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2
o Ar OMgBr
Ar1—< + Ar?—MgBr —_— Ar1J{ -----
R R
Pd cat.
Ar'-X + Ar>—MgBr —>» Arl-Ar2  + MgBrX

Reactions catalyzed by palladium

« formation of C-C, C-N, C-O bonds
« catalytic amount of Pd compounds

» mild reaction conditions; compatible with various functional groups

PdO: electron-rich, nucleophilic

Pd°L,
R'-X
- (oxidative addition)
R'-R
R1
L,Pd2+
X
(reductive elimination)
_ o _ R2-Y Y can be different m_etal, e.g. Mg, Sn, Zn
(isomerization trans-cis on Pd) R (transmetalation)
L,(Pc:|:2+2



Kamil Paruch Stille reaction Organic Synthesis C4450

Pd cat.
R'-X + R2-SnR, —_— R-R?2  + X-SnR;

R: typically Bu or Me

R1_R2
Pd°L,
ducti R1-X
(ez?mlij:alt\ilgn) (oxidative addition)
1 1
$2+ $2+
L-Pd-R? L-Pd-L
L X
R2-SnR;
; (transmetalation)
(trans-cis)
R1
| 2+
L'P.dz"' X-SnR; ease of transmetalation Sn -> Pd
R
R—="4- > 5 > A > _ 4 > AcH,
stannanes: $$%
R R Pd cat.
RZX + R-Sn—Sp-R ~ ———> R%SnR,
R R
X =Br, |, OTf R = Me, Bu
)
R2’Li (ng) + R-S'n-CI —— R2.SnR3
R

R =Bu

>> alkyl
COR
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advantages: very mild conditions
retention of configuration on double bond
triflates: possibility to generate kinetic vs thermodynamic OTf

(also: can be made from ArOH)

I /
O H O H
Z PdCl,(PPhs), 4
OMe + 2 snB —_— OMe
o SnBu, DMF, 25°C o
OAc 72% OAc J. Am. Chem. Soc. 1988, 110, 5911.
\
\N o] N °
Pd(PPh
+ EtO,C g g __Pd(PPha)s
N__ nBus LiCl, THF N
Y/ oTf 78% 3

co,Et J.Am. Chem. Soc. 1989, 111, 5417.

oTf
1. LDA Me S““"e3

2. PhNTH, ﬁ:( Pd(PPhs),, LiCl
o)
100%

o8
1.i-Pr,NMgBr  o¢
TMS
&:hNsz ©/Me N SnMe3 A _Me

Pd(PPh,),, LiCl
90%

TMS N
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ketones from acid chlorides

0 Pd cat. O
+ R'SnB —_—
RJ\CI et RJLR'
o) o)
cl PA(PPha A~co,B
+ Bu,.Sn_.~ 2Bbn
OSiR, INF"co,Bn 71% OSiR,
J. Org. Chem. 1983, 58, 4634.
imines from imidoyl chlorides
_Ph
)N|\ PdACI,(PPh;), NI'P“
* ZAsnBuyy, ————> P
PH™ Gl 67% o Bull. Chem. Soc. Jpn. 1986, 59, 677.
carbonylative Stille: insertion of CO
o)
oTf Pd(PPh,),, CO
TMS_ ~
+ NC N —_—
& SnMe, LiCl, THF 7l S
87%
. J. Am. Chem. Soc. 1984, 106, 7500.
reductive
elimination

L (o]
TMS
p'd -OT§ Pd.l- SnMe3
L B I/ “ots
(insertion) (transmetalatlon)
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stannyl enol ethers
« acyl equivalents

Br
TDBSO ‘ Bu,Sn
YO T
TDBSO OEt

ease of transmetalation Sn->Pd

R :E— > Rv‘/é‘ > Ar > _/-3- > ArCH, >> alkyl

COR

OEt

o
‘ AcOH TDBSO ‘

Pd(PPh;), TDBSO
—»
¢ T
TDBSO TDBSO

Q oy

OEt

J. Org. Chem. 1998, 63, 7456.
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Pd cat.
R'-X + R2-BR, —_— R'-R?
base
R1_R2
Pd°L,
ducti R'-X
g?m?:alt‘ul:n) (oxidative addition)
1 1
R 2 has
L-Pd-R? L-Pd-X
| |
L L
NaOH
HO-BR,
1
(transmetalation) $2+
L-Pld-OH NaX
"ate" complex: L
source of sufficiently R2'||3HR2
nucleophilic R? OH
A NaoH
boranes, boronates: $$$ R%-BR,

addition of R,BH on alkenes, alkynes

R2-Li (MgX) + B ——> R2B(OR),
OR

fo) o Pd cat. 0o

RZ-X + B-B. —>  R?B,

o ©o© base o

(K;PO,, KOAc)
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advantages: mild conditions (similar to Stille rxn)

non-toxic side products

Br. Ph
\—/

o\
JBH
—_— —_—
== == Ph
X NaOEt, EtOH _
h B-Q 87%
O
.
| o, pd(pph3)4 X OEt H
+ ,B \
NHAc 0 OEt NaOH THF NHAc 99% N,
91%
: :NHAc ]

Suzuki coupling is often used for preparation of sterically hindered bis-(hetero)aryls

| ©
O-g¢
BocN /N\|/> PdCl,(dba) BocN ’Nﬁ
~ /
/ + 2/ \ > ~
I

K3PO,, DME, H,0 N NN
\

9 N
65% /N SEM”~ “SEM

Br

SEM’N‘SEM
8 Bioorg. Med. Chem. Lett. 2011, 21, 471.
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alkyl-alkyl Suzuki coupling

o)
eoJL(V);\Bﬁ + B'\/\(\/)Q\CN

recent review: Organic Reactions 100.

cat. Pd(OAc),

PC
VA o
it At
>
M N
THF, 25°C e0 12C
81%

J. Am. Chem. Soc. 2001, 123, 10099.

Iron-catalyzed Suzuki-Miyaura coupling of alkyl halides

Scheme 3. Plausible Mechanism

pYe
C F [[]]
{/_,:“ - P A

—R

P, Ol I'_erate (-ﬁut
(..F ~ (-_ Fe'

P A
iran complax 1 or 2 &

N C
Bu—B + LiX

\ MgB

o Qer:

BuPin Bu, O/

determined by M‘
NMR & GC-MS -" sl

] y

R,
JF
<]

ol

|l‘><
e

S
C

Ar-R

J. Am. Chem. Soc. 2010, 132, 10674.

direct Fe-catalyzed coupling: Nature 2021, 559, 507.

i, i
—_—
40%
il villl, xiv, xv 12 CH,
17% OPP-3

HBF, (aq.); (xI) DAST; (x1i) LIHMDS, Comins' reagent, 51% (plus, separately, 31%
A6’reglolsomer); (xi1l)'BuMgCl, Fe(acac),; (xIv) H,, PA(OH),/C, 1:1dr; (xv) BSTFA,
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Ni-catalyzed Suzuki-Miyaura coupling

» cost-effective variant

NiCl,6H,0 [N0851] (1)

= X . T Het
R Het . \@HE ligand, DBU [D1270] L
= B(OH)z = 2-MeTHF or DMAc:MeOH HEE-* -—R?

heat
X =1, Br, Cl, OTt
ligand= DPPF: DCPP
F'F’hz CyaP _~_-FCy2
Fe
==l
[B2027]

.....................................................................

Org. Process Res. Dev. 2022, 26, 785.
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> — Pd cat. 2 1
R-X + R H R R
Cul cat., Et,NH
Pd°L,
R1-Xx
R1——R2 (oxidative addition)
(reductive |$12+
elimination) L-Pld-X
L
H——R?
Cul, Et,NH
R1
12+,
L-Pd—=——R Et,NH . HX
L
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MeO
cl —
\ \
Y, cl”” c
Ho, /7 wo_ 1. TBDSOTf, Et,N 1BPSO %4
OMOM Pd(PPh3), OMOM - » Elg OMOM
—_— -
Cul, BUNHZ 2 OMe
80% =/
Pd(PPh,),
Cul, BuNH,
88% J. Am. Chem. Soc. 1988, 110, 6921.
protecting group
T™S
I H——TMS AN
Pd(PPh,),
—>
NH Cul, BuNH, NH
o 87% 0

Tetrahedron Lett. 1988, 29, 2989.
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« transmetalation from Mg (Kumada coupling) or Zn (Negishi coupling)

Pd(PPh;),

— —
o/ Nt TMSCHMgCl — L /TN\ s

THF

84%

Tetrahedron Lett. 1982, 23, 27.
ZnCl OTBDS Pd(PPhj)
TDBSO\“\‘V P — —_ TDBSO\\\\'WOTBDS
' THF

82%

Tetrahedron Lett. 1987, 28, 5075.
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Pd cat.

H-X
Ry
\/\Rz II- . PdoLz
L-Pd-H 1
)I( (reductive R-X
L . elimination) (oxidative addition)
(syn B-elimination of hydride)
2 1
I|-2+ R |$2+
L-Pld—%\ L-Pd-L
1 o X H X
R?! typically ends up R!
on less substituted C
(coordination of alkene)
2
(insertion of alkene) |$12+ R
L-Pd— ||/
!
+
L - OH - —

OH OH
=
Br Pd(OAc), N PdLBr BrLPd
ArzP
o
N Et;N N N N
Ts

Ts CH,CN
97%
14 J. Org. Chem. 1984, 49, 2657.
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©/\N,C02Me Pd(OAc), N,COZMe
ﬁ
' PPh;, Et;N ’
CH;CN 0

74% J. Org. Chem. 1987, 52, 4130.

IPd Pdl

oTf OSIR, Pd[PPh3]4 OSiR,
— L|CI
Li,CO3 Acta Chem. Scand. 1992, 46, 597.

91%

OSiR;

PdOTf OSiR;
g PdOTf

| E———
L —|
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mechanistically similar to Heck

16

PdCl,
CucCl 0
R— —_— R—/<
\ H,0 + solvent
H HO_ R OH
|
Cl-Pd— C""ﬂ"éw3
I — | R
Plo N H’O‘H
H” H

o Cl-Pd-H
C"Pld H . H  .HCI CuCl, —» CuCl
+201°

/O\
] CI@ H™ " H
HO Cl- Pd CI
Cl R ¢
CI—PId
PLON o
H H (coordination of alkene)
\ o R H20 flo M R ©
I (o]
PLON
H H
PMBO
Q _XPh

Om
O

PMBO =
Wacker ox.
N _Ph —mm———
77%
7< Tetrahedron 2001, 57, 6311.
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Buchwald-Hartwig amination

* typically: preparation of arylamines

P(t-Bu),

/@Me O Pd(OAc), Me
+ —_—
NaOt-Bu, PhCH
Me Cl N ’ 3 /@
H 98% Me D

J. Org. Chem. 2000, 65, 1158.

recent review ,Applications of Palladium-Catalyzed C—N Cross-Coupling Reactions*: Chem. Rev. 2016, 116, 12564.
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* ammonia equivalents: benzophenone imine; BocNH,

Ph Ph. _Ph Pd(OAc),, BINAP Ph o N—
/ + \n/ > N/
X -N~N NH Cs,CO3, PhCH; X-N~N

| 76% Ny Ph
Ph
C
PPh,
o PPh,
N
BINAP

18

Br
NBS Ph 7"~
_> /
CH5CN XN-N-N
N&_Ph
Ph

NH,OH l 80%

Br
Ph A
N~

NH,

Bioorg. Med. Chem. Lett. 2007, 17, 6216.
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* historically somewhat less developed than amination

Pd(dba),, BINAP
R—@—Br +  NaOR' > R OR'
PhCH;

R=CN, COR R' = alkyl

J. Am. Chem. Soc. 1996, 118, 13109.

Org. Lett. 2020, 22, 8470.
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* relatively recent technology

Pd(OAc),

R~ ligand R&=—

§ / Cl + HSR' 9 . :/ SR’
base, DME

J. Am. Chem. Soc. 2006, 128, 2180.
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« the ligand(s) can have profound impact on the catalyst's activity
» can be used in chemoselective couplings

| | PPh, PPh, >
Ph” \Ph O/ \O >r \ﬁ >r \©\ 0 O <s—PPhe D
APhos Xantphos dppf R = OMe : SPhos

R = OiPr : RuPhos

https://www.acros.com/mybrochure/aowhpapdbrochuslow.pdf

cone angle: defined by outer edge bite angle: defined as L-Pd-L angle
of the substituents on P
and the metal center 0O O
OoZE_0—0O_ 0
Q P p
\,&?/ \/\ /
Pd Pd
PH,: 87 ° dppf: 99 °
PMe;: 118 ° Xantphos: 107 °
PPhg: 145 ° BINAP: 92 °
PCy,;: 170 °
P(t-Bu);: 182 ° J. Chem. Soc. Dalton Trans. 1999, 1519.

P(o-tol);: 194 ° _ _ o
large bite angle -> faster reductive elimination

21 (the preferred geometry of the Pd(0) product is linear)
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* base-activated palladacycles (precatalysts): air stable, form active catalysts in the presence of base

H2N H,N g H,N g
L—Pd L——Pd L Pd
(o]] / 1
ci O MsO O

L-Pd-G1 L-Pd-G2 L-Pd-G3

base
- HCI
HN
L P’d HN
—_— Pd-L +

22

MeHN O
L RiQ “s:
L-Pd-G4 O DdMs

R = OMe : SPhosPdG3

J. Am. Chem. Soc. 2008, 130, 6686.

Chem. Rev. 2016, 116, 12564.
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« the ligand(s) can have profound impact on the catalyst's activity
» can be used in chemoselective couplings

R3-B(OR), R3 , Br
Pd catalyst Cl /N | N\ R /N | N\
~0C * ~0C
base
solvent (inseparable mixture)
R3-B(OR),
Br
Pd(OAc), R? N
DPEPhos - A\
< Angew. Chem. Int. Ed. 2019, 58, 1062.
K3PO4 0
DME, H,0
R3-B(OR), R3

Cl N
Pd(dppf)CI
\(I\S T ~ N Eur. J. Med. Chem. 2021, 215, 113299.
o X~~0

K3PO4
DME, H,0

,0
3.
R°-B_
Br o

/Nl N Pd(dppf)Cl, SPhosPdG3
—> —>
-0 K,PO, K4PO,
dioxane, H,0 BuOH, H,0

N
23 BoeN._J
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Chemoselectivity

* chemoselectivity?

@ LGN O T IR el Very Important Paper

International Edition: DOI: 10.1002/anie.201811380

German Edition: DOI: 10.1002/ange.201811380

C—1-Selective Cross-Coupling Enabled by a Cationic Palladium Trimer
Claudia J. Diehl, Thomas Scattolin, Ulli Englert, and Franziska Schoenebeck*

Abstract: While there is a growing interest in harnessing
synergistic effects of more than one metal in catalysis, relatively
little is known beyond bimetallic systems. This report describes
the straightforward access to an air-stable Pd trimer and
presents unambiguous reactivity data of its privileged capa-
bility to differentiate C—I over C—Br bonds in C—C bond
formations (arylation and alkylation) of polyhalogenated
arenes, which typical Pd" and Pd'-Pd" catalysts fail to deliver.
Experimental and computational reactivity data, including the
first location of a transition state for bond activation by the
trimer, are presented, supporting direct trimer reactivity to be
feasible.

Whilc mononuclear catalysts have dominated the field of
homogencous catalysis in the past decades, there is a growing
interest in harnessing the synergistic interplay of multi-metal
catalysts to access novel reactivities and selectivities!"! How-
ever, with more than one metal in a catalyst, there is also an

O Speciation of Potentially Reactive Species

Pd_
Lpd® == pd-pdd == |+Pd <—

Pd
monomor amer nmer nanopartite

Key Questions: - Can multi-metallic system be reactive, or is it acting as reservoir?
- Special reactivity through metal-metal synergy?

0 Open Challenge in Chemoselective Pd Catalysis

Cl cl R R
1.Q-MX y Q-mx
Y s =g T
0 R R B Br
C-Clvs. C-Br vs. C-OTf solved remaining chailenge
This Work: PhaHR, -
o Pd trimer, o NP
Ny toluene, .., Ar Ny PhoPC | £Pa-PHPh,
ﬂ/‘\“—| Q-Mgx ﬂ/,\’) J D
B'°R ., 9 B’ R e PR
[ Csp?and Csp® | selective! Pd trimer

Figure 1. Challenges encountered in multi-metal catalysis (top) and in
chemoselective palladium-catalyzed cross-coupling reactions (middle).
Thic warl (hattam)

Organic Synthesis C4450

» removal of residual palladium

QuadraPure

https://www.sigmaaldrich.com/catalog/product/aldrich/655422?lang=en&region=CZ
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