [EE AR & R T D AR O BT 2N AL
ITH TS 34 EE(CAME & 13, U MG & o 72 SOSEIRIC R R BRI LTl — R il
BEZALFRE A K o TREL Lo Th 5, IR BICH— R 26 S 2 2L T, Al X
D FREES RS IR T & 5 KR, AR LIS — RO X O ey THEERGE A FREL 72 D720
V) — R fib i & R — R Ol 7 O FS%E Fedafif 2 72 =— 7 7 il RE 23 IFF © & 5 (Figure 1.1.1.,
Figure 1.1.2)

[0

EREEHER

E A8
FER VB A . BT M A 5 T Al

Figure 1.1.1. Structure of immobilization catalyst
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7E1E

[ & fi 35

ZEEEIRDL Z S
Figure 1.1.2. Performance of immobilization catalys

EEDFHEE LTUIRELS DT TRy T H T UAELER NAT v 7 EO2EERNSH D, by T H
U AR ERSERAMELE H O T oA L, ENEHEAEENT D FETH D, K LTHR LT
v TIEE RSB 2 BB B LT RICER Y — A2 A THIK LT T 2 FIETh D
(Scheme 1.1.1) W3 LD J7ik & TG MR C &b 2 4@ SEIR AR 2 IR~y TIRIECHEF T2 2 &
DAA[REZR T2 60, DR D ERMARME & bhig: U @ MERE 7 ALY EME D RSB HIRF T X 5,
Sio,

support O, OR
(RO)3Sivw L+ Pd — (RO)3SivwpPdL,  — SiO, SivwPdL,
o}

: Pd Immobilized
Ligand Complex
source catalyst
Pd
: o, PR source o. OR
S|02 + (RO)3S|J\NVVVV Ln  — S|02 /SiWLn —— S|02 /S|vavvv PdLn
O
Silica Liand immobiization Immobilized
support 9 ligand catalyst

Scheme 1.1.1. Immobilization method of top-down)tapd bottom-up(bottom)



ko FE Y CRIEEALEORF & LT, Jonesh 1T B —RloD P AfEE A S U A A A~E EAL
L 7= Pfitlft w45 L T2 (Scheme 1.1.2%) # 513d 502 U PASEREZ AR L. & ISR

LT D HiEE L > TnD,
@

PPh, PPh2 9

\ PPh2
HO )/ _ KoCOy/DMF 1. ClsSiH, NEts \_\

“oo°c, 16h 2. PACI,(NCPh), Pd cl

PPh, pph2 AgBFy, brine ‘
I ﬁ’PhZ

o}

(MeO)ssi” > “sH | AIBN

SiO,

0
OH I (I?
PPha  spa15 PPh,
o Cs-(Ch l (silica) |
_Si—(CHz)3~S7(CH2)3-0 Pd—Cl (MeO)3Si—(CH,)3—S—(CHz)3—0 P|d—CI
PPh,

O OMe
OH h

Scheme 1.1.2. Immobilization by top-down method

—J7 SugibiE, vU VU RENL T E Y I HRAEEA Lz P2 # S L CTuv 5 (Scheme 1
1.3.F, 1 H1E F P EANL -2 R BICEEL L, FZRIC Pd Y — A& RINT 5 2 & T PdEE bl

P AT > TV D,
OH o\
~ OH o O— i~
o +  (MeO);Si” > “NH, toluene Q Si NH,
OH 110°C, 2h S I
OH OH
EtOH IN\ CHO
24n, RT (|
O\ O\
8T O——5i TN PdCl, N e e N NN
9 - —— o |
n N~ n N~
0 CI/P,d acetone, 24h 0
OH

OH cl

Scheme 1.1.3. Immobilization by bottom-up method



28 CNBv 7Y TR

FEET I L, EBIMERERL, S50 EFENOOEKRTREKE LTHmonTEY , A%
BRRICBWCTEE R Y —5 Y MEAEWTH S (Figure 1.2.1L.Y1Y2 D70, 2017 C-NFESTEK
FOSOBRFE D < P BIEFRITITON T E o, C-NERTEARISD 9 B, Pdfitiiz W%~ 77 Ak
TV—=NEeT7I0EDruaRAy 7Y TRISEC-NA 7Y > 76 (B4 Buchwald-Hartwig
BB & BEEI FRICERMLARIZB W TR C-N B v 7' 7 OGS O FFEIIHIMME M 2 & % (Scheme
1.2.1.%5,

[ ] Lo HO“‘IOJ"'OII\:/LO ﬂp

N
Me
5-HT,g receptor antagonist D, Dopamine receptor antagonist
(AstraZeneca) (Abbot Parmaceuticals)
Os NH,

H
o) N o
MeO)J\N CFs \Owo)& NH
F3Cm N
N
N g O )LQL

o ;\ FsC

o
Torcc_atrapib Heat shock protein 90 inhibitor
(Pfizer) (AMRI, Serenex Pfizer)

OLED material
(Tosoh)

Figure 1.2.1. Structure of amine compounds



RL R? _ R1
/ Pd], | )
@X - HN [Pd], ligand, base _ @N
R®

X = Br, Cl, 0SO,CF4 FEEIIY

Scheme 1.2.1. C-N coupling reaction (Buchwald-Hayteaction)

Pd filii:z v 72 C-N B v 77U » Z RS 1983 4E, /M, A BIZ X » THID THE ST
(Scheme 1.2.24™ 4% & 1% P(0-Tol)s Z BAL 1 & L 7= PSRRI 2 5 = & T BusSNNEL & 7' &2 =&
NUBUPOETVETFAT =Y URERTEDLZ LMD TR UL, KiEITS — PR B0k E
FHED 7 ma R ATEA TE RS- b 00, Pd it % AV 72 C-N fEATER G D H 7
AT 2 EELRREN TH o T,

Br  PdCIy[P(o-tol)s], (1 mol%) NEt,
nBusSnNEt, + ©/ nBusSnBr + ©/
toluene, 100°C

81 % Yield

\J

Scheme 1.2.2. The first example of the formatioarofiryl C-N bond via a Pd-catalyzed cross-coupling
reaction

Z? 14F1% . Boger & Panek 2 LV PA(PRPY # AW BAL7 UV — 7 =0 D4+ C-N &
v 7N I OB S vz (Scheme 1.2.39718 = oD C-N I v 7Y U RIS G AL
PNCH N OBEERZ ERNMEAX 7200, L FEmED PA(PRP) S ULE2 RICHER H o1, £
D 7= DR E D Pd TSN HEIT AIEE/R L BIFTE M TN D X H 2o 7,

MeO,C CO,Me MeO,C CO,Me
O Pd(PhsP), (1.5 equiv) O
HoN Me . HN Me
Br O THF, 80°C O
84 % Yield

Scheme 1.2.3. Intramolecular C-N coupling reactietween aryl bromide and aminopyridine
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Z D%, 19944F\Z 2 DDOMGE T N—"T713 C-N 1 > 7V U IISIZIE W T THEE RS 1T
STz, £7 Hartwig 5 DML 7 Vv —7 73, ZIVE TEEMCIS A T = X AR ST eno e
FH S OS2 FHRGE Lz, T OfEE. (o-tolsP)P(Ar(Br)& BusSn NMe 7> 5 ArNMe, 23 ARk 2 BR.
INFEFTEIINRBICIVARELEEE 2D TCWiEE&RE—~T 2RI EG2HT 5
(o-tolzsP)PA(AN(NMe) BN H AR E L TRISIZBEGE L TWA Z 2 R LT, ZORENLMELIL,
BusSNNMe (2 L5 K T 2 A X X AL IGE A = A LFET D E 2D THL NI L Y,

[FIFREHIIZ Buchwald & 1% BusSnNMe @ NMep 2 kk 4 707 I NZEMT 5 2 & T, $hT 57 =
U UHERNRAKFTEETH D Z & B 5T L7 (Scheme 1.2.4%),

nBusSnNEt, + HNRR' nBuzSnNRR'
-HNEL, PdCI,[P(o-tol)3], (1-2.5 mol%)
105°C

Br
o Rll
toluene, 80°C, Ar @ NRR'
S

Scheme 1.2.4. In situ generation of aminostannmd?d-catalyzedN-arylation

IRETHWHLNTEZ BusSINMe [ZTZERUCARLZETH Y . nomthEad A L Tniz/zH, 1995
#£1Z Buchwald & Hartwig H13& %M. LTT 2 AbEW A BEHEICRALT V= ey FY o7
T 5 AR FIE A WS L= (Scheme 1.2.5%%2 Z 1iC & 0 b2E &m0 SN 23 FIRERTRE & 72 V) |
NS TEMZH CNA 7 U I RISOF AN —EEE R o7z,

PdCI,[P(o-tol)s], or

Br Pd(dba),/ 2P(o-tol); NRR
HNRR' + Rll_©/ > Ru_©/
LiHMDS or NaO%Bu

toluene, 55-100°C

Scheme 1.2.5. Efficient catalytic route to aryla@gifn the absence of tin reagents
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% D% Buchwald Hartwig 5 % H.0IC S B2 8P R L, Pdfilt 2 /= C-N 1 » 7 U
TIGDFEMIR A T = X BB B E 72572 228 Figure 1.2.22 C-N A v 7V U 7 S D i A 77
:X‘A %i_\‘-ﬁ—o

phosphine ligand
+

Pd,(dba); or Pd(OAc),

R
Ar—N Ln—Pd° Ar—X
Rl
Reductive Oxidative
elimination addition
Ar
/ Ar
_pyl /
tn—Pd” Ln—Pd"
N-R %
R
Deprotonation Ami
H—Base and halide mine
+ abstraction coodination
M-X
,?\r R N,R
Ln—Pd"-N-H
M-Base X R' H

Figure 1.2.2. General mechanism of Pd-catalyzed éibling reaction

F3 PAI)ATBA L AR AT ¢ VENLF D BIEMFETH S LnPd(Oy) %3 %, ¥IZ LnPd(0)Z & %
Na AT V= ~OERALHIINEOG 23T L, LnPd' (AN(X) KRN A LT 5, & O FRERIZ
TIVHEAML, BRICEXoTH T e hufbe na b4 A OBBENREZ 5 Z & T
LnPA(AN(NR) 2SR, F i IR ITTAUMIBER G 278 C C-N A NER S - B S ohns, FH
FREZ LnPA(OYI AL, O 7 AL T U — L EROET 25 2 & T Pdidfiiit & U CRUSYA 7 V%
EERT 5 LB SN TN D,

ZDO XD ITFEZ N Z E TCEBICARAMNE E -7 C-N Iy 7 U IS TH > T273,
[FIIRFLZ PA/PE-tol)s Z F W 7= il S ~C 1o Al RE 72 SRR #BHICIR A DN H D Z LB b b e o T, &
ZCRUSHER EEIH, B AT ¢ VENL T OREENE R SIS LI D KR A T =X L08R
DD B & e DR L IAIN, d6 KX ONE LR LBE A (RE S A B T A U RBRI N,
FThbb, RATZ7 4 VBN T2 LVETY v FICTHZ LT PdOEFEELHINSE, Bt
MZARMET DEKE. & D WVIFENL FONERmE S &2 K0 S F—103 5 2 & T, Bz g
ETLHREHTHD, TOME, —EOEFEIEZRHDD 250D Y VFT T Pd & #AaATe —FEET
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REEEHTDHRAT 0 VBN - TH 5, BINAP?, Dppf®, Dpe-Pho¥, Xantphod’ 72 &3 H %07
BT A T D ENbooT-(Figure 1.2.3) 2 5 135 AV R 7 ¢ VRN & FRIEL,
SRR T I VEDBOGFREE 72 D . MA T AT ALT U — /A DilE S Arl, ArBr, ArOTf 735 HI 7]
HE & 72 > 7-(Scheme 1.2.6,)

OO PPh; Fe ik Q\OQ O O
PPh, 0
OO ppn, PPh,  PPh,  pph,  pph

BINAP Dppf Dep-Phos Xantphos

Figure 1.2.3. Pigeneration ligands for Pd-catalyzed C-N coupliractien

OMe 5 mol% PdCly(dppf) OMe
NaO¢Bu
THF, 100°C, 3h
96% Yield
0.5 mol% Pd(OAc), MeO
MeO Xantphos
- H
Br + t N
HZN@ NaO'Bu
Toluene, 80°C, 68h
97% Yield

Scheme 1.2.6. C-N coupling reaction usifitg@neration ligands
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L2 LR RINIZ LA D R LA 7 — /L COMEAPR G SN 807 UV — 2T 256, #
AR AT 4 VBT 2 AW T S oIS E 2R TE o7z, BERO 12L& LT, k7Y
— VDR FB—IGFFEAILIEE (HR[E 72 720 PAIZ X DB LA EIT LI W ERE 2 b T,
L7y o TR D & & 72 DR ARV, GO tert-7 F LD D0 T2 7 B~
VNVEE Y VT EICEAN LR AT 0 VENL B S o, 72T Buchwald B ORFE 7L
— MBI, BETHY R DEEm I ERTHET V—IVEREG T D8N T A v %
FEELTWD, ZTHDIEE ZHRERT ¢ VBT &ML, WEWEET U —L & iz C-N
Ty 7V T RS EARRE L 72 o 7=, 8 FE LT, Buchwald & (2 X % biaryl(dialkyl)phosphin&,
Hartwig 512X % Q-Phod® <> Josipho®, % L T P(t-Buk** & 235 & T 5 (Figure 1.2.4. and
Scheme 1.2.7,)

F o H N-~T a8k 1X 2 (N-heterocyclic carbeneli&sh NHC) Bz 125, 71y 77U > 7K
JRIZBWTEH =R R 7 ¢ VBT L REOMRE R THEZEM & LTHEEIND LI

o 1 4004
PtBUZ PCy2 PCYZ
O MesN O MeO O OMe

Johnphos Davephos S-Phos

2
R%R CP/PtBuz
/\—j\ Ph Fe Ph N/:\N

PR, Ar N A

Fe Ph Ph -
4:::*\PPh2 Ph
R' = Ph, Bu Q-Phos N-Heterocyclic Carbene
R? = Cy, 'Bu

Josiphos ligands

Figure 1.2.4. Sgeneration ligands for Pd-catalyzed C-N coupliragtien
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cat. Pdy(dba); / Davephos

R R - R R
e o
R" NaO?Bu, toluene, 100°C R"

R R R I\
<EZ:>%}N(nBub <§£:>€}N(Me)Ph <§z:>%}N 0
__/

R = 4-Me (98 %)
R = 4-OMe (95 %) R = 4-OMe (91 %)
R = 2,5-Me (96 %)

R = 4-Me (95 %)
R = 4-OMe (90 %)

Scheme 1.2.7. C-N coupling reaction usiffgé@neration ligands

INETHMBILIELDIC CN Iy 7V I RIGORMNL & LTRRAT 4 VB TR EICHO S
NTEEIMOV AMEEMTHDEHRAT 4 0TV 7 Mo —2 T % b0 o MR TH Y |
HEMEBRGR AL LD LT Dkkx @B L SEATER T 5 2 & T, AeBEHA DL EL R
LIzF 5L, SOBHERBIREORIEZ2 SIS TE T, LALARRL, AAT ¢ U, FRZY
VIRF BICT VR NIEEGTEHRAT 4 VI ERRKICALETHDLZ L, MIRTOMR LAV
W T DT, %®ﬁ@&w FHSICEET AR ERb T, £, fx74yﬁﬁ%
drea* FHAAEAIC X *E@nxﬁ%%ﬁbf%é EMB, ZOEBFMGMITITRALH D,

— 7 HMRENLFOFTH IPricfiE SN D N-~T o Bk L

> (NHC) Bfr 71 “RAT 4> I v7” LT, KA T v /—\
EE(i%O){Jt*E ELTHHESNDEN T Th b, NHC 1T EEAEE
K LT= a8, T O o fEEMEIC X 0 SRR ICENLT D728, K
x74/%@%%ﬁ#6@@%%£@%%ﬁ¢fﬁi&:&ﬁ%@
ELTETOND B FINEHRBENO R & RAT 4 UL IPr
NA-D 3 OOEHILIT PA TR LIFRITILE T DAY, NHC OEFRE EOEHILIT Pd OJEDINLE T
Lz, EERFEORESCS E S OSBRI R & 7B A KT 72 & NHC M B OFFE A A LT
% (Figure 1.2.5.3748

WENTIEX Z D NHC & BN A1 FHV 72 (NHC) PSS (A i i 1o >\ TR 5,

Figure 1.2.5. A comparison of the topologies of fhligand and NHC-ligand
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% 381 (NHC)Pd $E A flfit

UTHE N-~T B Bk 1 v (NHC) ZEINL & L7 PASBEIAN, CN I v 7 U I K EZhHRE
SHEATEE LML UCERZHEH TS, NHC (ZEEREN —EBEHOI L THY |, o
LG LN B E AT L2 b BRBEF RSB L, @BOETHEE L&D L 20R0
HMHNTWD, EVbITEHEMEICBE L CNHC A AT 4 VI @i 50E 2R3 2 & 23
HNTWNWD Y, £7, N EICHEFEBRREMRILEZH T H(NHC)Pd SEMABLIL, RA 7 ¢ VR E 1387

D, BXZHTHLLRETHDLZ ENMLATND Y,

NHC 1% 1962 4£{Z Wanzlick 512 &> THE S, 1991 41T Arduengo H 23918 THfdntED NHC
o HUEE L . XOBRAE SR E AT 12 K WS A fERR L 7oA T & 5 (Scheme 1.3.1.)°°%%,

Scheme 1.3.1. X-ray crystal structure of the first crystalline carbene

1999 4F Nolan & I3 Figure 1.3.1.1Z/R T 4FEDA X &Y' U © AR 2 Pd DB TIZHWS 2 & T,
MHTCN B 7V VRO NHC B 72 L2 >, ZofE5R, N EoE#iIEicy 1/ Y 7 e
BT 2 = VI EAT D IPr D3 b @ WIEEME A2 7R3 2 & 2 L Cu D (Table 1.3.10),

+
ITol IXy IMes

ITol = 1,3-Bis(4-methylphenyl)imidazol-2-ylidene
IXy = 1,3-Bis(2,6-dimethylphenyl)imidazol-2-ylidene
IMes = 1,3-Bis(2,4,6-trimethylphenyl)imidazol-2-ylidene
IPr = 1,3-Bis(2,6-diisopropylphenyl)imidazol-2-ylidene

Figure 1.3.1. Imidazolium Salts
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Table 1.3.1. C-N coupling reaction using differentdazolium chlorides

1 mol% sz(d ba)3

4 mol% NHC-HCI Me
we—(_ ol + weHn— ) - e ()
KOtBu, dioxane

100°C, 3h
Entry NHC-HCI Yield (%)
None 0
2 ITol <5
3 IXy 11
4 IMes 22
5 IPr 98

Nolan & 13 IPr A g 72 B & L CLE L 5EOE A TiZITol > IMes = IXy > IPrTH D H DD,
NSERBIIZIZAIZ IPr> IXy = IMes > ITol T 5 Z L v N EOEBILITE 50 L 0 RS
FSWANTHY . 2NN C-NT 7Y > T RIGZET HiEICHITEE O IZHR < 775 L T4 R
BT TS,

Z DERZEEIT, 20044F Nolan 51 -7V /L PdZ A9 5 (NHC)PASE At 2 &k L, 7V —
WU T7Z—REENARY DO CND Y7V 7N Uiz (Figure 1.3.2%, ZOfER, IPr >
I'Bu > IMesDJIEF| THRBLIEMEN 7 < 725 Z & 2t LTV % (Table 1.3.2)

[\

— —
Dipp/NYN\Dipp Mes/NYN\Mes '‘Bu
Pd

/NYN*BU
. _Pd. . _Pd. . Pd.
(e (e e

(IPNPd(allyl)Cl (IMes)Pd(allyl\Cl| (I'Bu)Pd(allyl)Cl

Figure 1.3.2. (NHC)Pafallyl)Cl complexes
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Table 1.3.2. C-N coupling reaction using differ@&dHC)Pd complexes

1 mol% (NHC)Pd(allyl)Cl

.\ 7\ /~\
oTf HN O KO'Bu, toluene N O

700°C
(NHC)Pd(allyl)Cl Time (h) Yield (%)
(IPr)Pd(allyl)Cl 3 94
(IMes)Pd(allyl)Cl 24 11
(I'Bu)Pd(allyl)Cl 24 41

% 7= 20084 Organ® (2 L. - T PEPPSI (Pyridine-Enhanced Precatalyst Preparattabili@ation and
Initation)& 44 £ Hivie, B Y UV REUL T &2 T 2 (NHC)PA S5 AR 3 #t A = 417 (Figure 1.3.3%°7
Z @ PEPPSI-IPr-PS Al X R0KICZETH Y . 24K A ET LN ERF, 77—
ETIVEDCNI v 7Y T ROSHEITT S Z & A LTV 5 (Scheme 1.3.2,)

N
L
X Cl

Figure 1.3.3. PEPPSI-IPr-Pd complex

2 mol% PEPPSI-IPr-Pd  p1 g2
Aryl-Cl  + NHR'R? N
KOtBu DME, rt, 24h Aryl

o) o | o)
oV do ot
MeO N
90 % 87% 76% 87%

Scheme 1.3.2. PEPPSI-IPr-Pd catalyzed C-N coupdiagtion at room temperature
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& 512 20114 Organ 1k PEPPSIHIPIDZE# F OB % HiE 2,6-0-3 20 FL7 = =L b
L 7= PEPPSI-IPent-Pd B % L 7=(Figure 1.3.4.F%%° Z Ofiifitix PEPPSI-IPr-Pd LE T & HIZE W
EMZRBE L, o RE o AHEN AN Z & 28E LTV 5 (Figure 1.3.5)

R R
Set®
N N
R T R
c"i~cj
SRS
X Cl

Figure 1.3.4. PEPPSI-IPent-Pd complex

H H
o L
MeO OMe COMe
PEPPSI-IPr-Pd : 0% PEPPSI-IPr-Pd : 0%
PEPPSI-IPent-Pd : 96% PEPPSI-IPent-Pd : 92%
H
H N F
N r
NC CN
F
PEPPSI-IPr-Pd : 0% PEPPSI-IPr-Pd : 0%
PEPPSI-IPent-Pd : 67% PEPPSI-IPent-Pd : 60%

Figure 1.3.5. Comparison of the catalytic actigtad PEPPSI-IPr-Pd vs PEPPSI-IPent-Pd
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xf LT 20124F, Nolan b3 EHR EoOEWREEZ S 6 12mE< Lz IPr-Pd#ifA 2 AR L, C-NZ7 1
AT 7Y T RO L= (Figure 1.3.6%%1 =415 d ¢ Pd(IPr¥)(cin)Cl & Pd(IPr*)(3-Cl-pyri
diny)Clz (ZFFITIEPE M < . IR T & 2 WIEFER IR PART CN I v 77U 7 BOSHETT % 2
& & LTV 4 (Scheme 1.3.3)

Mu N |
Ph X

Cl
Pd(IPr*)(cin)Cl Pd(IPr*)(acac)Cl Pd(IPr*)(3-Cl-pyridinyl)Cl»
Figure 1.3.6. [Pd(IPr*)l] complexes
(IPr*)Pd(cin)Cl (a)
or
(IPr*)Pd(3-Cl-pyridinyl)Cl, (b) R,

Cl '
N.
RF@/ +  NHRgRs KO'Am or KO'Bu R1_©/ R3

DME, rt, Pd = 1-2 mol%
or
Toluene, reflux, Pd = 0.025-0.0050 mol%

At room temperature :

o | o
C,N\) ©/N\© N N
MeO /@\) | _N O

a:91% a: 94% a: 89% a: 90%
b: 92% b: 87% b: 93% b: 78%

At low catalyst loadings :

SEY. : o
oYy WO g

a: 95% a: 76% a: 93% a: 88%
b: 96% b: 95% b: 93% b: 87%

Scheme 1.3.3. Catalytic performance of Pd(IPr*)€irand Pd(IPr*)(3-Cl-pyridinyl)Glin C-N coupling
reaction at room temperature or low catalyst logslin
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ZOLDIZHITE, % < O(NHC)P SEENHE SN TWnWb, ZOHTH IPr, IPent IPrc& o
TER EOERLE L0 EE L TAHEDMERIITON TS, ZHUE CNT v 7Y vV RIRICE
T HETHBEE ot A R LV RESE D Z LT, mUWVAMBLEE A2 BB ST A Th B,

—J, BHE EOEBIL L TR DA S (NHC)PASE RO MREA F o —= 0 /57 T —
FHDRNRDBLIME SN TS,

Bl 2%, Organ & DAFFES v —7 11X NHC TLEBR D 4 (i x5 M DOREIRT (RNy 7 R— k%K
EMEIND) AFEAERIT DI LIk, EFRELTHETE LI LIZER L., HoIFNy 7R
—VIRFBIZENENE RIS D WVITEFRGEHEENER L X XA IV ) UL
BrBER L, ThESAD 7V CTROSCEA L2 E 2 A, c>d>e DIRIZESTED M LT 5
[F] % #t5 L Cuv 5 (Scheme 1.3.4. and Figure 1.3°%.)

ZORRIINHC DAy 7 R— U IRBICHRERZEAT 52 L T, =Bz PAOE - HE DK
BICHREDOE FIMENEEL D 52 L2 RRT 5, ZOBAENOBLET L L, REERHES
D GMEE 27 nn 7 =Y —VEEICHWSGE, GRS EEHEBRE & 72 5729, &
MR TH D A MU HEEZE A LTZENL 1 (©) 03 b @ W ETEE 2 R L2/ RIZE N TH D
(Reaction 1)

Cl B(OH),
Reaction 1 /©/ + /O/ _— OMe
MeO
Cl B(OH),
Reaction 2 /©/ + /©/ - > F
F
Cl B(OH),
Reaction 3 /O/ + /©/ - > OMe
MeO

Cl B(OH),
Reaction 4 /©/ + /©/ - = F
F

Reaction conditions :
4 mol% Pd(OAc),
8 mol% Benzimidazolium salt
CsCO,, dioxane, 80°C, 24h

Scheme 1.3.4. Suzuki coupling reaction using beitizinolium salt
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Figure 1.3.7. Electronic effects of the NHC-ligamatsproduct yields

F 72 20144 Lavigne 5 1% PEPPSI-IPr-Pde AT ¥ Z, £ DNy 7 R — V [RBIZE L GHRT
HLYAFNT I HE 128D 0E 228 A LI (NHC)PASE AL #HE L7z, 245 (NHC)PdEE(A
il C-NZ a2 h v 7V U IROGMCHEA L& 2 A AT VT 2 ) B LOEA & Tl
EMERKRE M ET 52 & &5 LT b (Figure 1.3.8. and Figure 1.3.8)

NMez MezN NMe2
Dipp/“YN\Dipp Dipp/”YN\Dipp
cl-Pd-ci cl-Pd-c
N N

N N

Figure 1.3.8. PEPP3E2NPr and PEPPSMe2V3pr
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[Pd] (2.0 mol%)

/\ KOfBu (1.5 mmol) /—\
MeO—{Cij}—Cl + H-N O - MeO—{C:j}—N o)
/ DME (1.0 mL) _/

25 °C, 30 min
1.0 mmol 1.2 mmol
100 O
PEPPSIMe2N)2pr-pd
80
= 60
2
% PEPPSIMeZNIPr-Pd
z 40
N T e °
Y Y N S B
i PEPPSI-IPr-Pd
0
’ 4

time (h)

Figure 1.3.9. Efficiency of the C-N coupling reactiusing PEPPS{¢2NIPr-Pd and PEPPSYe2V2Pr-Pd

ZDOEIITNHC ANy 7 R— U IRFBICESEE FIGHEEPNBEASNTSGEG S 2= HiLz PAOE
FBEEBINCRELS FET DI ZERMESNTWD, AFEFZ7 o7 U —LE2HW=ZC-ND v
U U TRIED X DI, R LRI AR B & 72 2358128V T, @ W B M o R 8 2 A 6E
T DTV A B BN D,
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NHC ZBf71- & 72 Pd SEAAREE O RS A £ & 72 (Figure 1.3.10.)%,

=
N\(N

Pd

= LOEBRL
mm <72 213 EIESTHIBLEE 2 et S, S T 2 s

Ny P R—VIRFE
B EEAZEAT D Z LT, ESHEN T Pd EFEE O T B
PABOfT Nz e S5 2 & T, @ ftlys M 42 58

Figure 1.3.10. Structural features of NHC-ligand

PEITIX. NHC BT % BEEEHL IR ([ 2 Ak L 7ZZ(NHC)P [ E ARSI RS L CREA§ 5,
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¥ A (NHC)P[E EAb i

L HEI TR K DS, EEARARE O RIS — R & AR RO A Uy b 2 fRERRO
RAZ D%, b B — RN 2 D s O ARBETENE 2 (R FF L DD A — RO R TH 5 Ak
WeDGEED LG &, Ry R TR ENEF b D, 725 3 HiTIZ(NHC)PAEH AL
C-NT w7V > T RORTE Ui W BETEE 2 R FF L T D Z & bz,

ZHETIZ NHC B+ % SRR [ 24 L7 (NHC)Pd [E & b < E Sh T b
6597 — b [EELFREEOfIE T A NCERTHE . NHC DEHER 76T LV 82 hE
L., ZhZz2BIcE~EEL L TWDr—2A08E L A ETH S (Figure 1.4.1)

Pd Pd

Figure 1.4.1. NHCs supported througtbonded linkers
il 21X Lee DML T N—T1F, 780 AT IR Y AF L URIED Cl LA I XY U o LD

ZRDFES LIE(NHC)Pd B E bl z# Ak L, Zha C-C Hy 7V ZRISICERL TS
(Scheme 1.4.1. and Scheme 1.4%2))

c® Y
a. H, /SNg
G@CHZCI - C—N__

a. 1-methylimidazole, NMP, 80°C, 12 h b.
b. Pd(OAc),, Na,COs, water/DMF (1:1), 50°C, 2 h

Scheme 1.4.1. Synthesis of polymer-supported Pd—bibiaplex
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Q)¢ oy
e g
—
X
£ T R
PhB(OH), Na;CO3

Water/DMF(1:1),50°C
12h

R =H, Me, OMe, COPh

X=1 Br 68.5 - 98.0 % Yield

Scheme 1.4.2. Suzuki coupling reaction of aryldeatierivatives and phenylboronic acid using
polymer-supported Pd—NHC catalyst

FEEIZ Jin DI, A IF VD LABEOEZENL 7o /LM bRV U AVEAHETLZZ LT
U HHARA~OBEELICRI LB . 2ha ooVt oo LRa Bl C-Chy
V> 7RSI LT b (Scheme 1.4.35,

O~q; o
/S ~

o Cl—Pd—Cl
Sio,

o
e B(OH),
©/ ¥ ©/ Na,COs, DMF/H,0 O

65°C, 12h

99% Yield

Scheme 1.4.3. Suzuki coupling reaction of aryl agand phenylboronic acid using silica-supported
Pd-NHC catalyst
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F 72 PleixatsH b RIERICA I XV VU ABEOREFIZ N = bR U AVEEAEMTHZETTY
R~ DEEA., Hi< PSS LIZRT L TV 5 (Scheme 1.4.4,) £7-4% & 13 Z O fffi 2 Sonogashira
BOSIZEB L& 2 A, 4ROV YA 7 VA2 LTz &35 LTV 5 (Table 1.4.17°,

™ N~ SI(OEt)s
N\< 40 TEOS, H,0

Pd-q L

M cat. NH4F and DMF

Pd(acac),
dioxane
100°C, Ar
83% Yield

Mes”

- — .
N PN~ Si(OEt);
N C|/\/\Si(OEt)3 N\//C|@

85% Yield

PdCl, N
K2CO3 | N
80°C, Ar Pz

72% Yield Cl

7\~ Si(OEt);
Mes™ 40 TEOS, H,0
Pd-c| -~ M2
Cl' N \ cat. NH4F and DMF
2

S Cl

Y0 clr’
‘}//k &
~ Cl
M1 M2

Scheme 1.4.4. Synthesis of hybrid silica mateilsandM2
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Table 1.4.1. Activity and recyclability &1 andM2 for the Sonogashira reaction

o) M1 or M2 (0.2 mol%-Pd) 0
O =0 - 0=
NBu4OAc, DMF, 110°C

M1 M2
Cycle Time (h) Yield (%) Time (h) Yield (%)
1 1 97 1 87
2 4 76 4 78
3 4 79 4 82
4 4 84 4 83
5 5 62 4 86

% 3HIT NHC Bz +EEHR LEME A Em<T52 LT, CNI vy 7Y U IRISIZEWNTEW
R EYEME DN RBL S D Z k7=, Lo L7236, NHC B FOBFR BV 2HEKEEET 57
DO EGHIFIHT 5 FEE(LIEIL, NHC B 7O FEERFF L 705 [85E EEBRLOE R X
EHOENT I ENTERWFIETH D, 2070, fEMERED & 52 50 E & W ) BLAIZE N T,
FHRPEICZ LW EE(RIE &5 2 B 5 (Figure 1.4.2)

Sio, SiO,

ALV
o
288
zg I
[ >
Z-
§ I’
7\
\ (@]
W

Figure 1.4.2. Common method for immabilizing theMdC complex
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CORBEOMIFE LT, BREEHBERI A Y oL T 2V EREA L, TORTAICH
KEFEEG R/ BRERAE AT S Z & T, NHC B 7O & S A ikFRr L7- F FHIKRA~EELT D
FIEN DRI D Bt STV % (Figure 1.4.39)

iPr _ iPr iPr _ iPr
;ijN N\/C\}R ;ijN N\é;
O/\E iPrTiPr O/\E iPrTiPr (F;/O
Pd Pd

Figure 1.4.3. NHCs supported through functionalitbeiers

Bl ziXYang HIE. IPrDY A VY 7 a BT 2 = VEBEEOSRTALIZ B ) = FF o v U LA A
L7z NHC Bdfi &AL, Z O 2 U THIKIC LT, &8 LEREO & S iR Lz
FEETET D &I LT 5 (Schene 1.4.5F,

Qg\mz lodochloride IA@HZ Glyoxal |4<:§§7N/ \N [

54% Yield 70% Yield
HSIOEt (EtO)5Si N __N* Si(OE
39l ¥ |
. Rh cat. ~ t)3
Ag"CF3S03 CF3SO CF3SO
65% Yield 80% Yield

TEOS
P123 F127
(template) CFSSO

Scheme 1.4.5. Synthesis of hybrid silica material
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% 7- Claver® % [A] L‘L< IProvA Y 7ae V7= )VRONRIIEFER L, 48—« =Kk

ZFATHZETREGCRY = bR U AEAEA LT NHC B 1% & L TV 5 (Scheme
1.4.6.% #5656 = @@au%%: U IHRIRICEEE T D 2 & T(NHC)PE E (Ll o A sl ks L.
ZhE C-CH vy 7V ZRISIZERM LTV 5 (Scheme .1.4. 7%,

NH NO, Zn, HyNCl OH
i-Pr ppr _ tBUOOH K i-Pr i-Pr . &)
o acetone,N, atm i-Pr i-Pr
MeCN, 70°C, 5 h L 5h
46% Yield
not isolated
NH, O.__OH y g
H2S04 -Pr i-Pr [ I ol — ol
H,O/Et,0 O~ "OH HC(O)OH HO N N OH
rt, 12 h EtOH
OH rt,8h i-Pr i-Pr
55% Yield _
over two steps 93% Yield
Br TN
[H2COJ,, TMSCL
K2CO3, BU4N| 0 -
THF. reflux. 2d _— K toluene/THF, 80°C, 3 h
' ' i-Pr i-P
88% Yield
. . N+
P P
o ] r HS™ " Si(OEt), >>:
-
K Pr ~- I-Pr
RO NN OR
cr DMAP, hv, EtOH, 24 h
i-Pr i-Pr
R = 3-butenyl
47% Yield S i(OEt)s S i(OEt)s
93% Yield

Scheme 1.4.6. Synthesis of alkene-decorated imlidazsalts [PrQne + HCI
and silyl-functionalized compound via thiol-eneagan
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i-Pr

&

O’S"OEt Eto-Si-0
o)

ek

| Q
| Silica Gel |
OMe O OMe
" oy
.
(HO),B Cs,CO03, toluene/H,0 O
60°C, 20 h

85% Yield

Scheme 1.4.7. Suzuki coupling reaction of aryl bdenand phenylboronic acid using catalytic hybrid
material

EHEL0ME G EE FEREOSE S A LS EEERTRERFEL LTENET o —
FTHDHIHEOD, BN FEROEICEBWTEMERAER T o ARNEL 720 ERLIZBWTE K
7R A NENBRESIND, TOH, LV fE /R (NHC)PAE E{Lb D & RIENLEE N D,
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56 AWHIED H Y

A Cab 7= X 912, 2 E THAE STV D (NHC)PA[E E Lkt oD £ < 1 X2 RN & R 551 2F
M4 52 & THIKkEDEEILEER LTS, LaxL, NHC BT &35 Pdfilit o il iEr: 48 13
EHF LEBKICRE KGFET 2720, RO EETETIT XL Y &2 (NHC)PE E LAl D F%
FHIRNEECTH D, TDTOEFR EOFHHFREWRIL AT OICERELEMT 5 2 & THIE~DEEL
ZEHBETRELHE SN T D2, BIBERO A RROMEME 7= DR CRRENE LT 7 —FTh

277,

AWFFETIX, NHC BT DSy 7 R — fREE R L fEA alRee @ & L CRIAT 52 & T,
EH LEMBELO S S S 215 U MEEREE (F A V) & 2 7-(Figure 1.5.1))

AN AANNRRARRRRREN
O\CI)/Cl) \O\/6 \ é /
s 5i-O~ 0P
=\ NN

T L@

Figure 1.5.1. Purpose of this study

BT, RICEET S 72 O(NHC)P 85 A D A pk A2 1T - 72, NHC Efi 10 1 > T
HDHIPrONY 7 R—VIRFBIZP) T XUV Y LEAR EKFEY U VA E A L 4F5E O IPr-Pd
PERRIE A AR L. B OB 5% TEP (Tolman electronic paramelerfll &2 CRFEAf L 7=,
Mz TC-NI TV TRIGEITV, TEPHE & G & OFHBE 2 il L7z,

EEECIE, VU AHEAB LR Y v —HE~DOER L7 IPE-Pd $E AR o [E &AL 21T 7,
B EL U7- IPP-Pd g A 2 B TR ST T vy 77 X V¥ —2 a3 L, NHC DRy 7 R— R’
FEHARB T I NEEZN LIEEEENER TETWD I MR LT,

EIUETIX, B 57 IPr-Pdss AR St OMfEL C-N A1 7Y U I TEMi L7z, Iz T
B E LB DR TH D “SOSE DI PAIKI”, B L “AEEOFFIA” 1250 THRME L 7=,

BIETIE, KX aiii L, SBROBEIZ OV THE~NS,
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ZHVE T NHC B E{LBE DG AaE & LT, NHC BN T-OERIR 05 Y > —Hhr &/ LT
RAEET D FERESHESNTNS, LU S NHC O F, B# EEsELiTh.Oo4e
JBTEFITALE S D720, & D S D3 EREHADMBIEMEIC K E < FHEH5T 2, FFiZ. (NHC)PASEAK
LN C-N By 7V U I ROSICE W TR, AL MICEE IS s W ERIE A H 57 Y
— VA EHEF T FICEA L2 NHC B A3 WS M 2 R4 2 & 8-> TR Y . fEkO[HE
TEACIE TIIMRBEDOTENER EIZRAR S 572, & 2 THA L, NHC O/ v 7 R — 2V [RFBITHK &
AFREZR ) VA —EL AT H 2 & T, BHREEERILOE S S 2150 LT-fiEsREt (TV 1 0)
%% z 1= (Figure 2.1.1)

AUOOWANNAN AN
O\(?/(l) \O\/(I) \ é /
i Si-O~. : o\éi/o
} = ﬁ Ch
N_ N
. L®

Figure 2.1.1. Purpose of this study

ZHETNHC DNy 7 R—URFEEFM L. EEMEIT > 2D BB HHE SN TV D,
Blechet 5%, NHC O/ vy 7 iR — U IRFENDS T AFNEAMET L 2L TRY ~—HIK LA L
7= (NHC)RulE E( Lt 2 Gk L, a4 L7 0 A X ' ARUGIZHE A LTV % (Scheme 2.1.14)

OH 1) KOtBu (1.0 equiv.) O'\ 1) HC(OMe)z, HCO,H O'\
Mes DMF, r.t., 20 min 0 toluene, 100°C o 5
NH Mes 100 mbar, 15 h < Ci
2) Merrifield-resin NH > @
NH TBAI, DMF 2) 0.1M HCl in THF Mes—NN~Mes
Mes 60°C, 12 h " NH r.t., 5 min \H(
es

O-\ PCy; O_\O

1) TMSOTF, 2,6-litidine A o
CH,Cl,, r.t., 30 min CI/F\’lu—CHPh

g PCys 1.5 equiv. Y

2) KO'Bu, THF ! Mes— “Mes
t 60 i MeS/N N\Mes t | 70 800C Cl/l
r.t., 60 min oluene, 70- R cHPr
o 1h, TBAI o
PCy3

Scheme 2.1.1. Synthesis of Merrifield resin-supgb(NHC)Ru catalyst
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% 72 Wilton-Ely, Diez-Gonzdlez> %, NHC /N> 7 78— fRFREIZ OH K54 A L 7= NHC Bl %
AL, U B HIRIZEEL L 72 (NHC)Cu [E EA b fih it % #i 55 L Ty 5 (Scheme 2.1.29)

Ad—NH,
K,COs AdNH,
+ (2 equiv.) Q (1.2 equiv.) Q
0 _ _ _
)J\/cn MECN. rit. Ad—NH Cl Na,CO; Ad—NH HN-Ad
Cl (4 equiv.)
MeCN, 60°C.
NH,4BF, ]
(3 equiv.)
N HO, BF, Q BF,
HC(OEt); N>_\ = N> \
(10 equiv.) Ad~ /@\Ad Ad~ /®\Ad
120°C, 16 h i
IAd®H-HBF,
s ) Q cul Q
I-Ssuppo ) NaOtBU 0O
A NS O BF, - - Y=
DI\‘/I‘F 150°C N:_N‘ THF, rt Ad~N_N~aqg
’ Ad~N o f~ad Y

Cu

Scheme 2.1.2. Synthesis of silica-supported (NHQ@)&alyst

Kuhn i, Ny 7 R—VRENS PV A XU ATa VKA HET L2 LT HHHE
&R L7 (NHC)R [ E{bfi il & #5 L T 5 (Scheme 2.1.39)

N 1) CH3CH,MgBr N 1) Karsted's catalyst N
B~ N Z N 2)HSi(OMe); /toluene ~ (MeO)sSi N

\ 2) o~ Br \ \

\

_CHd NaH, [Rh(CO),Cll,

reflux in IPA (MeO),Si EtOH (MeO);Si CO

SBA-15 o co
mesoporous silica O\/\): >—Rh Cl
reflux in toluene \ CO
Scheme 2.1.3. Synthesis of mesoporous silica-stggh¢KHC)Rh catalyst
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ZNHOHERO X 51T NHC DNy 7 AR — 2 RFBITHIK L [EELATREZR Y o — 28 AT D4
ZEHITRDONTNDED, EOEMUITITEME R B A T —LBNETH o7, T, G A RO
MR EOMENETE L, T LLKERT e —F Tlidhhotz, £-48EMEE LT PdZHW
TeBNIRICHmE STV,

—7J7 Robinson® OHFFE 7 /L— 713 IPriZ nBuLi Z{EfA SE 5 Z & T, 40 KEOR 7 v ~ Abn
AT L, 5 IPr-U F 4K (Li-IPr) AfEEICERTE D2 E2HLNCLEY &EhiI2Z 2
s Ny AFATTUEREREELZ LT, MO TEEIC N AF AV VEEAEALL IPr i
HBRTE 52 EEHE LT\ 5 (Scheme 2.1.4,)

Me
M\'
Li ®~si-Me

=\ = =

Dipp/N\/N\Dipp Dipp/N\/N\Dipp Dipp/N\/N\

.o .o .o

IPr Li-IPr

Dipp

Scheme 2.1.4. Synthesis of {P¢°

Robinson® DA 4L H iYL Li-IPr OMWEZfFH35 2 & THY . OO —BgL LT Li-IPr &7
ra b AFALTT oL ORSEICET AN TONTEN, SR~ X, HHERAR T e X%
BHZ L, DTN 2AT I TIPrONy ZJR—VRFIZNY AF VY VEEEE AR E T
HAREMIEICER Lz, T/hbb, KEZIGHL MO on s I UV HERISSELZENTEN
X, T CTICARIENHENL SNKRBHHE N FBEZR IPr DXy 7 R— 2 RFBIC PV = bR o U LR
EHEREENOSBMEICEATE, ZNE Y v h—& LT IPS-PASERAELZ o U H A2 S E Eql
TEDbDEEZT, £2H 2 3T, NHC Oy 7R — U RBICE G EREIE 28 A
T 52 L TPAdOETHEENHMT 5 NHC OMEENREABE T2 &, —RICEXIGME R ILETH
% A OB N IR E R EOBLS» S b AEFANCIERT 5 2 E BB TE 5,

FREEAEBRET RS, FoETIEIPrONNy JIR—VRBIZMN ) b2V ) VA G oA Fl
TUNEAEA L IPP-PASEADO SR EEM LT, SHIEALEY Y LVEOEFIIRELHE
TR IPPENE F OB TGN E C-N B v 7Y o F R80T A g & o BIMEREN & 1T -
77,
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28 IPSEANL A DB R

EThRDIZ, Robinsons DG RKIEEZZZIZ Li-IPr #5 L2k, Z7aa MU 2AF L T2 b Kk
EH5Z L THIMTH D IPEM(1) %4572 (Scheme 2.2.1)# % NHC IG5 4 240 v Al
EARLEOLIC, IHREICK- T2 7 e b5 EKEBMTDENB, 7V —DHL_D 447
CHEBEVINVEEZBEATHZ LN TE IR OARAMIEOREDO—>TH D,

Me Me

Li Me\Si"V'e “Si-Me
)\ n-BuLi / hexane /_< cl” Me /_<
Dipp/NYN\Dipp Dipp~™N N\Dlpp > Dipp~ N N\Dlpp
hexane THF, rt, 1h
30 °C .
IPr —rt, overnight Li-IPr 1

98% 96%

Scheme 2.2.1. Synthesis of T8¢ (1) from IPr

FEOFETL-IPrict L TR b rvmuy Iy PAFATIAZand T BLW
CAFNT =y uan T ACEMERIGSE D Z LT I PR O AR E Ei L2,
OFER, 3 FEO PP RN, 720 b IPPEQ)  [psMe2@)3) - [PSMe2Pg) o SRk Ik Eh L7
(Scheme 2.2.2,)

. R! R? OEt / Ph
N EtO. ! — Me. .
(L' S Si-OEt Me. /- ®>si-Me
— Cl R /:< | e _
~_N_ Nep _
Dipp~ "~ ~Dipp - _N_ N-p. - _N_ Nep:
o THF, rt, 1h Dipp™"~"""Dipp Dipp~ \/N\Dlpp Dipp™\"""Dipp
. 2 3 4
Li-IPr 87% 85% 93%

Scheme 2.2.2. Synthesis of fi2~4)
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55 3 PSS ELAL T O Tk BAVEREAT

BN 7O F AR kT DB LS EOFHMIIC 5720 . [Ni(CO)3(L)] & 5 WM Z[M(CO)CIEE AR M :
Ir, Rh, )& AR L, IR AT MVZRET D 2 &I Ko TUNR =)V OMHEIRE A g3 2 Fik
PN B AL TV B (Figure 2.3.13,

(|:O C|3|
L—l\lli-CO L—I\I/I—CO
CO CO M=Ir, Rh

Figure 2.3.1. Measurement of the CO stretchingatibn by IR method

[NI(CO)s(L)] DHFE . IR =)L DIRFEIREN D SEAE v o™ 1%, Tolman electronic parameter
(TEP)E FEIEIL TV D & Lv L7223 5, [NI(CO)s(L)] & A kT % 123D CTEPED & Ni(CO)s &1
HALZ20NE b0, ZOIY KW EEEET 5L E LT cds[IrfCI(CO)A(L)] & 5 WX
Cis[RhCI(CORL) Z AR L., ZDHIA =)V OMFERE ZHET 2 FENRMLA TS T, Foi
72 v B LY oMz EN TR L > TTEPICHE TS Z LN TE D, ZDOFIEITINHC
B OFE G A e Ch 5 (Eq. 2.3.1, 2.3.2)

av/Ni av/Rh

RhtoNi: TEP [em™'] = v | [cm™'] =0.8001v ., [em™1] + 420.0 [cm™!] (Eq. 2.3.1)
av/Ni av/Ir

IrtoNi: TEP [em™] = v [cm™] =0.8475v ., [em™'] +336.2 [cm™'] (Eq. 2.3.2)

il 21X César Lavigne 51X IMes DX 7 AR —V RFEIZT A F VT 2 FoaE A L7- NHC Bz
DEF LM 2 RhESATEHE L TV 5 (Table 2.3.18 Zo#E%E., 73 7 EOEAIC LY TEPHEN
K7 b5 aHELTWD,

Table 2.3.1. Carbonyl stretching frequencies fanplexes (NHC)Rh(CQELI complexes

Me,N NMe, NMe,
— — )\
Mes— N~ N-Mes Mes’N\(N‘Mes Mes~ N~ N-Mes
OC'RIh‘CI OC'RIh'CI OC'RIh'CI
(6{0) Cco Cco
1 2' 3
Complex TEP/crh
r 2046.6
2 2048.6
3 2050.8

ZF ZTAHE. B TER LS IPC R I HOWT, FERFREIC L A B 5 R 2 5 L
77
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EPAR LA PP EALT-(1~4). KON IPr 2% L T[Rh(COYCI], Z HV T Rh #8{b %247 - 7=,
ZOFER, FHHHLIP)RN(COXCI $5R(1Rh~4Rh), & UBEA D (IPr)Rh(COXCI ${A(IPrRh )23 15
Hiv7=(Scheme 2.3.1)

Me OEt //
M N EtO\ /
®>si-Me Si-OEt Mevo/ 1o
Dipp/N\“/N\Dipp Dipp/N\“/N\Dipp Dipp/N\/N\Dipp
1 2 3

Ph

/I\E%Si—Me —

T . _N_ N<n:
Dipp/NYN\Dipp Dipp™ " ~"""Dipp

4 IPr
R .
F< R = SiMes, 1Rh (93%)
[Rh(CO)Cl]2 NN R = Si(OEt)3, 2Rh (90%)
> Dipp™ \( ~Dipp R = SiMe,(allyl), 3Rh (38%)
THF, rt, 1 h OC-Rh-Cl R = SiMe,Ph, 4Rh (65%)
o R = H, IPrRh (70%)

Scheme 2.3.1. Syntheses of fifRh(CO)CI (1Rh~6Rh) and (IPr)Rh(CO)XI (IPrRh)

EFTAK L2 RhEEA(LIRh~4Rh, IPrRh)D IR A7 L ZHIE L, B /LR =L ORI
6 TEPfE A HH L 7= (Table 2.3.2)

Table 2.3.2. Carbonyl stretching frequencies fBrf{JRh(COXCI (LRh~6Rh) and (IPr)Rh(CQOXI (IPrRh)

PR v o/ emt v co®R/ cmt@ TEP / cmt
1Rh 2070.2, 1979.6 2024.9 2040.1(-3.5)
2Rh 2071.2, 1996.9 2034.1 2047.4(+3.9)
3Rh 2062.5, 1981.5 2022.0 2037.8(-5.8)
4Rh 2078.9, 1983.4 2031.2 2045.1(+1.5)

IPrRh 2071.2, 1987.3 2029.2 2043.6

FEINN OE I3 85K IPrRh & D7
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—fRlz, EHEL TS IPrRh L0 b TEPEMEEE S 7 M3 212 EE G M B L7z &l
T& 50{5\552 L7= RhéEED 5 6 (K% 7 F L= b DL IRh & 3Rh D& TdH - 7= (Figure 2.3.2)
BREEEICE S LA RIXEXG MR tETHY . BMICHEDNROLEE 25 & NHCB#
WXL Cofli @I E L TERT D EE 2 650, FHEERIZIE T A FZR 1 Eo@E I
Lo TEDOMENEFIEDH D VTEFRINCEALT D Z EAVHH L,

1Rh

= 2Rh

-5.8 m3Rh
® 4Rh

= [PrRh

Figure 2.3.2. Difference between TEP value$®h~4Rh andIPrRh

ZZTC VU NVEOBETDIRE LV L FHET 572018 HammettD @ H#ULER o & DLk & 17
o7z, HammettD B EL o & 1T, BRffBErEiE i X 2 B B&R O B R 2 HiEc&
L72bOTHY, BHREOHIIC I AZOGEE L ZFEHLIZ LD LEERSNL WD, BHEOE
e 5 PER L OSKRG IMEO R E 2 k80 EIE FitalT# 4 2 & 23 T & 5 (Figure 2.3.33, Hammettfl] i3
2B UAEH EDORUSIZ DN T Z OBR DO FAT & B AOIC B L7228, BFE TIE_ U B U aBikic
RO, 772V 0, BT 2= VEEERICBIT D06, BV VU EOBERERRIEED O, &6
Zrxuat U FHER YR SICbIEE TV

log(kr/kp) = po
D BUOSTEEE WIS OMEEIRTT

D E UL ER S PEEAL, EHIEOE RN RITRAE L T [E A
(aﬁﬁET&%ﬁiiﬁkﬁiﬁﬁﬁ ATHIVUTE TG EHIL)

Figure 2.3.3Hammett equation
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U NI ONTHEHEEHDR N O E SN TV D, AIFEICBNT, IPro/Sy 7 R—
IRFBITEAN LI UKD 55 HammettD B EH AN O TWD D & EDopfEZ L FITR
‘§—O

SiMes: o, =-0.07
Si(OEt): o0, =0.08
SiMePh: o, = 0.07

SCERE 26 R Y AF A D ARTE G, R bR v o ) L BRIV ATV
Zrx=nrua U NVEITEFRMETHDLZ ERDND, SHIZofEE TEPfEICX L Tr ay
MLz A, B WHBERE SN, T— 25BN 4D nion, EEEEE O
el RE T 23, D7 < B EMEMICIE NHC Ny 7 R —VIRFITEIT 5 ¥ U VEOE G540
NHC D EFBEGMEICEHE LT\ D Z L b h- 7= (Figure 2.3.4)

0.1
( ]
0.06
0.02
e © -
& —e—(-Si(OEt)3)
© -0.02
(-SiMe2Ph)
-0.06 —o—IPr(-H)
o
—e—(-SiMe3)
-0.1
2038 2040 2042 2044 2046 2048
TEP / cm!

X BT 5 AN

Figure 2.3.4. Correlation af, and TEP values

A FLIZRE D \PP-PA SR O [E EL &2 7 U 2B, FEFMAT S,
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AR IPS-PASEARAREED G Al & AIEE MR A

AREITIEE 28 TAR LB IPPEANL 25 IPE -PASEARfliiE D AR A M L, ZH 5% C-N
1 7V T RS TR R 21T > 7,

FHE P BT 7-(L~4)2kF L C[Pd(eallyl)Cll, Z/EH S5 2 & T, khisd 2 (IPr)Pd(eallyl)Cl
DERERI T, T OFER, FH IPr-PdS& Al (1Pd~4Pd) DA FR I kh L 7= (Scheme 2.4.1,)

Me OFt v/ Ph
Me. E Me._’
© si-Me O-siZ0Et Me. /1 © si-Me
= = — =
Dipp~™ N\/N\Dlpp Dipp/N\/N\Dipp : N_N\ Dipp~™ N\/N\Dlpp
> Dipp~™ NS Dipp
1 2 3 4
R
= R = SiMes, 1Pd (56%)
- N_ N<p; R = Si(OEt);, 2Pd (42%)
Di Di 3
[Pd(ally)Cll, PP PP R = SiMey(allyl), 3Pd (54%)
THF. rt, 1 h K/Pd\CI R = SiMe,Ph, 4Pd (65%)

Scheme 2.4.1. Synthesis of {pd(rallyl)Cl complexes

Bk L7z IPP-Pd SEAfLEE(LPd~APd) O fitifiE 4 4 . 45 4%0.1 molys) Pd filfif &t 1.1 H&ED
KOBUfFIE R, YA hF =X (DME)F, 70C, 7 raXo B LV TFLTIVDOCND v
U > 7 BOG TR L 7= (Table 2.4.1)

Table 2.4.1. Comparison of catalytic activitiegI&fr>)Pd-allyl)Cl complexes

Entry [Pd] Yield (%)
1 1Pd 64
2 2Pd 28
3 3Pd 80
4 4Pd 34
5 IPrPd 31

FOGBRME 30 i DINRARE L& A, BEWTHS IPrPd L0 b EiEtEZ2 9 iz, b
VATV U NEEETDH IPd L, DAFAT I Ao U LEEETDH 3Pd DATH- 7‘:0
—J, NV hXRo7un U AEEFT5H2Pd BIO®VATF AT z= Ll an VLK EET
% 4Pd X IPrPd & [RISEREE CTh o7, ZORERIL, & 3HITRD 7= TEPEDINAFNIHEAHET 5
W CTHDHIENHHLE,
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WITHR b EWINERZ 5 2 72 3Pd % 0.2 molWi W T, o & kst 21T -7, THF, 1,44
X, bz DME ZZ L EAVABHIZ O TZBROIR ORI 2 L% Figure 2.4. 02777,

3Pd (0.20 mol%)

/\ KOtBu (1.2 mmol) /~\
MeO@CI + H—-N 0] >~ MeO@N 0
/ Solvent, 70 °C /

time (min)
100 97.8 98.0 98.9 98k o
955 ﬂ.ﬂ.——i% .
93.6 95.9 94.7 '
30 89.2
80.9
= THF
§ 60 67.4
o =1 ,4-dioxane
Q
> 40 44. —o—toluene
DME
20
1.3
0 K¢
0 30 60 90
Time (min)

Figure 2.4.1. Screening of solvents

THFE B XV 1,4-0A %3 2 W TZBRIZ, BOGKEIS 10 43 DRF R TILERAY 90% i 2 5 2 & A3
Db, DME X THF B LW 1,4-U A X5 2D & OSHE R IELS | 90 771% b IR IE 90%iZ E|
ELR)olz, £o, MMz E N5 L 30 i CTRICHIZEZEET 20D, KISHIFONLS |
WO BN END | FEHOFENRR I N, MISBIARIZIE, IPP-Pd $ERAEE D (LT U
ADSETCIINEET 72 8 LT, OMfi/NT O AFENERT D2 HEND D720, FHEMICITZ Ol
NEEL T HDEEZBND,
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fHEWN T, A KOtBu 7> 5 NaOBu IZZAH L, THF 1 TOREFE(L 2 HIE L 7= (Figure 2.4.2)

3Pd (0.20 mol%)

/— \ Base (1.2 mmol) /\
MeOOCI +  H-N 0] > MeOON 0]
/ THF, 70 °C /

time (min)

100
80
= 60
S
% =>=KOtBu & THF
> 40
—#—-NaOtBu & THF
20
0
0 30 60 90

Time (min)
Figure 2.4.2. Screening of basess

METORR, KOBU 2 V727775 NaOBu & IV % &1 0 & SUSHEEAEN 2 & 23070 | THF 3
it & KOtBu i A DM A B HENRIERMFTH D Z LAV LT,
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RTE LT s T, 3Pd B XL OV 1P il i AW CKFET UV — 7 a U REKM BT I v %
7= B R & 3206 L 7= (Figure 2.4.3)
3Pd, 1Pd (0.20 mol%)

R KOtBu (1.2 eq.) R
R Cl + H=N, - N,
THF, 70 °C R2

R2

10 min
OO O~ Q-0 -0
N O MeO N O N O N O
N / — /
97%(3Pd) 97%(3Pd) 91%(3Pd) >99%(3Pd)
99%(1Pd) 97%(1Pd) 98%(1Pd) >99%(1Pd)

O O

>99%(3Pd) >99%(3Pd)
98%( 1Pd) 96%(1Pd)

Figure 2.4.3. Substrate scope of C-N coupling reactsing3Pd and1Pd catalysts

ZOFER, 3Pd B L 1P Hi2kiF L7122 TOREE DA S DB W Th T 10 43 TGN
FERE L, 3D 91~999%D IR CHIMM A 15D Z LN TE 7o, —RICELIIFHINN AR 72 4-2 v
07 =Y = EREICHNEBEICE, BARY CEDOKISIZ 10 TR T L, IEEI7T%T N-7 = =
NWNENKRY U EG 25 ENHALNE 2o, o, RS T AINVT I VHETET TR T
U VHEOEHTRETHY  N-ATF AT =) a8 L OMENIRIEEENIZETT S
ZEDnbrol,

WICHBE EL MEIO AT & LTRSS YT U =7 I uAbG i BUBIER L, #
Z X Figure 2.4.42 7~ L 7oA G I3 A EL B O F AFLHEICRH I D 15,
SBEINIT V=T IVOEAREKELRD N 722 AT I (R DA R LT,

Figure 2.4.4. Organic electroluminescent device

49



1Pd Z i EIZ VT THREEE, KOtBU DA G TG Z i L7Z & Z A, BRI %
1%L 2055 Z LN TE 7oz (Table 2.4.2. entry 1) ZAUZHBIM THD N 7 ==/ 7 I VWAL
RINZE @m0, DO SRMENEE Liho T2 e — R EEZ NS, T2 TR 7x2=)b
T X OB LTS R A RR TR Pdfitit &, SOSTREE, MR O FamE b & F i L7z,

Table 2.4.2. Screening of Pd catalyst loading,esuly, and bases

1Pd (mol%)
Base (1.2 eq.)
O - O
Solvent, 70 °C
O e O

Entry mol%-Pd Solvent Base Yield (%)
1 0.2 THF KQBu

2 0.5 THF KQBu 6

3 1.0 THF KQBu 21
4 1.0 DME KQBu 13
5 1.0 Dioxane K@Bu 41
6 1.0 Toluene K@Bu 50
7 1.0 Toluene NatBu >99
8 1.0 Toluene KCOs

9 1.0 Toluene N O3

10 1.0 Toluene CEOs

11 1.0 Toluene KOH

12 1.0 Toluene NaOH 0

Pdfitift& % 0.5 mol% 1.0 mol%:HHE L= & A, WEN 21% FTr k3252 &2 HB L
(entries 2 and 3) KICENEIE 2 Miat LTofE R, M= U2 W2 58 18R b RAF7RIDGR 2R
L 7z(entries 4, 5 and 6)f % (ZH O A MG L7z & 2 A NaOBu & FVW 72 BRI E BRI SR A
HITT D2 EnbooTz (entry 7) £ d—JC, KOtBu I & O NaOBu LIS CTrd 4 < BUSBHEIT L
72> 7= (entries 8-120) ZAUE MV R U TIREDN IR Lo Te e EEZ b D, F
72, NaOBu % W 2355812 KOBU £ 0 b EICENA G ONIEBE LT, U7 2=17 I &Kk
LA L% Natfins K i’ﬁkttix LT, MU LT W EN— R EBLZE L T 5 (pKain
DMSO: PhNH 25.0; tBuOH 29.4, Figure 2.4.5%, KOtBu £721Z NaOBu & 7 ==/ 7 I % ~L
T PRI T LIRFRITREE L7 OB E TH 525, NaOBu & VT2 5 D3 B 2SR GT 3D 720
ZENbnb,
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Figure 2.4.5. Diphenylamine + KBu(left) and Diphenylamine + NaBu(right)

BKBIC MY 7 2= VT X URBAE T VRIS, 1Pd & BEfFO PSS AAREE O TE M 2 bl L 72,
TRz M7= 0 = ENL T2 AT 5 IPr-Pd. PEPPSI-IPr-Pd PEPPSI-IPent-Pd RuPhos Pd G1
SPhos Pd G¥ thifiekt 5 & U CiEE L= (Figure 2.4.6 ) 2N 5132 TRk L L Tfilkdh T 5
HLOEBAL THWE,

d\
Cl Cl rL Cl
N
(™ g «
‘\ Cl . cl N CI
IPrPd PEPPSI-IPr-Pd PEPPSI-IPent-Pd

RuPhos Pd G1 SPhos Pd G1

Figure 2.4.6. Structure of (NHC)Pd and (Phos)Pdpieres
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Pd-cat. (1.0 mol%)

Q NaOtBu (1.2 eq.) Q
Oro v m O
@ Toluene, 70 °C @

90 min

100 98.4 0 100

—o—PEPPSI-IPent-Pd

81.2 —e—Me3Si-I1Pr-Pd(1Pd)
80 —e—IPr-Pd
—e— SPhos Pd G1
o— PEPPSI-IPr-Pd
60 —e—RuPhos Pd G1
S
=
)
-
40 35,
O
-~ 53:3 o
20
9.7 912
4%
0 _
0
0 30 60 90

Time (min)

Figure 2.4.7. Comparison of catalyst activitiedBfl and conventional complexes

ZORER. 90 RIS 5ERE LD 1Pd & PEPPSI-IPent-Pd> A2 CTH Y . 1Pd I IPr-Pd,
PEPPSI-IPr-Pd 35 X OV 2 7 ¢ %5 = HACEUL 7T %5 RuPhos Pd G1 SPhos Pd GIK 0 &\
fREEEZ A LTV Z e L, —05, EF Eo@E#LL LV &< Lz PEPPSI-IPent-Pd
LR L IEERRRS D Lol it PEPPSI-IPent-PdD RFHE T & 5 SR =)

N, C-N v 7Y TSI 5@ TTHIBEE Y 1 & 228V T Pd S5 AMREE X 0 & A7 Ik
REL7Z72® &E 2 b b (Figure 2.4.7,)

INHDFRERNE  AFEIN Y 7 R —VIRBICEFHEMED Y AF LU VEEZEHEA L 1P,
PEPPSI-IPent-Pt IR0 2 & DD Z OfthD 5 —HARENL T2 A 2 PABEAARISE & F T
RN 2 BT 5 Z E N B N E R o7, ek v | AP X O IPr 2 LEEICARKRT 2 2
EMTE D72, (NHC)PAEE A D @ IE AL D F R R FBD—DIZ72 0 9 5 B X TWD,
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58 BEME & RS & DR

NHC BT D FE 1 HOPEE 23 IPP-PASE AR O Al 5112 5 2 2 S8 % SEMIC iR T 2 72 DI,
ORI FE % Lol 2 LB & 5 )5, Figure 2.4 1CR LK) WCHEHN RSN D Z & & e
RN ETEM L TB LT A —RIZR>TND Z 0D, FIEEORIEIZN& Lz, £ 2 T,
iS5 M3 722 203, 55 3HICHIE L7= TEPfE 2 #5#h, 55 4 i Table 2.4.1C FHi U 7= BSIHE
i, [cEnENn 7 ey h&1T o 72 (Figure 2.5.1)

100
30 . —0—1 (-SiMe3)
- ° —e—2 (-Si(OEt)3)
£ 60
% —e—3 (-SiMe2(allyl))
40
° 4 (-SiMe2Ph)
[ ]

20 —o—1Pr (-H)

0

2036 2038 2040 2042 2044 2046 2048

TEP / ecm-1

K BT AN

Figure 2.5.1. Correlation of yields and TEP values

ZORER, TEPED/NZWEE, T2 5 NHC B OB -GN moIE &, I3\ B
LRSS SN2, EIR U722 512 TEPEIZ N v 7 R— 2 [RFBITHE A L=V LE DO Hammett
DERIEEROEEMBERH D 2 Ens, VU NVEOB T GRS BETE I BB L2 RIF L
TWDZENbholz, ZOMEX, IPr Oy 7 R—VRFBIZCE TGOV AF LT I ) K%
A L7- César Lavigne > D& b —84 5% 8,
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i =

ARETIZET. IProONy 7 R—=UVRBICEHE U NV EZEA L IPPEN &, ZROEFN
7= (IP)Rh(COYCI &R D AR A 1T o 72, — I A RIETIXBERBETH D Z Emnb, v UV
FEIT NHC B L I G @it s U IR+ 2 & B2 b, TEPHIEDRE, &
UV EOBEBIEZ L > TEORBE TG - RO LA BT D2 L bhrotz, £1-20%E
T-HOMEEE HammettD B ERICHE L TV D Z & R CHIFA L=,

WA PP EANT 1% FAW T IPP-PA SRR D AL, I QNS ARBETEE DR 21T o 72, & D5 R,
TEPif & #5E IPrS-PA$E R D SUGINE & O BN RWFHBIRIMR 23 & S 41, TEPMEAY IPr-Pd X V) K%k
VT RNTDIEEWERRNEL D ERHENEroTz, ZDOZEMNDL, IPr O/ 7 R— 2 RF~
BEME YV NVEEEATHZ LT, C-NI v 7Y T RO B W TS 7 B35 2 &2
BN E 7o T,
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BT~ OEEZFHRIC, IPrD/Ny 7 R— U RBICHTES Y L EAZE A LT IPP-Pd
BRI (LPA~4Pd) DA kI B L Tk~ 7= (Figure 3.1.1.)

Me\s Me EtO\S_,OEt Me, /_// Me\S Ph

I-Me I-OEt Si-Me I-Me

Dipp~N~N-Dipp  Dipp~ N~ N~Dipp N Nepy Dipp~ N~ -N~Dipp
Y Y oo~ N-0ip Y
,_Pd . _Pd , . Pd_
EQ: “ci tﬂj “ci t\ipd\C| L<: cl
1Pd 2Pd 3Pd 4Pd

Figure 3.1.1. IPt-Pd complexes

VU DHRA~DOEENEZEZ D, RS T /—NEETAax o U VIR T Va2 — LG e
W& 0, HEERRE EICEERTELZZERMoNTNDS L, — I, MU T vax v U L EE A
WCHETEILZITHOHE, 2007 vax v EnEKmy 7/ —NVIEEMHEE L, e fan2-o
FER S 415 (Scheme 3.1.1,)

Si0; + (RO)sSivwl, — SiO, Simewl,  ——  SiO, Siv ML,
o)

Scheme 3.1.1. Common method for immobilization

ZOXIRHEEOLE, FEoETARLIEANYy VR—VRFBIZFN ) v U LEEFETS
IPPEORPYEPA) Z VT, v U W RE~DEE(LERETT 5 Z LiC Lz,

LIATE _EEIHIBNT, N SV U AETERGIEEZRT 2D, ZhE2EAL
72 2Pd L C-N 7 v 7"V > JROSZHE W THERLO IPr-Pd & x| WS 5 W ITZ LT O filiys
MAERTZEEZHLNIL TS, TD=®H, 2Pd Z [ E(L L 72 (NHC)P [ &b il 5 1 3 firk 4355 14
I CAFNCEZ D, L LR 5, Hammettd EHAELEEIZ K 5 2 U VRO E IR EOFmIZ I
DL 2PdE VY AHRICEENTDHZ EICED NY = F oo U VIEITE Pt G A~ AL
L. BEEATETH 5 2Pd L0 & ABEER [ B2 b0 L Hiffsivd, ZOEMBIZLL FO#E Y
Th 5D,
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—Si(OEty 213+ U A RmEICEENLSND Z 212 LV . —Si(OE)(OSH, ~E A I N5 D EE X
55, —Si(OEL)(OSk), £ Hammettd @ H L EEITHME STV RNV, FTROKKIZEY, 7
Nax VT IR T XUy T VOGN U CE TGRS E b 4 0
72, BEEMRIZEY VU VIITEFRMEEN DB GHEICERT 5 B2 0, BRELT
b ETEE A ) A Z E N HIfFTE B,

Hammetto & #L 5L E %K -

Si(OEt): 0, =0.08
Si(OSiMe) s: 0, =-0.01
SiMe(OSiMe)2: 0, =-0.01
SiMey(OSiMey): 0, =-0.01

WEITIE 2Pd &2 W= 2 U R~ D E L 2 /F LT,
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B2 H IPrSIOENpd Sk o [H =4l

U BHEA~OEENE 2Pd ERERIC N = R U VAR TS 7TPd ZHWTRAT, 72
B, 7PAdIZ2Pd D n-7 U VBN A% -3 0 F IAENAICERBE LD TH D, £V B
&L LTMCM-AL Z v, A7 o 110C THIET 5 2 LI L 0 BEE b &2 T2 o 72, 65KfITE ., X
ISREW A LT LT 4 H—TlEE LT, B &I A 15T,

tr (GH%EFAE)

=
H
3>

SONTIERPIAFAET D 7TPd OEEEZHET XL, BAERELHIT Lic, ZORR.
FEIL0.19%L FTH Y, i EERDOE/L&EIL<0.01 mmol-N/ g-cat: B TX 5,

13C{*H} CPMAS NMR A7 kL34t

F 72 U8B O BC{*H} CPMAS NMR 222 MV EFENT L= 24, U J1 B 7Pd 7~ & il L 7=
MU R ULVEREA L EHRIND V¥ — 7 2R L= (Figure 3.2.1) 728, ¥Si{H}
CPMAS NMR AT MM BITHI 72727 A FALFFEO B — 7 [ IR S o 7z,

147.2605
— 137.2334
— 134.2359
— 130.0067

1109888
— 61.2004
— 54.6450
— 51.8134

1.4232

— 31.0108
— 24.7796
— 17.5379

10

-
0 e
“ Sip - 3150

Si0-SIOCHCH; |-
Si0,-SiOCH,CHs [

” 3

T T T T T T T T T T T T T T T T T
150 100 50 0 [ppm]

Figure 3.2.13C{*H} CPMAS spectrum of residue
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IBIEIEE Y O *H-NMR &

WA U 7= 80 % s L. IR % "H-NMR I E IS CTHER L7z, TORER, 7Pd D MY
T hF VU VIR BEE S U7 IPr-PAEEA(BPA) 3 H LT D Z & A3 h- 7= (Figure 3.2.2.)

20 [*1es]
L

IR )

— \(N\Dipp
[ N

+ Pd
H cl
M)U
. Jd

OEt MIA018 12 1 C:¥chteddateuoost  KHatakevenal |

7Pd @>Et_o<s| OEt

Dipp/N\(N\Dipp

T T T T T T T T T T T T
7 6 B 1 [PP"‘]

15

10
I

Figure 3.2.2'H NMR spectra of filtrate (top) andPd (bottom)

PLEDFERNS  YHHEE LI U D E~d 7Pd DEE(LIZ S T LTV W2 &2V LT,
RPOVIZTPAHEKDO M) = hF U U ARV AHERICEE LS N2 T RV hFo vl
VIR 8Pd WELTEEEZ HND, 8P IXEEILIAL 2R 72 2, TOF NS
[EUR &7z & B 2 U, ERFE R 2 S EAICH T & 5 (Scheme 3.2.1,)

OEt
E ~ 4
5okt /:<H
= - _N_ Nep:
. _N_ _Nep: OFEt Dipp Dipp
Dipp Y Diep +  sio, ~ Si0, |-Si-OEt + h
. _Pd heptane OEt ¢ P
R/ o 110 °C, 65 h H Cl
1 Ph
7Pd 8Pd

Scheme 3.2.1. Immobilization @Pd on SiQ
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BOSRE O RET

BENWTIRE T Z b PV AZER L, BOSRE 2 =L, 70C, 130CIZ4 2 TR E
bz MGt Lz, =Eiid L0 70C TREEZAT R o 72 SOk DIRIRIRME > & ;’Eb\*ﬂﬁb%ﬁ*ﬁrf“%é
7Pd % A L 7= (Table 3.2.1. entries 1 and.2 —75, 130C CEE(LZITR > TG AITIE, ~FZ
110C CHEEMZAATEE L FERIZ, MY = Fx o2 U VR iR L 72 8Pd ﬁ)lﬁlﬂi S 7= (entry 3)

Table 3.2.1. Immobilization ofPd on SiQ in toluene

OEt
EO. “Si-OEt

i ~N N<p;
Dipp \( Dipp N Sio,

. Pd toluene
g‘/ ~Cl
Ph
7Pd
Entry Temp. /C Time/h TR Y (RN EE%)

1 iR 24 7Pd (94 %)
2 70 14 7Pd (84 %)
3 130 15 8Pd (76%)

HiRB L 70C THEEINLEITR > T2BROIEEW O ¥C{*H} CPMAS NMR A7 hLZHIE L1z
fEE, WTHoOSRE b E— 23 S hieho e, THUTEESER TH D 7Pd DNIFITE &I [RIIYL
SN EEZLND,

61



PLEDRERNS . WTNORFHZBWTH 7TPdO Y = b Xy UL U B REDOT T /) —
NI L OFEAPOSITEITLTE LS, 110 CUETIE MY = 2T U ILVEOBBENRA TS &b
o7, MU= R U AKOBEEHIBI L Tk, YU BREOVT /) — VI D7 m MLy L
EESIZE D b D EEZ HiLD 2 (Scheme 3.2.2)

FPVVNEDOAL T INNERY T ) —ME-oTT e bufbansd, —f&ic, YU viiZo-
rMEAERICLY B INRIF A 2 LENNT HZ ENMLNATEY, 110 CLL LTIz
BEANRET LD LRSS ND, RIZ, BT e hAbTAELEvarF v RER R = hFR v
INEDTr A FBIRFZREKET L2 LT RiEy 7 /) —VER NI bRy Ufhansd LA
FFT, 7TPA 26 2 U VRSN AE L 72 BPAd N ERL L T2 L B2 B D,

OEt

/_\EtO\sf—OEt EtO~gi” okt
. ! _ Lo /‘%@ OEt
Si0, }-QrH — - si0, O NSO N

Dipp’N\rN\Dipp Dipp Dipp T" SiO, O'S'\(;(étEt
r _Pd( r _Pd_ H
H cl H cl =
. ~N N~n:
D D
Ph Ph L
. _Pd
\ ~
7Pd cl
Ph
8Pd

Scheme 3.2.2. Possible mechanism of eliminaticsilgfgroup in IPP'

FERAD =R LEEETD L IPrSEOR iRy e o U AR EEL L%, PdéklL
THRBLT v TRIOBEEGEICBNTYS, ERRERBEOSNETTA2HDEEZBND, £D
7o, R ELT v R E D VU BHE~OEEROHBEFHIITHLT ., thoEELFIEEHRFTT 52
N Y
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o3 ET A LHRIE O PR S

AT TNy 7 R—VIRFBIZ N Y = XU v U NEEF T 2 IPEORPd gD U 7 R~
DOEEERF LA, YU AREDOY T ) —NVHKIZL D7 7 MLy Y B E B EITT 5728
PrSIEOR.pq SERARBE D EEALIZNEETH D Z & Zik~_7-, £ 2T, L VIEMZREML T, K E/HE
TER AIRE 7 B B, BL OV I VEOBRELZLOH TITRH 2L & LT,

9778 MLV LRSS O SBEBIEE OV ) DHERORE S T ) — NV H(pKa: 7.1+
05NZH D bDEE X EEMEE ) DHED XD BEEDNMEEM A~ ETTL2 L L
Too A R EZTE LR, INETEL OEEOREGINTFIET DRV ZAF L UBIRICE
BLYM, T 7 — LD EBIEEOIRNR DT L a— L i (pKa: 15.4)%H 3 5 Wang
resin Z Hr7- 7o HEFHR & L TR L 7= (Figure 3.3.1.),

i /O/\OH
ne R

Figure 3.3.1. Wang resin

— RN AR Y AF L BB IRMEVRE S 70~90CTH v | Z L EOIRE CTIidR U AF L S
WAL T LE D, BT ) A IPrSIEOR.pd S 2 [E &3 DB, |IE~70CTii4
SHEABOSDEITETREHEI CTh o722 L 2 EBETH L 7»2%//7/&®MTW:—w%
AT X DEEETRY AF L UBIEZ KL T 556, F#EUITHLEEXBND, 22T, 7
Nax LD bR SW e KAWL L E2EZ X, IPOENMNTOV ) VEE Y = R
VU NENSE e a O AFAT Y NN ERTH L L Lc(Figure 3.3.2.), /7 rR Y AF LY
UNLEETHIX, Wang resin UDNVV/I/T/I/:J—/I/ﬁB{iJ:E?E'TT“ LR ITHER IR T2, [EE
BEFO®EICBWTYH P = by U AEERWESSICAE T W =T 1 MLy Y UbRE %
il cE b L& 2=, £7- Wangresin & ODﬁé\fFﬂﬂZ%%FE L7e%a. YUV EORBEREIL—>T
+45Th D,

______________
””””””

'BOoa‘ 7 Me CI &
\\ S|~o§y’ . S|~|\/|9/
Dipp~ N N\Dlpp Dipp~ N N\Dlpp

Figure 3.3.2. Change of NHC precursor
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%12 Hammettod @ # 3L @52 WV CREELIC L A BT REO B2 HELZ LT, TOME, 71
1Y AF Y NNIITEFRMEZ R T, BEMRICERESND X OV FHR AT LY L
HEiZ, BEHOA FFX P AF NV NVEOBBEERASEICTH L, BTG EZTRTLOLH#H
2a3nd 4 LMo T, REEEIE DRI T iuE, BEE( & I @O ARBEE 4 4 58 Bl 6E e
(NHC)Pd[E EALMIEN G TE D b D EE T,

Hammett & #L 5L E XK -
SiMey(Cl) : 0,=0.21
SiMex(OMe): 0p =-0.02

EHEREZLTICE DT,

%E:ﬁ@) :
BRPERE OBLS S, HIKE T U ZHK(pKa : 7.1£0.5)0 50 UL T v a— VLA A9 5 Wang
resin(iKa : 15.4)2 &%

BHEO
MEVEE OB SN, NHC Ay 7 AR—VIRFZO VY NVERESZ NV v U AENL 7 an
CAF Y JVERICEE
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AR IPMe2SICLP SRR D5 Rk

B 28I CHEM L7 FETLHIPr A L RIC-20C T 7 mr Y A F T T & FLiC
(Scheme 3.4.1) = DftF, HEYE T2 IPMSC(B) LAz 2 XA F Lo U LAk AT IPr 28 2 OfE A
L7z(IPrMees(e) & DIREWIN S BTz, 61— BAEK L5077 e 2 F v U Liich 5 —4
FO Li-IPr 3 REREZTHZ ETER LD EFE X 55 (Scheme 3.4.2)

Dipp Dipp
Li Me,Si Pt N__ST N
ezs|C|2 Si— .
~ — WA
Dipp~N_N-pipp  THF,-20°C, 1 h NN N N
. Dipp~ N ~Dipp Dipp/ bipp
Li-IPr 5 6
Scheme 3.4.1. Synthesis of TBF(5)
L - Dipp~ "~ " Di N
Dipp N\“/N Dipp pPp ™ pp Dipp/ bipp
5 Li-IPr 6

Scheme 3.4.2. Synthesis of (Wff5(6)

6 DFEIEZIMHIT L, 5& L-IPr REFE LIS WRIRSREL LT, Y7l XAF Ly T 0z
K LUTL-IPr 2@ F+5Z LI LTz, ZO/ER, BHIWE T2 50D A% 85%DINHE THGDH Z & IZkE)
L 72(Scheme 3.4.3))

Li

= o

Dipp/N\“/N\Dipp Si—

N .

Dipp/N\/ Dipp

Me:SiCla  1hE 20°c. 1h

5
85%

Scheme 3.4.3. Effective synthetic method fottBt°(5)

65



%W T 5 2% LT, [Pd(mally)Cll2 2012 % 2 & T Pd#EL 24TV, IPMe2SCLPd(rallyl)Cl {4 fi
BEGBPA)Z AT D Z £ 1TkEh L= (Scheme 3.4.4,)

\ Cl \ Cl
Si— [Pd(allyl)Cl] Si—
Dipp/N\/N\Dipp THF,r.t., 2h Dipp/N\(N\Dipp
CI’Pd\;’
5Pd
52%

Scheme 3.4.4. Synthesis of T8 LPdrallyl)CI(5Pd)
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FE5H  IPS-PdSEIRE E LR DA Rk

ARE T AR L7z IPMeZSCIEINT F-(5)F L OY IPMe2SCLPd g (A i (5Pd) &2 IV T, AR U A F L 4
lET& 5 Wang resin~[EE(LT 5 Z & T, IPO-Pd AR E kD Ak AR A7z, EiEfbike L
T. 5% Wang resiniZ[HE{k L7=t. PAd&#{tZ1T 9 R M AT v 7E(B—>5/PS>5PAIPY. & % WM&
5Pd % [E# Wang resinlZ[&E &b+ 2 b v 7 & 0 L iE(5—5Pd—=5PdIPY D 2 Y O FiEZ B Lz
(Figure 3.5.1)

LT v Sk Me  Dipp
Q-osi_n_
. Me \[N>
lﬂﬁﬂﬁ bipp Pd ﬁiﬁk'ﬂﬁ
5/PS
Me Dipp Me Dipp
C'\/SII N OO‘,SIi N cl
Me [ > Me\T[ »—Pd
Dipp Dipp
5 5Pd/PS
Me Dipp
Pd #a1t. Cl~g; N al & E1k
Mé \[N>—Pd’
ﬁw

Ny FEY Uk

Figure 3.5.1. Synthetic route to bottom-bip{5/PS—5Pd/PS and top-dowrg—5Pd—5Pd/P9
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OR F AT v 7 : (5-5/PS>5Pd/PS)
Wang resing i S 7 THRE AR, SIE TS5 2 F L. 24BFR#E L2, MOSK TH, AV

TV T g VE =TS ETERT D 2 & TIPS B SRR (B/IPS % #5 7= (Scheme 3.5.1. and
Figure 3.5.2)

Me

Dipp Dipp
Cl~gj N Wang-Resin 00~éi N
Mé \[ >: Me \[ >:
N THF, r.t, 24 h N
Dipp Dipp
5 5/PS

Scheme 3.5.1. Immobilization &fto Wang resin

Figure 3.5.2. Appearance 6fPS

5 DALz BIPSOffliE S 2 A~ < | S 2 W TOIT 21T > 72,
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PSi{'HY CPMAS A7 LT

£ 5/PS O PSi{'H} CPMAS A7 M AZRET HZ LT, 508 U LEEZEZS LT Wang resin -
(BRI L TV DR LTz, T ORER., -2.07 ppm (2 1 KD Si B — 7 BNFEETH Z LI LT,
Wang resin 21T 7 A FITIFE LR T2, ZHVUTRIBRMKS ICHKDO H D LB % 515 (Figure 3.5.3.),

29Si-MASNMR No.374034
NHC DA™Y K B E A R 4R
spin rate=10000Hz

WMWWWMMWWWWW'\M Mol y

80 60 40 20 0 -20 -40 -60 -80 ppm

Figure 3.5.3. #Si{'H} CPMAS spectrum of 5/PS
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WIZEEILRTEZ D ® Si NMR A7 ML ZHEG LT, ZORER, BEERTORIBEE S O Si v —
71X 9.75 ppm Zor L7223, [EEEE D 5/PS 13207 ppm Zo” L, Si E—27 RN 7 hLTWHZ &
LT, ZoE—27 7 M, Si-ClLIEAN Si-OfEARICEW L2 EE2BERLTRBY, 518
U LA S LT Wang resin _EIZMERfi L7= 2 & & XRFT D85 FR &5 2 L5 (Figure 3.5.4.),

[rel)

9.75 ppm
T T T
50 o -850 ppm]
293i-MASNMR No.374034 1
NHC WA © B AR 4k :
spin rate=10000Hz 1
1
1
1
1
1
1
1
1
! -2.07 ppm
1
1

w«wwwW»MW»WWNwmwwwwww

80 60 40 20 0 -20 -40 -60 80 ppm

Figure 3.5.4. *Si{'"H} NMR spectrum of 5 (top) and *’Si{'H} CPMAS spectrum of 5/PS (bottom)
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e (GAH %)

SIPSHIZAFIET 2 IPEENL &2 EET XL, RN L Y EFERELZWE Lz, ZORES,
BHEFREIL0.73%CTHH Z LK L7z, - E0.52mmol-N/g-cak B TX %,

Pd# LIRS

VT 5/PS? Pd#f b ATV, IPS-Pd [EE LAl DA R A i L7z, 5/PS% THF I L,
[Pd(n—aIIyI)CI]z A%, LERFRIBE L7, BUSKE TH A T L7 4 V& — TROSIK Z g L

5L IEERY % ICP R HAHHICP-AESIZ T L=, ZDfE5,. 5PAPSICE £ 5 Pd&
13 0.01%CTH D Z LAHIA L, PSR EITL TWRNWZ &R bhoT,

JR IR & LT, 5% Wang resinZ{&fifid 2822 BV CTHAE L7z HCI 23 5IPSD 1 /LR R & X
L, A XXV VU LAEICERIND Z &D3E 2 Hiv5h(Scheme 3.5.2)

Dipp Me
Cl~g;i ! O-ai i , Dipp
Si_N ) Q- Si__N QoS nNeo
e 9 Me [ ) Mé \[ S>—H
N\Di Wang-Resin N ) N
pp Dipp Dipp
5 5/PS 5-HCI/PS

Scheme 3.5.2. Immobilization 6fon Wang resin

LRI (EAHEIR )

SEDGER A FRAET X<, SIPSOGHEEFEEZ BT Lz, ZO/E, GAEFEIT1.0%TH
DT ENHA LI, IARVREFENA IZ Y VU LEICEBRL TWD EIRET D L, HBHROE/NVE
1% 0.28 mmol-Cl/ g-catt B CTX, EFRENLEEENLOBRBRBLE 251 &5, 2O &n
5. 5/PSIZ5+ HCIPSIZEH L TWAD EEZ LD,
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5 « HCI/PS D FLALER

ST BRI, IR URBDA I XY U 0 AEIZEE LT REETIE PASEBIZHEETIT L2,
Z D718 5+ HCIIPS % 5/PSICHAMT 2 LE N H 5H, 19914, Arduengob (31 I XV U U7 A%
WIS 2 Z L1k NHC AR TE 5 2 & 2HE L T 5 ¥Scheme 3.5.3)

R R
©
R' I\i@ cl Base R R l\i
A\ :
\/[N>_H R = alkyl, aryl \/[N>
R’ \ R' = H, alkyl R' \
R R

Scheme 3.5.3. Deprotonation of imidazolium salt

ZOWEWAESEIZ, 5+ HCIIPS =R F. DME &+, 5+« HCI/PS O#EFF &Ik L 1 ¥ &D
KOtBuU & 3 i S 7o, nfh. AT L7 4 NV E — TN & EE . JEEW & I8k % 5]
I L 7= (Scheme 3.5.4,)

Me Dipp o
OO Sl N @ ClI KOtBu (1.0 eq.)
e ~
DME, r.t.,, 3 h
D|pp
5-HCI/PS

Scheme 3.5.4. Treatment®# HCI/PS using KQBu

LT (G A=,

i

AEE )

i7" a s ACBOG OEIT 2 BT X< B A HE TR LIzE A, GREFREIL0.17%
AR LA &Y U U LD NHC ~OBEWNFE R T2, — ., GAEREICERALIZEDA
0.73% (0.52 mmol-N / g-cal. 7> 0.15% (0.10 mmol-N / g-cal. ~& B LZ 8EIW/ L Tnbd Z &N
HB LT,

ZOEHRERBEOKRTRRERZ MBI 3~ G%E O Z I L 'TH-NMR JIE &2 1T > 72, & DfE
R IR B IPr 23 H S 472 (Figure 3.5.5.)
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THCED6) immobilized Me25iCI-I1Pr, roski

nnnnn
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Dipp/N;N\Dipp
N
! ]
1 I
| | | | | | | | m.‘ g | | | : % | Egj‘ “ °

Figure 3.5.5!H NMR spectrum of filtrate

ZOFERN S EAREZREOICTIL, AR LY 5« HCIIPS o IPP B 725 IPr 23 Biff L
-2 EICERTALDEEZ BNA,
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IPr HBfED 1 SDOGHRA I =AL L LT, 8 2HTELE LIS w ML Y LIS DHEITNE 2
bhd, kbbb, KL L THWET baxy FEIZELAH 7 e b oAbk, AR LT rva—
MEBS T a R RETRY | YU AEDA T ILERISELTZb D EBE X BND, RICHFOAETZT L
aX Y REN Y U VD7 A RIR T %2 REBERES 5 2 & TAPSENL -6 3 U VIR LEE L 7= 1Pr
AR LT &5 2 5 & ERRRE R 4w T & 5(Scheme 3.5.5,)

9 o

0]

~(oF ahva

Dipp/N\(g\Dipp / QsH Dipp~ N~ N~Dipp
H

TR

H

%%ga ﬁ%ﬁ =

Dipp~ N~N~Dipp ‘\\\\ Dipp~N~_N~Dipp
y IPr
0-Si-0
%}_ \_{)

Scheme 3.5.5. Possible mechanism of eliminaticsilgfgroup in IPF'

b, R hLT y B I DEEEEHET D,

F9IPSENL T AERICERMT 2 Z SIHBA L b o0, Bifio@ER TRAET S HCHIZL D B
NRUIRFENT B R AL LA LV Y T AL 720 K< PASLAHEST Lan 2 EAVHIBE L7,
WA H NS U fRFEH AT, WAL 2 FEH L- & 2 A, HIRICERM LT D IPPENL 705
IPr 2592 = & 2SI Lz, IPS-PAEELAE DA ERIZ BV T, IPr X @ i 22 B 7B C b
D12 R NAT vy AR EDEMETW L, Ny 7 X AR DEEERFNT A2 & & LT,
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O by 7 & v v #E(5—5Pd—5Pd/PS)

RN RLT L FRE,. Wang resing THF IR IR S 7%, IR F5Pd % F L, 24 K¢
B L7c, RIS TR, AT L7 4 v —TRIGKZIEERT 5 2 & T(NHC)Pd[E &k fil i
(5Pd/P9 % #537-(Scheme 3.5.6. and Figure 3.5,6.)

Cled. ~ Dipp |  Dipp
\/SI N Cl Wang-Resin O‘/SI N Cl
\[ LNy l I Ny
N =/  THFrt, 24n N o2

Dipp Dipp

5Pd 5Pd/PS

Scheme 3.5.6. Immobilization 6Pd on Wang resin

Figure 3.5.6. Appearance 5Pd/PS

5 5172 SPA/PSOfil a2 il 3~ _ < . FHOSEEZR ONTIC X v ikt Xy 7 7 2 ) ¥ —
a v EIToT,
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PSi{'HY CPMAS A7 LT

SPd/PS @ *Si{'H} CPMAS A7 kLo Sl L= 5%, 1.65ppm 12 1 KO E— 7 ZfER LT
(Figure 3.5.7.), Wang resin 1T 7 A FIEFDMFIE LR WD, ZHUT SPd O A BIRFIZH KT

LE—rLEZOND,

12.5kHz 29Si CPMAS

H 1.65 ppm
|
‘ |
a
[
|
/|
, l
||
[
)
'ﬂl ", f‘v',\ / )
" A A O AT -
1\ 'l‘ \ I\ i1y an ’.’(|’” I ’ Al N ,an *,\ fh ‘ﬂ A ;"lvl'} |
AN \hi 'IW ‘ H y'” mkf‘h\{‘/‘rf"l"'g}:,%x'\(" W \\"im' ‘\‘ 'M'M | m‘,l"'b« -ﬂwm"‘a (R
L W E'z }" vy \ﬂ'/ V W| \ ’I‘ ! '\‘/! ’«"’
\ ,‘
| \ | 1 1 T
100 50 0 -50 -100 ppm

Figure 3.5.7. ¥Si{'H} CPMAS spectrum of 5Pd/PS
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& 51T Figure 3.5.7. & [EEALATORTEEA SPd D Si NMR 2227 kL& Z e LTz, & DR,
AIBAR T 5 5Pd @ Si B — 27 1% 11.8 ppm T - 7278, [EE(LF D 5PA/PS 1% 1.65 ppm ~2 7 bk L
TWHZERHLMNE T, ZOE—7 7 MESI-CLEAED D Si-0 fiH~DEHAZEER L T
B, ZOZ LD 5Pd & Wang resin DRI Si-O f5A &2 L7z EELSH#EIT L7 b 0 LT
% (Figure 3.5.8.),

Sep12-2017-TMizusaki 20 1 C:¥Users¥Mizusaki¥active¥Desktop¥nmr

205i (C6D6) Pd-complex precusor 3
Lw
11.8 ppm
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L
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100 50 1 0 -50 -100 [ppm]
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AL N A, [ el TV % L\, Womh oMo | i
I\ i .': A ALY my (M) rm A ! W (NJ""‘ 1) ,‘ﬂ“' y”. ".“,v A L) f\.,\:' | o
JV L AT i YWAN VW AT i W\ﬂy Vol NUINRIRANTY IR
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Figure 3.5.8. ?Si{'H} NMR spectrum of 5Pd (top) and *’Si{'H} CPMAS spectrum of SPd/PS(bottom)
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e (GAH %)

A2 BPA/PSH D IPP-PASEKE E L A2 MR T~ , GREZEBEL O LT-, ZTOME, aF%
FE1$0.98%E 720 . F5 | 0.70 mmol-N / g-cat: I TE 5,

ICP 3§55 53 AT (ICP-AES)

A BT SPAIPSH O G A Pd &% ICP R A HT(ICP-AESYZ THtir L7z, £ DR, &F Pd
#1% 3.94%% 72V | 0.37 mmol-Pd g-cat: FHTZ %, ZNHORERNDL, EFRE/NE PAdELO
NBBELZ 2% 1 L7320, 5PdiX IPP-PA##iE 2 #EHF L 72 % £ Wang resinb ([ E(L ST 5 &
EBETED,

X BRI A5 HE D HT(XPS)

BBICEA LTS Pd OB REEEZ X BEFE 70 RES T (XPS)Z THER L7z, £ OfER. Pd
i 7s PACLIZITW 2 i PAFRETH 5 = & 23HIBH L7=(Figure 3.5.9) D Z &b b, Pdix IPE
BOOL T SRS 25 2 L 72 <L IPS-Pd 85 S 2 AR Lo F EEEAER SN T D EE 2D
i,

6400

6000

cl/s

5600

5200

4800
350 348 346 344 342 340 338 336 334 332 330

Binding Energy

Pd Pd3d?
PdCb 337.8
Pd 335.1

Figure 3.5.9. XPS analysis 6Pd/PS
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Pk, by 7 H 7 3BV AR L 5PAIPSOX v 7 7 # ) EB— g Ot % Figure 3.5.10.
WE EOT,

F 9 2Si{*H} CPMAS 27 RV D, 5P SI-OFEAZ M L THIKEFES L TWH Z &%
O L, RICERAEZTILVEGAEPAELOENRBEZ 251 L7220 220 X #OEEFSKL
EOHT(XPSYDRE TG R CHEA D & BPAIPS 1 IPP-PA# A D & MERE L 7= = £ [ @ b A e T
LTWbboLtEZLND,

O_'Y'_e Dipp
SNy Cl
e \l\ >',' A Pd )
Dipp
TLFR T
ICP 35653653 M (ICP-AES)
29Si{1H} CPMAS A2 kL5

X BRAEF 53 HIEIHT (XPS)

Figure 3.5.10. Characterization%fd/PS

PLE, REICIE 5B XOEPd Z B ELATBARIC AN T, AU RXF LRI TH5H Wang resin~
DEEE AT, 280 OEEICEEZRG LGSR, IPR-PASSIREE (Lo & kicix £ IPrS
-PASERE SR L2412, FURICEENT 2 Ny 77 7 ERE L TnD Z & LTz,
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e

ARETIE, IPrONR Yy 7 R—VRFBIZ ) = XUV U LEEZEA LT IPPEORPAgEAfht D o
U BRSO EEL 2R3, HIK LD T ) —Lik L IPSEOLPp] SEKfE DR <7 a Mty
UG AE T, BEERIZIEBI G RN EAVEI L7, ZoOfREEE 2, IS L2 ) 1
ELBRY ZAF LV UBETH D Wang resin, Ny 7 R—VIRFEO Y VA NV = hF v UL
EMBUAFAsea v UNEANEEF L R NAT v 7 EHLZWVE Ny T X T ED 218 OF
15 CREE ELRGET 2 90 L7z,

FTR LT v TEEBRH LI E 2 A, IPPENL F-AMRERICEMT 5 2 ST LZb o0, %
DIEHPBFECIB N THNARUIRENA I XY VT LA~ EER L, Hi< PAEEEAET LN &
DB Uz, VR R & AR AL B & 20 U 7228 IPCE AR S IPr ASBEEL T L
FHZENHAL, A MAT v B DEEITFRRT S E L,

WIZ by THE T AR L AEE AR LTI E Z A, IPP-Pd $5ABEAS 2 U LV EEZ A L CTHK
EEE L, IPE-Pd $5RE E Ll DA IR Uiz, Gk L7z B E btz oW & TR oy
kD x vy 772V B —va v aiTolcl 24, IPE-Pd SERAREED fl A% 2 HERF L 72 £ £ 41
RA~EENT D ZENFAHRETH D L HB LT,

U EDFERNS | IPrONy 7 A=V RFBEFEERET DV UV NVEEN LI HE~OEE(RIZIE,
Ny 7 ARCEDEEMPEL TS ZEEHLNE LT,
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CHEER LT Wb D
AABEDFHETH D

PASEIAfME 2 o U 0 ZF NV EDO BRI OR Y AF L EORKAR U ~—
PSSR E S LML SEAMREE & U CoO @O MBTEM: 2R LN 5, Ry
SO tE OFRE PAEIE” B L “MEOFRIA R a=— 7 R AR, ZTivE TR 72 Pd
. WU AT L UG & R IZ(NHC)PA$E A % [E b L 7~ fil gt
iy 7Y 7 ORI

s
ThEZTaETY— T o= Ra L EEE O Suzukih v Y v S RO

TH
Yt :
PERE EALARBEA A STV D B9
1 20 SENN
ERELTEY S,
L CTu\%(Scheme 4.1.1,)
OAc
AcO-pq
0 0 <N
Q-
2 mol%
Ph B(OH)z, CSzCOg, Hzo
’ 99% Yield

50°C, 12 h
Scheme 4.1.1. Suzuki coupling reaction using PS-BEIGNHC-Pd complex catalyst
F2An BTV BTAMKIZB —F M I ACEMEBRANL T & LT3N T 20 LEEIRE E AL i
i, Stille 1y 7Y TG, BEW

Bl 21X Lee & OWFFE T L—

N ° 1] 4
BE7R 2 & 245 LTV 5 (Scheme 4.1.2)

[N

1

W24 & T
.0

,OEt
d\
CH3;

1 o
EARLS hiasno DTU—/I/}:OD SuzukiZt v 7V v T
Phsp”

o X Z
Sonogashiral » 7'V > 7 st

o) Ot
0.5 mol%
Buﬁn@
\ /¢ /
N \_

Scheme 4.1.2. C-C coupling reaction using silidesgpported3-ketoiminatophosphanyl palladium complex
catalyst
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ZOMIZ b PASEIRE E(VAREEZ FIVN T2 C-C v 77 U IV USNIE S S HESN TV DN, £D
— 5T, C-N v 7V 7 KIS PASERE G Lkt 2 58 L7285 613 T 7eun,

Bz 1, Islam SIER Y 2AF L UBEHKIC LT U A I A BA L, ChERM T LT 5
PASE IR E E LA 2 W5 L T g 19, Z o PASSAREEARIL S — R BT =0 LD C-N
By 7V T OSCHEMAFEETH 528, ZOEMA#HIIZI — F7 U —VIZRESNTEY, 7 eE
7V =B WIS LT L 72\ (Scheme 4.1.3,)

Pd-cat. (1.0 mol%)
KOH (2.0 eq) H
O - O O+
DMSO, 120 °C

18 h

85% Yield
Pd-cat. (1.0 mol%)
KOH (2.0 eq) H
DMSO, 120 °C

18 h

No Reaction

Scheme 4.1.3. C-N coupling reaction of aryl halidsisig PS-Pd{)-frufural
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F72 Uozumi HIEAR U AF L UBRICR Y =F Lo ) a— Lz L Toternt-7 TR AT ¢
BT & LT WU E DR A RO AR A 7 ¢ ERIAR Y v — %2 WME L T D M, HoITA LT
RAT 4 AMEMIAR Y ~— L[Pd@rallyl)Cl. 2 Z N E ISR TIRET 5 Z LI XV PAFERE EAL
2R L ChE KPR T A7 uET V=L P T 2T =) D CNI P Y U T
G2 L 7= (Scheme 4.1.4,)

Qs o f
[Pd( 7 -allyl)CI],
Ph (5 mol%-Pd ; P/Pd = 2:1) Ph
X + HN » N,
Ph aq. KOH, reflux Ph

24 h

92% Yield (from PhBr)
75% Yield (from PhCI)

Scheme 4.1.4. C-N coupling reaction of aryl chlerishd bromide using PS-PEG resin-supported phasphin
ZORER, B THD M) 72 =T I V% RUDILETHDL Z LIZIHLTWD, Lol
Mo, K0z aar7 ) — Va2 BTV 25E . 5 mol%-Pdofilifi& 2 Fv T h 75%FRE D

INRIZE E-> TV 5D,

Garcia®b 135 =R 2 7 ¢ VENI T D SPhosSZEH L, =—T LFERICL DR Y 2F 1
IR & fE A L 72 SPhosEffitHAR(SPhos/PSY #45 L T 5 2 (Scheme 4.1.5,)

MeO O OMe Immobilization OMe
! PCy, PCy,

SPhos SPhos/PS
Me Pd(OAc), (1.0 mol%)
/\ SPhos/PS (7.0 mol%) /—\
Cl + HN 0]
_/ NaOtBu (1.5 eq), toluene
Me 90°C,24 h
95% Yiled

Scheme 4.1.5. C-N coupling reaction of aryl chlerniging PS resin-supported SPhos
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%5 ARk L7z SPhos/PS PA(OACYy & ZAIVENR R TIRAT 5 Z LI X 0 PASEIARE E{bfil
EEZPHRL, ZhEazrraepX L EEARY EDCNA Yy 7Y T RISCHERA Lz, £0
FER, OBYDINETHIME T 2T I MEEMEF/L Z L2 MELTVD, L L2226, PAdEL
lZxt LC 75 &Y O SPhosEffifl RN LETH - 7=,

Buchwald & DA FE 7 V— 7 HRERIC. VT X NNR AT 4 ) T U — & &2 A3 558 = Uk
AT 4 VBT R R Y AF L UBIRRARICERT L2 Y T RERHRRZ S LT D B RHPIC T,
Pd(OAcy L IRAT 5 Z &L CREIE(L P AR/ L0 b . chEr/ea 7V — L7 I EDCN
Ay 7V T ROSIZHEA L, 909k EOWERTHIY 2155 Z L ITHkE L TV 5 (Scheme 4.1.6,) 72
72 UIRISTERE F T 15~20 RN MLETH Y . S 57225 EiEMED PAEE(LARELA KD BTV D,

ool
S

P-Ligand/PS

Pd(OAc), (1.0 mol%)
P-Ligand/PS (1.3 mol%)

OCI . w o NaOfBu (1.5 eq) @N’ o
N N

Toluene, 80 °C
15-20 h

90% Yield

Pd(OAc), (1.0 mol%)
P-Ligand/PS (1.3 mol%)

Ph Ph
OCl + HN\ NaOtBu (1.5 eq) < > N\

THF, 65 °C
15-20 h

92% Yield

Scheme 4.1.6. C-N coupling reaction using Polynugpsrted dialkylphosphinobiphenyl ligands

FIUTECIE, AT CARK L7z IPr-Pd &R [E LA (SPA/PY D fil i §E 2 FFEATE L 7=, RFICAE)
—RABETII N ETIEE A EWEFIORW I T Y — T 2 AL EME AW CNT v T
U > I ROSERR Uiz, Iz CHEEMBEORE TH D Itk O PARHE X0 “flito
FBRA” 2B L CTH O TR L7,
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Sefe ) e

o 2 Hn

|PrS-Pd G A ] 1 A LA oD b Ay ME R At

EFTHROICI/ mua X BT FAT I E L L, 0.2 molwD it B2 VT C-N T > 7

U o 7O % FEf LTz, £ DR, ik & L C[Pd(eallyl)Cll2 36 L OF

-PdEEIR(1Pd) & ffH CHTAf L 7= (Figure 4.2.1)

QCI +  H-N

100

Pd-cat. (0.2 mol%)
KOtBu (1.2 mmol)

Sfes —

=

/Bu
Bu

HTAMR LI R0 1Pt

80

60

Yeild (%)

40

20

Dipp/N\(N\Dipp

. Pd
K/ ~Cl

5Pd/PS

Dipp/N\(N\Dipp
. Pd
K_/ ~cl

1Pd

. Cl_ __>
) Pd\“m"Pd 5

[Pd( 7 -allyl)CI],

Figure 4.2.1. Comparison of catalyst activitie$Bf/PS 1Pd and [Pdfrallyl)Cl]
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T Ofig, 5PAIPSH LU 1Pd Z B IV 5 & o972 10 73 TG 5ER L7z, 5Pd/PS2Y 1Pd
ERIBEOMBEHEM AR L TCWAZ NS, HFomEIMTER L@, Ny IV R—RFITE
A LT U VOB LGNNI BPA/PST b [FIERICHEL L 72 2 & 3 RIZ S 5, — i [Pd(reallyl)
Cll Z il W e 56, RISE R EITE TGN T S ER/BIEAB LT, ZAULCNT v 7
U > 7B W C[P(eallyl)Cll 1l BEiE 1 2 ok 97, BRI K VBT S Tl v Ak
+ (PA7Z7 v 7)) BDECEEDEEZOND,

B SEICRBV T, SPAIPSIE IPS BN T-D I VR RFETNT V7 ASEML LTS A A
LTWD 2 & Zt i iEss LTV D8, ARGEHE R 5 & 5PA/PSIZ NHC BN —Pd i & %
BT HEFMEEATEY, ZUBEERAE RS> TWAH Z LM FFEN D,

WA B A CHRR L7 B 2 Vv, fErE ofEiR %217 - 7= (Figure 4.2.2.)

5Pd/PS (0.20 mol%)

R! KOtBu (1.2 eq.) R
R Cl + H-N > @N\
THF, 70 °C R2

R2
10 min
/ \ / \ — / \
N 0 MeO N 0 \ 7N ) N 0
_/ _/ N - _/
96% 96% 97% 98%

Va Gy e

98% 98%

Figure 4.2.2. Substrate scope of C-N coupling reaatsing5Pd/PScatalyst

ZORER, ETOEEIZBWTC-ND v 7 7 OGS BIFICHET L, 9692k EOIETH MY
EEDZENTER, ZROHOREND G, SPA/PSITE 3= CTHL L7z IPP-PdEE{A(1Pd, 3Pd) &
[FARE OIS 2 R L T D Z e b5,

FrmEEE RO aa Mrm s EEVRY CORINE, AEF 1LEOR%ZIZER 7= Buchwald
LOMWMELFEE TH D, 10 OWETIX, AUSEHET S E 57202 Pdfitfit s 1.0 mol% 7>
15 REFILL E D ROSHE &2 B E L Cnedy, ARG L 72 SPA/PSTIX, Pdfilifii & 0.2 mol% 7>
105y & W) ISR TR Z BIRTRL Z LRI LT D, 2O D, BITHE ISR
SPA/PSIZEAL I ABHEMHZ BB L T\ D Z LR 5b,
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BB ARSI L na X LT 2 =T S BT, SPAIPSO IS M A B
fli L7z, A lal gl & U< 1Pd 2% L 7= (Figure 4.2.3)

Pd-cat. (1.0 mol%)
NaOfBu (1.2 eq.)
Oro o om - O
Toluene, 70 °C
@ Time (min) @

100

80

60

Yield (%)

40

—— 1Pd

20
=®= 5Pd/PS

0 30 60 90

time (min)

Figure 4.2.3. Synthesis of triphenylamine catalylzgdPd and5Pd/PS

Z OfEF, 5Pd/PSIE 30473 LTV 60 /0 HEA Tl 1Pd £ 0 (00 WURETH D DD, 90 431
21X 1Pd & IFIERIFRE DY & 7 o 7z, fRBLEPEIZ 223 4 Lf:g.O)*O ELTIE Ny T AR—
RFEOV Y NVEERRIRD ZLBEZOND, FH _ETm L@y, Er5EN Iy
UK EZHT 5 NHC-PAEEAD J7 78 L 0 @ iy e 2 o~ 97, ‘ffcﬁ?b% 1Pd Z-SiMes J:, 5Pd/PS
I%- SIMeOCH 2% A L TH Y, Hammettd & #i 5L E ) H-SiMes Z D 57753 L 0 & it 5o Euvy
BHILTHD Z L0, UNEEDOZELE LTEHAE B 2R RESFTX 5,

SiMes: 0p =-0.07
SiMex(OMe): 0p =-0.02

F B =R TRICHHEITT 5 1P ITXE LT, SPA/PSIIARYE—R CRISHEITT 2720, HH L
DEEMRRNR G SOSHE I8 2 5 2 TW D ATREMEDR & 5,
89



% 381 IPS-PdSERE E(LARBE D5 Pd R

—MRANZ SRR I SOSTE ISR D 72 . SOSER DEIR TR D BNRAT D, £ D120
EHLLE BB RICB W T, @REMHEAIR 2 AW TERBSRAWERE LY W5 2
b b SRR 2 N D SO 2 Y 00 B [EE L 7= B iR 2 SR L= 0 975 16, 7o Bk x e TR
INTWD, ZD7, BUNKRTICERBEGT SR U722 WIIESR OB 23 32 R R Bl H R S
NTWD, ZOXIREFEND, BT —@EE AR RICEE S 7T 2 AR E b At i
FOSE AR oy DIR AN Z AR C & 5 & ]I S 4L 5, ARHiCld 5Pd/PSIZ Téﬁﬁ%@ﬁmpw%
A L7,

FTaaX B EVTTFATIVEDCNI TV U TRONE TR (1047, I 98%) . X
SRR & il A T VT g L Z— Tl - B L, A (SPA/PSSY) L RSTEIR A A &
A U 7o, BOGTEHR R O PdE% ICP OATIC CTHIE LT 2 A, 2ppm-PdTH D Z L 2VHB L
72(Scheme 4.3.1)

5Pd/PS (0.2 mol%)

Bu
<::>_C| © H-N KO®Bu (1.2eq) Bu
Bu N

THF, 70 °C Bu

Pd: 2 ppm

Scheme 4.3.1. Measurement of residual amount affted C-N coupling reaction

ZHUTISOSIZ AW PAEEDOK 4%E 725, T 7205, 5PAIPSH @ PAdIISR4 B 9 BILL EASEH
EACMIENICHEEE STV D H D L HER I LT,
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L L7eRn D, B L7 SPA/PSS DAVl ZfER LT= L 2 A, AL vtahn BalicZfbL Tn
7= (Figure 4.3.1.),

Figure 4.3.1. Fresh 5Pd/PSF*h (left) and Used SPd/PS"*? (right)

NEDOZEAL )G PdFEA NHC BN 2 HEEE L. Pd 77 v 7L LTV D T ERHEER ST,

Z CEIY L7 SPA/PS™ & XPS SATIC CHIE LT & 2 A, MISICHWSHTD SPA/PS & 1R |

GHLTWS PAdIZETPAO)DE—2 & —FH L TW5AZ &2V L 7= (Figure 4.3.2.), ZiiZ NHC
AL 7706 Pd DMEEEL . T OREEZ TR VETREBICAR ST L 2RRL TV D, S BICHFE
ZiED 5 < | STEM 47 I2 T SPA/PS™ O R B2 21T - 1=,

1 350439 Pd complex Catayst (Fresh)
——359776_Pd complex Catayst (Used) | M
09 i . .M \
e
08f [\ ’ 1‘
M | '\‘ | ‘
07t b \|
M\ /“1 f .{ \I
% osl [ [ [ ool
é [\ I\‘ \ [ || \ ll
£ | \ | \ \
§ 05 ; | 1 | . ',I \
£ AT
04 | Vo [
2 ¢ \‘ | " |i \h
[ / h
03 Ul’ AR / | [
" x‘\ H I‘ \ VW’V'
025 ‘/' \ m W/ 1
A\‘] ' MM]M“' "/ l.\ ) ‘k
0.1 \ [ 1
N "‘ M .
0F ol

L L L L L L L L L L L
350 348 346 344 342 340 338 336 334 332 330
Binding Energy (eV)

Figure 4.3.2. XPS analyses of SPd/PS*"(red) and SPd/PS"**d(blue)
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STEM 55341

I o o B A B
HD-2000 200kV x200k ZC 18/05/14 150nm

Figure 4.3.3. STEM image &Pd/PSs*

374018-04

i - -
HD-2000 200kV x500k ZC 18/05/14 60.0nm

Figure 4.3.4. STEM image &Pd/PSs*d
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[/ e =i w Ry

rrrr e el
HD-2000 200kV x1000k ZC 18/05/16 30.0nm

Figure 4.3.5. STEM image of SPd/PS"¢

500 500,

374018-03 374018-04

Pd Pd
i c :
I F':ti i
P I
c |
o

o

o Cu p1 K
4] 4] 1
0.000 0,000

Figure 4.3.6. EDX analysis of SPd/PS"s¢d
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-
374018-02

374018-01

e et
HD-2000 200kV x500k ZC 18/05/10 60.0nm

500 so0, F
c 374018-01 374018-02
Pd Pd

C X C :
A i : |
p"g '

o mSl PIEdK
a 0 '

0.000 0.000

Figure 4.3.7. STEM image of SPd/PS"*(top) and EDX analysis(bottom)
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[ B B B
HD-2000 200kV x1000k ZC 18/05/14 30.0nm

Figure 4.3.8. STEM image &Pd/PSs*d
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Z OfER . 3~6 N4 ORI K FIZJA S BEHFF STV 5 2 & A ElEE S 17z (Figures 4.3.3.
4.3.4. and 4.3.5,) & 5|2 Figure 4.3.4CH L E{RIZE H L, STEM-EDX /3#71Z ThHL - D ItHE 57
MEAT> 72, TORERE, L TOWAR R PAdTH D Z & AVHIB L 7= (Figure 4.3.6) BIDOIRER
WZBWTHRERICRL 7230 L TR Y, R L EDX 58S PARi - CTh D = & & el L 7=(Figure
4.3.7.) F72 100 nmEEEDO KK HFEEL TEBY . TOKRB 7% @GR CBILT 5 & 3-5 nmiiitk
D PAPERL T3 %7 W 8 F o ToBEEE R Z TR L T % Z & 2348 L 7= (Figure 4.3.8,)

PLEDOFER DG  ISIEEHPIZ PAME & A EIRA L TV WBRZ LL FIZE %L L7 (Figure 4.3.9)

EFTCNA YTV U TRIEFEH D WVITHE THIZ, 5PA/PSH O NHC—PAERZ2 5 Pd 2MFHET %,

WAZFREE L 7= PdiX NHC B 112 X D2 L EADHFGZ KD 72, BEL PAON: 7+ (Pd7 7 > 7)
~EET D, ZR6 PAORIFIZAR Y AF L AR R R ~WEAIC R L5205, o

D& D7 HOEEZIET D &, EBRIL 5PA/PSH S PAREIXREE L TV AIZH B 59, BUGTE
TS PAREANIE & A ETRA L TR NG, PO 723K LI HEERF S Q0 b B E
B TE D,

N
—Pd [ ® — 2 [ g
N Pd black

Reloading

HD-2000 200kV x200k ZC 18/05/14

wwwwwwwwwww
D 2000 200kV x1000k ZC 18/05/16 nm

Figure 4.3.9. Plausible mechanism of reducing Rtigb& contents
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BRIZ, 45 28 Scheme 4.2. 25K L7- U 7 == 17 I U ARICHIT 55 Pd&E% 1Pd &
5Pd/PS T4 % #fi L 7= (Scheme 4.3.2,)

Pd-cat. (1.0 mol%)

NaOfBu (1.2 eq.)

Ore o m L O
Toluene, 70 °C

O e O

Entry Pd-cat. 8 Pd= (ppm)
1 1Pd 80
2 5Pd/PS <1

Scheme 4.3.2Vleasurement of residual amount of Pd after C-N togpeaction

T ORISR SEEABETH 5 1Pd & AT e . SOSIBE T OB PAIRIE L 80 ppmTh o7z, —
J7 SPAIPSO% 6, R PAdikiZ<1l ppmTh o7z, T b ORERD B, PASEIKEELAMBEE V2
Z &, SR R OFE R Pd A RIFICIRIH T & 5 2 & 200 ThkRd Lz,
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A48T IPS-PdSERE &b AR o FA A FEAG

— R BE R AR TR TP AR BE N ) — SRR T D 78 BUGTR ., fBEO B & BT 5 2 L XA
Th D, —77. GEREE LA X E AR AR EETE S A R LT D 72 il oo 43 - [ A
AFETH D,

Z ZC. HIE T IZ A L7z 5PA/PSS A FLEE C-N 7 v 7' o Z OSSR L. BRI R
%17-7- (Scheme 4.4.1) ZOfER, 2[AB ORIGIT AL HEIT Lo, AT FI2HER
(CFHEEF S U7 PAOY: 728 IPP BN T DO F 52 2L ZIFTE LT, CNI v 7V 7RSI L
THMETEE 2 BRI CE W e TH D, ZHUEEIE OB IPE-PAFEAIZIEFEL RN & &
BERL WD,

5Pd/PSYsed (0.2 mol%)

QC' ¢ HN KOBu (12eq) Bu
Bu N

THF, 70 °C Bu

0% Yield

Scheme 4.4.1. Reuse 5Pd/PSsed

ZO—FHTHUE EIZZ 7Y =D IPEENL T3 EFE L TV D b0 EEZ HiLD, Lizhi> T IPE
BN DL CLE o7 PAdAA 2L, MBEEAZFHORBLIEDL ZENAREE B X HND,
= ZCHNE S BT I [P@ally)Cl], 2B Nd 5 2 & T, IPP-PASSAE S it 2 HAE+T 52 & &
% % 7-(Scheme 4.4.2,)

Me pj Me pj
I pp Pd( rt-allylCI I Ipp
oo\§l ] [ ( Y) ]2 OO\SI ]

Me \[:>‘ N N Mé \[NN>—Pd

Re-coodination

Cl
y

Dipp Dipp

Scheme 4.4.2. Re-coodination of [PdEd(lyl)]2 to IPF/PS

FEEMARIET NS 7R B L VT FAT IV EREE LECNY v Y L SRS E
JHNC BPA/PSO R B 41T > 7=,
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FT 1A HOBISHE TERLIZ,

FHLWHE L (JoaxyPy, P7F47 2. KOtBu)

YOS THR AR 21BN+ 5 2L T, 20D C-NH v 7V > 7 RISHEITT 5 iR
L 7= (Figure 4.4.1) RIGOfRBEBILET 5 LT, B THL YT T AT =1  OERNEZ T/
HTex=4V 7 LT,

5Pd/PS (0.2 mol%)
KOtBu (1.2 eq.)

/Bu
Bu "

4 mmol

=7 > (mmol)

CTFNAT

=1 > (mmol)

CTFNT

(@)
[ ]

0 &0

THF, 70 °C
Time (min)

B LWEVE &L A BN

|

3.92

5 10 15

Time (min)

B LW & AL A B

|

3792

5 10 15

Time (min)

Figure 4.4.1. C-N coupling reactioficycle
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B 118l H X B A2 8647 L, Scheme 4.2.1COfRT & [RIHEIZBIAE 1004127 B o X8 2 4 mmol
2R LT 3.92mmoldy 7 F A7 =V R LT (I3 98%) , L L7ARD b2 58 &
Z B0 L7 SOG 2181 B TiE, B0 104y GREJSKRER] 2043) TO B B9 OR A RE V&1 4.09 mmol

(Z7aa_XBUOEHBEAE/NLEITZTEMmMO) THY , 1F&AERINTET L7 (2[8H I
A% ; FINE 51%), Z4uiE. Scheme 4.4 ICHRBEDFFIHI N TE o iR & —Ed 5, ATl
TELE LY PdOMEER LT 7 v 7 AT L7272 SPA/PSO IS ME S KgAK T L7
ZENRREZEZOND,

Wiz, & 50y Ui L 7= [Pd@eally)Cl o/ THF A1k 2 B2 % L C 0.2 mol%B 45 = & T,
5Pd/PSH @ NHC BN T2 PA2SEEANL L, fbTEVEDS I EL S 2 DD O 7=,

8 7.60
*
Hr LWEVE &L A BN 6.28
= 6 &
g l 5.00
4.2 .

vs 3.92 4.09 ‘6
= 4 » ¢
i
P\
o~
02
N [Pdm-allyl)CI2 Z 380
™ 0.00

0

0 10 20 30 40 50 60 70 8 90 100 110 120
Time(min)

Figure 4.4.2. C-N coupling reactiof‘ycle

KOS 20 7 e CIPd@rally)Cll. #8325 &, TOEEZENOHIEMTOH LY 7T LT =1
¥ DIERREVEDR 2 ZEIN LI 5 2 & 23RS T = 7= (Figure 4.4. ZQ) Scheme 4.2.125 C
[Pd(n ally)Cl) o Bl CIIfBEME 2 R SN2 L 2GR L TV H O T, FHEEY NHC B 112
BB LD EEZ BND, FAEIC[Pd@rallyl)Cll2 80014 90 43 (f"*}imﬁ#ﬁﬁﬁ 110437) TH H’J
CF@ODEESZ%/I/%@ 7.60 mmol (7 m e X B DGEEHHERAE/LEILZ8mMmo) & 7oz (2FBINE
92% ; #&lXH 95%) ,

UL EoREN S, SPAPSOFFIMICIE, MGk, RAND PAJRZEINT S Z & T, IPEENL T
~O PAdDOFRNL 2R THEND D Z L WNbho T, AFIEITEEE L PAIEROBMALEIZR D
OO, EffiZeEEL NHC B 740 K LRI TE 5720, EAMIZ LIE LMER T 7220 Pd
BEARARIE &t D & RRIFEIZEBNTAY v FERRD,
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FeDRETTlL, NHC Bf7 7~ Pd OFEN. 72 ® 2L C-N I v 7V v F ST 7t 2RI
HEITLTRY ., G2 BB BT D EEZ2 E L FHMECE T\ o te, TOOIE 1A H
DiE%, [Pd(Trallyl)Cl]/THF SR 2800 L, =R . 90 /0 fRFF L7721, B LWV &
fif L7= THF SR 4835 Z i LTz,

5Pd/PS (0.2 mol%)

B
@—C| + H—N ’ KOtBu (1.2 eq.) Q Bu
\ N N
Bu THF, 70 °C Bu
Time (min)
4 mmol
7.98

8 .
a [Pd(Tallyl)Cl], % 1B B LUWIEE LA B
g 6.30
g l *
S 6
: |
jany
i 3.92 3.92

4
?; t Y r
" Pd IR & OFFRLAL
N2
™

0.00
0

0 10 20 30 40 50 60 70 8 90 100 110 120 130
Time (min)

Figure 4.4.3. C-N coupling reaction cycle 2™

ZORER, 2 BD C-N B v 7V U ZRIGIE 30 4y GRS 130 43) O BT B O AR
E/LN 7.98mmol (7 aa RXUBUDOAFHEAT/LEILZ8mmol) I[TETAHI ENHBA L 2E E
VSR 102% ; #AUXE>99%) (Figure 4.4.3.), 4O Figure 4.5.2 & bl U TR CRUNRZERE L2 2
7226, NHC BNz & Pd 3BT 2R 2+ L7 2 & T 2B OUER A L— X a@ﬁﬁ
LebDEEZBND,

F 1 EEOKEN 10 5 THEEL TWDDIZERT, 2 EOKSIZE Y EWVW 3002 0EE L
ToRICBI LTI, 5 LWERE - BN AME L7 THE IR 2 BN L 7272012, BUSIRIR OEE N
BLEEZITUET L, SPA/PS (i) —EEMITIIT D MR T RISMEICEE LD L
EELTND,
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PR O R

FEDOFFNANEICAIY | RFIRAZMHE Y KT Z & T, FAHEROBRFEZITo72, T7bbH, 1EHAE
D C-N# v 7V > TROG%, [Pd(Trallyl)Cl/THF #2800 LR T, 90 of##k L=, £D%, Hil
WV - RN L7 THF iR & BN L, 2FIED C-N A vy 7Y U RS E FEhT 5, Zhx
MK Z LT, HIMORAEKRELVEEZE=X) 7 LT, A, /JaaxXUEBroREES 2
mmol & L7z,

5Pd/PS (0.2 mol%)

Bu
@—q +  H-N KOtBu (1.2 eq.) Q Bu
\ > N
Bu THF, 70 °C By
Time (min)
2 mmol
8
7 o
58P9§}9
6 - o P56 5.56 e
l l 4.98 .+ ‘;Y—”
35 43951
g 3.95 3.95.01 +—*
T\/ 4 * * ¢
jan\
i l
N 3 l
X 1.96 1.96
ﬁ\ 2 e .
R
1
0.00
0 +
0 60 120 180 240 300 360 420 480 540 600 660
Time (min)
l [Pd(T-ally])Cl], % B0 l%ﬁ LWEE LR A28 Pd JF & O FRAL

Figure 4.4.4. Reuse of 5Pd/PS for C-N coupling reaction
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ZORER, LEIHD C-NA v 7V > 7RIS 1043 ToEf L. B OE /L #13 1.96 mmol (7 =
BB OARFHRAT/NLEIT2mmo) Ero7z (LIEITHINEE 98%), #i< 2[BIH O TliE, 30
3 C3.95mmol (7 e XY rOAFHEAE/LEIZ4mmo) Tho7- (281 HIXHE>99%; HILHE
99%), 3[AIH D) TIL 1804 DULFFHIZZE L7 b DD, AL 5.56 mmol (7 7 a8
Y OEFHEANELEIZ6Mmo) OENLETHMNYZSGD Z ENTE (3EHIER 81% ; FIHE
93%) ., 48l H OISEGBAtA 18077t L 7= B CRaE k& /L& 6.19 mmol (7 r e X B
DEFHEANE/LEIZ8mMmMo) (28 EE o7 (4[FIHIE 32%; #IE 77%) (Figure 4.4.4) LxL
72D, 120478 KON 150 73R R O A Bl E L &)Y 5.81 mmol 5.98 mmold SOSEE MK N5 2
ERSKHEITL TS REEBZ D &, EEBERITRIE L TN ER3flx b, iz, Kt
Rl 2 LR35 2 & T4 H OIS b 5ef flaE L LR S D, 2 ORUSHEIR T O R & 5 & Rk,
5Pd/PS (fitfit) — A EMOEMEENHMAEERTT L2 LITERTLIEDLEELL TWD,
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AT IPP-PASE AR [E EAL Al 23473 2 fl R BE 2 P & i LTz,

FTIEOIZC-N A v 7V U T RUSIZEB W T, RIS % A L7z IPr-Pd & At (1Pd,
3Pd) & [FREE ORI ZRFF L TWDA Z EN B Lo, ZAUINNy 7 AR —V IRFBITEMLTZ Y
NIEDOE TGN RN BPA/PSTHRERICRBL L2 L2 ER LTS,

WICPOSIR O PAICE R Lz & 2 A, BEFEO PASEAfREE & bl U PAIR AR 2 KiIFICKH T
XHZEEWOMT LT, ZHU IPE-PASEIRE EALAREE 5 Pd Ay 2MEEES 5 & DD, Pd(0):
T (Pd7 7 v 7) &L THERAE EA~FHEFEINL O TH D,

BRI BRI R D IPE-PASEIRE LML 2 BRI~ RIS T %, SN 5 #7212 Pd
V23BN % 2 & CHEER IPSEAL 7~ PAREZ FRENL S, S5ARE ELfttoiE 2 FRET 5
LTI LT, KTFiEERY KT Z & T IPS-PA S A S L il 2 85 m A 35 2 & 23 ATRE
ThoT-,
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AR SCTIE, N~T B BRI AR (NHOENL 7D 1D TH LA I XY —u-2-A U T 2D A%
# (R R—VRFBLEWEND) EFEGALE LEHE~OEEEEZ RHT 2 & T, NHC N7
FORKMTHHERZ EEBIEOEE S ZEN LI NA~T o BRI LRy — 3T D0 g AE &1k
2 BT 5 Z L AR E LT,

BT, ARERR NHC BN FTH D IPr Oy 7 R— U RFBICEME U LV EZEAL, 2
NWEENL T & U IPC-PASERMBED AR E T o T2, U VEEANIZ X 2820 R%E TEPHIEIZ T
A LA R, A FR T EOBEBILIC L > TEORENE TGN B E TR E TR 1I0E
T2 LDV LT, F72 NHC Ny 7 R—VIRFBIEA SN UV VEOE TFIE, BEAT
& D HammettD EHUILEE S MBI H 5 2 & L Thor 572, C-NA v 7Y oV RUSIZE T 2 fil
BRI, Ny VR —=VRFEAS R U AF AV VIR EOB TGS U VEEE AT S Z L CBE
17D (NHC)PAGH (Al & b U Kibg ZeyEPEm E3fEsR S 4z,

FEETIE, IPrOARNy 7 R—VRFIZH Y T F o VLR A A LTz IPPORpd (A filfi o
U BB ASOEEERA T, R EOY T ) — il IPEORpd gL ORI T e it
U IALBIERE T, BEMICITRE S22 ERHH L, ZofREEE X, k2R 2F L
VRHIE. BIOIPP-PASERIED S UV EE VU AF AL/ a v UNHEANEEF L, RhAT v 7
EHDHNE Ny 7 H T AR K D IPE-P SSIRE B LMD & R Z R Uiz, #iiE O FE TIPS
EMHRIZIER TEZ DD, TOAMBRICBVWTHARVIREN T T oAb EN TS IF VY
U LIS D 2 E VI LT, DAV RS B AT SRR 2 3 AT 28 IPSUE AR D &
IProsiffi L CLE D 2 Edbinolc, —HBEOTIETIX, IPO-PASEARARE O fil A% 1 2 HERe L
7= FMEA~OBE BN ER S, IPR-Pd $5REELAMBED SRR LTz, L EORGNG
NHC Oy 7 R—VRFEFEGRE L, YU AEEN L HE~OBE(LREFHTIE, by T ¥ D
NZEDEEERE L TWD I EEHLNT LT,

FIE TILAR LT IPR-PASERE E LAl O f P ERE 2 FEM L 7=, C-NI v 7V v 7 RISIZE
W, BHEEE Y U VIR X D IENER SRS IPE-PASERE E LAk 5\ ) T b [ I B RE
EEMEE BT D Z ENHBA L, 0B OBRE PAdZRIELIZE 2 A, 2~<1ppmt72d =
EMHBI L7, ZAULEEL NHC B 726 Wil L 7= PA2S PAOYL - (PA7' T v 7)) L7 fafk
FICHHERFE LA LDBRTHLIZ L 2HLNC LT, ZOMAZISHL, G TH%, #i-
2 PAJRZ B9 5 2 & T IPS-PASSIRE E LA O IR SR S A L, a7z > TC-N AT
7V T OGS LT RTRE 72 TR VA O RENLIZ A Eh L 72,

VLB, RGeSO TIEBEF O PASERARE CIIRBRINER R 2 H T D N~T o BRI L~ — 3T
DU LGRS EALARBE A BRTE S D T LIS LTc, ABEE(LEEZ W T C-ND v 7 ) 7RG &
1192 LT, miEtEC X 2 MpEe & o HR, FOSE O PAKIC & 2R TEROE bR L
BEKT DI ENAREL 0D, A%, AR R E 20 | BEEMBL OIS S DRSS 2 L
&L,
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Genaral
All chemicals were reagent grade and used withouturthér purification.
1,3-Bis(2,6-diisopropylphenyl)imidazol-2-ylidene, hiGrotrimethylsilane, Chlorotriethoxysilane,

Allylchlorodimethylsilane, Chlorodimethylphenylsiia, Chlorobenzene, 4-Chloroanisole, 2-Chloropyddin
4-Chlorotoluene, Morpholine, Dibutylamindy-Methylaniline, Diphenylamine, Potassiusnt-Butoxide,
Sodiumtert-Butoxide were obtained from Tokyo Chemical IndysBo., Ltd. n-Butyllithium in n-hexane
(2.6 mol/L) was obtained from Kanto Kagaku Co., .Lt€Chlorodicarbonylrhodium(l) dimer,
Allyl[1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylehe]chloropalladium(ll), PEPPSI-IPr-Pd,
PEPPSI-IPent-Pd, RuPhos Pd G1, SPhos Pd G1 werainedt from Sigma-Aldrich Co., Ltd.
Allylpalladium(Il)chloride dimer, THF, 1,4-Dioxane,Toluene, DME, Potassium carbonate, Sodium
carbonate, Cesium carbonate, Potassium hydroxiddiu® hydroxide were obtained from Wako Pure
Chemical Industry Co., Ltd.

Instrumentation

NMR spectra were recorded on Bruker AVANCE Ill HII(NMR at 400.1 MHz; *C{*H} NMR at 100.6
MHz; 2°Si NMR at 79.5 MHz) NMR spectrometer. IR spectraaveecorded on a JASCO ATRS-100-VIR
spectrophotometerHigh-resolution mass-spectra were measured on aOf@FIl ESI-TOF mass
spectrometer (Bruker Daltonics). Elemental analygese performed using PerkinElmer 2400 Il elemental
analyzer. Gas chromatographic (GC) analysis wdemeed using Shimadzu GC-2014 instrument.

Typical procedure for synthesis of IPF, 1-4

To a solution of Li-IPr (0.6 g, 1.5 mmol) in THF (BL), the corresponding chlorosilane3®CI (2.3 mmol)
was added dropwise at —20 °C. The mixture was sfiered at room temperature for 1 h. The solvent wa
removed under vacuum, and dry hexane (3 mL) wasdatithe residue. Precipitated Li salt was filteod,
and the solvent was evaporated. The residue wagstallized from hexane to give Pi—4 as pale-yellow
crystals.
Me

M N~
©>si-Me

Dipp/N\,_/N\Dipp

4-(MesSi)-IPr (1)

'H NMR (THF-ds, 6, ppm) 0.02 (s, 9 H), 1.18-1.22 (m, 18 H), 1.32)(d,6.9 Hz, 6 H), 2.70 (sepl,= 6.8
Hz, 2 H), 2.85 (sept] = 6.9 Hz, 2 H), 7.27-7.30 (m, 5 H), 7.36-7#2 2 H); **C{*H} NMR (THF-ds, &,
ppm) —1.1, 21.2, 23.2, 23.8, 25.6, 28.1, 28.6,8,223.0, 128.1, 128.4, 130.8, 131.3, 138.5, 13M8,7,
146.1, 222.8; 2°Si NMR (THF-ds, &, ppm) —11.6.
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Si—OEt

Dipp/N\“/N\Dipp

4-[(EtO)SI]-IPr (2)

'H NMR (THF-ds, d, ppm) 1.09 (tJ = 7.0 Hz, 9 H), 1.16-1.23 (m, 18 H), 1.33 {d; 6.9 Hz, 6 H), 2.74
(sept,d = 6.9 Hz, 2 H), 2.86 (sepd,= 6.79 Hz, 2 H), 3.62 (g] = 7.0 Hz, 6 H), 7.26-7.31 (m, 4 H), 7.34—
7.42 (m, 2 H), 7.45 (s, 1 H); ®C{*H} NMR (THF-ds, & ppm) 17.4, 21.7, 23.0, 23.6, 24.8, 28.2, 28.4258
122.5, 123.0, 125.1, 127.8, 128.2, 132.8, 138.3, 139.6, 145.6, 146.2, 223.3; °Si NMR (THF-ds, &, ppm) —

65.2.
J
Me~si-Me

Dipp/N\_,/N\Dipp

4-[(allyl)Me.Si]-IPr (3)

'H NMR (THF-dg, &, ppm) —0.04 (s, 6 H), 1.19-1.23 (m, 18 H), 1.33)( 6.9 Hz, 6 H), 1.60 (d] = 8.0 Hz,

2 H), 2.71 (sept) = 6.8 Hz, 2 H), 2.86 (sepl,= 6.9 Hz, 2 H), 4.80-4.84 (m, 2 H), 5.66-5.77 (nk)17.28—
7.31 (m, 4 H), 7.33 (s, 1 H), 7.37-7.48, 2 H); “*C{*H} NMR (THF-ds, J, ppm) -3.5, 21.2, 23.2, 23.6, 23.7,
25.4,28.1,28.5, 113.1, 122.7, 123.0, 128.2, 128.4, 129.5, 131.3, 134.0, 138.4, 139.7, 145.7, 146.1, 222.7;
29Si NMR (THF-ds, &, ppm) —11.8.

Ph

M ~
®>si-Me

Dipp/N\,_/N\Dipp

4-(PhMeSi)-IPr @)

'H NMR (THF-ds, &, ppm) —0.21 (s, 6 H), 1.04 (d= 6.8 Hz, 6 H), 1.15 (d] = 6.8 Hz, 6 H), 1.21 (d]= 6.9
Hz, 6 H), 1.24 (dJ = 7.0 Hz, 6 H), 2.89 (sepd,= 6.9 Hz, 2 H), 7.22-7.24 (m, 2 H), 7.28-7.34 (nH)%
7.37-7.44(m, 4 H); ®*C{*H} NMR (THF-ds, & ppm) —2.7, 20.8, 23.3, 23.7, 25.5, 28.1, 28.2.6,2123.0,
127.6, 128.2, 128.4,129.0, 129.5, 132.4, 133.7, 137.3, 138.4, 139.6, 145.7, 146.1, 223.0; °Si NMR (THF-0s,
o, ppm) —16.4.
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Typical procedure for the synthesis of (IP#)Rh(CO).Cl, 1Rh—4Rh

To a solution of 4-silyl-substituted IPr (0.3 mmi)THF (1 mL), the THF solution of [Rh(C&l]. (0.061
g, 0.16 mmol) was added dropwise at —20 °C. Thdurgxwas then stirred at room temperature for The.
solvent was removed under vacuum, and dry tolueaseadded to the residue. Precipitated solid wisdil
off, and the solvents were evaporated. The resichgerecrystallized from toluene to give GFRh(CO)CI,
1Rh—4Rhas brown crystals.

Me

Me.
© Si—-Me

1Rh

'H NMR (CDCk, J, ppm) 0.02 (s, 9 H), 1.13 (d= 6.9 Hz, 6 H), 1.23 (d] = 6.8 Hz, 6 H), 1.40-1.43 (m, 12
H), 2.85 (sept) = 6.7 Hz, 2 H), 3.01 (sepl,= 6.8 Hz, 2 H), 7.22 (s, 1 H), 7.32-7.34 (m, 4 H47-7.54 (m,

2 H); 3C{*H} NMR (CDCls, 4, ppm) 0.0, 22.9, 25.3, 25.4, 26.3, 28.4, 29.0,1,2424.6, 130.2, 133.8, 135.2,
136.4, 137.1, 145.8, 146.3, 182.8 Jgh-c = 45.5 Hz, NCN), 183.0 (d Jrhc = 74.2 Hz,CO), 184.9 (dJrn-c=
54.0 Hz,CO); *Si NMR (CDC%, &, ppm) —7.7.

OEt

E ~ /
10 Si-OEt

Dipp/N N\Dipp
OC-RIh-CI
(610

2Rh

'H NMR (CDCk, & ppm) 1.06 (tJ = 7.0 Hz, 9H), 1.12 (d] = 6.8 Hz, 6 H), 1.27 (d] = 6.8 Hz, 6 H), 1.38—
1.44 (m, 12 H), 2.75 (sept,= 6.7 Hz, 2 H), 3.02 (sepl,= 6.8 Hz, 2 H), 3.59 (] = 7.0 Hz, 6 H), 7.28-7.32
(m, 4 H), 7.22 (s, 1 H), 7.45-7.56, 2 H); 3C NMR (CDCE, & ppm) 17.8, 22.9, 25.1, 25.2, 26.3, 28.4, 29.0,
58.8, 124.1, 124.2, 129.4, 129.7, 130.1, 135.0,6,3636.4, 145.7, 146.5, 182.8 (ttc = 74.2 Hz,CO),
184.8 (d Jrh-c = 45.6 Hz, NCN), 184.9 (d Jrnc = 54.2 Hz,CO); ?°Si NMR (CDCE, J, ppm) —69.5.
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Me~si-Me

Dipp/N N\Dipp
OC-RIh-CI
CcO

3Rh

'H NMR (CDCE, J, ppm) —0.6 (s, 6 H), 1.13 (d= 6.8 Hz, 6 H), 1.25 (d] = 6.8 Hz, 6 H), 1.41-1.44 (m, 12
H), 1.59 (d,J = 8.0 Hz, 2 H), 2.85 (sepl,= 6.7 Hz, 2 H), 3.01 (sepd,= 6.8 Hz, 2 H), 4.82-4.90 (m, 2 H),
5.63-5.69 (m, 1 H), 7.25 (s, 1 H), 7.32—7.36 (h)47.47—7.54m, 2 H); **C{*H} NMR (CDCls, J, ppm) —
2.8, 22.8, 25.3, 25.4, 26.3, 28.3, 29.0, 124.1,4,2430.1, 130.3, 134.1, 135.0, 135.1, 136.3, 14H48.2,
182.9 (d,Jrn-c = 74.0 Hz,CO), 183.3 (dJrh-c = 46.4 Hz, NCN), 184.8 (d Jrh-c = 54.3 Hz,CO); °Si NMR
(CDCls, 4, ppm) —9.2.

Ph
Me.
© Si—-Me

Dipp/N\(N\Dipp
OC-Rh-Cl
CcoO

4Rh

'H NMR (CDCk, &, ppm) 0.13 (s, 6 H), 1.03 (d,= 6.8 Hz, 3 H), 1.13 (d] = 6.8 Hz, 3 H), 1.39 (d] = 6.7
Hz, 3 H), 1.47 (dJ = 6.7 Hz, 3 H), 2.85 (sepd,= 6.7 Hz, 2 H), 3.11 (sepd,= 6.8 Hz, 2 H), 7.31 (s, 1 H),
7.32-7.43 (m, 4 H), 7.48-7.5, 2 H); *C{*H} NMR (CDCls, J ppm) —-1.8, 22.9, 25.2, 25.4, 26.4, 28.4,
29.0, 124.1, 124.6, 128.1, 129.7, 130.2, 130.3,513RB4.1, 135.1, 135.2, 136.3, 136.9, 145.7, 14182.9
(d, Jrh-c = 74.1 Hz,CO), 184.0 (d,Jrh-c = 45.6 Hz, KCN), 184.8 (d Jrn-c = 54.1 Hz,CO); 2°Si NMR (CDCE,

o, ppm) —13.0.
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Typical procedure for the synthesis of (IP?)Pd(r-allyl)CI, 1Pd—4Pd

To a solution of 4-silyl-substituted IPr (1.5 mmol) THF (2 mL), the THF solution of [Pd(allyl)GI]0.28
g, 0.76 mmol) was added dropwise at —20 °C. Thdurgxwas then stirred at room temperature for Phe.
solvent was removed under vacuum, and dry hexasead@ed to the residue. Precipitated solid wasrditt
off, and the solvents were evaporated. The residagerecrystallized from hexane to give EfRd@-allyl)Cl,
1Pd—4Pdas brown crystals.

Me
Me.
© Si—-Me

Dipp/N\(N\Dipp
< Pd
K/ ~cl

1Pd

'H NMR (THF-ds, & ppm) 0.02 (s, 9 H), 1.03 (d= 6.7 Hz, 3 H), 1.14-1.24 (m, 9 H), 1.27-1.39 (2 H),
1.55 (d,J = 12.0 Hz, 1 H), 2.63 (d} = 13.4 Hz, 1 H), 2.84-2.96 (m, 1 H), 2.96-3.08 2n#}), 3.16-3.32 (m,
2 H), 3.60-3.67 (m, 1 H), 4.68-4.83 (m, 1 H), 7233 (m, 4 H), 7.33-7.39 (m, 1 H), 7.39-7.45 (nH)1
7.60 (s, 1 H); *C{*H} NMR (THF-ds, J, ppm) 0.04, 22.8, 23.5, 24.8, 24.9, 25.4, 25.65,286.3, 28.7, 28.9,
29.2, 29.3, 50.1, 71.5, 114.1, 123.9, 124.4, 12828.7, 129.9, 130.2, 135.1, 135.9, 137.3, 13845,5|
146.8, 147.0, 147.3, 189.4; 2°Si NMR (THF-ds, &, ppm) -8.3; Anal. Calcd. for GsHaeCIN2PdSi: C, 61.57; H,
7.67. Foud: C, 61.56; H, 7.64.

Eto. OFt

Si—OEt

Dipp/N\(N\Dipp
. Pd
K_/ ~Cl

2Pd

'H NMR (THF-ds, &, ppm) 1.03 (tJ = 7.0 Hz, 9 H), 1.15 (d] = 6.8 Hz, 4 H), 1.22—1.40 (m, 20 H), 1.48 (d,
J=11.8 Hz, 1 H), 2.62 (dl = 13.4 Hz, 1 H), 2.68-2.79 (m, 1 H), 2.94 J& 5.8 Hz, 1 H), 3.04-3.25 (m, 3
H), 3.59-3.67 (m, 7 H), 4.66-4.78 (m, 1 H), 7.2697(m, 4 H), 7.32—7.4Qm, 2 H), 7.64 (s, 1 H); *C{*H}
NMR (THF-ds, & ppm) 18.0, 22.8, 23.5, 25.0, 25.1, 25.3, 25.68,286.5, 28.9 (2C), 29.3, 29.4, 50.4, 59.3,
71.3, 114.1, 124.0, 124.2, 124.5 (2C), 128.4, 1282B.9, 136.6, 137.0, 138.6, 146.4, 146.8, 14743,7,
191.6; 2°Si NMR (THF-ds, & ppm) -68.2; Anal. Calcd. for GeHssCIN.OsPdSi: C, 58.93; H, 7.56. Found: C,
59.07; H, 7.51.
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Dipp~™ \(N\Dipp

. Pd
K_/ ~Cl

N

3Pd

IH NMR (THF-ds, & ppm) —0.06 (d = 16.0 Hz, 6 H), 0.97-1.43 (m, 24 H), 1.55J¢ 11.0 Hz, 1 H), 1.63
(d,J=7.9 Hz, 1 H), 2.64 (d] = 13.4 Hz, 1 H), 2.81-3.11 (m, 4 H), 3.11-3.32 2nij), 3.64 (d,) = 7.2 Hz,

1 H), 4.70-4.79 (m, 1 H), 4.79-4.83 (m, 1 H), 4886 (m, 1 H), 5.64-5.78 (m, 1 H), 7.20~7.33 (n)4
7.33-7.38 (m, 1 H), 7.39-7.4, 1 H), 7.59 (s, 1 H); °3C{*H} NMR (THF-ds, &, ppm) —2.7, 22.8, 23.5, 24.8,
25.0, 25.2, 25.3, 25.5, 25.7, 26.5, 28.7, 28.98 28C), 50.3, 71.5, 114.1, 114.6, 124.0, 124.4,1,2424.8,
129.9, 130.3, 134.1, 134.2, 135.3, 137.3, 138.5, 146.5, 146.8, 146.9, 147.3, 190.0; 2°Si NMR (THFds, &,
ppm) —9.54. HRMS (ESI)n/z calcd. for GsHs:N-PdSi [M—CI]" 633.2856, found: 633.2852.

Ph
Me. -
Si—-Me

Dipp/N\(N\Dipp
. Pd
K_/ Cl

4Pd

H NMR (THF-dg, &, ppm) 0.05 (s, 3 H), 0.19 (s, 3 H), 0.84-0.96 3rA), 0.99-1.11 (m, 6 H), 1.14-1.21 (m,
3 H), 1.25-1.46 (m, 12 H), 1.60 @~ 11.8 Hz, 1 H), 2.65 (d} = 13.4 Hz, 1 H), 2.80-2.94 (m, 1 H), 2.97—
3.08 (m, 1 H), 3.10-3.33 (m, 3 H), 3.66 {d; 7.2 Hz, 1 H), 4.71-4.85 (m, 1 H), 7.23-7.33 (nH)7 7.34—
7.44 (m, 2 H), 7.45-7.5(m, 2 H), 7.73 (s, 1 H); **C{*H} NMR (THF-dg, J, ppm) —2.0, —1.3, 22.8, 23.6, 24.7,
24.9, 25.5, 25.8, 25.9, 26.6, 28.7, 29.0, 29.3,280.3, 71.5, 114.2, 123.9, 124.4, 124.6, 1248,5, 130.0,
130.0, 130.2, 132.9, 134.4, 136.5, 137.2, 138.3, 138.4, 146.5, 146.9, 147.0, 147.5, 190.7; *°Si NMR (THF-0s,

o, ppm) 43.4; Anal. Calcd. for GgHs1CIN2PdSi: C, 64.67; H, 7.28. Found: C, 64.66; H, 7.43.

Typical procedure for the Buchwald-Hartwig amination using complex 1Pd and 3Pd as a precatalyst

THF solution of complextPd or 3Pd (0.2 mol. % relative to aryl chloride) was addedat THF (2 mL)
solution of aryl chloride (1.00 mmol), amine (1®#nol), KOBu (1.20 mmol), and dodecane (0.075 g, as an
internal standard for GC analysis) at 70 °C. Tleetien mixture was then stirred for 10 min. Theemnsion
of aryl chloride and yield of the coupling produatre determined by GC analysis.
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All chemicals were reagent grade and used withantthér purification. 4-(Hydroxymethyl) phenoxymethy
Polystyrene Resin cross-linked with 1% DVB (200-466sh) (1.0-2.0 mmol/g) was obtained from Tokyo
Chemical Industry Co., Ltd. Mesostructured silibdOM-41), Dichlorodimethylsilane were obtained from
Sigma-Aldrich Co., Ltd. Allylpalladium(ll) ChlorideDimer, Heptane, THF, Toluene were obtained from
Wako Pure Chemical Industry Co., Ltd.

Instrumentation

NMR spectra were recorded on Bruker AVANCE Ill HII(NMR at 400.1 MHz; *C{*H} NMR at 100.6
MHz; %Si NMR at 79.5 MHz) NMR spectrometer. Solid-st&8i and**C cross-polarization/magic angle
spinning (CP/MAS) NMR spectra were recorded on akBr AVANCE 400WB spectrometer operated at
79.5 or 100.6 MHz fof°Si or °C, respectively, and using a 4mm CP/MAS probe héagpical spinning
rate was 12.5 H kHz, and CP contact times weread 3.5 ms fot3C and?°Si CP/MAS, respectively.
Elemental analyses were performed using PerkinEEM60 Il elemental analyzer. Palladium concentratio
were determined using a Thermo Fisher Scientifi@RG500 Duo inductively coupling plasma atomic
emission spectrometer (ICP-AES) and an Agilent €800CP-mass spectrometer (ICP-MS). X-ray
photoelectron spectroscopy (XPS) was performed Witbac-Phi Quantera SXM. Gas chromatographic
(GC) analysis was performed using Shimadzu GC-20dtdument.

Typical procedure for synthesis of IPMe2SICl 5

To a solution of Dichlorodimethylsilane (2.6 g, 20nol) in THF (25 mL), the corresponding Li-IPr (@8
2.0 mmol) was added dropwise at —20 °C. The mixwas then stirred at room temperature for 1 h. The
solvent was removed under vacuum, and dry hexamen(l) was added to the residue. Precipitated L sal
was filtered off, and the solvent was evaporatdt fiesidue was recrystallized from hexane to ghé b
as pale-yellow crystals.

Cl Me

Si.
_\/ ! Me
Dipp/N\/N‘Dipp
4-(CIMe:Si)-IPr B)
'H NMR (CsDs, & ppm) 0.14 (s, 6 H), 1.14 (d= 7.0 Hz, 6 H), 1.25 (d] = 7.0 Hz, 6 H), 1.27 (d] = 7.0 Hz,
6 H), 1.37 (dJ = 6.8 Hz, 6 H), 2.82-2.89 (m, 2 H), 2.93-3.00 (mH}, 7.10 (s, 1H), 7.15-7.18 (m, 4 H),
7.25-7.31ppm (m, 2 H); *C{*H} NMR (CeDs, o, ppm) 3.3, 22.5, 24.4, 25.3, 26.9, 29.3, 29.8, 12424 .4,
129.7, 129.9, 130.0, 133.4, 138.9, 139.8, 146.7, 147.3, 225.1; *°Si{*H} NMR (CeDs, &, ppm) 9.75 ppm.
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Typical procedure for the synthesis of (IP¥2SYPd(a-allyl)Cl, 5Pd

To a solution of 4-(CIMgSi)-IPr 6) (1.8 mmol) in THF (25 mL), the THF solution ofdgllyl)Cl]. (0.30 g,
1.65 mmol) was added dropwise at 0 °C. The mixtas then stirred at room temperature for 2 h. The
solvent was removed under vacuum, and dry hexasead@ed to the residue. Precipitated solid wasrditt
off, and the solvents were evaporated. The residues recrystallized from hexane to give
(IPM2SIYPd-allyl)Cl, 5Pd as yellow crystals.

Cl
Me~sime

Dipp™ \(N\Dipp
. _Pd
K_/ >l

5Pd

'H NMR (CsDs, J, ppm) 0.11 (s, 3H), 0.12 (s, 3H), 1.01 Jc&; 6.9 Hz, 3 H), 1.07-1.14 (m, 9 H), 1.35-1.48
(m, 12 H), 1.62 (dJ = 12.0 Hz, 1 H), 2.73 (d] = 13.4 Hz, 1 H), 2.99-3.01 (m, 2 H), 3.20-3.26 {nH),
3.34-3.43 (m, 2 H), 3.81-3.83 (m, 1 H), 4.35-445 { H), 7.00-7.24 (m, 6 H), 7.29 ppm (s, t BE{*H}
NMR (CeDs, 6, ppm) 3.1, 3.3, 23.5, 24.1, 25.4, 25.5, 26.1, 2BQG), 27.0, 29.0, 29.2, 29.5, 29.6, 50.1, 73.2,
114.5, 124.5, 125.0, 125.1, 125.3, 130.8, 130.9,7,.336.4, 137.0, 137.8, 146.6, 147.0, 147.2, 7 4R2.2
29Si{*H} NMR (CeDs, &, ppm) 11.8 ppmAnal. Calcd. for GsHsiCl.NoPdSi: C, 57.87; H, 6.98; N, 4.22.
Found: C, 58.24; H, 6.80; N, 3.98.

N

Typical procedure for synthesis of IPFi(5) functionalized polymer (5/PS)

In a 100 mL Schlenk tube, 2.4 g of Wang resin ahdn2. of THF were added in GB. Thereafter, a sohutio
prepared by adding 0.81 g (1.7 mmol) of 4-(CiBig-1Pr (6) and 20 mL of THF was added dropwise to the
slurry at room temperature, and the mixture wasestiat for 24 h. Ligand-modified polym&/PS was
filtered using a membrane filter, washed with 50 oilLTHF, and dried at room temperature for 1 haur t
obtain a white powder .

Typical procedure for synthesis of (IPP)Pd(r-allyl)CI functionalized polymer (5Pd/PS)

In a 100 mL Schlenk tube, 1.75 g of Wang resin 28@dnL of THF were added in GB. Thereafter, a
solution prepared by adding 0.81 g (1.2 mmol) Bf{i*>“)Pd-allyl)CI 5Pd and 20 mL of THF was added
dropwise to the slurry at room temperature, and rtivgure was stirred at for 24 h. The immobilized
(IPr¥YPdgr-allyl)Cl 5Pd/PSwas filtered using a membrane filter, washed V@@imL of THF, and dried at
room temperature for 1 h to obtain a yellow powder.
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All chemicals were reagent grade and used withouhér purification. Chlorobenzene, 4-Chloroanisole
2-Chloropyridine, 4-Chlorotoluene, Morpholine, Diplamine, N-Methylaniline, Diphenylamine,
Potassiumert-Butoxide, Sodiuntert-Butoxide were obtained from Tokyo Chemical Indys@o., Ltd.
Allylpalladium(Il)chloride dimer, THF, Toluene werbtained from Wako Pure Chemical Industry Co., Ltd

Instrumentation
NMR spectra were recorded on Bruker AVANCE Ill HII(NMR at 400.1 MHz; *C{*H} NMR at 100.6

MHz) NMR spectrometer. Scanning transmission ebectmicroscopy (STEM) image were taken on a
Hitachi HD-2000 microscope with an accelerationtageé of 200 kV. Palladium concentrations were
determined using a Thermo Fisher Scientific ICAR®®uo inductively coupling plasma atomic emission
spectrometer (ICP-AES) and an Agilent 7500ce ICRsmsgpectrometer(ICP-MS). X-ray photoelectron
spectroscopy (XPS) was performed with Ulvac-Phiere SXM. Gas chromatographic (GC) analysis was
performed using Shimadzu GC-2014 instrument.

Typical procedure for the Buchwald-Hartwig amination using complex 5Pd/PS as a catalyst

5Pd/PS (0.2 mol. % relative to aryl chloride) was addedat THF (5 mL) solution of aryl chloride (5.00
mmol), amine (5.00 mmol), K8u (6.00 mmol), and dodecane (0.5 g, as an intestaidard for GC
analysis) at 70 °C. The reaction mixture was thémned for 10 min. The conversion of aryl chloridad
yield of the coupling product were determined by &@lysis.

Catalyst recycling for the Buchwald-Hartwig amination using complex 5Pd/PS as a catalyst

5Pd/PS(0.2 mol. % relative to aryl chloride) was addedatTHF (4 mL) solution of chlorobenzene (4.00
mmol), dibutylamine (4.00 mmol), K8u (4.8 mmol), and dodecane (0.4 g, as an intestaaldard for GC
analysis) at 70 °C. The reaction mixture was thémned for 10 min. The conversion of aryl chloridad
yield of the coupling product were determined by @@alysis. After ¥ reaction, a solution prepared by
adding 0.4 mL (0.004 mmol) of 0.01 mM [Redllyl)Cl].-THF was added dropwise to the reaction solution
at room temperature, and the mixture was stirrddrat.5 h. Thereafter, a THF preparation solutiomhich
a new substrate and a base (chlorobenzene, dimihda Potassiurtert-Butoxide) were dissolved was
added, and™ reaction was carried out. This operation was reggea
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