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Development of Environmentally Friendly Organometallic Catalysis
for Drug Discovery and Its Application to Heterocyclic Chemistry

Mitsuhiro ARISAWA

Graduate School of Pharmaceutical Sciences, Hokkaido University,
Kita-12, Nishi-6, Kita-ku, Sapporo 060-0812, Japan

(Received April 26, 2007)

Two new catalysts, ruthenium hydride with a nitrogen-containing heterocyclic carbene (A) and an organopalladi-
um catalyst supported on a sulfur-terminated semi-conductor, gallium arsenide (001) (B) were discovered. Both
catalysts are environmentally benign, because A can yield indole derivatives with good atom economy, and B can cata-
lyze the Mizoroki-Heck reaction more than 10 times with only trace amounts of leached palladium (ppb level) . Substit-

uted 1,2-dihydroquinoline, indole and 3-methylene-2,3-dihydroindole were also prepared selectively from the common

starting material, N-allyl-o-vinylaniline, and catalyst by slight modification of the reaction conditions. These procedures
address an important issue in diversity-oriented synthesis. These methods utility were demonstrated by application to

biologically active natural products synthesis.
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Scheme 1. Our New Environmentally Benign Catalysts
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Fig. 1. Ruthenium Catalysts
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HESSHETT 5. AEZISAL, yooF2,

Table 1. Effect of Ru-catalyst on the Ene-enol Metathesis of
1a and 1b

OR OR
DorE
(5 mol%) N
N"F CH,Cl, (0.01 M) N
| |
Ts 50°C, 1h Ts
1a;R=Me 2a ;R =Me
b;R=TBS b;R=TBS

Entry Substate Ru-catalyst Conc. (M) Product (%)

1 1a B 0.019 2a( 0)
2 a C 0.019 a(95)
3 b B 0.019 b( 0)
4 b C 0.019 b (95)
5 b C 0.01» b (99)
6 b C 0.19 b (96)
7 b C 0.12 b (97)

a) Degassed conditions. b) Without degassing.
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EZNFAFIRUAFINE T (4a) ZHNTEE
FL 74> 3) EORINERMABRE LR, B
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TRERFIEG A, FIRFBE LA
HIRRRRE T, KRBRRF KB AL
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BF. N—=/N— RRZHCFR SRR
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AEMECRISI R — BT L 7 1« ZICOBER)T
H 5 (Table 3).

BEIC A 2 AT L WREITH I 5L 7=
T LTI R EHRIC K SR A L T 1 > O BN
WEIN TV, FFEORKIRFMHEIEIAST X
DT LS WREZHWEIEE TS, BENITKH
FL 74 > DRMEAEDETT Z2ETREND S, #i

ZX, BAEBEN-TIUIN -0-EZI)LT =Y 2 (8a)

CHIRY AL, RCMKiZe<Eond, Kimt L
74/@%mm#@m@ EIRAITHESTL, 9a VE

F I RADOEHII 1 4 ED 4a 2 H0IUT+0 i
1522 ENnho7 (Tabled), H53729a &
SmMV@E%Nyﬁ>¢1ﬁ%M@%ﬁ?é&
1 R=INEEBNICESNS. ZHUL, HEEL
T:%X&tVX&URCM%ﬂmLt4>F—w
BROBRHIOFITH D, 1 > R—=IVERIEDBT
X, KAM7 IV Ao RERPERLFZDOHEFICH
Ué%?@ﬁ%@1of@5ﬁn%:f,%é%7
SR EORERIIONVTRANLEZE A, HEK
72 OORERLIZINEK T I RIBREETNT, 7
DIMERTIINI VBT AT IMETHHEBKRLF I
RERETHIET S > R=L2NERLHEZDZ L
N5y o = (Table 5).

BWICGESNZ. Iad, AEEOWIET 2 HERET 51T, HLWA > R=ILAERIEDO 1 & Kk
Table 2. Reaction of 3 with Various Sily Enol Ethers and Vinyl
Ethers in the Presence of Ruthenium Carbene Catalyst (E)
1) o E O 0]
o”\/ﬁR (5 mol%) o
+
ca CH,Cl, \
— (12.5 mM)
50 °C
3 4 5
Enol ethers : :
Entry T(l}l;l;e 5(%) E/Z raa)tlo
R eq. of 5
1 4a TMS 2 20 60 2.6/1
2 4a T™MS 10 3 Quant 3.5/1
3 4b Ac 10 23 NR
4 4c Et 10 3 12 —b
5 4c Et 10 24 Quant 3.2/1
a) The ratio were determined by 'H-NMR. b) Not determined.
Table 3. Novel Isomerization of Various Terminal Olefins
STHS E (5 mol%)
R1 /Y + . R1 /\‘J"J
R2 CHJCI,, 50 °C R2
Ga-g 4a (10 eq) 7a-g
Entry Substrate R! R2 Time (h) Yield (%)@ E/ZY
1 6a Ph H 1.5 quant (34) 12.8/1
2 6b PhCH, H 3.0 58 2.8/1
3 6¢ p-MeOC4H,CH, H 3.0 78 8.5/1
4 6d HO (CH,); H 3.0 quant (34) 6.1/1
5 6e BnO (CH,) ;3 H 3.0 quant (96) 8.2/1
6 6f BnO H 3.0 73 1/1.25
7 6g BnOCH, CH; 3.0 NR —

a) Yields in parenthesis indicate the isolated yields. b) Determined by 'H-NMR.
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Table 4. Optimization of the Amount of 4a for 8a

OTMS

SOUTT NG & |
E (5 mol%) E (5 mol%)
’}l/\/ TS N/\JJJ benzene ’}l
2Llp
Ts reflux, 1.5 h Ts reflux,1 h Ts
8a quant. 10a
Entry 4a (eq) Yield of 10a (%)
1 10 Quant
2 5 920
3 2 96
4 1 94
5 0.1 nd®

@) Mixture of enamide, 1,2-dihydroquinoline and indole (0.41/0.17/1).

Table 5. Indole Synthesis: Substituent Effect on Nitrogen

N 1) E (5 mol%), 4a (1 eq.)
[::[A\ CH,Cly, reflux, 15 h [::[_]
N/\/ N

A 2) E (5 mol%), benzene )

P reflux, 1 h P

8 10
Substrate : o
Entry Y1el(io( %)
P

1 8a Ts 94

2 8m Ac 82

3 8n Bz 86

4 80 Boc 80

5 8p Cbz 869

6 8q Ms 75

a) Reaction time of RCM was 16 h.

PEEHSMNITHED, NP UBREOBMEDY
BIZDOWNWTHF L/ (Table 6). 3 fiAvEH L 721k
EY (8e, 8, 8k) DLFH XA D D WIXETH
BRERIZEKDA > F=)UROINRIIHRREICEE >
=0, MOREETIINREI S FIET B 1 > R—=)UE
Q) EENB ZENGhoTz. BIE, &A1 K—
IVERRIEZE AW EEE F, HERS T ORIED
KEREHPTHS.

2222, RUEEMERREZAVSZA R CFHA
ARCEORE kWU kmAL 71 O RMA
DAHNZZALDELRNG, I 5ITEREETARIER
EITAE, BRIERECEANESNSDO TR RN E
FZZ7- (Table 7). 8a ZIL AF L > H, MEuE

R BDE, 9a MELMITERTS (entry 1), —
F, FLoH, mATLE, FHELTWAEED
BACRMACS N ET L, NaNEERME L T
S5/ (entry 4). 728, ARKJE%E 10 mol% O fil
EEFTIFO &, Ma DINRIL 81% 2 EL /=
(entry 5).

RIZ, HEBEY I D ORERIIOVWTHRFLZL
IAZINEKR>T 2 RIK, 7IIUEK, HIVNI BT
ZTIWERNTNOEES, BIEBEEEEN TS
5 ENS o= (Table 8). ELHETHDOHE
REN MRV T IVRR VN A — MEZE W&
i, RACEMACRORERY 11 & &EHITHFRML
ERBELSNS.

A BN D Wk & SOSTEICEET 2 & 578 2 i 2
B2, FEREOBEBBIEICOVWTHFLEE
Z%, 8b, 8f, 8¢ R T RTOIEENHILT D5
LR ZE G2 D EMN5no7z (Table9). &
512, AFEE 3 AFL 2 2,3- P RaOxX>Y T
Z> (14) OARIIEATS &, 13d ZfrETXT
DIENET HBRICEMEERE G X2 T &0
o7z (Table 10). 7238, ZAFL > D 3 fLICEHEL
ZHTHHE (8b, 8f, 8g, 13d) Ti¥, TF IR
(BHBZVWEREZNIZT—F)) EZXF L PRI
KIEL, BRICEEENESNRN o200 EHEE
LTnW53,

KIZ, FRABEREZFFDON- 7V Z)b-0- E
2T ZU TS B BRACE M OS ' R A
(Table 11). fHlz1E, 8r, 4a (14&E) EE&F
Lo 2 RERIMBGER T 2 &, RILEMATDH S
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Table 6. Synthesis of Indole (10) from 8
Step 1 Step 2
(I\ E (5 mol%) 4 X E (5 mol%) =z | |
4a 1e
5% A N /.
d CH2C|2 X/ N7 | Tsoivent X/ N
reflux, 1.5 h ' reflux i
Ts Ts
8
9 quant. 10
Substrate Reaction conditions of Step 2 Product (%)
Entry
X Solvent Reaction time 10 9
1 8a H Benzene 1 94 —
2 8h 6-OMe Benzene 1 83 —
3 8c 5-OMe Toluene?-© 16 96 —
4 8d 4-OMe Benzene 3 100 —
5 8e 3-OMe Toluene?? 32 54 46
6 8f 4,5,6-triOMe Toluene? 17 83 —
7 8g 6-Cl Toluene? 4.5 85 —
8 8h 5-Cl Toluene? 13 79 —
9 8i 4-Cl Toluene? 2 86 —
10 8j 3-Cl19 Toluene? 24 33 67
11 8k 3-Me Toluene? 24 20 80
12 81 6-Me Benzene 1 77 —
@) The Reaction time of Step I was 4 h. b) Degassed. ¢) 10 mol% of E was employed. d) 20 mol% of E was
employed.
Table 7. Isomerization and Cycloisomerization of Diene 8a
OTMS
® e o O
l}l/\/ E 4a (1 equiv.) l}l/\“"ﬂ . N
Ts conditions Ts Ts
8a 9a 11a
E Yield [%]9
Entry [mol%] Conditions _—
mol 2% 9a 11a
1 5 CH,Cl, reflux, 1.5h  Quant 0
2 5 Toluene, 40°C, 2 h 97 3
3 5 Toluene, reflux, 2h 65 35
4 5 Xylene, reflux, 2 h 30 68
5 10 Xylene, reflux, 2 h 12 81

a) Yields were estimated by 'H-NMR spectroscopy.

11Ir (58%) NI F IR 9 (26%) ZfE->TEHN
7= (entry 1). HEDEHDOTHMND &2 EHREE
ELTIATINEED 8s © 8t DBE{L AL K BT

REHTH o=, ZDOHAET ’%Id‘i K (9s, 90
MNENTN32%, 3 @HR/A' S50 7z (entris 2,
ZT, TFIRNESNDIHOO, BRLEML

SNEVWHEEIZDNWTEZATHAR, filllinT
HEEEL, BF

(LS
7 X RAERDEPETRIET % nlhe

DINTZIOLERY REHAWTIFIR 9s, 9t
ZERU, 9s, 9t BRI SN ITAT U7z kE

BRALEMALAR (A1s, 11t) IZFNFN 66%, 80% D
INERTESNZZIEMS, TF 3 ROER{LEME LK
IEOHFREUATH D T &2 EBIICAFHL 7=,
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Table 8. Cycloisomerization: Substituent Eeffect on Nitrogen

E (10 mol%
N/\/

QL O

11

12

Yield (%)

11 and 12 (ratio of 11/12)

) xylene
P reflux, 2 h
8
Substrate
Entry —m————
P
1 8a Ts
2 8Sm Ac
3 8n Bz
4 8o Boc
5 8p Cbz
6 8q Ms

81 (100/0)
69 (57/43)
86 (86/14)
92 (84/16)
99 (79/21)
862 (100/0)

a) 3 eq. of 4a was used.

Table 9. Synthesis of Indoline from 8

i f1\\ E(10mol%), 4a(1eq) (© |
5x % ’}‘/\/ xylene, reflux W ON
Ts 2h Ts
8 11
Entry Substrate Yiel(il(% )
X
1 8a H 81
2 8b 6-OMe 09
3 8c 5-OMe 52
4 8d 4-OMe 24
5 8e 3-OMe 63
6 8f 4,5,6-triOMe 0o
7 8g 6-Cl 09
8 8h 5-Cl 78
9 8i 4-Cl 84
10 8j 3-Cl 78
11 8k 3-Me 95
12 81 6-Me 09

) Enamide was obtained quantitatively.

3-AFL 23RO KR—=)L (11) O
FIUAFL VAR EAERABERESEASNS.
FEE, Boger 53 RIA ST ROR Y R LITHE
BRIzt ROF I AFINEANDOEH, H)I
53 % Lectka 5™ EA 2 /-T2 RnZEfkz MU
TRT7 RN TE I VFHEERNOLMEHE L
TWa, bhbdFzic 11 o4 DBz Rs

FIVIRZIVEEAN DS, RCM &5 1)L\ —
IVEEARN DO Z L U7z (Scheme 2).
>TC, N-7U)b-o-EZ)IV 7 =
BB 2,3- @A > F—)LO#H L WEKIE &7
5 ENHS M

IZizo 7.

bnbonnpEELZE

Wy = > (8) Ll E Z W,

Vol. 127 (2007)
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Table 10. Cycloisomerization to Benzofuran Derivatives

Entry Substrate Product Yield (%)
%
1 78
AN
o 13a O 14a

, Meo\©(\ Meo\<r/_/</ N
o 1 o} 14b
MeO
| 73
@)

14c

X X
O/\,.p‘" 279

i\

4 0
OMe 13d OMe

Conditions: E (10 mol%), 4a (1 eq.), toluene, 2 h, reflux. @) 62% of 13d was recovered.

Table 11. Cycloisomerizarion of Dienes

Entry Substrate Product (yield, %) Recovery (%)
% s WO
| I
Ts 8r Ts 9r (26) Ts  11r (58)
S SO &
2 I}l/\/\COQMe I}l/\"’ﬂ\COzMe
Ts 8s Ts 9s (32) 8s (57)
O L.
3 N“NNCo,Me N CO,Me
Ts 9s Ts 11s (66) 9s 21
©\/\ X
4 CO,M (I N CO,Me
’}l/\/\/ bivie [}]/\rf"d\/
Ts 8l Ts 9t (34) 11t (52)
9% ey
5 N/\,.;-'\/COQMG l}l CO.Me
Ts ot Ts 11t (80) 9t (20)

Conditions: E (10 mol%), 4a (1 equiv.), xylene, reflux, 2 h.
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Hydroboration-Oxidation

el
N

1) BH3'MGQS
2) H,0O,, NaOH aq

Imino-Ene Reaction
( M. Nakagawa and T. Lectka)

I
Ts  79% from 11a

1) O ::$:iﬂ

Ozonolysis 2) Me,S P

NTs
/////////' [: j: I: NHTs

catalyst
S E= CO,Et or Ph

E (5 mol%) Ring-Closing Metathesis

11a: R=Et
11u: R= (CH2)3CH=CH2
N

|
Ts 75% from 11a

Scheme 2.

1) E (5 mol%), 4a (1 eq.),
CHCly, reflux
2) E (5 mol%,), toluene,

Isomerisation

9%
3 N/\/

reflux

Ts 94% from 11u

Reactions of 3-Methylene Group

S

indole

E (5 mol%), CH.Cl,, reflux

R P

)
[Ring-Closing Metathesis) 7 N

R P

N-allyl-o-vinylaniline

1,2-dihydroquinoline
Cycloisomerisation)
E (5 mol%), 4a (1 eq.),

toluene or xylene, reflux

Scheme 3.

EEZBHETT, AIEFEEERER12- P RO
F/U, A=), 412 RYEEDHITASZ
EINTELETEN-ZHDTHS (Scheme 3). 39
2-2-3. AL 74 o EMEERIEERMERBOE
Mg RO T AMBEERWSEE Tk
DB RCM, F L7 2B, BRIACEMEMRINT
TRTT7INIT 2 AMEEDOFHK THIEICHETT
%5, 22T, £7, >alb2IZEHAWT, FL 7+«
> AL & BRAL B AL S oD ¥ M A A B 2 il % Al A
e, R Utz —F, BREE KUK
N 1ppm L FO7 O—T 1Ry 7 ANTRIGZEBR
HUIEMRER, ELda DB LERBNICAZEAS
ZEZEHU (Scheme 4). filifit A 1358 % D P
[ CREBHET BN, yo—TJHRy 7 ANTIE
DRET, RETHIEHAHETHS. Mol 51
RuCIH (CO) (PCy;3), DU 7T > RZHIZ KB A DH

I8e

R P
indoline

Diversity-oriented Synthesis of Heterocycles

EHRE L TW5. 3 £z, Grubbs 5IZ ENASY
J =Tl ANERT 22 E2HEL
TW3.3® LML, WINOKLED, A ZEHMET
2 EMTET, MEREICET 2HEITDNbN
MHIBBEOERETH-7. LhL, bhibno ik
ITEAED A ZIRMBSEHETHEEICHESZENT
ELHDT, ADNKIRAL 7 1 > BRI R
bR BZ S5 2 S 2R THD TR I &N
TEREBEATVS,

E & daz N)VIT o (0.01m) 50°C T 1 R
#9 % & Grubbs 538)73§$E%bfblécl:5 Wz, T+
VI —NIVR R F NERMNICES NS, &
‘KFé%wly¢mﬁﬁﬁ?étA#ﬁ;m
Bonsd, BEEO4IZFNS A NOLERICEE
L7z, %7z, FIZ RCM Ofilift &7z %08, RiA
L7 4 >0 REECRCEECOBE & 1375 7
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Scheme 4. Quantitative Conversion of E to A

W, INHDOZEERABNIIERTSHE, bbb
DRISFTIX, 4a & ENERMICKISL, F 2
TADERLEZEDDEZEZ SN S.

2-2-4. RIEEMERIEZRBREETD T4 XY
AL ELTRBINCEBEZFE2IELEYMDOERK
PICOBRERMEARISEY hATa ) I —K<H
LWIRZERTE2HHARKICTH DM, EROER
EEMACSOSTIIEENRE SN0, BEReEA
HMENR EDOREN D D, A% EYIEERR
WMOERIINH LR Rho/z. 2T, bbb
EHEESES O R=I 7N AHaf RThsB 71 A
voLrEBRBERELAKEDY =7y h& L TiE
O, ZOHERICHO Tl L= (Fig. 2). B/
ZEICERADEEANRYT VT —F =13 KRB D
ThE—HET, BRELTRAD T4 AVOT >
DREMEUN DA TH D E2HENITT S
ZEIThko T,

3. FEFKBHFNAERNT O LMK (FiEB)
DEAF

B BEREDT 71 2T ININREFDOMDIEF
TEMSTFICBILEREGKR T, H—REHEDE A
BNR<FEHIN TV, 2070t ZERIEF)R
NELSARBTFETHZHOD, RIGEIT IS
EEREE - R E ORBENREETH DD, i
RFEAMEOHEFHANTET, KREOREFEWMNEL
HZENEEERSDTWS, £z, EHEEFHE - 1
CREBD ET HHEHEEOSHEEREREICX
0, BEFEOHMNECHD TBY, &kl
ELToOHANHEI N AEEeE (Pt, Pd, I,
Ru/z &) OfitENEEL TWD I EnG, D

Fig. 2. Putative Structure of Fistulosin

YA ZIVIEZB D HRC, BEEHEICE > TS,
—7, ﬁ%ﬂﬁ%fﬁﬂﬁ#?“mfﬁ 2 DIE
FHIR R SR 4 SR ST WD A, Rkt
L TN AR —RIfit T 5 &, AHEE b
FEBRRF-RBEAERKETIE, —BAICHE
PEMES, BURTS, RIEG—fllh o fl g ML o

IRk &2 IR I T HON TN S, 3949 DRI
T, REAROMKE, EFEROAFIHE WS 8RN
5 @G AR T L E A R AL AR D B TS B 13t
AEFE LIRS TWNWD,

EF ST R - RE— RO T TN
Az sMEEMRET S EE2HMEL, RO FNA
BHTUYA ZIVINuRE, DDRFB—RFRE G
RISIZBNTHER Ot & e 2/ 2R L, B
B - RENARO DRV L WIS MIED
Wit o EHEL, (/5727 /00 —%H
W B R FR R B D B i) DORFEEHEEL T
W2 (Fig. 3). E£ES5OMFE I T b OFFEMIZ
FD3HTH 5.

D) BEE DY — RE B @ SE R, Ri5—REFEH
FRRUMIE 3 0 TG P A il oD B

) E - K BT MBS EOLEPFCE TS
THEH T & 2 IO & W il o B 3.

3) ft sk 0 EUARFE Ffil i TIIR FTRE T &b o = e id
fl A5, 5 P R R 5 oD B 76
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INSOHMNZEERT 2720, £35S 13AEHEEE
BARE L CHRERICEH L. I7abb, FEAKE
il | & 2 ST 2N L THEETIUL, 5F TH
HHIDOEN, E<HLWMEZERETE 20 TR
WNEE AT, ARTI, AHFEICBITS2DNbNn
DIFZEREBIZDOWTHENTT 5.

3-1. BEERmFEEBFENT O LREOMF
BB AR—Heck RIGI(CEH T 5 MEESE £
SI3EEMRELTHY DA EFEEK @ GaAs(001),
fmEFELTHEE S, MiEeREEL TN DY
Lt PdEZEBIRL, AMRICEFLE. BEETO
FEEREBEDEWIZ K DS OB ET T 57
W, 280 O EWREETHMEZHEL . GaAs
(001) HARAN DI I IRIEIT PRI E S F 248
& (MBE : Molecular Beam Epitaxy) #HWW/=H
D ZH 1 HAME, 2y >EZT A ((NHy),

Through Bond Activation

Through Space Activation

Fig. 3. Concept of Catalyst B

(DPretreatment

Ga ¢ | As

GaAs growth by MBE

©@S-adsorption

Sy) EHW=H D E 2 AR & U CLUTITHE
5.

3-1-1. 5% 1 #HHE (MBE %) BAR DB
F LU - &I GaAs (001) RTINS P LA EE
ETDHHE. 4 £, MBE 21T, 13X11
mm? @ GaAs(001) ZkESE/DG, MEEZE T
GaAs(001) 2 (2X6) MiEzHAI 2hdHE /&%
L, S-GaAs (o) ZFELL 7= (Scheme 5 : #
FEOQ). H#W\WT, S-GaAs (o) % Pd(PPhy),DN
YIRS, =R T3 R L, Pd-S-GaAs (filt
B z8hE L7z (RIEQ). Ml I D= AK-Heck
s (Scheme 6) 2BV 2 EEIEMZHEEL - &
ZA, 1[EIENS 3 [EIHE TONENENZEI35%,
13%, 9% LEHEFMHATES I ENGho
(Table 12).4®

ZOHIHFMEREZT, MEOFEIIOVWTES
WCHET L7z, S FRRICERLL 72 S-GaAs (o) %
Pd (PPhy), @7t b= b U JLIEHH, 12 R hn#L
B 21T Pd-S-GaAs (flfit ID) #%8EL 7= (B
EQ). PEK EORE EMEEET, BICEmICH
ELTWDIBHED/NT DT MIMEERKIEFHDEREIT
KOMBEERE LN DU LERNEN LTS &
MEZSNDN, ZNSIEEINT 27 LIS INEE
WWEOBRETEZEEZ, 9 Jiligk, Ml 1INt
P (7 b= MUIVER 12 FERINEGE R AL

® Pd Pd
V Pd(PPh3), 3

(25mg) |—
solvent (3 mL) / 7

Pd-S-GaAs(l-lll)

S-adsorption in vacuum
(6 x102 atm)

Scheme 5. Preparation of Catalyst B: MBE Method

{Pd}-S-GaAs (I) 0

l O Et;N (1.25
3 25 ¢eq)
+ \)J\ = T e
OMe MeCN (3 ml)

100°C, 12 h

13a 14a
(0.5 mmol) (1.25 eq)

15a

over 10 times

Scheme 6. Mizoroki-Heck Reaction
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Table 12. Chemical Yield of 1st-generation Catalysts in Repeated Use
Yield of 15a [%]®
Entry Cat. Heated-washing
1st 2nd 3rd 4th Sth 6th 7th 8th 9th 10th ave.
1 I No 35 13 9 — — — — — — — —
2 11 No 81 60 41 36 32 13 12 1 1 0 28
3 I Yes 99 88 95 92 87 86 67 60 62 73 81

a) Isolated yields.

Table 13. Effect of Pd Sources in 2nd-generation Catalysts

Yield of 15a [% ]2

Entry Cat. Pd source

1st 2nd 3rd 4th Sth 6th 7th 8th 9th 10th ave.
1 v Pd (PPhy), 93 87 71 72 57 54 35 37 25 24 56
2 \% PdCl, 1 1 0 — — — — — — — —
3 VI Pd (acac) , 51 31 14 15 10 12 1 — — — —
4 viI Pd (CH;CN) ,Cl, 43 8 1 0 1 — — — — — —
5 VIII Pd(dba), 74 66 31 46 12 9 5 1 1 4 25
6 IX Pd(OAc¢), 100 99 91 98 97 88 81 72 71 79 88

a) Isolated yields.

@ (NHg)2(S)x

(3 mL) T_?
L/ & °C, a4
GaAs 30 min S-GaAs(p)

Pd Pd
Pd(PPhs), S s

(25 mg) —
MeCN (3mL) /_l|7

reflux, 12h Pd-S-GaAs(IV-XIX)

Scheme 7. Preparation of Catalyst B: Chemical Method

MAEZRMLUZfE T 2L 2. Honk&x el
EAR-Heck SR IZH Wz K55, filde I A3 T &
DHEWEEZEL TWA I E, £z, Al I A
fE L K0 HEWIERZEL TWD T ENHS M
(Table 12) 12720, NI PULEEEEHIRSFHT
152 &&, NI DU LEERITIMEY G % i
FTZENENEEEE T S 8ET 2 L TEE
THHZEDNHSNEIRD 2.2

3-1-2. 2 AHE ((NH,),S %) MBE
WEEE7R MRS TH D DT, & THmEIC G
MTEDFHFIEZRIET 2L, (NH) LS4
ERAWTHEKRREEZTo /2. $/48bb, 13X11
mm? O GaAs (001) & Z it 7 > & 27 LAKIEHK 3
ml H1, 60°C T30 73Nz L, S-GaAs (8) ZiREIL
7= (Scheme 7 : #ED). T, S-GaAs (B) %
BN OO LAY = MU IVIEKRS, 12
BN ER R L, Pd-S-GaAs (fiifit IV-IX) 7% 1
L, (BIEQ) & %A AKRK-Heck IS IZHL 7=

(Table 13). = DfER, WEKmREEICLHmLT >
EZTLERANTS, NIPULRSELTHEINS
PULERWS &, #EAR-Heck KINIZTHWNWT, 10
[ H DINEAY 79%, VI (1 [EHMNMS 10 [[1H)
88% DAMIEIEE 2 H T 28 L WNT D0 Al 315
5N ENGMoTz (filul 1X).

FWT, LY CEBEZTLERHNWTNT DT LA
il 5 2 /RS U 72 355 D INEEEH N RIS D W TR L
2. BN PULENT PULRE LELEEI,
55 2 AR IC BN T HMBYEFI RO H 2 Z &0
e 55 (Table 14), Z D SiETERL /- fib
XTI 232 2 E TOMIE T ® @& W il TE o 2 o)
L7,

T IT, BRSNS, RICEESREIIDONT
BRI L&A, 72 = MU JLH 100°C,
HBHWIEF L > 135°C THed L 7= fift i XTI %
Ol XVII 2VE ® K Wil iEyE P 2 7R U7z (Table
15) 54)
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Table 14. Effect of Heated Washing 1
Yield of 15a [%]®
Entry  Cat. Pd source Heat.ed
washing
Ist 2nd 3rd 4th Sth 6th 7th 8th 9th 10th ave.
1 1A% Pd (PPh;) 4 No 93 87 71 72 57 54 35 37 25 24 56
2 X Pd (PPh;) 4 Yes 90 55 67 66 57 54 46 43 43 39 56
3 XI Pd(OAc), No 100 99 91 98 97 88 81 72 71 79 88
4 XII Pd(OAc), Yes 96 100 91 93 98 100 96 99 98 95 97
a) The yields were determined by NMR analysis.
Table 15. Effect of Heated Washing 2
Heated washing Yield of 15a [%]?
Entry  Cat. o8
Solvent T [C] Ist  2nd  3rd  4th  5th 6th  7th  8th  9th  10th  ave.
1 XII MeCN 100 96 100 91 93 98 100 96 99 98 95 97
2 XIII  Toluene 100 98 96 92 82 82 63 55 48 62 63 74
3 XIV DMF 100 98 86 95 89 80 84 75 77 69 70 82
4 XV DMSO 100 88 78 64 38 21 17 16 12 13 14 36
5 XVI DMF 135 70 80 78 58 52 49 43 32 31 31 52
6 XVII Toluene 135 95 93 93 97 94 91 91 90 920 85 92
7 XVIII Xylene 135 96 100 99 98 100 91 96 97 92 91 96
8 XIX Xylene 150 99 99 100 97 99 91 97 94 92 86 95
a) The yields in entry 1 were determined by NMR analysis. The yields in entries 2 to 8 were determined by HPLC analysis. b)) Bath temperature.
100 W 50 100 500
3 ] - )
90 | 40 _ 90 — 400
\ ] _ Y E
S 80— 30 5 S 80 - 300
= ! 5 = A I =
570 2 20 f% 570 P ',\ 200 g
A e L ~ P E
60 S 10 60 : : - 100
s e & o sk A-d A 4
50 1 A 1 1 !- * S~A-" + 0 50 L 1 1 ‘_ ! ‘n-‘- . 0
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Runs Runs
[—@—Chemical yield - - # - - Leached Pd| [ —®—Chemical yield - - #& - - Leached Pd |
Scheme 8. Chemical Yield and Leached Pd on Each Scheme 9. Chemical Yield and Leached Pd on Each

Mizoroki-Heck Reaction Using Catalyst XII

3-2. B i XIX & 2 Wl XVIIT O
BEICOWTHELRZ. Ihbb, KNEHTADINT
PULRANVE, EEINTWVSEINT DT LD
¥, AEERAEREZASHKT, EBrEfTo/-.

32-1. RISRBPAONZCILRZVE b
i XTI R OVl XVIIT Z #: 0 5R U i 3 K-Heck X
NI LT EED, ERIBERPOINT DT LE%E
FEMEET I AEEST ICP-Mass) ZHWT
I U7z (Schemes, 8,9). Mifififi & &, HIFIH

Mizoroki-Heck Reaction Using Catalyst X VIII

NSV AL 100-300ug TH O, 1FEAESE
oMo =0, 7 b= N UJLH 100°C THIEYE
B L7zt X D 5 EHLAED /NS 20 LA W
ENB ug THHOZDITHL, F L 2H 135C T
PG L 7= it XVII OZ 1038+ ng & 2471
NIVDEWRH - 7. HEERMBHICIE, 578555
NNEEEZ D,

3222, HEBININT ST LOME il
XII @ X #HET L (XPS) EEZE{T- .
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O+l Auger 13d

344 342 340

338

336

334

Pd 3d3/2+5/2
s

Ga Auger
As Auger
Ga Auger

(+Ga 3s)
Ga 3p

!

1000 800

600

400

200 0

Binding Energy (eV)

I: before Heck reaction

I: after Heck reaction (10 times)

Scheme 10.

XPS Result of Catalyst XII

1, 500> BEGBHLm W18 8mm: 18Ky 2005/08/04 15:06£072S

a. GaAs(001)

(x 1,500)

Pd 3d5/2 DE—2713335.9eV TH VD, &E/INT
T LADfE (335.0ev) 12k o7~ (Scheme 10). &
N0z &N, NSTPULREN2M BER)NZ D
TL) THHIHHEOLLT, HFINTWEINTY
™7 I DA 2 AK-Heck S DFiE & ©1T 0 4l
ThHDZENDMmoT. 58, 0fi/)NT 2T Ald—
BN ARELEINTNS,

3-2-3. fERMOBEMEER AL XD OX
& EEBTHEMSE (SEM) Z2HWTERL 2.
BUIRLKISOFIET, MEGEIC2 NN &
LI DOWD TH B A, SEM E LTIV IR L M
DHiIE TEEDIRENZELL T% (Scheme 11).

3-3. KAEEOARAME  NRTPADINT DT
LR A VB DTSN XVIT QP EIZ DN T
at Uiz, ZO/E, AT I x> E &
KNS 20, BfekxoE oo 7)) 407 /) —
WERBKIBRLREWI E, NV R EOBERIENK

A

WONB By kY, F005//03/08514 0RO 5

b. catalyst XII before the Heck reaction
(x 1,500)

15500 BEBBYLm, WIETBESmIEsky. 20b5/03/04 1550784 S

c. catalyst XII after the Heck reaction

(x 1,500)

Scheme 11.

10,000x 1.00 2 m WD:14.2mm 20kVY 2005/03/04 15:14:27' S

d. catalyst XII after the Heck reaction
(x 10,000)

SEM Result of Catalyst XII
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IS BT D T &Ny o Jz (Table 16). 7z,
EHEIN TSI — R XD BRERILS
NTNnBIA—RKXECOENKIENEMN - 72
(entries 3-6 & 8-9 Z[ti#g) EREELRITH &L, I
BAERDKIR AT ZZLHED > TWS AN H
5. ZORIZDVWTHGROFERIERNF-ND &
ZATHAH. BT, TZUINBAFILORDDIZ
AFIVE DIV b > % W TAMEE O — i 2 Mt
L7 (Table 17). 1[a[H DILZFINHEIX 76% Tdh >
=0, ZOWEMN 10 B H F THERF S 117z,

T S IIAMBE D OSSR Z BE L 2B

Table 16.

fToTWws,

Ey))
EESIIINT I LAHIN VR E W EEHE
HERBHL G R S 2 O EMIE L& Rk
E¥ITL. I 51T, 82 48 Grubbs fiftfit & & T
G54 L 70 (EZNAFIRUAFILT T )
N, BEFEERVN O RZ2ETIZINTZILER
JR (A 25232 &z2RH0, Atz
FWH KOS CRIA L 7 1 > OBIRMEMAL, B
LEMALSOR) BITE, BERERBHH G LT
AR LA AR ER L 2.

Reaction of Catalyst XVIII with Various Aromatic Halides
{Pd}-S-GaAs (XVIII)

o EGN (1.25 eq) o
A S e menamn T A ove
100°C, 12 h
13 14a 15
(0.5 mmol) (125eq)  over 10 times
Entry Substrate [Ar-X] Yield [%]9
Ar X Ist 2nd 3rd  4th  5th 6th  7th 8h  9th  10th ave.
1 13b CeH; Br  15a® 0 0 00 09 00 — @— — - = 0
2 13c¢ CeH; OTf 15a» 0 0 00  0» 09 — @ —  — — - 0
3 13d 2-MeC4H, I 15b 98 90 94 81 72 63 52 49 43 36 68
4 13e 3-MeC4H, I 15c 100 100 100 72 62 56 59 47 46 38 68
5 13f 4-MeC4H, I 154 100 100 100 100 100 100 100 100 98 9 99
6 13g  4-MeOC4H, I 15e 100 92 100 87 75 89 68 48 50 54 76
7 13h 2-BrC¢H, I 15f 92 71 80 57 65 58 36 28 28 25 54
8  13i 3-BrC¢H, I 15g 100 100 81 57 47 39 40 38 25 29 56
9 13j 4-BrCgH, I  15h 98 81 67 56 65 49 42 41 38 42 58
10 13k 4-NO,C¢H, I 15i 82 3 10 4 o —  — — — - 267
11 131 4MeC(O)CH, I 15 91 59 51 44 38 - - — — - 570
12 16 Xylene I 17 99 100 100 99 94 100 83 92 91 83 94

a) Yields were determined by 'H NMR spectra (PhNO, (0.25 mmol) was employed as an internal standard.) . b) Yields were determined by HPLC analysis.
¢) Reaction time was 24 h. d) Reaction was carried out in toluene at 135°C (bath temperature) for 12 h. e) Reaction was carried out in toluene at 135°C (bath
temperature) for 24 h. f) Average yield through 1 to 5 runs. g) 0.50 mmol of acetophenone was used as an internal standard.

Table 17. Reaction of Catalyst XVIII with Various Methyl Vinyl Ketones
{Pd}-S-GaAs (XVIII) o
O Et;N (1.25 eq)
| * — AN
C \)J\R MeCN (3 ml) Ph/\)LR
100 °C, 12 h
13a 14 ) 15
(0.5 mmol) (1.25eq) over 10 times
E Substrate [14] Yield of 15 [%]®
ntry
R Ist 2nd 3rd 4th Sth 6th 7th 8th 9th 10th ave.
1 14a OMe 15a 96 100 99 98 100 91 96 97 92 91 96
2 14b Me 15k 76 80 79 78 77 76 72 75 74 71 76

a) Yields were determined by 'H NMR spectra (PhNO, (0.25 mmol) was employed as an internal standard.) .
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F/z, EFSIIMEKmFER (GaAs(001))
GHESEMEDOEREARERD ZEZ2R-HLE A
IR T O N7 BN S D Ll (b
B) 33— EXEOBEBEAR-Ny 7 KINTH W
THEARIOEKEFANIETH D, KISERH
DINTGPTLFERAND TS OITMHTHD Z ENH
SMTIE o T, BUITE, Al OGRS 51258
R 72 il DB FE I D LA T WS,

filit AV TRIF/ARY FATZI ) I—TA > R—
IWHEEREGRTE S &, filli B IX#EEAR-Heck
RISIZHBNT A EFIANAIETH D, HDORIG
BRHPANDOEBERAVENDTNTHS] HTW
THHREFMAAE S 725,

BEE AW ROZ I TERZERZLIEEMI
FETITo 2D THD, BIBTHEHNZPIIET
deik, PEHEEA, A THEMNBSFORIELT
TE o RKBRRFARERIFEAHICR b RiT%k
A, VT LTIR R (C) OERRE -
%% BURTHW 2 LB K2R 2B 3R A se . & 3%
Mg, SodtimERFREBOATOD LY
T TR T U 72 AL il R K F B 32 E i 5e e
HOBGAEIEHT S, £z, MEIEESHEMY
B OBRARERSE A, WE - MBS THIEE A E
H & 5 EMIEHE D E R, Theeraladanon
Chumpol &+, SFH=FIEL, EHHELE L,
Mohammad Gulam Rabbani {#+, @&FiEEEL,
Bl KEL, @EfmaEt, wEidriet, s
T, ETEBEL EERZEL SEELE
TR & T B RERE - FEBROEIITRHT
%. ICP-Mass |3 T35 K% K ARt A 7Ebt #a AR
FIRSeA, INEREEEEICCIRE - HFERTENE 2
&, SEMEZF -T2 AEICHETHENZZ &,
HL EF S, ®mElcATOY 7 MRTICEZD,
REN B2 2L FOM S 3E#T 5. Bl
W EMB e GEFWIE A, #EWIE, 1T J0os
T L), AR F AN IR LA R, @) IR R Al
WRELGC R, @EEEFRVIFRAL S, WFEEFSE
BRI, @ ERFAIREEI, =2 eSS
He, RS TER, ZHAEH

1)

2)

3)

4)

5)

6)

7)

8)

9)

10)

11)

12)

13)

14)

15)

16)

17)

18)
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