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Pd/C-catalyzed Hiyama Cross-coupling Reaction

Takayoshi YANASE, Yoshinari SAWAMA, Yasunari MONGUCHI,
Hironao SAJIKI*

Abstract: The Hiyama cross-coupling reaction, a palladium-catalyzed carbon—carbon bond formation between organosilanes and
organohalides or their equivalents, has been popularized as a useful synthetic method to construct unsymmetrical biphenyls as
structural components of various functional materials. The use of organosilanes as organometallic compounds, which was initially
explored by Hiyama, is one of the most attractive approaches, since organosilanes are easy to handle and environmentally friendly
due to their air-stability and low toxicity. Hiyama coupling has generally been achieved by the combined use of a homogeneous
palladium catalyst and a phosphine ligand. Recently, the development of heterogeneously palladium-catalyzed cross-coupling
reactions has attracted significant attention from both environmental and economical points of view, since the catalysts can be readily
recovered from the reaction mixture. Efficient methods are demonstrated for the palladium on carbon (Pd/C)-catalyzed Hiyama
cross-coupling reactions and the first ligand-free Pd/C-catalyzed Hiyama cross-coupling reaction between a variety of aryl halides
and aryltriethoxysilanes.

Key phrases: palladium (Pd), C-C bond formation, organosilane, organohalide
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AME4% 3133 L A LB - 7= (Entries 1-7) 2,
T F= NUAREHE L2 A, BKES T TR
IHIEE A EHEIT LAy 728 (Entry 8). HPLC Z'L— K
O7t b= MUV EBAKQIEETICHERLZE Z A 52%
DOILERT 3 NESN= (Entry 9), £7-. H,0 5T
t-BUOH Z A E L2 BAICIE. RUSHEMECHELT L7=2
(Entries 10 and 11) . A% J —/LH B W T o-F Lo HIT
VEROEIE 4 AT L2 hs~ 7= (Entries 12 and 13), — /7.
o-F v L LR UIEMMEIBEE CTH 5 ML v OBAITI
BOSEhENR M B L, FRCBoK L o Gl 328 64%0D
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Table 1. Effect of Solvent

10% Pd/C (5 mol%)
DPPF (10 mol%)
TBAF+3H,0 (2 equiv)

ozw@l + PhSIOE); — 3= ON @ph
Solvent, reflux, Ar, Time

1 2 3
1.5 equiv
Time .

Entry  Solvent ) Yield (%) ?

1 THF (anhydrous) 8 7

2 1,4-Dioxane (anhydrous) 5 5

3 DMF (anhydrous) 1 16

4 DMA (anhydrous) 3 17°

5 NMP (anhydrous) 3 8"

6 DMSO (anhydrous) 3 24°

7 DMPU (anhydrous) 3 0

8 MeCN (anhydrous) 1 trace

9 MeCN 5 52°

10 H,0 24 co_mplex
mixture
complex

11 t-BuOH 18 .
mixture

12 MeOH (anhydrous) 24 0

13 0-Xylene 24 0

14 Toluene (anhydrous) 14 64

15 Toluene 3 33

4 Determined by 'H NMR using 1,4-dioxane as an internal
standard. ° Isolated yield.

WA 7Y o T ENROICETSE DI, 7 v
LR ORI L A7 A FRIEEIEEAL T D M
N5, T, BALEEZ LTVt =M VK
MK bvz i kkx 72 7 AR O RINC £ 2 BUS D
NEh R L7z (Table 2), NaF, KF & 5\ I CuF,
EWINUTZ & 2 ARSIXHETT Lo 72 (Entries 1,2, 3, 7,
8,and 9), = HIZ, CSFEFIMLTH M= TIEIGL
IEEHET Loz, 7 b= kU LH IR 44%
T4-=bur b7 ==/ (3) BE 57z (Entries 4 and 10)

D ORI T bR OIS b0 LB X
TWD, RIT, AHEEIET R 2 B = TBAF % fif
F L7z, TBAF- =/Kfn# (TBAF-3H,0) & TBAF @ 1M THF
WENRTTRENTEY  ZFRETN M KOT7 ' F=h
VIVHTORIGERH LTIz& 25, TBAF3H,0 AL
T2BAIT RGN & 0 $hERAyIC 4T L7~ (Entries 5 vs. 6, 11
vs. 12), #rlc, hb i TBAF-3H,0 #f ] L7234
&b BRI (64%) T3INEHNT77=% (Entries 5 vs.
11). TBAF-3H,0 & #E/K ML DA DB Z RN L=,

Table 2. Effect of F Sources

10% Pd/C (5 mol%)
DPPF (10 mol%)
F source (2 equiv)

Solvent, reflux, Ar, Time

1 2 3
1.5 equiv
Entry  Solvent F source Time vield
(h) ON

1 NaF 9 0
2 KF 14 0]
3 Toluene CuF, 9 0
4 (anhydrous) CsF 14 0
5 TBAF-3H,0 14 64
6 TBAFIinTHF 5 52
7 NaF 2 0
8 KF 2 0
9 CuF, 2 0
10 MecN CsF 2 44
11 TBAF-3H,0 5 52°
12 TBAFinTHF 5 33°

@ Determined by 'H NMR using 1,4-dioxane as an internal
standard. ° Isolated yield.

Wi, &-3—FR=pPbaXo¥r (1) L7=z=1H )=
F¥Tv5y 2 Ry TN TITBITERRAT
4 VT ROTNEIREZ MR L (Table 3), U K
EWMLARS EBbERNET S 4= bt 7 =1 (3) I
52% DI THFD Z LN TEIZR, KIGIT 24 R TH5E
FEEPECE 1 23 FE L2 (Entry 1), —J7. DPPF Z¥shnd
% & 3OUERIFA L L= (Entry 2), [R U JERINLF-C
HD 12-tA (VT ==)ViRkAT7 4 /) =X (DPPE),
13-BR (Y7 xz=VKAT ¢ /) ZFuasX (DPPP) 5
Wi 14-ER (T 2=k AT7 4 /) 74 (DPPB)
DEEIIIRISHER/KE T, INROR TR 5
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7 4> (PPhy) OIRINZ LV DPPF & [RIERIZ 3 DU
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Table 3. Effect of Ligands ?

10% Pd/C (5 mol%)
Ligand (X mol%)
TBAF+3H,0 (2 equiv)

Toluene, reflux, Ar, Time

AL N 7 2=V R AT 4 U8R (4 K OVE) 1 XU A
Y RELTHEMZIEAL (Entries 16 and 17), #:iZ b U R
@-7nta7x=)v) RATZ 1 [(4-FCsHs)P] (5) D
BINZ &0 SOSI 6 B ToEig . 83%DINRT 3 2155 2
EMTER Entry17), LvL, XUBUVEROETOKSE
F+%7 vFEFRFTEBRLEZMNI A (U F 70t 7 o
=) RAT 4 [(CoFs)sPIDHHE NI EIZE DI L ix
BOLNT |V VR EOEFEED 2 hr— LR RO
THHETHDLZ LB AEINT (Entry18), ZabHD
FERPD, FRAT 4 AR5 %Y T MEffie Lz,

T AEA A TR OKBREEZ R ETH DD,
TBAF (ZWHR M < . FHEAICZER T OK Sy & AH 24 &)
LTV HDEEZXBND, £ T, RRINTHT HK
DEBEERF T L LT,

Table 4. Effect of H,O as the Additive

10% Pd/C (5 mol%)
Ligand 4 or 5 (20 mol%)

TBAF-3H,0 (2 equiv)
OaN @—| + PhSIOE); — e ON @Ph
dry Toluene (1 mL) + H,O

reflux, Ar, Time

1 2 3
1.5 equiv
Entry  Ligand Time Y'e'ﬁ'
(h) (%)

1°¢ — 24 52

’ 1,1’-Bis(diphenylphosphino)ferrocene 14 64
(DPPF)

3 1,2-Bis(diphenylphosphino)ethane 24 50
(DPPE)

4 1,3-Bis(diphenylphosphino)propane 24 39
(DPPP)

5 1,4-Bis(diphenylphosphino)butane 24 46
(DPPB)

6 Triphenylphosphine (PPhs) 20 63

7 Tri-2-tolylphosphine 24 53

8 Tri-3-tolylphosphine 20 62

9 Tri-4-tolylphosphine 20 66

10 Tris(4-methoxyphenyl)phosphine 24 50

11 Tris(2, 6-dimethoxyphenyl)phosphine 20 39

12 Tricyclohexylphosphine 12 58

13 Isopropyldiphenylphosphine 24 52

14 2-(Di-t-butylphosphino)biphenyl 24 45
(Johnphos)

15 2-(Dicyclohexylphosphino)biphenyl 24 41
16 Tris(4-chlorophenyl)phosphine : (4) 6 69
Tris(4-fluorophenyl)phosphine
[(4-FCsH4)sPI: (5)
Tris(pentafluorophenyl)phosphine
[(CeFs)sP]

17 6 83

18 6 56

1 2 3
1.5 equiv

. Time Yield

Entry Ligand H,O (uL) ) %) *
1P 4 — 24 64
2 4 — 6 69
3 4 50 (4.8%) © 6 80
4 4 100 (9.1%) © 13 80
5 4 500 (33%) © 24 24
6 5 — 6 83
7 5 50 (4.8%) © 4 83
8 5 100 (9.1%) ° 4 80
9 5 200 (17%) © 24 64

210 mol% of ligands were employed for Entries 2-5 and 20
mol% of ligands were employed for Entries 6-18. ® Determined
by *H NMR using 1,4-dioxane as an internal standard. ¢ 2
equivalents of PhSi(OEt); were used.

—H N B RO ALICERBIEE O SV N R T i

2 Determined by 'H NMR using 1,4-dioxane as an internal
standard. ® TBAF-3H,0 was dried at 90 °C under reduced
pressure for 30 min. © The percentage in parentheses indicates
the water volume over the mixed solvent volume.

e~k <%

4 5

TBAF-3H,0 % /I CIBERE L7-1% ), Kk bz (1
mL) H, (4-CICgHy)sP (4) ZUH > FE&LT4a—FK=
raRo¥y (1) E7xz=L R bETTr (2) &
DI aAR TN T e UT2HS, OSRITIEE K
T L7= (Table 4, Entries 1 vs. 2), ¥KIZ, 1 mL OfEK hL=
NIKEFTIM LT L 25,48 HEWDOE/K L= (5L
DKREWEM) FT, &=brbE 7=/ 3) OPWENK
M2 = L7z (Entries 2 vs. 3), 7235, ¥ 2 7K % 100 pL
(BRHE 9.1%) ITHE L THRISHRITEL Lot
2 (Entry4), 500 uL  (F 7K 33%) TIISUSS W BLE
I 24 BB CTHER LA o7 (BEntry 5), F7z,
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(4-FCsH)P (5) U AN FELIESHAICH, 4.8%H 5\
1% 9.1%DE KT i}iﬁfﬂ#ﬁ'%%ﬂ%ﬁﬁx W Hi, &
DRI & D RISIEH R % i85 Z & 3T 7= (Entries
—8), (> T NREL B v 7Y U ISP HETT LT 4.8%
AR MNEUEIREE, 4 X bR 5EZ Y H U RELT
BN LT,

WIZ, 5mol%d 10% Pd/C AV T, U H > K5 DEHE
BZME L7z (Table 5, Entries 1-4), < OfEHR. Pd &)@ 12
RLT2YE, $742bb 10mol%E: THETE 52 L 23K
Bkl o7c (Entry3), 5l &Fi& Pd & 5 DE/NLEHA 1:2
WZEE LT, 10% Pd/IC D% R~ & Z A (Entries

5-11), 0.5 Mol% TH SUGEIHITRT T2 2 &7 <. 90%
DO HRT 3N HN7= (Entry 9), fit-> T, 0.5 mol%? 10%

Pd/C £ 1 mol%® 5 ZAHHLETLLFRETT25 2
7=

el

Table 5. Usage of Pd and Phosphine Ligand

10% Pd/C (X mol%)
(4-FCgHy)3P (5) (Y mol%)
TBAF-3H,0 (2 equiv)

OZN@I + Ph-Si(OEt)y ——————— > OZN@Ph
4.8% aq. toluene

reflux, Ar, Time

1 2 3
1.5 equiv

P 5 ] Yield

BN mole)  (vmology e g
1 20 6 83
2 . 15 9 83
3 10 9 87
4 5 9 76
5 4 8 3 86
6 3 6 4 88
7 2 4 4 84
8 1 2 3 83
9P 05 1 6 90
10° 0.3 0.6 6 81
1° 0.1 0.2 6 74

2 Determined by *H NMR using 1,4-dioxane as an internal
standard. ® 1 mmol of 1 was employed in 2 mL of toluene
(anhydrous) and 100 pL of H,0.

PUIC DK TH BIFHERIAKAMKTH Y . TR
PE OB I ORI A % 5 o B TR AL 5 0 | Faifi

BEEAILHE, MARLEKEMELR EOMHENMIbIZ e v |
RSB L2 RFT 2 e RmbhTng 9 22 crilih

v 7Y T DA O RE TR L B OE W &
DIEMEDERE MR T D720, TRETIKHEHLTEL
N.E. Chemcat fE#0> K-type 10% Pd/C & & & i2flitl, WO
12 N.E. Chemcat #£%4C % FHRIED K-type & 1572 D 10%
Pd/IC  (NX type) DLk 1To72 (Table 6), & DHEHR.

FUSIEWT AL S BAFCHEST L BEE R 2R IIMR S e
S7ce o T ARBRUSIIfRE (PA/C) DEGETLSH 51 TR

M SIC K DB AT W RENFIETH D Z
LRGN oT,

Table 6. Comparison of Catalyst Activity among 10% Pd/Cs
Produced by Different Suppliers

10% Pd/C (0.5 mol %)

(4-FCgH4)3P (1 mol %)

TBAF+3H,0 (2 equiv)
_—————

OQNO| + Ph-Si(OEt), OZN@Ph

4.8% agq. toluene

1.5 equiv reflux, Ar, Time
Entry  Supplier Time (h)  Yield (%)?
1 Aldrich 6 87
2 Acros 6 83
3 Wako 6 89
4 N.E. Chemcat (NXtype) 4 87
5 N.E. Chemcat (K type) 6 90

2 Determined by 'H NMR using 1,4-dioxane as an internal
standard.

BEW TR REE 2 Bt L= (Table 7)., 25 °C CIIKJn X
2 <HAT Lo 7o d3 FHRICHE o TS OEHLE 1 Xm |
L. 120°C THb =BT L (Entry 1-4), Lo T,
ZHETEERIC 120°C TEGERT 52 & & LT,

Table 7. Effect of Temperature

10% Pd/C (0.5 mol %)
(4-FCgHy)3P (1 mol %)
TBAF-3H,0 (2 equiv)

om@a + Ph-Si(OEt), OZNO—Ph

4.8% aq. toluene

1.5 equiv Temperature, Ar, Time
Entry Do lemperatire ooy Vield %) °
(°C)
1 25 24 0
2 80 24 66
3 100 24 89 (83 ")
4 120 6 90

? Determined by *H NMR using 1,4-dioxane as an internal
standard. ° Isolated yield.

Scheme 1. Optimized Conditions for Pd/C-Catalyzed Hiyama
Cross-Coupling Reaction

10% Pd/C (0.5 mol %)
(4-FCgH,)sP (1 mol %)
TBAF-3H,0 (2 equiv)

02N~©—| + Ph-Si(OEt);

1.5 equiv

OZNO—Ph

4.8% aq. toluene
reflux, Ar, Time

LAk, T0.5 mol% 10% Pd/C., 10 mol% D (4-FCgH,)sP K TX,
2 Y &ED TBAF3H,0 FEF, nrsr k7 —k 15
VEOFM T A FlIK AL 4.8%E /K b/l o TINEGERR
T5 FHPEYTHD EfERm L7 (Scheme 1),

2-2. FEEH

R CREY. LR ZAVWT. e RT7T YV —A Y
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Thaxvvgre gl ATV vl R ATy
7Y RGN ERE LTz (Table 8),

Table 8. Pd/C-Catalyzed Hiyama Cross-Coupling between
Various Aryl Halides and Aryltriethoxysilanes 2

10% Pd/C (0.5 mol%)
(4-FCgHy)3P (1 mol%)
TBAF-3H,0 (2 equiv)

4.8% ag. toluene
120 °C (bath temp.)

Aryl—X + ROSi(OEt)S AryIOR

1.5 equiv
Entry  Aryl-X R Time YIEIbd
(h) (%)
1 4-NO,-CgHyl H 6 88
2 4-NO,-CgHyl 4-Me 12 80
3 4-NO,-CgHyl 4-Cl 6 75
4 4-MeO-CgH,l H 6 85
5 4-MeO-CgH,l 4-Me 12 79
6 4-MeO-CgH,l 4-Cl 9 83
7 4-NO,-CgH,Br H 6 81
8 4-Ac-CgH,Br H 12 86
9 4-CHO-CgH,Br H 12 86
10 4-CN-CgH,4Br H 12 85
11 4-MeO-C¢H,Br H 24 83
12 3-MeO-C¢H,Br H 12 90
13 2-MeO-Cg¢H,Br H 17 80
14 4-MeO-C¢H,Br 4-Me 24 77
15 3-lodopyridine H 12 85
16 3-Bromopyridine  H 18 81

17 4-NO,-CgH,Cl H 18 47°

2The reactions were carried out in the presence of 0.5 mol% of
10% Pd/C, 1.0 mol% of (4-FC¢H,)sP, and 2 equiv of
TBAF-3H,0. Isolated yield. ¢ Determined by *H NMR using
1,4-dioxane as an internal standard.

NUBVROBHREIKTE LICB OB ICELESND
R, I—FRHEIVET mE'NUR UBERITOTH
LT V=V R hF VT UEHRBL /A Ay
V27 L, BEF7RUERT A RY % 5- % 7= (Entries 1-14) ,
AT B BRITIAT v JHF DOISEE TS Pd & ERE LTl
TEHEEART SE D, Wb D MERERZ R THE1 5 5,
L UAKIG TR AT rREREE Lz 3-3— NEIT
JITHEVIVUREEL LIEHAICL, s T o HEFER
BT U — RN EINEE TS S 7 (Entries 15 and 16),

I /A= = Rt N = AN CANA70 DAl 7 () VSO~ 2 Nl e O
FOGPED RIEZ2AR T 33D bz (Entry 17), ZOJRK &
LTk, HFEEEEILAD D Pd ~OBR LI ET L
W W THdHEEZTWD

FY)—% Pd fLlC LA a A v 7Y v TG T

POSEHRHIZER M Le Pd &R B OTEERE & L CTIEA
THHREMN RS TV ), 220, RISKT#
CPACHALT T T4 NE—TAHEL, Al ~D Pd
DEMBEEFES T 7 A~ (ICP-AES) THIE

L7 (Scheme2), ZOfESR, EHED 3.8% (11 ppm) (Z
M3 54)E Pd OEHATHER SN, L, HiBE%IC
VUBTNDT A uw NS T T TR Ly T
VTR BIE Pd 13 S P[<1 ppm (ICP-AES,
R HBRARGS) |, Scheme 3], Mo A IckEEND
ZENRH BN E ST,

Scheme 2. Measurement of Leached Palladium Species in the
Filtrate after Removal of the Catalyst

10% Pd/C (0.5 mol%)
(4-FCgHa)sP (1 mol%)

TBAF-3H,0 (2 equiv)
O,N @I + Ph-Si(OEt); ————————— 3
4.8% aq. toluene

120 °C (bath temp.)
6h

. Filtrate
(content of Pd metal: 3.8%, 11 ppm)

10 mmol 1.5 equiv

Scheme 3. Measurement of Leached Palladium Species in the
Product Obtained after Column Chromatography

10% Pd/C (0.5 mol%) |
(4-FCgH,)3P (1 mol%)

TBAF-3H,0 (2 equiv)
O,N @I + Ph-Si(OEt)y ————————— 3
4.8% aq. toluene

120 °C (bath temp.)
6h

10 mmol 1.5 equiv

2-3. RICHEBOEE

ERSIXPROK L BFRRDRRATZ 4 YAV F
(4-FCeH)P DIMMIT L Y KR #ITT D, DEROKR
BSRPHFETSZ L, TLraivilRr 4 RRE (A
BMBELETMARIMEN, T/ —VEME B) I
W33 (Figurel), 7raxvE L T 5 L AKRERXT
BB RO TR EHENEV DT, B OF A RFFIX
TBAF Hi3RD 7 o {bA F U ic L B RBESEEZTHL
29, BiERT— MR (C) BHBMITERTH DK
BHEERELELDLBEXTVWS, —F, SBROKEER
MUTHAICIE, BRD A REALTHRD IV iISHR
RvaxioBEE (D) CEREND 9, D iRrkRE
BREL 7 — MEEZER LBWED, RIEHRIBETL
BB LABENTHS,

RuZvxh 7Y v 7RGk BE— 2 S EE~
® Pd DIW|AIZL Y R¥—Pd—ru s> (E) 2ERTS
B{LA9fHim (oxidative addition) (Bl &#kZ. E D, ¥
v & C D AP B3 5 &R 35H (transmetallation, E—F) .
ZLTF 25 Pd KM L TRE—RERSVBRT 28
JCHOMKME (reductive elimination) %Y1 2 & L CH#fTT
%, Buchwald &iX, Pd iz V=7 Y —N ) F 75—

FEBoRTIFEO70RB oY BT, MY
T2 NVHRRT 4 VHBREDOR B RICBFRIE b
YontarFrik (CF &) RMAXhi: JackiePhos
(Figure 2) 2V AV FL3 5 LMEERmETSZL
2HE LTS D, & HIzBRHA ORI b, JackiePhos

(content of Pd metal: <1 ppm)
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O CFy ZES 1 7 VD& @ A5H & Z ke < BT
%%%%Lfé_&%mbfwéo_newﬂﬂ N
(4-FCsH)sP DIFZE B RV EUEBR EDOT v R OE R
IR D RAFCIER L, @B & D VIR ST BEE i
BEOMEESNZ b0 LR LTV D,

Fig. 1. Plausible Mechanism of the Pd/C-Catalyzed Hiyama
Cross-Coupling Reaction

A 2
Ar2—lSi(OEt)2 A‘ /O\s| r
'O
+ Ar2—Si(OEt); Ar’- SI/ Ar2
AP =Si(OHpe—r— A — \ A /o/ Ar2
OEt  small amount excess \O‘S'\O//O
+ of H,0 of HO g oS
2_g;j > ~0" A2 D
Arc—Si(OH)3 Ar2
B ©
¢ F @ E /Ar1 Ar1_X
F
(RO)3SIi —Ar? LZP{’X oxidative addition
¢ R=HorEt Pd(0)
transmetallation Ar’
/ . L
'.: ) L,Pd reductive elimination
(RO)3Si -X - \Ar2 AV_AP2

X= halogen

Fig. 2. JackiePhos

OMe
g cr,
MeO PR, R=
i-Pr i-Pr
J S,

i-Pr

MUk, PAIC &AL L7zl v 207U v TS
DEREFRELRE LT, ZOSIE. PEOKDEMNE
(4-FCeHy)oP BLNLF DEMICH MR H Y | HEERDOBETHY

ERoBEHIEOMBEICED L THRELE#EITT S, Pd ©
BEHH DN ENGIERHET U — AR 55
FAMTFELE LClifrsh s,

3. BRMEEHETTO
YHYEZ2Y—LU I aRhy FT) VIR
REAW LR X POBEREANLE LESRT7 4V
Y X FEERLR2VWESERMER OB RE
B &R T3 279, 3353, Bl 2~4 §i ©o L 72 (4-FCeH)P
FIET @ PA/C iyl » 7Y » 7 OBRBER T, K
BARIIETT2L0D, FR74 Y H v FEFEMLE
{é¢b 48—F=baRyPUredz=N ) bRy
VIVLORIBKEITL. BML TS 4=brET =
NRPBEEOINE (52%) TERTIZ L ZRHLE (Table

3entry 1and Scheme 4), Zh i L TRIGE&HA 2Rk
T3 LT, #@EMOR PAC BMEELTEYV AN
V—ML7aeRhyFY U IRIGEZEBBRTCELZILDOLE
z27,

Scheme 4. Formation of Cross-Coupled 4-Nitrobiphenyl in the
Absence of Ligand

10% Pd/C (5 mol%)
TBAF-3H,0 (2 equiv)

OZN@I + Ph-Si(OEt)y ———
toluene, reflux, Ar, 24 h

1.5 equiv 52 %
3-1. VAV F7V—Rit&HOEHE

PA/C ZMliL T 5MLI vRA 7Y v TR, Y
H/F7Y)—CEBTILHEEDRIBBELE
(Table 9),

Table 9. Screening of Solvents and Fluoride Sources

Br— )—NOz + ©vsl(05t)3 10 pelo O mo) No2

1.5 equiv
Entry  Solvent F source Yield (%) ?
1 Toluene TBAF-3H,0 65°¢

2° DMF TBAF-3H,0 5

3 MeCN TBAF-3H,0 14

4 EtOH TBAF-3H,0 44

5 THF TBAF-3H,0 52

6 2-Butanone TBAF-3H,0 55

7° 0-Xylene TBAF-3H,0 58

8 Toluene none 0

9 Toluene LiF 0

10 Toluene KF 0

11 Toluene CsF 0

@ Determined by *H NMR using 1,4-dioxane as an internal
standard. ® The reaction was carried out at 120 °C. A trace
amount of 4-ethoxynitrobenzene was generated by the
cross-coupling between the ethoxide anion derived from
phenyltriethoxysilane and 4-bromonitrobenzene.

7- & %2 TBAF-3H,0 ZiFML T%H, DMF <> MeCN 1 Tix
FOSITIE E A EHEFT L2208 (Entries 2 and 3), =X / —
b, THF, 2-7 4% /v, o-F v Lo HDWNE b= T
EHFREOIRERTHMET 270 A 0y 7YV ITIEBRA
fL7= (Entries 1 and 4-7), RUGEhED Kb EW Mz

VML LT, 7 v BIEHALAI OB X B S E A 7
V== T LiE A, ARIEEERET 2N E D

TBAF-3H,0 OANRT T TR %~ Lz (Entry
1), B IFEALBEMLIWER T v{bE AR L7z
WA, BRI OBE & FRRICEUS TR < EIT Lo
7= (Entries 8-11) , fit> T, LA T D fidi{kid TBAF-3H,0 &
Mz B EDETHRFT D &L Lz,
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Kwong 5%, TBAF {#{£ I Pd(OAc), # fikiit & 327V
—NVAVT— b O ) U TREHRIZ, B A R
VT =N T ERBERETDHA MY KT =AU RiE
BT 52 L& RHLTWAS ¥, X7z Clarke 513 TBAF &
HUNE NaOH ZiEMHA LAl E LB/l B =l hFd oy
FUHDHWVNET RN T XUV T UHKROZ XU RT
=Frt4TuEeTE T =/ 2 PdBEFEET 2 0 2
Ny TV TFTHIEEREL TS N, Fx ORISIE
Pd/C Zfilfi & LT 523, Table 9, Entry 1 ORFHERE T,
BHL T2 4= a7 2= OER (IR 65%) & &
BIHMED 4= b= b XU BUREIET S L&
MR LT\ 5 (Schemebs),

Scheme 5. Formation of 4-Ethoxynitrobenzene during the
Course of the Pd/C-Catalyzed Cross-Coupling between
4-Bromonitrobenzene and Phenyltriethoxysilane

10% Pd/C (5 mol%)

Br@NOz
TBAF-3H,0 (2 equiv) 65%

+ - +

@Si(OEt);; EtOONOZ

1.5 equiv trace

toluene, reflux, 24 h

ZORIFINE, 7= bR T U bERET 5 b
FURT=FUOMRBICLVERTE LT THL, 22
T, Wit A 4-7 uE= hu XU UK LT L5 SERN
L7zl Z A 4= b v = b i e< /AT T,
BHL % 4= ho b7 ==/LOWEN 7T7%26H L7
(Table 10, Entry 2 vs Entry 1),

Table 10. The Effect of Additive on the Pd/C-Catalyzed
Cross-Coupling Reaction between 4-Bromonitrobenzene and
Phenytriethoxysilane

Pd/C (5 mol%)

s vos v (psiomn, S (OO
1.5 equiv

Enry PAIC  Additive  ~odiive Vield
Quantity (%)

1 10% — — 65

10% Acetic acid 1.5 equiv 77

3 0%  H0 5.6 equiv 60
(50 uL)

4 10% Benzoic acid 1.5 equiv 62

5 5% — — 68

6 5% Acetic acid 1.5 equiv 81

7 5% Acetic acid 1.0 equiv 75

8 5% Acetic acid 2.0 equiv 70

4 Determined by *H NMR using 1,4-dioxane as an internal
standard.

— I, KRB EFB AWML TH, KSRITTLEA LK
FENho7- (Entries3and4), F7- 1.5 HEOEEETE
TEF. 10% Pd/C 1V & Pd OIEMERIZK T 2 43 HUE A
5% Pd/C il L Lz & Z A ) Tidd 2 23 BUSPED )
E L7 (Entry6), ZALi. 5% Pd/IC DRISHARE W (F
PERDBZV) ZEICERTLIHDEEZLTWD, 2B,
1.0 YEdHDHUVMT 2.0 BEITHIK L 72 & 2 ARISEIEEME
FL7=Z &5 (Entries 7 and 8) | 5% Pd/C Zfifft & L C,
1.5 U EOEEZIRINT DREPE Y TH D LIRE LT,
ARSI PAIC ZIRIM LN E&HEIT LN &b,
Pd/C fitlf% i LI IETH D Z L IXH 60 TH D (Table
11, Entry 1), % Z CHl & D i@ b & F2he L7,
5 mol%72>% 0.5 mol% F CIARE L7 2 A, BE T
L7 0 RIy 7Y TEROIED, 0.5 mol%~1 mol% % TH
RELTETTEHDINM L (81%7>5 88%, Entries
2-5), ZHUL, METIEH 2 bODRIKISE LTHET S
N AT V= ADREN v Y TR S, 77
ANy TV T OFRERI ELEEERTHDLEZXT
Wb, LHMLPAIC DfEAREA I 512 0.1 mol%E TR L
7oA (Entry 6). SULEIEHROIR THEMZFED HiLl=iz
® 0.5 mol% % i & & | L7,

Table 11. Usage of 5% Pd/C

@—Noz @smoa

1.5 equiv

5% Pd/C
TBAF-3H,0 (2 equiv)

AcOH (1.5 equiv)
4. NO,
toluene, reflux, 24 h

Entry 5% Pd/C (mol%) Yield (%) *
1 0 0

2 5 81

3 2 80

4 1 88

5 0.5 88

6 0.1 82

? Determined by 'H NMR using 1,4-dioxane as an internal
standard.

AT ER TIHIF & A EHEFT LS (Table 12,
Entry 1), #MHINEERE OIRE % 120 °C & L CGEWE L7123
AICHWERY P RO (88%) T L7z (Entries
2-6),

L 70 B kAR OFE 5. 0.5 mol%d 5% Pd/C, 2
WD TBAF-3H,0 KON 1.5 YEDFEFE T, ~Na v
{7V —né 15 %%@ﬁ%‘éﬁ%%ﬁ%% =2
120 °C THNEGEWE T 5 ) BUSEEAE# TH 5 L fEam L,
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Table 12. Effect of Temperature

@—Noz + @s«oa

1.5 equiv

5% Pd/C (0.5 mol%)
TBAF-3H,0 (2 equiv)
AcOH (1.5 equiv)

toluene, 24 h

Temperature . a

Entry . Yield (%)
(°C, external heating apparatus)

1 25 6

2 40 9

3 80 58

4 90 66

5 100 80

6 120 88

& Determined by H NMR using 1,4-dioxane as an internal
standard.

3-2. HEHEBERAMEOH

A CRESE U ER LR FEERAWT. R 2TV —1
MY TR ITUERETYI—NEDIVR DS
Y U 7RIS REt L7 (Table13),

Table 13. Pd/C-Catalyzed Ligand-Free Hiyama Cross-Coupling
between Various Aryl Halides and Aryitriethoxysilanes

5% Pd/C (0.5 mol%)
TBAF-3H,0 (2 equiv) R

AT Orsem i O
reflux, 24 h
1.5 equiv
Entry X R R Vield
(%)
1 Br 4-Ac HP 87
2 Br 4-Ac H 81
3 Br 4-Ac Cl 85
4 Br 4-Ac Me 84
5 Br 4-Ac OMe 90
6 Br 4-NO, H 85
7 Br 4-CN H 65
8 Br 4-CHO H 80
9 Br 2-CHO H 80
10 Br 4-COOH H 54
1 Br 4-F H 77
12 Br 4-Me H 65
13°¢ Br 3-OMe H 66
149 Br 4-OMe H 77
15 Br 2-OMe H 12
16 cl 4-NO, H 7
17 cl 3-OMe H 0

ENTET- (Entries 1-14), 2B 2-TRET =Y — /LD
BIIBISMNNTSUEPEPME LS (TR WS EREHB L Z 213 T
X 72pinodz (Entry 15), ZAUT A ¥ O E ik
HAEIZ Pd ~OERLAIIENHID RIS 2. RFBIET OB
B (AL b)) PLEHIEIC L D SRBEEES RN ER Lz
FERTHDEEZEZTNWD, £, Pd ~OF(LA A IE
TLIZS WERBREFRILAEW. T2 b4-snn= frx
vER 3 san T == rsuaRhy 7Y o 7IE
LA EHEIT U720 o> 7= (Entries 16 and 17),

3-3. fEoBEAIA

Pd/C ZMifiEd Licinls v b v 7Y v 7B T,
REMTH 3 Pd OFFIRIC & 380 EEIMRIT. EAEK
NOoEELBETHD, AHETR, 4= bug
VeTz= VMYV RRVVSVOR LY VI RIGIC
B} 5 5% Pd/C DEIR & BFIAZ BN L7 (Table 14), €
ORRE. 2[H B ¥ CiIMEEEOETR2<BFMATEZ L
NT&N (Entries 1 and 2), 3 BB I KE2RRICZED
ETHA@BH LI (Enty3),

Table 14. Reuse Test of 5% Pd/C

5% Pd/C (0.5 mol%)
TBAF-3H,0 (2 equiv)

AcOH (1 5 equiv)
ONOZ @ Si(OEt)s — iene 05 M) 05M)

reflux, 24 h

1.5 equiv

Entry Run Yield (%) ?
1 1 80
2 2 88
3 3 25

% 1solated yield. ° Phenyltrimethoxysilane was employed. ¢ 1 M
solution of 3-bromoanisole in toluene was used. ¢ For 48 h.

NV UBRICE KIS A WVITE IS EREE OV
a“:kwﬁ\?ﬁ?ﬁ& L7‘:7 o ENRUFHERS, BHRALEIZRED
LT RMFIZKIE L, BETHET U —LiFERE155 2

2 Determined by *H NMR using 1, 4—dioxane as an internal
standard.

3-4. RITVYLOEHRAR

5% PA/IC Z#VELFFIAT S Z & CRELEERETT
3FREL LT, Pd BORIGEF~DOEHREL OIS,
ZOREWERTHED, £¥. BHRIEAET 47 ue=
frRVE LTV MY bRV T R 24 FHHK
BL, BEICHPHR, AL TS50 741F—TPAC %25
E LT, 580 Pd &A% ICP-AES THIE L 7= (Scheme
6)o

Scheme 6. Measurement of Leached Palladium Species for the
Ligand-Free Hiyama Cross-Coupling Reaction

5% Pd/C (0.5 mol%)
TBAF-3H,0 (2 equiv)

5 NO SiOEL AcOH (1.5 equiv)
’ 2 + {(OB)S ™ iiene, reflux, 24 1

0.5 mmol 1.5 equiv

ICP-AES: 60 ppm
S 68% of total Pd amount
[without AcOH: 1.7 ppm, 0.97%)]
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ZFOFER. 68% (60 ppm) (ZHAY 5 Pd FEANFIE L T
HZEBRHGMNE 2o T2, Loy L, BEBRZ RN L 72 iU,
WHIZ D22 097% (1.7 ppm) TH DL, FEFEZS Pd
BEHERELTWD Z ERHLNE R ST,

PLE, Pd OZEMZRHERTIXRECTCH 7208, WM&
(0.5 mol%) DOAR¥J— 5% Pd/IC Z &M Pd Rl HEA
(medium) & L7=U H > FOERME 2L HEEE LRV
Wz axy 7Y U TRIGERBETHZENTEL, 20
BOSIX, 15 Y& & fid COBORRTTIE T ClITT 572
W, FEFER LOEREAMECERL TS, 512, Pd
i TIZ B E RN - 0 OBEMAMEL | RKAPLET
B S WILARE T D 5% PAIC % filflt & L
TAHEZEMNS, IR RT3 —<  AENTZEAN S
ELTORMMFEEIND,

4. $EH

AWFFETIL, BAUKFCEOSIZIT D PAIC Al & L
T2 R TS DRIL T v A v T TG e
SETAZENTE 2, PAIC DOBYRAYZ R OREEIZIX
EoRhoTom VA ROTMEL SE L L Pd/C
ZIEME Pd FEORMIR & L CRMEF T T2, MRS
ERRETAHIENTE,

5. #&

AMFFEIC B L CHE 2 O & E 2R B S 3 ON I TE &
F L7l BER R b B e AN B L £
fREE AT R VR X T 7 AORIEEZ L CWieil& E L
oI X e A =7 L% vy MESAE, EAEERKIE N
TR PR EC IR B L £ 97,
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