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Highly active and reusable polymeric catalysts were produced by a self-assembly process of non-cross-linked am-
phiphilic polymeric ligands with inorganic species. Thus a new insoluble tungsten polymeric catalyst PWAA 1 was pre-
pared from H;PW,04, and poly [ (N-isopropylacrylamide) -co- (acrylamide with ammonium salt) ], which was suitable
for the oxidation of alcohols, amines, and sulfides in aqueous hydrogen peroxide. A new insoluble palladium polymeric
catalyst PdAS 2 was produced by self-organization of (NH,),PdCl, and poly [ (N-isopropylacrylamide) ;,-co-diphenyl-
phosphinostyrene] , which is an excellent recyclable catalyst for the Suzuki-Miyaura reaction in water, water-organic sol-
vents, and organic solvents. It is commercially available from Tokyo Kasei Kogyo (TCI). An improved insoluble pal-
ladium polymeric catalyst PAAS-V 3 was assembled from (NH,),PdCl, and poly[ (N-isopropylacrylamide) s-co-
diphenylphosphinostyrene] , providing a reusable system for the Mizorogi-Heck reaction. A solid-phase titanium asym-
metric polymeric catalyst TiSS 4 was made from Ti (O-i-Pr) 4 and poly (styryl-linked binaphtholate-co-styrene) which

promotes an enantioselective carbonyl-ene reaction as a recyclable catalyst.
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Scheme 1. Hypothesis of Formation of a Self-assembled Complex for an Insoluble Oxidation Catalyst
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Fig. 1. A Gel-phase 3'P-NMR Chart of PWAA

Fig. 2. Scanning Electron Micrographs (SEM) of PWAA
(left) scale bar: 10 um, (center) scale bar: 500 nm, (right) scale bar: 100 nm.

PWAA (1)
(2.7x10°° mol eq)
(27ppm mol eq)

-"SOH 30%agq H,0, OH
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9a 94%: TON 35000 10a

Scheme 3. Epoxidation of Phytol (9a) Promoted by PWAA
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Table 1. Epoxidation of Allylic Alcohols Promoted by PWAA
R R
» OH PWAA R OH
= (+pyridine) 0
R? R* 30% H,0, ag (2 mol eq) R*" R*
9 " 10
PWWA 1 Pyridine Time Yield
Entry Substrate (mol eq.) (mol eq.) (h) (%)
1 )\/\/k/\/k/\/k/\ 9a 5.0X10°4 — 7 10a: 96
"ok
2 A ™ . oH 9b 5.0Xx10~4 — 13 10b: 84
3 /K/\/K/\OH 9¢ 5.0X10-4 6.0X1073 15 10c: 80
Z OH
4 [:::]/,\\/ od  5.0X10¢  6.0X10° 12 10d: 83
5 /\)\/\ 9e 5.0X10-4 6.0X1073 13 10e: 96
Ph OH
6 ph/\/\OH of 2.0X1073 9.6X1072 30 10f: quant
7 CBH”/\/\OH 9g 2.0X1073 2.4X1072 33 10g: quant
OH
_3 s 10h: 73
8 n-Bu/J\\f’L\\ 9  2.0X10 9.6 10 85 (threo : erythro=91 : 9)
a) Isolated yields.
(entries 6 and 7).
9 NS — PWAA
:3/”35‘@[/, 2N A= Oh DT AT L F (5.0x10* moleq
M) 2 N s E=3 N
R TRF ACRIETIE, EFMZET 2721 I =
F T A0=91:9 OFERNET 100 ITEH I N/ n7h

(entry 8) .49 72 B S HIZ BV B il i 4 7% & AH
it 1 TH O, 105 EYE L <ZRHEHEEW A K
JRRICBIE L TWRWZ ENREIN TN S,

¥ /- Schemes 4 & 5 DX DITHRABRAL T 1 217
EFR, 7UNTIN A=)V OHMNERICEIELIND

Scheme 4.
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BRICAMBERZEHA L. 49 Z ho 3k L

R= H: 9%6%
Me: no reaction
Ac: noreaction
Piv: no reaction

The Epoxidation of Phytol Derivatives

30%aqH,0,
rt, 7h

ZEBHENERD, IS 1IIHEAHAEETH D
Z ENIREINT= (Scheme 6).
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fblC&3=bODEH  KIC PWAA DEFEHE (500¢ Oxfgi’j:d o
O

ISEMEEMEOERICHWSNTHD, 720
5 OEZNERIEORIFITIEELFTLHRETH 5.
Table 2 IZ/RTED, 2X1073 E)L Y ED PWAA %
mWT%ﬁE%WVNVVwY:ynwg%%E

(1:

Scheme 5.

O

1 mixture)

conversion:

Epoxidation of the Mixture of Phytol and Cyclo-

phytol 100%
cyclohexene 0% (determined by 'H NMR)

& UTBAL BSOS % 2.5% itk 32 7K57 2 B AL A hexene Promoted by PWAA
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2-4. PWAA ZEMMES LCXILT 4 RO
EICEBRILKRDER  PWAA &, [EHE[,
AEEMME ORI > b ELUTHERR AT 1
ROEELIZHEF L 7= (Table 3). 5967 J v I NITR
L7z, AT HRINIETTS2HD00, £0D
HEILELS, RINETZIEFT R 14 08ERT S
IZB % (Entries 2, 4, 6, 8, 10, 12, 14, 16, 18, 20
and 22). % ZRITH L, PWAA %2 2X1073 E)L Y4
BAWS Z & THBIREIEGFE MRk FK 2R

PWAA (5.0x10"* mol eq)
(reuse)
ag HyOyp, 1t 0
22,
OH OH

A

9a 10a

1st use: 96%: 2nd use: 93%; 3rd use: 97%
(isolated yields)

Scheme 6. Epoxidation of Phytol (9a) Catalyzed by Recy-
cled PWAA

LRI B ORI & U 7= 20V 7« R OBEALIZ SR it
L, MEDOZAINE L 15 2 EmWINERTHED Z &I
U7 (Entries 1, 3,5,7,9, 11, 13, 15, 17, 19 and
21, BTV F 7Y —)VE (Entry 11),9 7 )L
Sbt KRB I)LE (Entry 13), F L 7« > (Entry
15), e RoF )% (Entry 17) O XSO
HEOZITHWEREGEET, EBRNWICAIL 71 B
DOEALNET Uiz, £y 7502 2 EEY)
BEROA M7 1579 O A Bk Tl B M4 Tl AR
EINDZT Y I OBARRIBREHITEEL W
(Entry 19).

13a DFEEAL SR TAME O BAHER 217> /-
(Scheme 7). 1 EIHDKIHBIZT 97% DILE T 14a
MAERKRLZDOD, 2 [EHLAKE 80% 15 O —iE D IH
T Ma N1E56 N7z, ZHUIEFIHAFRRIZ B W THE A
WML T % & & BITTUREERITMBENRET 2 2 &
THRRHIENMET USUSRIEN T2 - 2 Z IR
THEERL TS, FAR, FBAHAZDO PWAA
7 )7 £ — X ¥ P NMR ZHlE Lz & EITHER
BRI NBho 7l &M, S RIINDDE
ZATND, D ZNESEMRT REHETH 5.

—77, PWAAIIK, ABEBEOWEIIAETDH
LRMERTER T XL, K GERRILKFEK) — A
BIRARTORINZERE L7z (Tabled). Z D

Table 2. Oxidation of Secondary Amines by PWAA

PWAA (2x10°% mol eq)

+ +
R1/\'}l4\R2 + R1/§N/\R2

RTONTTR?
H 2.5% H,0, ag (3 mol eq) fs) o)
t, 24 h
11 12 12
Entry  Amines R! R? Temp (°C) Time (h) Nitrone Yield (%)
1 11a Ph Ph rt 24 12a 86
2 11b  p-CF-CH,  p-CF-CeH, rt 24 12b 90
3 11c p-Cl-C¢H,y p-Cl-CqH, rt 24 12¢ 56
4 11d  p-MeO-CH,  p-MeO-C4H, rt 48 12d 62
5 11e p-MeO-C¢H, p-CF;-C¢H,y rt 24 12e+12¢” 94 (12e+12¢'=1.7/1)
6 11f Ph p-CF3;-C¢H, rt 24 12f + 121 80 (12f+12f'=1.3/1)
7 11g  Ph p-CN-C¢H, 40 24 12g+12¢’ 71 (12g+12¢"=1.5/1)
8 11h (CH»), Ph rt 24 12h 34
9 11i rt 12 12i ©© F_ 70
6]
10 115 ©\/Nj rt 12 12§ C(’T‘lo 30
H OH

a) Isolated yields.
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Table 3. Oxidation of Sulfides to Sulfones with and without

PWAA
PWAA
(2x10° mol eq)
ArSR"  ————— ArSOR' +  ArSO,R!
35-40% aq H,0,
13 (4 mol eq) 14 15
50 °C, 4 h
Entry 13 Catalyst 14(%)® 15(%)®
19 PhSMe (13a) PWAA 3 97
20 13a — (74) (26)
3 p-Me-C¢H,SMe(13b) PWAA 9 90
4 13b — (71) (22)
5  p-Br-CH,SMe(13¢c) PWAA 12 87
6 13c — (70) 15)
7 p-MeO-CH,SMe(13d) PWAA 6 84
8 13d — (76) (24)
9 PhSEt (13e) PWAA 3 91
10 13e — (75) amn
119 ©i2\>—SMe 13) PWAA 17 78
129 13f — © (0)
13 p-CHO-C¢H,SMe(13g) PWAA — 86
14 13g — (53) (33)
159 phg” ™ (13h)  PWAA 3 81
169 13h — (80) (10)
17 phe™~OH 13) pPwaa  — quant
18 13i — (80) 13)
19 /\/O(> (13j) PWAA 11 71
PhS 0
20 13j — (54) (trace)
21 PhSPh (13k) PWAA 10 6
22 13k — 4 (0)

The yields of the oxidations without PWAA were in parentheses. @) Iso-
lated yields. b) 3 mol eq. of H,O, was used. ¢) The reaction was per-

formed for 7 h.

Table 4. Solvent Effect on the Oxidation Catalyzed by

PWAA
PWAA (2.0x10" mol eq)
138 0% M0, aq,50°C, an . 148 * 152
solvent (1.0M soln of 13a)
Entry Solvent 12a? 13a®
1 — (neat) 3 97
2 Toluene 3 75
3 CH,Cl, 8 90
4 THF 8 91
5 Et,O — 96
6 DMF — 100
7 EtOH — 99

a) Isolated yields.

PWAA ( 2.0x10° mol eq)

(reuse)
PhSMe PhSO,Me
aq Hz0,
(13a) 50°C, 4 h (14a)

1st use: 97%; 2nd use: 86%; 3rd use: 83%
4th use: 88%; 5th use: 82%
(isolated yields)

Scheme 7. Oxidation of 11a Catalyzed by Recycled PWAA

B, M I VEBEERTKEEMETFLEZHO0D
(Entry 2), b AFL >, ShobRkOov T2,
I—F), PAFIRIVLAT IR, 4%/ —IViEE
BERERCPBVWTETEEMNIC 3a NG5 N,
PWAA G HEIEIEGEIE T CHRET 2 2 & 5
27 - 7=,

3. FRER/NT P LK PAAS OEIE & 8K
“EHERIE~DIGH

3-1. EMENZTZILMEPIASORE 0
DT, & D FiEawIT K 2 EAE AR LN G 2 T
HDHZENEHINEZDT, KICATFEZEME/SS
DU LAMBAIENC R Uz, SR & LT
(NH,),PdCl, (18), B F&LTT7 U =)L RA T
1 > &H T B IE LRGBS 2 poly (N-
isopropylacrylamide) 17 Z W /-H O£ & 7Ot 2
R OFHN T 20 L E AR PAAS 2 OB I
L /=.7 Scheme 8 IZ7~ 9 i@ VU, 4-diphenyl-
styrylphosphine (16) & 12 & )L 24 & @ N-isopro-
;mmmmmawwﬂiA%AmNﬁE?tﬁiz
ET1T 2 89%DNHETH. 1T B TF27 27U
7:h%u&m274/$m®§x%mﬁﬁﬁ;<
01 THD, FA T idFEALERLINT
W1TAEEIN-, 17T 18 E0EHCEARZ
PdCl, (PPhy) 0 F#iEk 2SR TRE L. 20
R, "2 74 M ELT3IEINLEEDITOD
THF A & 18 D/KER ARG L, =R T 62 K¢
B, BT 2 & TRABAREE-E S TEIK
PdAS 2 355N 7. T DEKIZK, A¥ J—)b,
7 h2, HEAFL Y, EETFIL, THF O
WAFY A BENEZRT & 2B L TNn5S,
A O EERESD DT IV T 2 — X ¥P
NMR OHIEZ{To72E T3 2fi/8NT DT LAITHES
LERAT7 4 v ERETEDE =V RSN,
—%h, ™A T 1 NETEL LW poly (N-isopro-
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o]
\\
,©/\ + N'I\ AIBN (4 mol %) \|/ 10n
PhyP | H

-BuOH, 75 °C, 41 h

PPh
16 6 (12 mol eq) 89% 17 2

1) (NH4),PdCl, (18) |

(1 mol eq)
" THF-H,0, rt, 62 h
2) added H,0 HN Y R----- Eﬂ ....... P D NH
(3 mol eq 3)80°C,4h 4&
of PPhz unit)  4) washed ” [ > B

~quant.

PdAS (2)

= : :L_.i»ﬁ,v self-assembly

17 networked supramolecular
- -(p-CgH4)PPh; complex (PdAS) (2)

Pd species

(NHy4),PdCl, (18)

Scheme 8. Preparation of an Assembled Catalyst PAAS for the Suzuki-Miyaura Reaction and Its Working Model

Table 5. The Heterogeneous Suzuki-Miyaura Reaction of Iodobenzene (19a) with Phenylboronic Acid
(20a) Catalyzed by 5X 1035 Mol Eq. of the Recycled Catalyst PdAS

PdAS
aSa

(5.0 x 10°° mol eq)
19a  20a (1.1 mol eq)

(1st-10th use)
N82003
(1.11 mol eq) 21a
H,0, 100 °C, 24 h

Entry Catalyst (cycle) Yield? Turnover number (TON)
1 1st cycle 95% 19000
2 10th cycle 93% 18600
3 1st-10th consecutive cycle ave: 95% a total of 190000

a) Isolated by crystallization under organic solvent-free conditions.

pylacrylamide) & 18 & D$EKIEERIC X D ILE N
R UM, LEDZ EMS, Scheme 8 1278
L&D Pon Q) MRZA T4 22N LT
B FRITLZEBL TWDE I ENERI N,

3-2. EMINT P LME PIAS DEAR-EHR
IRCHTZMECEE FE-RTOMA-EHK

B 5 PAAS O it i M = M58 L /= (Table
5).76789) KIFEM TR E TEERIAME U GLERE
HENTWSHDD, 09 ZDF| A EEIC LITL

WWEBEL TWz, UL L7 s PAAS Ok

DR GE L 720 A BIERICB N T HKDMAHAA]

BETHDETHL, Tables 5—7 U Scheme 9 T
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PdAS
(8.0 x 10”7 mol eq)
Q {Orsom:
N82CO3
9a 20a (2.0 mol eq) (2.22 mol eq) 21a

H,0, 100 °C, 96 h

100%

TON: 1,250,000
TOF: 13,000 h™!

Scheme 9. The Heterogeneous Suzuki-Miyaura Reaction Catalyzed by 8.0 X10~7 Mol Eq. of PdAS

Table 6. The Heterogeneous Suzuki-Miyaura Reaction of Aryl Iodides, Bromides and Triflate with Arylboronic Acids Catalyzed by
PdAS

PdAS (5.0 x 10™* mol eq)
(entries 1 and 2: 5.0 x 10° mol eq)

Ar'Br *  Ar?B(OH), Ar'-Ar?
(Ar'D) Na,CO; (1.11 mol eq)
H,0, 100 °C
(Ar'OTH) (1.1 mol eq) 2
Entry Ar'Br (Ar'OTf) Ar’B(OH), Time Product Yield
i PhI 92 meo—_H-s(0H), 20b 24h Moo~ H-pn 21b: 97%
2 192 QB(OH)Z 20¢ 24h QP“ 2c: 98%
MeOC MeOC
3 MeOC@Br 22a 202 24h MeOCOPh 21d: 98%
4 OHC— )-Br 22b 20a 9h oHC—_ )—Ph 2e: 97%
5 er 22 20a 9h Qph 21f: 98%
NC NG

6 c—_)-8r 224 202 12h c—_)—en 2g: 94%
7 Me—@—Br 22e 20a 9h MeOPh 21h: 95%
8 MeoOBr 28 20a 2h MeoOPh 21b: 87%
9 Me@OTf 22g 20a 9h Me—QPh 21h: 93%
4h 21i: 91%

10 HOOBr 22h 202 (24 h at rt) HO@Ph (80% at rt)
1 HOchBr 2i 20a 4h HOZCOPh 21j: 95%
12 W g 20a 9h Wail 21k: 99%
13 22 20a 9h MeOMe 211: 91%
14 22e MeS@B(OH)Z 20d 9h MeSMe 21m: 95%
15 22 HOHZC@B(OH)Z 20e 9h MeCHZOH 21n: 87%
16 22e MeOC@B(OH)Z 20f 9h MeCOMe 210: 84%

CN
17 GBr 22k MeOB(OH)Z 20g 24h Me 21p: 93%

o
=z
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AR E ST KE RN S U THEBAL
7=, T OfEH, Table 5 1279 & 5 IT iodobenzene
(19a) & phenylboronic acid (20a) (1.1 E)L 4 &) &
DI Z 5X1075 )L HFED PAAS Z F W TR
TIF> /=& 2%, biphenyl 21a) ZIVE 95% TH 5
LI L. 20L& EORBEIEIEE I 20000
WL 2. KD 5 OIS ETRA DR IR E 78
B & 72 23, 92 R D A % W TRERD Kk
WAL E ZAEBIOANEIE N, ARIZIEEe<
fR IS E DY 8o 7=, Ledi> T, s 4
PAASIZELBH5HDTH D T EHNHBIL 2.9

Z DR DR & 58 42 12 H BRI & i 37K

DHEHNTITD ZENAHETH . ThbbEKIG
KTRICERE A, SIEHE 21a O RLZEKHIC
TITS Z & T PAAS O EI & EmflifE D 21a DFE
BRI BB L /2.

A A ge 7 filfi & LT PAAS 2 DiE M 2 T2
G 57912, Table 5 DX DT 19a & 20a D i
T 10 [a# K TO PAAS OB A EBR AT /-& 2
%10 [A] D PAAS OFHMAIRETH S Z L Z R L
7z (Table 5). ¥ 7B, 10 B OFH T PAAS IZ
£Eh 190000 [mER L7z Z &2/ 5. Ivd, ZOHRE
HEMIAIEZ R ND Z &R < KOATHUEZTT5
7z,

Table 7. The Heterogeneous Suzuki-Miyaura Reaction of Alkenyl Halides and Alkenylboronic Acids Catalyzed by PdAS

PdAS (5.0 x 10™* mol eq)

R'Br * R2B(OH), R'-R?
(R1|) N82CO3 (1 .11 mol eq)
(1.1 mol eq)
H,0, 100 °C
Entry Halide Boronic acid Time Product Yield
1 19a ZTSFTB(OH), 23a 9h PR S SN 24a: 91%
x¥n
2 22a 23a 9h /j:::]//\\//\\//\\ 24b: 86%
MeOC
~Ph
3 22a o SBOH):2 6h ii:r\“ 24c: 82%
MeOC
NC ~Ph
4 22¢ 23b 6h ON 24d: 82%
o 0
N
5 25a 20b 6h OEt 24e: 97%
|MoEt w °
MeO
Ph/\,.r Br OMe
6 20b 24h [::]/ 241: 91%
25b(E:Z(10:1)) e
o 2 2 h Ph 24 0
7 o A 5c 0b 9 g: 90%
OMe
8 25¢ 20f 9h PhJ\©\ 24h: 2%
COMe
. . H"\/\/\/\ 24i: 81 %
9 25h(E: Z(6: 1)) 23a 5h Ph*x E:265:1)
OMe
Br
102 A_BI 25d 20b9 24h ] OMe 24j: 70%
OMe
112 Br ()O 25e 20b 9h 24k: 81%
/\/N (\O
N

a) 3.0 mol eq. of 20b. b) The reaction temperature was 80°C and 2.0 X 10~ 3 mol eq. of PdAS was used.
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X 52 PdAS % 0.8ppm AWNWTHEEMIT 21a H 1 L ETHEREL TH D PAAS 13 BELE O fil it 12
BHZDHZEMNH S (Scheme 9). Z D & = Dfik e, D T W il (Rl RE NG N BRI S 2 A
AR R 125 FITEL 1 R Y472 0 O flgt [R5 TBHIEMHSNITED =,

Table 8. The Effect of Organic Solvents as a Co-solvent on the Heterogeneous Suzuki-

Miyaura Reaction Catalyzed by PdAS in Water
PdAS
(
o )er + ()siom eYe'
22b 20a

5.0 x 10 mol eq)

N82003
(1.11 mol eq) 21e
(1.1 mol eq) H,O-Solvent (1:1)
100 °C,9h
Entry Co-solvent Yield (%)
1 — 95
2 THF 91
3 Toluene 92
4 DMF 94
5 1,4-Dioxane 95
6 2-Butanone 89
7 2-Butanol 87
8 EtOH-DME(1 : 4) 90

Table 9. The Heterogeneous Suzuki-Miyaura Reaction of Alkyl-9-BBNs Catalyzed by PdAS
PdAS (5.0 x 10 mol eq)

R™X + R?-9-BBN R'-R?
K3PO,4 (3.0 mol eq)
X=1,Br) 26 (1.1 mol eq) THF, 1,4-dioxane (1:1) 27
100 °C
Entry RI-X R2-9-BBN Time Product Yield
1 19a CgH,7-9-BBN 26a 1.5h Ph-CgH 27a: 95%
OMe OMe
2 19b 26 1.5h 27b: 88%
3 22a 26a 1.5h MeOC&i%CfiH17 27¢: 91%
4 t—BuOBr 22d 26a 10h t—BuOCSHW 27d: 91%
5 AcNHOBr 22k 26a 10h AcOCHNOCsHW 27e: 93%
x.CeH 27f: 97%
6 25b 26a 1.5h pr XxCeH17 E 2@ D)
7 19a Ph(CH,),-9-BBN 26b 10h Ph— (CH,),Ph 27g: 93%
OMe
8 19b 26b 10 h 27h: 91%
(CH),Ph ?

0
9 jL/N(\;O 25e B”ofj’sg'BBN 26¢ 15h B”Of%&@ 27i: 77%

10 }—Br 25f 26¢ 15h Bnoﬁ/g 27j: 86%
6
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3-3. EMNT P LRRE PAAS DEA-EHR
IE~NDZEME  PAAS O ZBFT XL, B
RIBTU=INTAR, PIVIFZIVNTA RET
=)o g, 7IVrZIILRa BED 7 aAh
w7 TG E IR E A 5X1075—10"4 B4 E
ZHVWAKF T -72.9 Table 6 IZRT@ED, &5
fE7U =119, By U —)b22 &7 —)bARor
2005y 7070, ETFHEHE, W5,
AT OEEY, Bk, BUKIEOEFEIEWA A EBD
T, NRTHETT DI ENHENERSZ. ZD
BRIECED, TOoOFT N HEEDGRK
JRERT9Td % 21p DI BINRIITITAS.

I 5|2 Table 7I/RLAZED, Halrk 57V
o, BARTIVA 225, RO IV Z)V RO SR
23 2 WG SRR & FAE DO SR TRHIRITHEST
L, MIZO7 I > &ERERT S < EnIeR

GABA LD ABRHEEEZA 7Y —Z > T LaW T
H 5 24Kk10010D & 81 % THIKT 5 Z EMNHJRETH 5.
3-4. EM/INT D LE PAAS OFHAEHT
DEM  AHEBIEFE T ORI RS D B
FENRIN U= Z & T, bhbiudaEshicsir
% PAAS DN O EFITHIT L=, PAAS O
NMR TO#E R Z 558, PJAS BNEZ OOk
WA TS 2 ZEMNBIRINZIEXD, Al
BEE BRI TH Y, W SR EE
MTpZ&z2WHELE. ZORE, Table 8 1Z/:RT
£ D1IT22b & 20a & DK% Kk & T2 A IS HE—K
IRAVREERITH W TR SOSDHETTT 5 Z
EMAMEINZ. 9725, THF, ~ILVI >,
DMF, Y44, 2-7% />, 2-7% /=),
I5 ) —=)-PARNFIIY OEBRIERESGRD
fIETO >, TOb RS K EDIRAERERIC

THZHZ LI L., ZORISERAVWSZET BWTIEFE 90% LA EDINET 21e ERL L 72,

Table 10. The Heterogeneous Suzuki-Miyaura Reaction of Benzyl Halides Catalyzed by PdAS
PdAS (5.0 x 10 mol eq)

ArX o+ R-B(OH), ArR
KF (3.0 mol eq)
28 (X = CI, Br) 20 or 23 DME 29
(1.1 mol eq) 100 °C
Entry Ar” X R-B(OH), Time Product Yield
o~ 9h /_Q 29a: 95%
1 Ph C| 28a 20b (1 h) (92%)4)

COMe
2 28a 20c¢ 9h /_@ 20b: 92%
3 28a O\ 20h 9h 29¢: 95%

(HO),B NO,
cl

4 @A 28b 20a 12h @_\ 29a: 98%

MeO

3

Cl 29d: 72%
28¢ 20b 12h | 12
Cl OM (4+29d": 9%)

e

Q_\ 29¢: 92%
=
/@NW 29¢: 99%
MeO

Ci

O,N -
6 \(jA 28d 20a 12h

ZNNFTB(OH), 23a 5h

20d’ OMe
MeQO

a) The reaction was performed with 2.0 mol eq. of 20b in the presence of 2>X 1073 mol eq. of PdAS.
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3-5. EM/INT P LK PAAS (C L 2 AHFE
FTOTILFIL-9-BBN, RZILNTA KDY
TS BRREPTOMREZRRT DD
2, AEEES TERRESINDS T ILF)L -9-BBN
DOHhy T T e L. ZOHy T TIck
D Sp? RFEFETTERROAIRET H U A G b LD
KIia®D 1 DTH5. 7IVF)L -9-BBN {3 THF H 9-
BBN-H &7 )V >msifan, HEETICHA
L7212 Table 9 IZ/RT KDIZT7U—ILNTA R,
TIWVTZIVNT A BETIVF IV -9-BBN & D K
SOOI B RNTHEST LIRS 2 70Xy T >
TRDEWNETEZ 5N,

IHICPAAS IR PILNT A RET U =),
TN ZI)Ra B EQraXhy T TN
LB TH D, Table 10 DX D2, ETHEG
5, WBIEEETENCVINTA REBICERE
HEETHO, MSTHEEMNTTERMICHE SN
7’—:. 105—109)

4. FoREM/NT O LK PAAS-V QRIE L E
BAR=-AN 7 RIEND S H

4-1. BEABINT 27 L PAAS-V vs. PAAS
EIE T THEAIF AT AE /RN T P Al PAAS OB
FITEIN L= &S, KRIT—BINTHEF L
WEINTWZEEAR-—N Y 7 RGN D Ik —
HAHMERISRNOEHBZITS Z&ITL
fo M1 B ER-ANy 7 Kb RS & U KR
WiLEY, EHEEYE OGRS < wE SN,
ft¥ 70t R HFEHEINTNWSE—FT, EAED
E IR il R OREEIZ S T BRI H 5.
il B SRR 2 B A 7 & &, AL ik A3 ST O
TEAR, EOAL T B D 4@ O ik, B O HIEH O fiR
WNKERMERERDEEZ SN,

Pd species

PdAS

PdAS & /= & & O PR FER Tl OB IC M-
W3R EWNETHY T T RESZZHDO,
AR ICEOMIMENE Z 572, £ ZTLOEE
TG OB il 2 84 5 2 & TRERE o k2
H¥gL /= (Fig. 3). 3725, N-isopropylacrylamide
WAL E R AT 1 LD A 5/1 (PAAS Tl 10/
D DNoR5280TENTPTLENSRHEER
BN S 2w Ll PAAS-V ORI 217> /=, B
b, PAAS ITELX PAAS-V 3BTRS Y -0 8 1%
BELTWAZ &%, ZOfii% Table 11 12
RUZED, X2 T2 19a) &7 7 VU )VEE --
7 F )V (30a) & D iz PAAS-V 3 & 5X 1075 &)L
BEAWMNIVI R TRIEZITT>REDZA, P 2F
SI)VEE -t- 7 F )L (31a) YUK 92% T1%7= (Entry
D. ZOfBOEAAZT>EZA 2EELIRS
[l H £ TG EME T2 2 &72< 31a 77 90%
PLlEDINETEZ 5N/, & 512 Scheme 10 @ &
912, PdAS-V % 0.8 ppm WA TH KInA
fTL31b 2 NI THEDZECHHLE ZokE
DR R AL 100 75 2 /A, 1 K272 D O figli
[#5% H 12000 TH D, PAAS-V IZEEEFE DMl H
N, R T Wl AR BRI N R EYE 2 AT
5 EMBHSNIE ST,

4-2. EBNT T L PAAS-VZHWV- ML
I HTODEBER-NY TRE Table 12 {Z/;R L
720, FILT > PdAS-V3 (X105 E)L4E)
BREATIREDAETU =19 &Y VU NI AT IV
30, Y7UINER EOVORT TN T
L7z Zs, WFNOELEHEWIERTHIET 2
SFINBIATIVEEMER3L, 2 II)VBAEE
K33 %155 &MLz 20 & EOfiltE xR
3% 20000 TH 5.

Pd species

PdAS-V

Fig. 3. Working Model of PdAS and PdAS-V
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Table 11. Recycling of PdAS-V for the Heck Reaction
PdAS-V (3)
CoptBu  (5:0x10% moleq) COz-+-Bu
Phl + W - /ﬁ
| 1sttoSthcycle | Ph
19a (1 nggleq) EtsN (1.5 mol eq) aia
' toluene, 100 °C, 15 h
Entry Cycle Yield (%) TON TOF (h—1)
1 Ist cycle 92 18400 1230
2 2nd cycle 93 18600 1240
3 3rd cycle 95 19000 1270
4 4th cycle 94 18800 1250
5 Sth cycle 95 19000 1270
A total TON: 94000 Av. TOF: 1250
PdAS-V
_ (8.0x 107 moleq) Ph
Phi -+ CO,Me —

EtsN (1.5 mol eq) CO,Me
19a 30b toluene, 100 °C, 96 h 31b
1.37 mol 2.06 mol 92% 1.27 mol

(153 mL) (186 mL) (205 g)
TON = 1,150,000
TOF = 12,000 h-"
Scheme 10. The Heterogeneous Heck Reaction Catalyzed by 8 X 10~7 Mol Eq. of PdAS-V

X 5T Table 13 D& DT, BTHtE, W&z
BITDHDAFL MWL ENERETHD. *+
DFER SHRT D AF IV HEK 35 DV E W IR
ThHA6NT.

¥k, ZORIBRZEBA-EHRIGDSHG &M
B, KBIZTIFH> 2 EICHIIL TS (Table
14) 1837020 KR IZBWNWT, L5k 7U—IL 19
ET7 7 UIVEE B AT AF L > (34) & D% 7K
FTITo &, JRT2Hy TV P TERNENIERT
5% U 7= (Scheme 11).

AR ZHSOGE LT, L WHEEE Y
THHLVANT hO—) (33h) OERETO .
LAXRT hO—=)VidF/ U5 —CEHEA,
rutxFAr 4 —F 2 (COX-2) MHEMREDIE
PIT KD HUEREM 2R T, 12780 KBS OGN
DIV G FRFIRIC KD EENEETH

5. BUELETITRRA T2 EGRIEN DO, WHER THE
EAR-ANY VR ERTRERELEZDOBHEINT
WD, BRINITHBITDINE, NPT LERBOE
RN DIRATR ERET RERNH o 72, P13 2
Z T, PAAS-V 2 W ER-~Nv 7 Kk % # X
Ji (INE 93%) LAkl 3 TR 5% TL
ANT hO—)IVInGz2 5607k,

5. FRTAEBMETEFHE TISS DEIREZD
AEHLARZILT D RIE~NDIEHA

Z OfIEFRABL O HERE, B BRSE313D 0
FEICHEAEETH D, THSICKDAFHILAR
TV U RBBSWOICEIREAE S T =)L u-
FFVOFH T — OB EESEIT, 13 Eik
ftEmELTF&F 1y 7aRFI R, JERER S
DT AFEAL T & LT binaphthol 2= ~kZHF T
LSRRV AFL N HACEGZTTD ZETAE
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Table 12. The Heck Reaction of Aryl lodides with Acrylates
1 . — PdAS-V (5.0 x 10% mol eq) R!
R R2 \_\Rz
EtsN (1.5 moleq)
(1.5 mol eq) toluene, 100 °C
Entry RII :\R2 Time Product Yield
Ph
:\ J—
1 19a CO,Me 30b 12h 31b: 93%
CO,Me
Ph
:\ -
2 19a CO,Bu 30¢ 20h 31c: 98%
CO,Bu
_ Ph
3 19a }O OPh 30d 20h \_}o/ oPh 31d: 97%
0
F3C Ph F3C
4 19 :»O>_ CFs  30e sh \_}o>_ CFs 31e: 95%
0 0
| /—COMe
5 Q 19D 30b 20h @J 31f: 95%
EtO,C EtO,C
/—COxMe
6 Aco—©—| 19¢ 30b 20h ACQOJ 31g: 92%
Y, CO,Me
7 cl | 194 30b 20h C|©J 31h: 95%
— CO,Et
8 F@—l 19¢ T Co,Et 30f 20h FO_/f 2 31i: 93%
/—C0OMe X
9 MeO | 19f 30b 20h MeOQ_f 31j: 92%
| / COZMe
10 19g 30b 40h QJ 31k: 90%
OMe OMe
| —C0OMe
11 19h 30b 60h QJ 311: 82%
CF, CF,
— Ph
12 19a CO,H 32 5h \:\CO 33a: 93%°
H
2
0 0 /—COH
13 >—O| 19 32 4n >\—©J 33b: 90%
/ C02H
14 19f 32 8h MeOQJ 33c: 87%9
a) The product was purified by recrystallization without column chromatography.
PEEFHARFFF & bt TiSS 4 D RIELT R L 7=, 6. &HVIC
Z O E WA AREFE IRV I > RKIG DG D DEDXDIT, B ES TR T E2ELES

R, BWLENEE, AFEIETHIRNT % a0
AR Uz, TiISSOSEIETOHEFHAZHEIRL, &
FOMEE L TOREES R Lz (Table 15).

W& OHECEGIEITEL D Ek & 7B & 510 fl 15
DRAIEIZKRIY L, FHEMESY > 7 X7 > il
PWAA, #HHEM/NT 2 LfillE PAAS, PAAS-V,
W EAEF % > RFE Al TiSS #42RT 5 2 &M T
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Table 13. The Heck Reaction of Aryl Iodides with Styrenes

PdAS-V (5.0 x 10°% mol eq) R!
R  + :\RZ = ,
Et;N (1.5 mol eq) R
(1.5 mol eq) toluene, 100 °C
Entry R'I =\R2 Time Product Yield
1 19a “Ph 34a 12h Ph~pp, 35a: 90%
/ Ph
2 BZOOI 19§ 34a 20h BZOQJ 35b: 86%
Y Ph
3 ACOOI 19¢ 34a 20h AcO@—/_ 35¢: 75%9
/ Ph
4 CI@—I 19d 34a 20h c|<©—f 35d: 87%9
/ Ph
5 MeOOI 19¢ 34a 20h Meo@f 35e: 92%
7 Ph
6 192 34b 20h _\\_QOAC 35¢: 95%9
OAc
7 Ph
7 19a 34c 20h _\\_@m 35d: 88%
cl
= Ph
8 19a 34d 20h _\\_QOMe 35e: 93%9
OMe
a) These products were purified by recrystallization without column chromatography.
Table 14. The Heck Reaction in Water
PdAS-V (5.0 x 10® mol eq) R!
R+ " o.M -
2 Et;N (1.5 mol eq) CO-H
(1.5 mol eq) H,0, 100 °C
Entry R'I :\R2 Time Product Yield?®
| @| 192 oM 32 6h on CO-H 33a: 94%
/ COQH
2 CI@—I 19d 32 6h C|©_f 33d: 91%
0 0 /—COM
3 )L@. 19 EY) 4h >_©J 33b: 91%
/ COZH
4 0HC~®—| 19k 2 6h OH(;@J 33e: 94%
/ COzH
5 MeOOI 19¢ 32 24h MQOQJ 33c: 88%
| / COQH
6 Q 19¢ 32 24h Q_/_ 33f: 95%
OMe OMe
/—CO.H
7 I 191 32 8h 33g: 92%
8 192 b 34a 36h Ph_//_Ph 33a: 76%
Q 0O / Ph
9 >_©7| 19 34a 30h >\_©_F 33f: 97%

a) These products were purified by crystallization without column chromatography.
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19jR'=H R?0
D e
19k: R' = Bz OR2

0,
82% 93%
% OR!
33g:RZ= Bz
OR' 33h:R2= H
(resveratrol) 98%
34e:R'=H
a e
34f: R' = Bz) 3 steps: 75%
87%

Scheme 11. Efficient Synthesis of Resveratrol via the Heck Reaction by PdAS-V

Table 15. Recyclable Catalysis Promoted by 4 (TiSS)

Nele
(6] 0
/ I\ e I\O
S<x 20 o

0 0
/K . )k TiSS 4 (20 mol %)
Ph H CO,Et Et,0, rt, 60 h (R) CO,Et
Entry Catalyst Yield (%) ee(%)

1 1st use 85 88

2 2nd use 83 88

3 3rd use 79 87

4 4th use 77 85

5 Sth use 86 81
T, IS O ENEETHAIHAEETH D, BE AR E KRS A E
ZHRMEICEATEREEAGEHA TE %, BifE PAAS I G LA EER) OHETITONEZHDTHD,

RELRR LRI Tk SN TH D EET R 2R L D72 fE O T EIURSBIRICHE#B L £9. £/,

7z (Fig. 4). &, ZMHOMIERNOREMZHiF B EEZmEA K L ITE# B L B &, E51
TLEBiT, BT FEEREEE UHBEM O BEERBEOLET, ERMFEEZETLTINEXLL
HHEF ;th_ﬁafdi;ﬁ@*%ﬁé’\@j%): EEZTNS. —FIEANEL, HMSEmEL, rHE RS LI

BLEY. SEEHEEZT O TRSWE LML
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P71 427
N7/ () ¥

Fig. 4. Commercially Available PdAS from TCI

KA NHIETR, MRS E, BEE &)
FIEHHBLET. &5, HERFEWELES
TR ARG RR BRI B L BT ET. 7
Z R THFESHHEE F S LR L ZRERFARS
Bt K22 R FFE BRI IE S SE A 1T 0 K DAL H U B
9. ki, HEEETIWELYRFRBIEROHE
HEHER (X)), FAMFEERERIC D3 0%
AL U THEE TS W E L2z Bh 2z (BR)
AL L BT T, HRICAUITERR O —HI3,
XHERHEERE R R, RAAT > FAHE
HALZE R, H LAFSE SR E DB AT &
DfTbNELL PFETE#EL T,
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