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C-C cross-coupling: Mechanism

L-Pd-L

. . . oxidative addition
reductive elimination

R1_ R2 R1_X

R R
L-Pd-R? L-Pdx
! L

transmetallation
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Kumada Coupling

1 mol% NiCl,(dppe)

cl
©/ + BrMg” “CHs
HsC
: OMe BrMg
CHs

2

9

|
o XM

Et,0, rfx

1 mol% [Pd]

THF, 60 °C

2 mol% Pd(dba),
3 mol% S-Phos

CH;
©/\ 98%

Ar
HaC
O [ }Pd ol N
N & Pd{ j
CHs rS N
OMe Al
97%

Nolan JACS 1999 121 9889
OM 2009 28 2915

.. =Y

CO,Et

Corriu JCS Chem Comm 1972 144
Kumada JACS 1972 94 4374
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toluene , -30 °C

CO,Et

MeO l OMe

S-Phos

O

91%

Buchwald JACS 2007 129 3844
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Negishi Coupling

1. tBuLi, Et,0
2. ZnCl, THF
TBDPSO™ > | 2
&H, _78°C

jon
MeO,C
©\/\/Br

Clzn’ :

+
CIZn\/O

10 mol% Pd(PPh PPN
TBDPSO” > “zncl SOMAPAPP) oo NF

CHy

2 mol% Pd(PtBus),

THF/NMP , 100 °C

CH3
=

OBn CHs

OBn

55%

benzene, r.t.

CHy

Kibayashi JOC 2002 67 5517

Fu JACS 2001 123 2719

2 mol% Pd,(dba);

8 mol% PCyps

Fu JACS 2003 125 12527

1.2 equiv. N-methylimid
2:1 THF/NMP, 80 °

Cyp = cyclopentyl

4 mol% Ni(cod),
8 mol% Pybox

DMA, r.t.

Negishi JOC 1977 42 1821
Acc Chem Res 1982 15 340

C.C. Tzschucke

Buchwald JACS 2009
i 10.1021/ja902046m

azole

C

83% do

X
O
O~ 0
Pybox sBu

Fu JACS 2003 125 14726
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Stille Coupling

Pd-cat.
R-SnR; + X-R2 R-R?
Typical conditions: = good functional group
tolerance
Pd(PhP),, toluene, rfx = organostannanes stable
PdCI,(PhCN), or PdCI,(CH;CN),, DMF = organostannanes toxic
Pd,(dba); or Pd(OAc),, phosphine
Additives: Cul, CsF
Ligands: tBusP, S-Phos, (furyl);P, AsPhg, ...
Initial Publications: Reviews:

Migita Chem Lett 1977 301, 1423
Stille JACS 1978 100 3636
JACS 1979 101 4992

C.C. Tzschucke

Stille ACIEE 1986 25 508
Mitchell Synthesis 1992 803
Echavarren ACIE 2004 43 4704
ACIE 2005 44 3962
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Stille Coupling

MeO,C __ 10 mol% (Ph3P)4Pd
* MeszSn SnMej
DMF, 60 °C
TBSO
0
B
HN T ' 0.0 HN™
OZ\N . 10 mol% (PhgP),4Pd 07N
1850 \_O T8S0” \ O 79%
toluene, rfx
Yamamoto JOC 1989 54 4734

TBSO OTBS SnBuj TBSO OTBS

oTBS 2.5 mol% PdCI,(CH3CN), OTBS
/k/\/SnBug Yy NN
= DMF, r.t., 18 h =

CO,H

C.C. Tzschucke

64%  COH Smith JACS 1998 120 3935
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Stille Coupling

| SnBuj
o 1T
3C O,N

©\/\/Bf * BusSNT X ""0THP

fOOCI + Buﬁn@

Br
L e

NO, Catalyst
Pd cat. O (Ph,P),Pd 2%
. (PhgP),Pd, CsF 8%
DMF, 40 °C, 2 h
hoC O (Ph,P),Pd, Cul 46%
3 (Ph,P),Pd, CsF, Cul 98%b

Baldwin ACIE 2004 43 1132

62%
Q\/WOTHP o

Fu JACS 2003 125 3718

2.5 mol% [(allyl)PdClI],
15 mol% tBu,PMe

2 equiv MeyNF
MS 3A, THF, r.t.

0.75 mol% Pd,(dba)s
1.5 mol% tBuzP

Fu JACS 2002 124 6343

93%

2.2 equiv CsF
dioxane, r.t.

10 mol% NiCl,
15 mol% bipy

7 equiv KOtBu
tBUOH/iBUOH, 60 °C

74% Fu JACS 2005 127 510

via radical mechanism

C.C. Tzschucke
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Stille Coupling

Catalytic in tin:

HO N

Rl

MezSnH

N

—0 Sl

CH3
X

C.C. Tzschucke

6 mol% SnMezCl

1 mol% PdCl,(PPhs),
1 mol% Pd,(dba);
4 mol% (furyl)sP

P
PMHS, ag. Na,CO5 OH
Et,0, rfx, 15 h
SnMe3 X \/\RZ
[Pd] /\/\/Rz
Me;SnX

/( Na,CO,
.Me;SnO*
NaX

Maleczka JACS 2000 122 384
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Carbonylative Stille Coupling

2
[0) Rl RSSn—R o) Rl
L
L-Pd-Rt ——~ L—P?do-Rl — L—Pd L—Pd—R? *Tv j\
! | | 1 2
X X X X@ II_ R R
Pd(0)
(e} OTf o X
\ij Tf,0, base \@ 3 mol% Pd(PPhgz)4
2 equiv LiCl
1 atm CO
THF, 55 °C
78%

Stille JACS 1984 106 7500

Review: Beller Angew Chem 2009 121 4176
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Suzuki Coupling

Pd-cat. o
RL-BX, +  X-R2 R1-R2 = low toxicity
base = boron compounds stable
R-BX, = R-B(OH), R-B(OR), R-BR, Rl—BF? = base required
R-X
Ligands: PPh,, tBusP, S-Phos, NHC, ... RLRZS L-Pd-L
Bases: aqueous: NaOH, KOH, 31
Na,CO;, K,COsg,... R! L-Pd-X
anhydrous: Cs,CO;, K;PO,, L*P‘d*RZ L
K,COj, CsF R
_BTOR
. OR R?2"©™0OR
Solvents: THF, DME, dioxane, | or
toluene, DMF B R?
’ RO
- I'7F‘>dfo\ OR N
R2/B<OR RZ/B\OR
Initial Publications: Reviews:  suzuki Chem Rev 1995 95 2457
. Danishefsky ACIE 2001 40 4544
Suzuki JCS Chem Commun 1979 866 Hassan Chem Rev 2002 102 1359
THL 1979 3437 Miura ACIE 2004 43 2201
Synth Commun 1981 11 513 Beletskaya TH 2008 64 6047

C.C. Tzschucke 62




Suzuki Coupling

OMe O
B 3 mol% Pd(Ph
NEt, 4+ rD\ (Phg)s
2 Na,CO
B(OH), MeO OMe MOME

2 mol% Pd-cat

KOtBu, tBuOH
MS 44, 65 °C

I 95%

3 mol% Pd(OAc),
6 mol% P(Cy);

OMe
o
SR
HsC

oo+ wore— )

3.0 equiv KF, THF, r.t.

H3C

Yot + woned )

1.5 mol% Pd,dbaz
3 mol% P(t-Bu)s

3.0 equiv KF, THF, r.t.

C.C. Tzschucke

OMe O
O NEt,
O 88%
MeO OMe Sniekus JOC 1991 56 3763

@@

Pr PdCI
Organ Angew Chem 2009 121 2419

CI

H3C

)

87%

H3C

95%

Fu JACS 2000 122 4020
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Suzuki Coupling

1.5 mol% Pd,(dba);
6 mol% S-Phos

(HO),B Q

K3POy,, toluene, 100 °C

PCy,

iPr
G om wo S

iPr iPr Ph
S-Phos
iPr OMe 1 mol% Pd(OAc), iPr c Cy bd
2.5 mol% S-Phos Y=p-— oM
iPr B(OH), + Cl Pr Q O 99% L QMe
K3POy,, toluene, 100 °C Q <>
iPr OMe iPr Ph MeO

2 mol% Pd(OAc),
5 mol% S-Phos

(HO)ZB\©/ NO,

K3PO,, THF, 80 °C

C.C. Tzschucke

o]

O !

<

O NO; 8494

Buchwald JACS 1999 121 9550
JACS 2003 125 11818

ACIE 2004 43 1871

JACS 2005 127 4685

cf. Glorius ACIE 2003 42 3690
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Suzuki Coupling

cat. PdCly(dppf)
P 9-BBN TBSO OTPS cat. AsPh N
NS ' : —~ |
— : ) CH(OMe), Cs,C03 H,0 s
S | E 23, M2

DMF, r.t.

OAc

TBSO OTPS

71%

Danishefsky ACIEE 1996 35 2801

5 mol% Pd,(dba)s
20 mol% PCy;

OEt
BnO/\(\’)g\B}@ + Eto)\/\/CI

BnO/\(\’)gﬁ/OEt

cf. Furstner Synlett 2001 290

CsOHH.O Fu JACS 2001 123 10099
dioxane, 90 °C OEt ACIE 2002 41 1945
70%
5 mol% Pd(OAc),
10 mol% Pt-Bu M Fu ACIE 2002 41 3910
R A S T
OH ¢ KOtBu, t-amyl alcohol, r.t. JACS 2002 124 13662
66%
H3C 6 mol% Nil, H3G L2
o @ 6 mol% ligand O Fu JACS 2004 126 1340
Br + (HO),B
C z 2 equiv NaHMDS < > z > OH JACS 2006 128 5360
iPrOH, 60 °C i
1Pr 68% ligand
C.C. Tzschucke 65
Suzuki Coupling
no ligand!

0.4 mol% Pd(OAc),

Br
o 0O
MeO (HO),B

1 equiv BuyNBr
3 equiv Na,CO3

o)
H,0, 150 °C, 5 min MeO 92%
/©/Br @\ 0.5 mol% Pd(OAc), O
* c @ 3 equiv K,CO
Meo BFs K NcI]eOH erx :
' MeO 95%
N_OMe 2 mol% Pd(OAc), N. OMe

‘ 4 mol% RuPhos

W\/Ej/
/
Cl Z 3 equiv K,CO3 BzO

toluene/H,0 10:1
80°C

97%

CH3

BF K Ph
o 0
cl

2 mol% Pd(OAc),
3 mol% ligand

3 equiv Cs,CO3
toluene/H,0 10:1

CHs CHs CHs

A H H

: : Ar ;
Ar

100 °C, 24 h
nBuPAd, 50 : 11 : 23 : 16
tBusP 67 : 4: 4:25
tBu,PPh 72: 4: 3:21

C.C. Tzschucke

Leadbeater JOC 2003 68 888
JOC 2005 70 161

Molander JOC 2003 68 4302
Buchwald OL 2004 6 2649

PCy2

iPrO QOiPr
O RuPhos

Molander JOC 2009 74 3626

Ar

Molander JACS 2008 130 9257

Acc Chem Res 2007 40 275
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Suzuki Coupling

OMe 0.5 mol% Pd(OAc), O OMe
Br (HO),B 1.5 mol% nBuPAd,
+
/©/ 1 equiv TMEDA O O
MeO 5 bar CO MeO
toluene, 100 °C 74%

Beller Chem Eur J 2008 14 3645
cf. Suzuki THL 1993 34 7595

o 3 mol% Pd(OAC), o
Cl B(OH), + Ho 3.5 mol% dppf Cl
\©/ 1.5 equiv pivalic anhydride O O
2.5 equiv H,O

THF, 60 °C 55%  Goossen ACIE 2001 40 3458
Chem Comm 2001 2084
Synlett 2002 1237
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Hiyama Coupling

R-SiR; +  X-R? R-R?
Pd-cat.

RF
Si. [allylPdCl],
OMe
HaC [ OMe KF O Hiyama JACS 1991 113 7075

H3C
83%
R! Me Me N 5 mol% Pd(dba), Rl &~
\ 1 L
2SI + 1R TR
R OH X DME, rt. RN
3 equiv. TBAF Denmark JACS 2001 123 6439

or
2 equiv. KOSiMe;

= low toxicity of Si reagents
= vinylsilanes react faster than arylsilanes

Hiyama JOC 1988 53 918 = vinylsilanes react stereospecifically
Denmark Acc Chem Res 2002 35 835
Denmark Acc Chem Res 2008 41 1486
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Hiyama Coupling

Early mechanistic assumption:

ATI‘
L*P‘d*L
R (] F X A
I E © \ r
\/S\l R \SIfR L-Pd-L ——

R
Revised mechanistic proposal:
Ar
L-Pd-L Me Me
Me Me X Si, Ar
i o L L-Pd-L —
x-Si o P —
o) Pd, A
® U CAr
K KX (Me,SiO),,
Denmark JACS 2004 126 4876
C.C. Tzschucke 70
Hiyama Coupling
OTBS OTBS
Me Me 5 mol% Pd(dba),
Si. + 80%
CaHir X" 0H | 2 equiv. KOSiMe;  CoHyr” XX °
DME, r.t.
OTBS
OTBS
CsHyp 5 mol% Pd(dba), 6%
o SiMe,0H * - - o
S SiMe, Zqu\,\f,-lgorf"\"ea Denmark JACS 2001 123 6439
' CsHiy
o)
0 5 mol% (PhsP),PdCl,
SiMe,OH 2.5 mol% Cul 92%
Yz
. / * 2 equiv. KOSiMes =7
511 I DME, r.t. CsHyq

Me ,Me

5 mol% [allylPdCl],
5 mol% dppb

2 equiv. Cs,CO3
toluene, 90 °C, 18 h

C.C. Tzschucke

Denmark JOC 2003 68 9151

! Me
MeO I

Denmark OL 2003 5 1357
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Hiyama Coupling

BnO OBn
Bno OBN 5 mol9 Pds(dba)s
" Q
| 2 equiv. NaOtBu Bu-gj . 82%
OTES ) toluene, 50 °C, 5 h B 9) OPiv
OPiv OTES

OH Lo
: HO Q OH
= I~ A~
? HO
OH o) o

papulacandin D

C.C. Tzschucke 72

Hiyama Coupling

— OTHP
Me, OH oTHP EtOj<J
Me-Si

© /
/ OTHP 4
5 mol% Pd,(dba); 2.5 mol% Pd,(dba); )
+
/ Y% NaH 4 2 equiv TBAF
Si-Me | toluene, r.t. 4 THF, r.t. /
O
JSijMe 74
Ph Me o
EtO
77%
79%
O, OH
CHs :
" .OH
HsC™ ” v
HeC™

OH OH OH OH OH OH
RK-397

Denmark JACS 2005 127 8971
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Decarboxylative Coupling

2 mol% PdBr,
2 mol% (o-biphenyl)PtBu,
10 mol% CuBr
10 mol% phenanthrolin

OMe

O CHg

Coz CH3
Cl

NMP, quinoline

170 °C, 24 h 65%
O
1 Pd-X

R?-[C ,
9 [Cu] Rl
O

9
Pd(0)
O [Cu]
RZ_Rl
[Cu]-X PdR?
1

R2-602 K®

C.C. Tzschucke

Goossen Angew Chem 2008 120 7211
Science 2006 313 662
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Sonogashira Reaction

0.5 mol% (Ph3P),PdCl,
1 mol% Cul

©/I+///\OH

Et,NH, r.t.

3 mol% (PhCN),PdCl,

=~ TOH
Sonogashira THL 1975 4467
80%

tBugP SIM93
/©/Bf .\ /SiMe3 2 mol% Cul
iProNH, di , It
MeO R, dloxane. T 90% Fu OL 2000 2 1729
Buchwald ACIE 2003 42 5993
ELNHRX RZ—=—[Cu] RdX
Rl
Et,NH
R2
|—[Cu] X Pd(0)
/‘ R2—=R!
[Cul=X Pd-=—R?

RY Chem Rev 2003 103 1979

C.C. Tzschucke
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