
Metal Catalysis – Michael Willis and Stephen Fletcher 
CDT module 3rd/4th November 2016 

Thursday 
9.00-9.30  Introduction to different metals of the periodic table– MW + SF (introduce group exercise) 
 
9.30-10.15  Pd catalysed C-C and C-X bond forming reactions – MW 
  
10.15-10.45 Coffee break 
  
10.45-11.45 Asymmetric conjugate addition chemistry – SF 
  
11.45-12.15 Metathesis – MW 
  
12.15-1.30  Lunch 
  
1.30-5.00  Group work  

Friday 
9.30-10.30  Asymmetric allylic substitution chemistry – SF 
   
10.30-11.00 Coffee 
  
11.00-11.30 Non-linear effects/autocatalysis – SF 
  
11.30-12.00 Desymmetrisation – MW 
  
12.00-1.15  Lunch 
  
1.15-1.45  C-H functionalization chemistry – MW 
  
1.45-2.15  Group presentations  



Tsuji “Palladium reagents and catalysts: New perspectives for the 21st century”, Wiley, 2004 

- PdOAc2, Pd2(dba)3, PdCl2 (and others) – all commonly available 

Cross-coupling chemistry (C-C and C-N, C-O, C-S…) 

Wacker reactions 

Carbonylation processes 
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Pd
106

C-H functionalisation (ortho-palladation) 

Pd(II) Lewis acids – rearrangements Alkene insertion (Heck) Allylic alkylation 

- the most employed TM catalysts? 

- most simple complexes relatively stable 

Bates “Organic synthesis using transition metals”, Wiley, 2nd Ed., 2012. 
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Tsuji “The future of/for vanadium”, Dalton Trans. 2013, 42, 11749. 

Epoxidation  

Enantioselective variant 

“C-H activation” 

Lewis acid catalysis - epox. opening undirected epoxidations nitrile reduction 

- Redox chemistry dominates, with the epoxidation of homoallylic alcohols 
  being the most important reaction 
- V(O)(acac)2 most used cat, and commercially available 

Hirao “Vanadium in Modern Organic Synthesis”, Chem. Rev. 1997, 97, 2707. 
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Marek (Ed) Titanium and Zirconium in Organic Synthesis, Wiley-VCH, 2002 
Johnson and Sharpless, in Catalytic Asymmetric Synthesis. I. Ojima (Ed.) VCH, 1993, 103-158 

Katsuki-Sharpless epoxidation  

Olefination of ketones and esters 

Cyclopropanation 

Lewis acids   McMurry coupling “Cp2Ti” (+2) in cycloaddition / olefin activations Metathesis 

-  Highly oxophilic. TiIV dominates, +3 also common.  
-  TiO2 used extensively as pigment, metal alloy, medical devices, sunscreen  
-  Important as polymerization catalysts and Lewis acids 
-  Useful carbonyl (CO) and cyclopentadienyl (Cp) complexes 
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Alexakis, Krause and Woodward, Copper-catalyzed asymmetric synthesis, Wiley-VCH, 2014 

Cyclopropanation (and aziridination)  

Chiral Lewis Acids 

Asymmetric addition Allylic oxidation Carbo-metallation 

- One of the first metals to be extensively used in synthesis.   

- CuI and CuII most important in catalysis, Cu0 in ‘metals’, CuIII intermediates 

- Many complexes commercially available. Many are air and/or moisture stable 
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DNA-Based Catalytic Enantioselective Michael Reactions in Water**
David Coqui!re, Ben L. Feringa, and Gerard Roelfes*

The increasing appreciation of the special properties of water
as a reaction medium, combined with the potential advan-
tages of replacing organic solvents by water, have fueled the
development of catalytic methodologies for use in water or
aqueous media.[1] Despite significant progress in the area of
catalytic asymmetric C!C bond-forming reactions in water,[2]

many challenges remain. For example, a particularly impor-
tant transformation is the catalytic enantioselective Michael
addition reaction, in which an enone substrate undergoes
conjugate addition with a carbon nucleophile. The reaction
can be catalyzed by Lewis acids.[3] To our knowledge, only two
examples of transition-metal-catalyzed enantioselective
Michael reactions in water have been reported to date.
Maximum ee values of 83[4] and 86 % ee[5] have been obtained
by using AgI- or PdII-based catalysts, respectively.[6, 7] Here we
report a highly enantioselective Michael reaction in water
that is mediated by a DNA-based catalyst.

An emerging approach in aqueous-phase catalysis is the
use of hybrid catalysts, which combine the catalytic power of
transition-metal complexes with the chiral architecture of
biopolymers.[8] Enantioselective catalysis has been achieved
for a number of reactions through the use of protein-based
hybrid catalysts.[9] The double helix of DNA represents a very
attractive scaffold for hybrid catalysis, and we have demon-
strated that its chirality can be transferred to a catalytic
reaction, that is, the CuII-catalyzed asymmetric Diels–Alder
reaction.[10] This was achieved by binding a copper complex,
based on an achiral ligand, to DNA in a noncovalent fashion.
To date, two families of ligands have been investigated.
Initially, a metal-binding domain was linked through a short
spacer to a DNA intercalator.[10a] In an improved and much
simpler design, the DNA-binding moiety was integrated into
the metal-binding domain. Enantioselectivities of up to
99% ee were obtained in the Diels–Alder reaction of
azachalcone with cyclopentadiene by using ligands of this
class.[10b] Furthermore, it was demonstrated that the catalytic
reactions could be performed on a synthetically relevant
scale.[10c]

Encouraged by these results, we decided to explore the
scope and versatility of the DNA-based catalysis concept

further by applying it to the catalytic asymmetric Michael
reaction in water.[11, 12] a,b-Unsaturated 2-acylimidazoles (1a–
f), which can bind to CuII ions in a bidentate fashion under
aqueous conditions, were selected as the enone substrates. An
additional attractive feature of these compounds is that
following the catalyzed reaction, the N-methylimidazole
auxiliary is readily displaced, thus giving rapid access to
interesting chiral building blocks. This novel class of substrate
has been applied recently with considerable success in a
variety of reactions, such as carbonyl anion additions, Friedel–
Crafts alkylations, nitrone cycloadditions, and also the DNA-
based catalytic asymmetric Diels–Alder reaction.[10c,13] Nitro-
methane and dimethyl malonate, both of which readily
enolize, were employed as nucleophiles.

The DNA-based catalyst was self-assembled from salmon
testes DNA (st-DNA) and the appropriate copper complex.
The reaction of 1a (Scheme 1) with 100 equivalents of

dimethyl malonate was used to screen for the most efficient
catalytic system (Table 1). An excess of the nucleophile was
necessary to achieve good conversion (see below). Reactions
were performed at 5 8C and pH 6.5, the optimum conditions
with regard to both conversion and enantioselectivity.[14] The
reaction mixture was heterogeneous, as a result of the low
solubility of 1a in water. Nevertheless, in all cases the reaction
proceeded cleanly, with only formation of the Michael

Scheme 1. Schematic representation of the asymmetric Michael addi-
tion reaction catalyzed by complexes formed between copper(II) ions
and achiral ligands (L1–L3) in the presence of DNA.

[*] Dr. D. Coqui!re, Prof. Dr. B. L. Feringa, Dr. G. Roelfes
Department of Organic and Molecular Inorganic Chemistry
Stratingh Institute for Chemistry
University of Groningen
Nijenborgh 4, 9747 AG Groningen (The Netherlands)
Fax: (+ 31)50-363-4296
E-mail: j.g.roelfes@rug.nl

[**] We thank A. J. Boersma for useful discussions and for providing the
substrates, and the NRSC-Catalysis for financial support.

Supporting information for this article is available on the WWW
under http://www.angewandte.org or from the author.
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Redox (ox or co-oxidant) 

JACS, 1991, 113, 726.
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Unit Assessment 

Working in pairs, provide a one-page summary of an TM element’s use in synthesis 

Provide most important reaction(s), and up-to-date examples 

The elements to choose from: 
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Cr
51.9

25

Mn
54.9

26

Fe
55.9

27

Co
58.9

28

Ni
58.7

40

Zr
91.2

42

Mo
95.9

44

Ru
101.1

76

Os
190.2

23

Ir
192.2

Include your names… 



Pd (and some Cu) Catalysed 
C-C and C-X Bond Forming Processes 

Michael Willis 

CDT - Metal Catalysis  

michael.willis@chem.ox.ac.uk 

3rd/4th November 2016 

@RhPdCu 

Pd-Catalysed cross-coupling reactions 

• Large variety of coupling partners available 

• Pd couplings are arguably the most widely used TM catalysed processes 
• Generally good stability to O2 and H2O and have good functional group tolerance 
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… and many more 



Key mechanistic steps in coupling rxn�s 
• Pd(II) salts are often used as precursors, Pd(OAc)2 in particular 
• Transmetallation is generally rate-limiting 

General Pd reviews: Metal-Catalysed Cross-Coupling Reactions; Ed. Diederich and Stang, Wiley-VCH, 1998. 

Palladium Reagents and Catalysts: New Perspectives for the 21st Century; Tsuji, Wiley, 2004. 
Handbook of Organopalladium Chemistry for Organic Synthesis; Ed. Negishi, Wiley, 2002. 
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Suzuki couplings – Boron reagents 

• Many catalysts available, and many boron reagents… 

• Popular due to low toxicity and stability of boronic acids/esters - v widely available 
• Aryl, alkenyl and alkylboranes have all been used 

Suzuki, Tet. Lett. 1979, 20, 3437. 

• Pd(PPh3)4 is traditional catalyst, but suffers from poor stability and activity 

 Reviews: Suzuki, Chem. Rev. 1995, 95, 2457; Miyaura, Topics in Current Chem. 2002, 219, 11. 
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Suzuki couplings – the transmetallation step 

• Two main possibilities – boronate and oxo-palladium pathways 
• Recent data suggests oxo-palladium for biphasic reactions (the majority) 

Amatore and Jutand, CEJ 2011, 17, 2492; Hartwig, JACS 2011, 133, 2116; Lloyd-Jones, JACS 2012, 137, 7431. 
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Suzuki couplings: Effective ligands (1) 

• Bulky electron-rich phosphines are most active 
• PtBu3 or PCy3 effective for many substrates - Cl, Br, I, OTf 

Fu, JACS 2000, 122, 4020. 
Fu, Org. Lett. 2001, 3, 4295. 
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stable variant



Suzuki couplings: Effective ligands (2) 
• Large variety of biphenyl-phosphines commercially available  
• �S-Phos� and �X-Phos� particularly effective  

Buchwald, JACS 2005, 127, 4685. 
Buchwald, Angew 2004, 43, 1871. 

(HO)2B

Pd2dba3 (2.0 mol.%)
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K3PO4 (2.0 equiv.)

PhMe, 110 °C

Me Br

Me Me

Me 82%

MeO OMe
PCy2S-Phos iPr iPr

PPh2

X-Phos

iPr

Me

Me

Me

Me

Me Me

(HO)2B
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Me Me

97%

MeO
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Suzuki couplings: N-Heterocyclic carbene ligands 
• NHC ligands can rival performance of traditional P-ligands 

See also; Nolan, JACS 2006, 128, 4101; JOC 2006, 71, 3816; 
Beller, Angew 2002, 41, 986; Caddick, JACS 2003, 125, 10066. Organ, CEJ 2006, 12, 4743. 

• Sensitivity to O2 and H2O has been a problem 
• An air stable multi-purpose catalyst? 
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Suzuki couplings: Alkyl couplings 
• β-Elimination is major problem 

De Clercq, Org. Lett. 2006, 8, 4815. 

• Majority of examples employ 9-BBN derivatives as B-component 

PdCl2(PPh3)2 (10 mol.%)
K3PO4, DMF, rt

80%
Me

Me Me

Me

Me
B

OTBS Me

Me

OTBS

Me

Me Me
I

Fu, Angew 2002, 41, 3910. 

• Alkyl halides and tosylates can also be used 

Reviews; Beller, Angew, 2005, 44, 674; 
Fu, ASC 2004, 346, 1525; Danishefsky, Angew 2001, 40, 4544. 

NC
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B

Pd(OAc)2 (8.0 mol.%)

NaOH, dioxane, 50 °C
PtBu2Me (32 mol. %)

NC
6

63%

Suzuki couplings: Application to target synthesis 

Nakada, Org. Lett. 2004, 6, 4491. 

• Alkyl coupling towards Taxol 

I
Me

Me

Me

Me
OBn

OBn
MOMO

Me
OBn

Me

Me

MOMO

Me

OBn

1. 9-BBN, THF
2. Pd(PPh3)4 (50 mol.%)

NaOH, MeCN, reflux

85%

77%

Pd2(dba)3 (10 mol.%)

Cs2CO3, dioxane, 110 °C
Xantphos (20 mol.%)
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Commins, Org. Lett. 2006, 8,3549. 

• Many total synthesis applications 
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O
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Suzuki couplings: Application in process chemistry 

Chung, JOC 2005, 10342; OPRD 2007, 328. 

• …a simpler alternative 
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Cl Cl

O H

F

F

Pd(OAc)2 (1 mol%)
PPh3 (3 mol%)

KCl, Bu4NCl

96% yield
(3 Kg)

Na2CO3, PhMe

• Merck MAP kinase inhibitor 
• Initial selective coupling investigated 
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Cl Cl

O
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Cl

B(OH)2
F

F

N

N

Cl Cl

O Cl

F

F

2nd coupling here
is problematic

Pd2(dba)3.CHCl3 (2 mol%)
IMes.HCl (10 mol%)
DMF, K3PO4, 50 °C

96% conversion
97:0:3 selectivity

Pd2(dba)3.CHCl3 (2 mol%)
P(2-MeOPh)3 (1 mol%)
DMF, K3PO4, 40 °C

>99% conversion
92:3:5 selectivity

"...potential for long-term, manufacturing as more robust and cost effective..."

Stille Couplings 

• Widely used academically, but organotin waste is a concern 
• reactions catalytic in tin 

Maleczka, JACS 2001, 123, 3194. 
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Me OH

Me

Me OH

SnMe3
Br

Ph

Me3Sn-Cl (6 mol.%)
PdCl2(PPh3)2 (1 mol.%)

Pd2(dba)3 (1 mol.%), (2-furyl)3P
Na2CO3 (aq), PHMS, Et2O, 37 °C

Me

Me OH

Ph
90%

Me3Sn-Cl Me3Sn-OCO2R Me3Sn-HPHMS

+ Br-SnMe3

Na2CO3

• Using mono-stannane reagents - Ni catalysis 

Reviews; Farina, Org. React. 1997, 50, 1; Echavarren, Angew 2004, 43, 4704. Fu, JACS 2005, 127, 510. 

NiCl2 (10 mol.%)

KOtBu, tBuOH, 60 °CBr Cl3Sn

Me
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Me
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+ Cl3Sn-X



Silane couplings (Hiyama reaction) 

Denmark, JACS 2004, 126, 12432. 
Denmark, ACR 2002, 35, 835. 

• Application to the synthesis of brasilenyne – also, see Ed Anderson… 

[allylPdCl]2 (7.5 % mol.%)

THF, rt
TBAF (2 equiv.)Si
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Me O

HO

PMBO

Me

61%

from RCM

• Attractive due to non-toxic silicon waste 
• Silanes need activation 

Pd2(dba)3 (5 mol.%)

THF, rt
I

TBAF (2 equiv.) 76%
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Si

Me

OTHP

HO

Me Me

Me

OTHP
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Heck reactions 

• Use of Ar-Cl substrates 

• Significantly more complex than �simple� coupling reactions 
• Attractive because of no organometallic coupling partner 

Fu, JOC 1999, 64, 10. 

Cl 84%MeO

O

OMe

Pd2(dba)3 (1.5 mol.%)
PtBu3 (6.0 mol.%)

Cs2CO3, dioxane, 100 °C MeO O

OMe

For a regioselective intermolecular oxidative Heck on indoles, see; Gaunt, Angew 2005, 44, 3125. 
Stoltz, Angew 2004, 43, 6144. 

• �Oxidative� Hecks - generate Ar-Pd in-situ 

80%
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tAmOH, AcOH, 100 °C
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O Me MeO
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O
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PdX
benzoquinone

Review; Belatskaya, Chem. Rev. 
2000, 100, 3009. 



Sonogashira reactions 
• No organometallic coupling partner 
• Cu free reactions of Ar-Cl�s 

Buchwald, Angew 2003, 42, 5993. 

82%

[PdCl2(MeCN)2] (1.0 mol.%)

Cs2CO3, MeCN, 70 °C
Cy-X-Phos (2 mol.%)

Me

Cl

Me

• Reactions in water - water soluble X-Phos  

Buchwald, Angew 2005, 44, 6173. 

(also for Suzuki�s) 

Also see; Buchwald and Fu, Org. Lett. 2000, 2, 1729. 

69%
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Cs2CO3, H2O/MeCN, 60 °C
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H2O-Cy-X-PhosiPr iPr

SO3Na

Cy-X-Phos 1. H2SO4, (20% SO3)
2. NaOH, H2O

Sonogashira reactions – process example 
• Johnson & Johnson cathepsin S inhibitor – immunological disorders 
• Final step of synthesis, therefore metal contamination a real issue 

JOC 2007, 72, 8243.  

N

N
NN

O

Me
Cl

I

O NH2

O

H
N

Cl

N

N
NN

O

Me
Cl

O NH2

O

H
N

Cl

PdCl2(PPh3)2 (0.25 mol%)
CuI (0.5 mol%) NEt3, DMF, 50 °C, 16 h

85%

crystallise as mono ethyl oxalate salt (80%)
>98.5% pure, <20 ppm Pd/Cu



Discovery of a Pd-catalysed enolate arylation 
• Attempted etherification using cyclohexanol delivered arylated ketone product 

ONa
Br

Me
Me

Me

Pd2dba3
Tol-BINAP

O
tBu

2% yield

Buchwald, J. Am. Chem. Soc. 2000, 122, 1360. 

• Optimisation delivered a robust reaction 
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NaOtBu, PhMe, 90 °C
Me
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79 % yield

Enolate arylations 

• Reactions proceeds via OA to Ar-X then formation of Pd-enolate 

• Developed over last 15 years 
• Range of carbonyl compounds, nitriles and enol silanes can all be employed 

Ar Pd X

R1

O
R2 + base base-HX

R1

O

R2

PdAr
R1

O

R2

PdAr

R1

O

R2

Ar
reductive

elimination + Pd(0)

Ar X

Pd(0)



Enolate arylations 

• Suzuki and amination ligands are effective 

Hartwig, Acc. Chem. Res 2003, 36, 234. 

Buchwald, JACS 2000, 122, 1360. 

Br

O

Fe

PtBu2

PtBu2

DtBPF

DtBPF, Pd2dba3

NaOtBu, rt

O

70%

EtO

O
N

Ph

Ph Br OMe
EtO

O
N

Ph

Ph

Ar

PtBu3, Pd2dba3

K3PO4, 100 °C 85%

H

O

Br
rac-BINAP, Pd(OAc)2 84%

Me

Me

Me

H

O

Me

MeMe

dioxane, H2O, 80 °C
Cs2CO3

H

O
Bu

O-R

Buchwald, Angew 2007, 46, 7236. 

Enolate arylation - Application 

• Arylation of a malonate equivalent 

OPRD 2008, 12, 603. 

N

N NN

O

Br

Me

Me

O

OiPr
N

Pd(OAc)2 (1 mol%)

NaH
PhMe, 100 °C

N

N NN

O

Me

Me
CN

CO2iPr

PPh3 (4 mol%)

>95%
(40 Kg)

N

N NN

O

Me

Me

OH

N

N NN

O

Me

Me

O

N
O

Boehringer Ingelheim
HIV candidate

i) NaOH
ii) HCl

iii) NaBH4



Enolate arylations: Intramolecular reactions 

• Intramolecular substrates are readily prepared 

Hartwig, JOC 2001, 66, 3402. 
Buchwald, JOC 2002, 67, 465. 

61%

Pd2(dba)3 (3.8 mol.%)
DavePhos (8.0 mol.%)

LiOtBu, dioxane, 110 °C

75%

Br

N
Me

O
Pd(OAc)2 (5.0 mol.%)

PCy3 (5.0 mol.%)
NaOtBu, dioxane, 50 °C N

Me

O

Br

N
Me

Me

CO2
tBu

Me
N

CO2
tBu

Me

Me
Me

Me2N
PCy2

DavePhos

Ni Coupling reactions 

• Ability to use amino alcohols as ligands  

Fu, JACS 2006, 128, 5360. 

(HO)2B
NaHMDS, iPrOH, 60 °C

NiI2 (6 mol.%)
TsN 94%tBuTsN Br

HO NH2

tBu

(6 mol.%)

• Much less developed than Pd, but recent revival 

MacMillan, JACS 2003, 125, 6046. 

• Oxidative addition into ammonium salts  

N Me
Me

Me

OTf-
Bu (HO)2B

MeO

IMes.HCl (10 mol.%)
CsF, dioxane, 80 °C

Ni(COD)2 (10 mol.%)
MeO

Bu 94%

N N

Me

Me

MeMe

Me

Me
IMes



Fe catalysed coupling 

• Many applications in synthesis 

Furstner, Chem. Lett. 2005, 34, 624; Angew, 2004, 43, 3955; Angew, 2003, 42, 308. 

NCl OTf

Me
MgBr

NCl

Me

MgBr
5

(salen)FeCl
N

Me

N

muscopyridine

then H2Ru
PCy2

PCy2

Cl
Cl

Ph

80%

57%

(salen)FeCl

• Rapid reactions, high chemoselectivity 
O

OEt

X

C6H13 MgBr
Fe(acac) (6 mol. %)

THF/NMP, 0 °C, 5 min

O

OEt

Me

X = Cl, 95%
X = OTf, 95%

Pd-Catalysed C-N bond formation 

• Coupling of tin amides and aryl halides originally reported by Migita in 
1983 

Br NEt2nBu3SnNEt2 5% Yield

Br NEt2nBu3SnNEt2
PdCl2(P(o-tolyl)3)2

81% Yield

Pd(PPh3)4

• The use of tin reagents not attractive.  System reinvestigated 
independently by both Buchwald (MIT) and Hartwig (Yale) in 1994…initially 
with tin systems; tin free systems soon followed 

Migita, Chem Lett,1983, 927. 

• THE coupling development of the last 15 years? 



Tin free catalysis 
• Back-to-back reports by Buchwald and Hartwig describe efficient tin-free systems 
that employ bidentate ligands 

PPh2
PPh2 Fe

PPh2

PPh2

(rac)-BINAP DPPF JACS,118, 1996, 7215; 7217. 

Me

95% Yield
Br

MeO

Me
Br

Me

NMeHN

H2N Hex
Pd2(dba)3

BINAP, NaOtBu
PhMe, 80 °C, 6 h

Me
H
N

MeO

Me
N

Me

Hex

NMe

98% Yield
Pd2(dba)3

BINAP, NaOtBu
PhMe, 80 °C, 4 h

96% Yield

OMe
I

Br

O

Ph
H2N

Me

Me

H2N Ph

OMe
H
N

H
N

O

Ph

Ph

Me

Me
84% Yield

PhMe, 100 °C, 3 h

(DPPF)PdCl2

PhMe, 100 °C, 3 h

(DPPF)PdCl2

NaOtBu

NaOtBu

Mechanism 
• Originial mechanism proposed for monodentate ligands 

• Bidentate ligands enforce cis-orientation and reductive elimination becomes faster 
compared to β-elimination 

L
Pd

NR2

Ar

L

L2Pd

L-Pd

—L+L

Ar
Pd

L Br

Br
Pd

Ar
Pd

L

Br HN
R

NaOtBu

HOtBu
 NaBr

Ar NR2 Ar-Br

L

Ar

NHR2

L Pd
NR2

Ar

β-hydride elimination
Ar H

N

R1 H

R

R



Development of new ligands 
• Aryl chlorides unreactive with BINAP, DPPF 
• Bulky electron-rich ligands found to be ideal - bidentate systems not needed 

• Modular, tunable ligands - probably hemi-labile in nature 
• Biphenyl ligands developed by Buchwald are the most general so far developed 

• Resistant to oxidation 

• Alternative ligands appear weekly… 

Ligand synthesis: Adv. Synth. Catal. 2001, 343, 789. 
Review of ligand development: Buchwald, Adv. Synth. Catal. 2006, 348, 23. Applications: Angew, 2008, 47, 6338. 

Fe
PtBu2

PtBu2 tBu

P
tBu tBu

PCy2
OMeMeO

PCy2
NMe2

PPh2
iPriPr

iPr

PtBu2PCy2

DavePhos JohnPhos
XPhos

SPhos

Latest generation of Buchwald ligands 
• Even bulkier, more specific ligands 

OMe

PCy2MeO
iPr iPr

iPr
BrettPhos

PCy2
iPrO OiPr

RuPhos

Me

PtBu2Me
iPr iPr

iPr
Me4tBuXPhos

Me

Me

Me

PtBu2Me
iPr iPr

iPr
Me3(OMe)tBuXPhos

MeO

Me(Me)
(OMe)

OMe

PtBu2Me
iPr iPr

iPr
RockPhos

Buchwald, JOC, 2012, 77, 2543; Chem. Sci. 2011, 2, 57; Angew, 2012, 51, 4710. 

• Pre-catalyst system introduced – rapid access to mono-ligated Pd(0) 

Pd
NH2

Cl L

L = ligand
(not possible for all ligands)

Pre-catalyst; Buchwald, Chem. Sci., 2011, 2, 2321; Chem. Sci. 2013, 4,  916; Org. Lett. 2013, 15, 2876.  

XPhos, SPhos, RuPhos, BrettPhos and tBuBrettPhos 
pre-catalysts are commercially available 



Buchwald amination: a user’s guide (I) 
• Pd source: pre-catalyst if available (no additives) 

• Base: vary substrate dependent, NaOtBu – very good, but very basic  

Buchwald, Chem. Sci., 2011, 2, 27. 

Pd2(dba)3 – also no additives, but dba can retard reaction 
Pd(OAc)2 – cheap, but needs reduction for anilines and amides 

• Ligands: BrettPhos or RuPhos good first choices 

BrettPhos: primary alkyl amines and primary anilines 
RuPhos: secondary alkyl amines and secondary anilines 

LHMDS – good for protic substrates, strong base so compatibility issues  

Cs2CO3 – weak base, expensive, stirring an issue on scale 

K3PO4–weak base, but high cat loadings and long reactions 

• Solvent: Toluene most general, ROH can be good as can THF 

Buchwald amination: a user’s guide (II) 

Buchwald, Chem. Sci., 2011, 2, 27. 

Pd source
ligand

base/solvent

X

R1
R2

N
H

R3
N

R1

R2

R3

Problem Possible Cause Solution
low conversion inefficent formation of catalyst use pre-catalyst

slow reaction increase cat loading
use higher temperature

poor mass balance incompatability of base with 
functional groups

use weaker base (Cs2CO3, 
K3PO4)

formation of catalyst decomposition use lower temperature

H

R1

formation of
OH

R1

formation of
O

R1

inefficient reductive elimination use ligand faster for RE

presence of water in reaction dry reagents
use molecular sieves

presence of water in reaction dry reagents
use molecular sieves

R1

R1 R1

inefficient transmetallation

unsuitable solvent

use less hindered ligand, or more 
electron-deficient at P

try tBuOH or ethereal solvent

formation of



Aryl chloride couplings 
• Buchwald�s electron-rich biphenyl systems and PtBu3 are optimal 

Me

Cl

Me

Me

Cl

H NBu2

H2N Hex

Me

N

Me

Me

N
H

Bu

Hex

Bu

Pd2(dba)3/A
NaOtBu, PhMe, 80 °C

Pd2(dba)3/A
NaOtBu, PhMe, 80 °C

95%

99%

NC

Cl

Me

N
Pd2(dba)3/PtBu3

NaOtBu, PhMe, 25 °C 90%
Ph

HN
Me

Me

Ph

PCy2
NMe2

A

• PtBu3 can be difficult to handle 

Hartwig, Angew, 2005, 44, 1371; Buchwald, JACS, 2007, 129, 13001. 

Use of PtBu3.HBF4; Fu, OL, 2001, 3, 4295.  

Scope of N-coupling partner 

General review on Pd cat. C-N; Buchwald, In Metal-
Catalysed Cross-Coupling Reactions, 2nd Ed., de 
Meijere, Ed., 2004; Hartwig, In Modern Arene 
Chemistry, Astruc, Ed., 2002. 

For a detailed procedure for the Buchwald 
monophosphines, see; Buchwald, Nature 
Protocols, 2007, 2, 2881. 

• Hindered and electron-poor nucleophiles perform well 

PtBu2

B

• Weaker bases can be used with electron-poor N-units 

• Huge scope 

Pd2(dba)3/DPPF
NaOtBu, PhMe, 80 °C 83%Br

MeO

HN

O MeO

N

O

amides (lactams)

Pd2(dba)3/DPPF
Cs2CO2, PhMe, 80 °C 82%Br

Me Me

N

Me
Me

HN
SO2Ar

Me
Me

SO2Ar
sulfonamides

Pd2(dba)3/B
NaOtBu, PhMe, 80 °C 73%

Me

Cl

Me

H2N
H
N

Me

Me

hindered anilines

Me
Me

Me
Me

Me
Me

Me
Me



Applications: Medicinal chemistry 

• Large scale preparation of a 5-HT receptor antagonist (AZ) 

AZ group, Org. Proc. Res. Dev. 2004, 8, 925. 

64% yield (115 Kg scale)
Pd2dba3/(rac)-BINAP

Cs2CO3, anisole, 125 °C
O

O

O

OEt

F

Br

O

O

O

OEt

F

NN
H

Me
N

N
Me

Lilly group, Org. Proc. Res. Dev. 2012, 16, 70. 

• Synthesis of JAK2 inhibitor – LY2784544 (Lilly) 

N
N

Me

NH2

Me
Me

Me

N
N

N

N

Me

F

Cl

Cl

O

N
N

N

N

Me

F

Cl

N
H

O

N
N

Me

Me Me
Me

Pd2(dba)3 (0.4 mol%)
Xantphos (0.85 mol%)

NaOH
xylenes, water, reflux

79% yield
(82 Kg scale)

Ammonia equivalents 

+

Ph
Ph

NH

BOC
N

Br

BOC
HN

NH2Br

N

Br
NH

Ph Ph

BOC
Pd(OAc)2 (1.0 mol.%)

BINAP (1.5 mol.%)
Cs2CO3, THF, 65 °C

N

N

N

BOC

Ph Ph Ph Ph
91%

NH4
+.HCO2

-

Pd/C
MeOH,60 °C H2N

N

NH2

BOC

95%

• Imines commonly used 

Buchwald, TL 1997, 38, 6367. 

• Silylamines 

Buchwald, Org. Lett. 2001, 3, 3417. Hartwig, Org. Lett. 2001, 3, 2729; 2005, 7, 1169. 

iPr

Br
Pd2dba3

LHMDS, PhMe, 100 °C
H2N SiPh3

iPr

NH2 90%
then acid

PCy2



Ammonia equivalents: Application 

• Merck process group, towards an intermediate for a BTK inhibitor 

Org. Proc. Res. Dev. 2013, 17, 876. 

Pd2(dba)3 (1.0 mol%)
A (3.0 mol%)

98% (0.5 Kg)

PCy2

A

N

O

THF, toluene, 65 °C
Li N

SiMe3

SiMe3

Cl

Me Me
N

N

O

NH2

Me Me
N

then HCl (aq)

Ammonia itself 

• Hartwig Josiphos system 

Hartwig, JACS 2006, 128, 10028. 

89%
PdCL2 (1.0 mol.%)

(1.0 mol.%)

NaOtBu, DME, 90 °C

Br NH2

Me

Me
NH3

Me

Me

Fe
PCy2

PtBu2

Me
CyFPtBu

NH

Me

Me

Ar

<1%

• Buchwald biphenyl ligands 

Buchwald, JACS 2007, 129, 10354. 

70%
Pd2dba3 (1.0 mol.%)

NaOtBu
dioxane, 80 °C

Br
NH3

OO

NH2

OO

PtBu2

Me2N

(in dioxane)

See also, Stradiotto, Angew. 2010, 49, 4071. 



Intramolecular reactions 
• Amines and amides (and others) can be used 
• 4, 5, 6, 7-membered rings have all been prepared 

NHBn

Br
n

Pd(PPh3)4

NaOtBu, PhMe, 100 °C N
Bn

n

n yield

1
2
3

87%
72%
61%

Br

Pd(OAc)2, MOP
Cs2CO3, PhMe, 100 °C

H
N

O

Me

N

OMe

90%

PPh2
OMe

(rac)-MOP

Extension to alkenyl systems 

N
H

O Pd(OAc)2, rac-BINAP 
Cs2CO3, PhMe, 80 °C 

67% 
then NaB(H)OAc3 

N

Me Me
Me

O

OTf

Me Me
Me

• Can be used for the synthesis of enamines and imines if alkenyl halides and  
  triflates are used as substrates 

Willis, Tet. Lett., 2002, 43, 9085; Syn, 2005, 3229. 
Barluenga, Chem. Eur. J. 2004, 10, 494. 

N

Me Me
Me

O

Pd2dba2/dppb (5.0 mol.%)
K2CO3, t-AmOH, 100 °C 92%

NC Me

OTs

Cl

NO
O

H2N
Me Me

CF3 NC Me

HN

Cl

NO
O

Me Me
CF3

Wallace (Merck), Org. Proc. Res. Dev. 2009, 13, 84. 



Etherification reactions 
• Developed along similar lines to N-chemistry, however substrate scope was  
  initially far more limited due to slow reductive elimination and hence faster β- 
  elimination 

• Ligand developed to overcome limitations PCy2

F

Pd(OAc)2/F

Cs2CO3, PhMe, 70 °C

Cl
Me

Me

nBuOH
O

Me

Me

Bu 90% yield

Buchwald, J. Am. Chem. Soc. 2001, 123, 12202. 

Pd(OAc)2/F

97.5% ee

K3PO4, PhMe, 25 °C

O

Br

Ac
N O

OH

O

O Ac
N O

O

O

O

O

97.5% ee

• Synthesis of MKC-242 

Buchwald, Org. Lett. 2012, 14, 170. Review: Enthaler and Company, Chem. Soc. Rev. 2011, 40, 4912. 

Pd catalysed C-O 
• As with C-N, shows good functional group tolerance 

Buchwald, Angew 2011, 50, 9943. 
Buchwald, JACS 2006, 128, 10694. 

[(allylPdCl]2 (0.5 mol%)
A (0.85 mol%)

Cs2CO3
toluene, 90 °C

66%
Cl

MeO

HO Me

Me

O

MeO Me

Me

[(allylPdCl]2 (0.5 mol%)
A (0.85 mol%)

Cs2CO3
toluene, 90 °C

Cl

PhO

HO CF3

O

PhO

CF3

83%

• RockPhos effective for primary and secondary alcohols 

Pd(dba)2 (1.0 mol%)
B (4.0 mol%)

H2O, dioxane, 100 °C

Br

MeO

OH

MeO
93%

O

H KOH

O

H

OMe

PtBu2Me
iPr iPr

iPr

Me

PtBu2Me
iPr iPr

iPr

Me

Me

A B



Pd catalysed C-S bond formation 
• S-Coupling generally efficient but catalyst poisoning and hence low TON 
• Hartwig�s bulky bidentate ligands work well 
• Triflates and tosylates also effective 

89%
Me

Me

Cl HS

OMe

Me

Me

S

OMe

Pd(OAc)2, (0.1 mol.%)
LHMDS

DME, 110 °C, 2 h

CyFPtBu

Fe
PCy2

PtBu2

Me

CyFPtBu

• A H2S equivalent 

Hartwig, JACS 2006, 128, 2180. 

For aryl-B formation, see; Buchwald, Angew 2007, 46, 5339; Molander Org. Lett. 2012, 14, 4814. 

91%
Cl S

Pd(OAc)2, (0.1 mol.%)
LHMDS

PhMe, 90 °C, 2 h

CyFPtBu

HS TIPS TIPS

Pd catalysed C-S bond formation 
• Thiourea as a H2S equivalent. 

Paradies Org. Lett. 2011, 13, 4100. 

• Application from Pfizer (5-lipoxygenase inhibitor) 

 OPRD 2011, 15, 1046. 

O

H2N

O

Br

O

H2N

O

S-TIPSHS Si

iPr

iPr

iPr
PdCl2(dppf) (1.0 mol%)

toluene, 110 °C
NaOtBu

79%, 26 Kg

Pd2(dba)3 (2.0 mol%)
triphos (6.0 mol%)

dioxane, 100 °C

Me

Br

H2N

S

NH2 Cs2CO3

S

Me Me

SH

Me

Me

PPh2
PPh2Ph2P

triphos

93%



Pd catalysed C-NO2 and C-F bond formation 

• C-F reductive elimination very challenging 
• CsF and triflate substrates optimal 

[(cinnamyl)PdCl]2 (2 mol%)
A (6 mol%)
toluene, 110 °C

83%
OTf

MeO

Me

Me

CsF
F

MeO

Me

Me

• A basic alternative to traditional electrophilic nitration processes 

Buchwald, JACS 2009, 131, 12898. Buchwald, Science 2009, 325, 1661. 

• Chloride, triflate and nonaflates all used 

Pd2(dba)3 (0.5 mol%)
A (1.5 mol%)
TDA (5 mol%)

98%
Cl

NaNO2

NMe2

tBuOH, 130 °C

NO2

NMe2

OMe

PtBu2MeO
iPr iPr

iPr
A

TDA = tris(3,6-dioxaheptyl)amine
       (phase transfer catalyst)

Modern Cu catalysed C-N from aryl halides 

• Newest ligands allow lower temperatures 

Buchwald, JACS 2006,128, 8742. 
Buchwald, JACS 2002, 124, 7421. 

94%

CuI (5.0 mol.%)
B (20 mol.%)

Cs2CO3, DMF, rt

I
98%

IMe

Me

H2N
HN

BOC Me

Me

N
H

HN
BOC

CuI (5.0 mol.%)
B (20 mol.%)

Cs2CO3, DMF, rt N
H

F

F
F

F
H2N

MeN

MeN

OO

iPr
NH

NH

Me

Me

NN
B

OHO

Et2N

A

R

• Less developed than Pd 
• Different types of ligands - reactions less general than Pd 

Br

CuI (5.0 mol.%)
A (20 mol.%)

K3PO4, DMF, 90°C
98%

O

O
OH2N

NH

O

O

O

For a detailed procedure, see; Buchwald, 
Nature Protocols, 2007, 2, 2474. 

For a review, see; Buchwald, Chem. Sci. 2010, 1, 13. Mechanism, see; Buchwald, JACS 2009, 131, 78. 



Cu catalysed coupling with ammonia 

Taillefer, Angew 2009, 48, 337. 

MeO Br
NH3.H2O

Me Me

OO

Cu(acac)2 (10 mol.%)
Cs2CO3, DMF, 90 °C

(0.4 equiv)

MeO NH3
85%

• Aqueous ammonia with aryl bromides and iodides 

• Boronic acid substrates - extremely mild conditions 

H. Fu, Angew 2009,48, 1114. 

MeO B(OH)2

NH3.H2O
Cu2O (10 mol.%)

MeOH, air, rt

MeO NH3

92%

NH3 NH3
NH3

Me

Me MeO

O

H

88% 78%
O

MeO

Copper catalysed C-O from aryl halides 

Buchwald, JOC 2008, 73, 284. 

• Very good with aryl iodides, not as efficient with bromides 

Cl
CuI (5 mol.%)

Cs2CO3, PhMe, 80 °C
70%

Br CuI (10 mol.%)

Cs2CO3, PhMe, 110 °C 85%

I

MeO

HO O
O

Me
Me

HO

N N
Me

Me Me

Me

O O
O

Me
Me

Cl

O

MeO

For Cu cat. C-P formation, see; Buchwald, OL 2003, 5, 2315. 



Cu catalysed N- versus O-arylation 
• Ligand dependent selectivity possible 

• Requires at least three methylene spacers between N and O 

H2N OH

OO

Me

Me

NN
Me

MeMe

Me

I Br

CuI (5 mol.%)
Cs2CO3

DMF, rt, 7 h

CuI (5 mol.%)
Cs2CO3

PhMe, 3Å MS
90 °C, 16 h

H2N O

Br

N
H

OH

Br

97%
86%

Buchwald, JACS 2007, 129, 3490. 

H2N
O

Cl

H
N OH

Cl

80%

80%

N N
O

OH

HN N
O

O

N

N

81%

83%



Enantioselective Desymmetrisation 

Michael Willis 

CDT - Metal Catalysis  
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Review: M. C. Willis, J. Chem. Soc., Perkin Trans. 1 1999, 1765
@RhPdCu 

Desymmetrisation 

• Achiral and meso compounds 

• C2-symmetric compounds (chiral) 

• Pseudo C2-symmetric compounds (chiral) 

enantiotopic group 
 selection 

monofunctionalisation 

diastereotopic 
group selection 

Schreiber, Acc.Chem. Res., 1994, 27, 9. 

enantiotopic groups

homotopic groups

diastereotopic groups

Y Y

X

Z Z
Y R

X

Z Z

Y Y

Z Z Y R

Z Z

Y Y

X

Z Z Y R

X

Z Z



Desymmetrisation of meso- and achiral chains 

• Requires differentiation of enantiotopic groups 
• Desirable features: 

• Readily available substrates (stereoselectively) 

• Deliver "useful" products 

• Catalytic process 

• Practical 

• Potential to combine enantiogroup selection with a kinetic resolution 

• Possible to obtain extremely high enantioselectivity 

 For  reviews, see; Willis, Perkin1, 1999, 1765; Ward, Chem. Soc. Rev., 1990, 19, 1. 

major enantiomer

minor enantiomer

fastslow

fast slow

A

A

B

A

B

A

BB

Anhydrides: chiral alcohol addition 

• Early examples from Heathcock (stoichiometric) 

 Heathcock, J. Org. Chem., 1988, 53, 2374; ibid., 1993, 58, 142. 

O

R

O O
OH

Me DMAP
CH2Cl2

+ O

Me

CO2H

O R

d.r.

Me
Et
iPr
Ph
OTBS

16:1
14:1
7:1
8:1
50:1

O O

R

R



Alkenes: Sharpless epoxidation 

• Enantioselection + kinetic resolution 

Schreiber and Schreiber, J. Am. Chem. Soc., 1987, 109, 2487. 

Me

OH

Me Me

OH

Me
O

(-)-DIPT, Ti(OiPr)4

tBuOOH

Time (h) ee (%) de (%)

0.5
1.0
1.5

88
94
99.3

97
99
99

+ di-epoxides

• Application to synthesis of KDO 

Schreiber, Tetrahedron, 1990, 46, 4793. 

>97% ee, 94% yield (+)-KDO 

Ti(OiPr)4, (-)-DIPT
OH

OBn OBn

OH

OBn OBn
OtBuOOH

O
OH

HO
HO

OH

HO2C

OH

Alkenes: Sharpless epoxidation 

• Multiple stereocentres in a single step 

Schreiber, J. Am. Chem. Soc., 1987, 105, 4718. 

>98% ee, 81% yield 

mycotin 
OO O OOH OH Ti(OiPr)4, (+)-DIPT

tBuOOH

OO O OOH OH

O

Me Me Me Me Me Me Me Me

• Modified conditions 
• 8 Contiguous centres in a single step 

towards the core 
of hypoglaunine B 

Spivey, Angew., 2001, 40, 769. 

>95% ee, 55% yield 

Zr(OiPr)4, (-)-DIPT

tBuOOH

O
OO

O
CN

OH

Me
MeMe

Me

O
OO

O
CN

OH

Me
MeMe

Me

O



Alkenes: enantioselective metathesis 

• Ring closing metathesis (RCM)  

• Desymmetrisation allows the development of new enantioselective reactions 

catalyst

• Desymmetrising metathesis  

RR

enantiotopic groups

R

R

chiral catalyst

*

Alkenes: enantioselective metathesis 
• Several Mo catalysts 
• Mo catalysts are substrate specific 

commercially available 

"in situ" 

2 steps from BINOL commercial 

A 
B, R = Me 
C, R = iPr 
D, R = Cl 

E 
THF, 1h

+ 

N

Mo

Me

Ph
MeO

O

Me

Me

Me

Me

Me

Me

Me

Me Me
Me

iPr iPr
N

Mo Me

Ph
Me

R

R

O

O

iPr

iPr

iPr

iPr

Pri

iPr

O

N

Mo Me

Ph
Me

iPr

iPr

O

O

Me
Me

Me

Me
Me

Me

tBu

tBu

OK

OK

Ar
N

Mo Me

Ph
Me

OTf

OTf
O

O
Me

Me

• Catalysts E is a good compromise of reactivity and selectivity 

Hoveyda and Scrock, Angew, 2001, 40, 1452. 
For a brief review of enantioselective RCM, see; Hoveyda and Schrock, Chem. Eur. J., 2001, 7, 945. 

rt, PhH
5 mol% catMeMe

O
O

Me

Me

H

catalyst yield ee

A
C
E

time

6 h

1 h

1 h

86%

72%

81%

93%

90%

92%



Alkenes: enantioselective metathesis 
• Asymmetric ring-closing metathesis (ARCM) 
• Solvent free conditions possible 

98% yield 
>99% ee 

76% yield 
>99% ee 

60°C, 4 h

5 mol% C
MeMe

O

Me2
Si

no solvent

O

Me2
Si

Me
H

Me

Me

O

Me2
Si

Me

O

Me2
Si

PhH, 60°C, 4 h

5 mol% C O

Me2
Si

Me Me

OH

then K2CO3/MeOH

Burke, Org. Lett., 1999, 1, 1827. 

• Synthesis of exo-brevicomin 

59% ee, 90% yield exo-brevicomin 

O

OMe O

OMe O

O
Me

Et

PhH, 22°C

10 mol% A H2, Pd(C)

87%

Alkenes: enantioselective metathesis 
• Tandem ring-opening metathesis/ring-closing metathesis 

generates more 
reactive carbene 

92% ee 
85% yield pentane

5 mol% A
O

Me

O

O

H

H

Me

• Synthesis of tipranavir pyranone 

tipranavir 95% yield, 91% ee 

PhH, 50°C

5 mol% CO

Ph

O

Ph

O

Ph

Me

N
H

O2
S N

Et
CF3

OH

O

Hoveyda and Schrock, J. Am. Chem. Soc., 2001, 123, 7767. 

• Ring-opening metathesis/cross metathesis 
undergoes Pd(0) couplings 

>98% ee, >98% trans, 57% >98% ee, >98% trans, 62% 

PhH, 22°C
5 mol% A

OR
Ph

PhH, 22°C
5 mol% A

(MeO)3SiOTBSPh

R = TBS R = MOM

OMOM(MeO)3Si

For an overview of his work see; Hoveyda, JOC., 2014, 79, 4763. 



Alkenes: enantioselective metathesis 

• Ru catalysts 

• N-heterocyclic carbene ligands 

• Substrate specific 
chiral substituents 
here less effective 

98% yield 
90% ee 

96% yield 
23% ee 

For an updated catalyst, see: Grubbs, JACS, 2014, 136, 13029. 

N N

PhPh

Ru

PCy3 Ph

Cl

Cl

iPr

iPr

iPr

iPr

2.5 mol% A
MeMe

O
Si

CH2Cl2, 38°C

MeMe

NaI

Me Me

O
Si

Me

Me

Me

Me Me

displaces Cl on Ru 

2.5 mol% A
MeMe

O
O

Me

Me
CH2Cl2, 38°C

MeMe

Me
NaI

Grubbs, JACS, 2006, 128, 1840. 

Nucleophilic opening of epoxides 
• Readily available substrates (stereoselectively) 
• Two types of enantioselective process 

• Desymmetrisation of meso-epoxides 

• Kinetic resolution of unsymmetrical epoxides 

X = OR, SR, N3 

X = OR, SR, N3 
R

R
O TMS-X+ catalyst

R

R OH

X

TMS-X+ catalyst
R

O
R

O

R
+

OH
X

Jacobsen, Org. Lett., 1999, 1, 1611. Jacobsen, Org. Lett., 2000, 2, 1001. Buono, Angew, 2000, 39, 2554. 

For a review of epoxide desymmetrisation, see; Hodgson, Tetrahedron, 1996, 34, 798. 

azide Nuc. azide Nuc. chloride Nuc.

N

O

O
SiMe2Ph

Cr
N3

N
N

O

N

O

RR

Yb
Cl

Cl
Cl

OMe
P
O Me

N

MeN



Desymmetrisation of epoxides:  salen derived catalysts 

R

R

O

TMS-N3 Me

Me

N3

OH

2 mol% cat., M = CrCl
O

N3

OH
Et2O, rt

• Azide nucleophiles, Cr(III) 
• Can use solvent free conditions 

Jacobsen, J. Am. Chem. Soc., 1995, 117, 5897. 

82% ee 98% ee 

• Different Nuc's need different metals 

NN

But

tBuBut

tBu

O O
M

HH

• Mechanism involves activation of both epoxide (L.A.) and nucleophile 

Review; Jacobsen, Acc. Chem. Res., 2000, 33, 421; Mechanism; J. Am. Chem. Soc., 1996, 118, 10924; ibid, 1998, 120, 10780. 

• Carboxylic acid nucleophiles, Co(III) 

Jacobsen, Tetrahedron Lett., 1997, 38, 773. 

92% ee 93% ee 

R

R

O
2.5 mol% cat., M = Co

Ph

Ph

OCOPh

OH

OCOPh

OH

PhCO2H, iPr2NEt

TBME, rt

Desymmetrisation of epoxides:  synthetic applications 

• Prostaglandin precursor 

Jacobsen, J. Org. Chem., 1996, 61, 389. 

94% ee, 77% yield 

NN

But

tBuBut

tBu

O O
Cr

HH

Cl

N3

OTMS
O OO

2 mol% cat

Et2O, -10°C OTMS
O

TMS-N3 Al2O3

CH2Cl2

• Formal synthesis of balanol 

Jacobsen, Tetrahedron Lett., 1997, 38, 1693. 

balanol precursor 
92% ee, 90% yield 

N3

OH

H
NO

OTIPS

N3

NBn

HO
HN

O

OBn

O

2 mol% cat

Et2O, -10°C

TMS-N3

• Synthesis of allosamizoline 

Ganem, J. Org. Chem., 1999, 64, 1782. 
(-)-allosamizoline 98% ee, 95% yield 

O

BnO

BnO

BnO
20 mol% cat

TMS-N3, TBME, rt
1.

2. CSA

BnO

BnO

BnO

OH

N3

HO
HO

OH

O

N NMe2



Desymmetrisation of epoxides:  synthetic applications 

• Hemibrevetoxin B fragment 
• First centrosymmetric example 

Nelson, Angew., 2001, 40, 4082. 

hemibrevetoxin B 

98% yield, >95% ee 

NN

tBu

tButBu

tBu

O O
Co

HH

OAc

O

O

Me H

H Me

O

O

O

O

Me H

H Me

O

OH

OH

20 mol% cat
H2O

MeCN/CH2Cl2
A B

O

O

O

O

CHOH

H

H

MeH

H

HO
Me

H OH

BA C
D

Desymmetrisation of epoxides:  C-C bond formation 
• Addition of TMS-CN 

• Catalyst identified using "positional screening" methods - peptide like catalyst 
• Catalysts are substrate specific 

Hoveyda and Snapper, Angew., 1996, 35, 1668; ibid, 1997, 36, 1704. 

For reviews of this approach to catalyst identification, see; Hoveyda and Snapper, Chem. Biol., 1999, 6, R305. 

86% ee 
80% conv. 

64% ee 
56% conv. 

O
Ti(OiPr)4, 20 mol% cat

4oC, PhMe

CN

OTMS

TMS-CN
CN

OTMS

F
HO

N

tBu

O

H
N

H

Me
H
O

Me
Me
Me

MeO

O



Desymmetrisation of oxetanes 
• Decreased ring-strain, increased Lewis basicity, relative to epoxides 

Jacobsen, JACS 2009, 131, 2786. 

NN

tBu

tButBu

tBu

O O
Co

HH

OTf

O
Me

HO

(1 mol%)

TBME, rt

O

Me

OH

92% yield, 99% ee

O (10 mol%)

TBME, rt

HO

O

OH

38% yield, 96% ee

• Azide as nucleophile 
• Synthesis of epibatidine 

88% yield, >95% ee (-)-epibatidine 

Trost, Tet. Lett., 1996, 37, 7485. 

HNNH

PPh2 Ph2P

O O

OBz

OBz

OBz

N3

NH

H

N

Cl[C3H5PdCl]2 (0.25 mol%)
0.75 mol% ligand

TMS-N3

THF, 0°C

Palladium π-allyl chemistry 

• Purine base as nucleophile 
• Synthesis of a carbovir analogue 

Trost, J. Am. Chem. Soc., 2000, 122, 5947; Tet. Lett., 1997, 38, 1707. 

BzO OBz

N

N
H N

N

OCONPh2

7.5 mol% ligand

pempidine, THF, 0oC+
NHAc

[C3H5PdCl]2 (2.5 mol%) BzO

N

N N

N
N

N N

N

HO NH2

NH

NHAc

OCONPh2

70% yield, 93% ee Carbovir analogue 
       (abacavir) 



• Meso diamine nucleophile 

Willis, Angew, 2011, 50, 9116. 

Palladium π-allyl chemistry – application in synthesis 

H
N N

N
H

N

Me

Me
H

H
N N

N
H

N

Me

Me

H

H

Pd, (R,R)-Trost Ligand

(76%, >99% ee)
[gram scale]

OAc

hodgkinsine B

H
N N

N
H

N

Me

Me

H

H

N
H

N

Me
H

N

N Me

BocO

N N

N
H

N

Me

Me

H

H

N O
N Me

Boc

Pd(OAc)2
tBu3P.HBF4, Cs2CO3

(77%)

N N

N
H

N

Me

Me

H

H
BrMe

Palladium catalysed cross-coupling reactions 

• Axial chirality 
• Grignard couplings 

Hayashi, J. Am. Chem. Soc., 1995, 117, 9101; Tet. Lett., 1996, 37, 3161. 

87% yield, 93% ee 80% yield, 94% ee 

TfO OTf Ph OTf

Ph-MgBr/LiBr

P
PdCl2

N

Me Me

Me Me

Ph

5 mol% cat.

Et2O/PhMe, -30°C

Ph

Ph OTf

• Planar chirality 
• Carbonylation 

31% yield, 95% ee 48% yield 

Schmalz, Org. Lett., 2001, 3, 1753. 

Cr

Fe

PPh3

NMe

H

(S)-(R)-PPFA

Cl

Cl
Cr

CO2Me

Cl
2 mol% ligand-PdCl2

CO, MeOH, NEt3
60oC, 1 atm

+

Cr

CO2Me

CO2Me

CO
CO

CO
CO CO

COCO
CO CO



Palladium catalysed cross-coupling reactions 

Willis, Powell, Watson and Claverie, Angew., 2004, 43, 1249. 

Me

TfO OTf

Pd(OAc)2 (10 mol.%) 
MeO-MOP (10 mol.%) 

CsF, dioxane, rt, 8 h 

(HO)2B Ar

Me

TfO Ar

• Stereogenic carbon centres 

OMe
PPh2

Me

TfO

N

Bs

65% yield, 85% ee 

OTfTfO
Me

Ph

TfO
Me

Ph
O

OMe

CO (balloon)
Pd(OAc)2, A

2:1, MeOH, NEt3

Me
Ph

O

OMe

O

MeO

45 °C

34%, 94% ee 43%

OMe
PCy2

A

Willis and Bryne, OBC., 2010, 8, 758. 



C-H “Activation” in Synthesis 
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@PdRhCu 

C-H Functionalisation, C-H activation, direct arylation 

• There are limitations: waste generation and the synthesis of the substrates 

• Palladium (and other metal) catalysed cross-coupling reactions offer powerful 
  methods for C-C bond formation (Suzuki, Stille etc…) 

• A direct coupling from unfunctionalised compounds would be ideal… 

Br

O

Me
(HO)2B OMe Pd(0), base

O

Me OMe (HO)2B Br

IMe Bu3Sn Pd(0) Me Bu3Sn I



C-H Functionalisation… 

For a recent review, see; Gevorgyan, CSR 2007, 36, 1173. 
For an overview, see; �Handbook of C-H Transformations�, Dyker, Ed., Wiley, 2005. 

• Readily available substrates • Less waste 
• But there are significant reactivity and selectivity issues 

• (C-H bonds are strong, there are lots of them) I H

65 kcal/mol 110 kcal/mol

• Removing both functional groups would be ideal, but one at a time also useful 

H

O

Me
H OMe catalyst

O

Me OMe
[O]

H2O

• Would allow removal or organometallic or electrophile (or both) 

[M]
O

Me
H OMe catalyst

O

Me OMe "[M]H"

H
O

Me
Br OMe catalyst

O

Me OMe HBr

Early Intramolecular Reactions 

Ames, Synthesis 1983, 2324. 

• Performing intramolecular reactions helps with both reactivity and regioselectivity  
• Pioneering studies from Ames; 5- and 6-membered rings 

Br

O O

Pd(OAc)2 (10 mol%)
Na2CO3, DMA

170 °C
74%

O

Br O

Pd(OAc)2 (10 mol%)
Na2CO3, PPh3

DMA, 170 °C O

O

41%

H

H

• Electron-rich phenols allow efficient reactions 

Rawal, J. Org. Chem. 1997, 2. 

OH

O

Br

Pd
P O O

Me

O O

Me

Pd
P

TolTol

Tol
Tol

"Herrmann's palladacyle"
[Pd(OAc)2 + P(oTol)3]

Cs2CO3, DMA, 115 °C

OH

O

97%



Intramolecular Reactions – New Catalysts 

Fagnou, JACS 2004, 126, 9186. 

• Buchwald bulky e-rich ligands allow improved reactions: 5-, 6- and 7-rings 

O

Br

Pd(OAc)2 (0.1 mol%)

DMA, 145 °C O
96%

H
ligand A

Me2N

PPh2

A

O

Pd(OAc)2 (1 mol%)

DMA, 130 °C
96%

H
ligand A

Br
O

NMe

Br

Pd(OAc)2 (2.0 mol%)

DMA, 125 °C NMe
83%

ligand A
H

O O

K2CO3

K2CO3

K2CO3

Intramolecular Reactions – Alkenyl halides 

• Alkenyl halides and triflates can also be employed 

OTf
Me

MePd(OAc)2, dppp

NBu3, NMP, 90 °C

F

F
86%

H

F

F

Org. Lett. 2007, 9, 4391; Angew 2010, 49, 7958. 

• Application to indole and benzofuran synthesis 
• C-H functionalisation followed by isomerisation 

XX

Br
R

n
nR

N
Me

O

MeO

O

MeO

MeO

H

Pd(OAc)2 (5 mol.%)
B (10 mol.%)

DME, 90 °C, 3 - 8 h
Cs2CO3

PCy2
iPriPr

iPr
B

89%

91%

isomerisation



Alkenyl halides – Enantioselective reaction 

• Substrates with enantiotopic C-Hs 

Cramer Angew 2009, 48, 9139. 

TfO
H

H

O
P

OO

O

tBu

tButBu

tBu

Bu2
Me

Me

Pd(OAc)2 (5 mol%)
ligand (12 mol%)

NaHCO3
DMAc, rt

93% yield, 93% ee

Intramolecular Reactions – Mechanism 

• Significant kinetic isotope effect observed 

O

Br

Pd(OAc)2, PCy3

DMA, 130 °C O
kH/kD = 4.25

D K2CO3 D(H)

Fagnou, JACS 2006, 128, 581. 

• Two (main) proposed mechanisms; the observed KIE favours CMD 

Y

X

Pd(0)

Y

PdX

Y

Pd
H

Y

Pd
-HX

Y

electrophilic
substitution

Y

Pd
HX

Y

Pd
HX

δ+

δ-

B
δ-

δ+

Y

Pd

concerted
metallation

deprotonation (CMD)



Intermolecular Reactions 
• Cyclometallation – chelation control 

• A coordinating groups directs catalyst to C-H bond 

X

H

X

H

X

M
M

M (cat.)

Murai, Nature 1993, 366, 529. 

• Very successful strategy, but the need for a chelating group is a limitation 

O

H

Me

Me RuH2(CO)(PPh3)3 (2 mol%)

PhMe, refluxSiMe3

OMe

Me SiMe3
97%

O

H

Me

Me

[Ru] O

[Ru]

Me

Me
H

• Seminal paper from Murai… more later 

Chelation control – different groups/metals 
• Applicable to a variety of directing groups, coupling partners and metals 

Sanford, JACS 2008, 130, 13285. 

N

HMe Pd(OAc)2 (10 mol%)

PhMe, 100 °C

N

Me
85%Ph2IOTf

Yu, JACS 2007, 129, 3510. 

O

HMe
Pd(OAc)2 (10 mol%)

tBuOH, 120 °C

OHO

Me 63%

HO

B
OO

Me Me

benzoquinone
K2HPO4

Nakamura, JACS 2008, 130, 5858. 

N

H
[Fe(acac)3] (10 mol%)

THF, 0 °C

OMe

Me 88%

Me MgBr

bipy (10 mol%)
ZnCl2.TMEDA

Ar

OTf OMe
OTf

OMe

(after hydrolysis)



Chelation control – alkylation 
• Picolinamide directing group very effective – allows alkylation 

Chen, OL, 2011, 13, 4850. 

N
H

O

N

OMe

H

(PA) I
Me

Pd(OAc)2 (5 mol%)
K2CO3, NaOTf

tBuOH, O2, 125 °C

N
H

O

N

OMe (PA)

Me

95%

Chen, JACS 2013, 135, 2124. 

• Can be extended to C(sp3)-H activation 

TBSO

(PA)HN H

I Me
Pd(OAc)2 (10 mol%)

PhMe/tBuOH
Ag2CO3, 110 °C

74%

(BnO)2PO2H TBSO

(PA)HN Me

NH(PA)

I Me
Pd(OAc)2 (10 mol%)

PhMe/tBuOH
Ag2CO3, 110 °C

77%

(BnO)2PO2H

(5 equiv)H

NH(PA)

Me

Me

Chelation control – alkylation 
• Simpler amide applicable to sp3 and sp2 C-Hs 

Yu, JACS 2014, 136, 13194. 

Me

O

N
H

H

CF3

Me I Me

O

N
H

Me

CF3

Pd(TFA)2 (10 mol%)

N

Me

(20 mol%)

AgOPiv
DCE, 80 °C, air

81%

O

N
H

Me

CF3

Me I

O

N
H

Me

CF3

Pd(TFA)2 (10 mol%)
ligand (20 mol%)

AgOPiv
DCE, 80 °C, air

72%

H Me

O

N
H

CF3

Me I

O

N
H

CF3

Pd(TFA)2 (10 mol%)
ligand (20 mol%)

AgOPiv
DCE, 80 °C, air

69%
S S

H Me



Intermolecular Reactions 
• Non-chelating systems 

Fagnou, JACS 2006, 128, 8754. 

• Recognition of CMD mechanism for intra systems, led to inter reactivity… 

F

F

F

F

F

H

Br

Me

FF

F

F F

Me

Pd(OAc)2 (5 mol%)
PtBu2Me.HBF4

K2CO3

DMA, 120 °C

inert to electrophilic substitution

98%

• …even benzene as a coupling partner 

Fagnou, JACS 2006, 128, 16496. 

H

Br

Me

Me

Pd(OAc)2 (3 mol%)
PtBu2Me.HBF4

K2CO3

DMA, 120 °C
82%

(100% conv.)

tBuCO2H (30 mol%)

tBuCO2H - crucial for efficient reaction

Intermolecular Reactions - Mechanism 
• Role of pivolate in catalytic cycle 

Fagnou, JACS 2006, 128, 16496. 

Ar Br
LnPd(0)

LnPdAr(Br)

Pd O

O

PR3
Ar

Me Me
Me

Pd

O

R3P

H
O

Me
MeMe

PdR3P

Ar

O
OH

Me

Me

Me

Ph H

R3PArPd

Ar

O

OH
Me

Me

Me

O

O
Me

Me

Me K

K2CO3 K2HCO3

KBr



Intermolecular Reactions – Mechanistic Possibilities 

O
O

R

PdX

Pd
H

Pd-HX

Pd
H

Pd
HX

δ+

δ-

B
δ-

δ+

Pd

electrophilic
substitution

concerted
metallation

deprotonation (CMD)

H

or

H

XPd
H

XPd

Pd
X H

Heck-
type

C-H oxidative
addition

isomerization

Heterocycle functionalisation 

• Electrophilic substitution mechanisms 
• Pd-catalysed reactions of electron-rich heterocycles dominate 

Larrosa, JACS 2008, 130, 2926. 

95%
N

H I
N

OBn

Pd(OAc)2 (5 mol.%)

DMF, rt, 15 h
Ag2O (0.75 eq)

Me

OBn

NO2

CO2H
(1.5 eq)

Me

• Reaction proceeds via initial C-3 Pd-intermediate 

N
Me

Ar Pd X

N
Me

PdArH N
Me

PdAr

N
Me

Ar

N
Me

H

H

PdAr

N
Me

PdAr N
Me

Ar

slow

fast



C-H functionalisatin of diazine-N-oxides 

• Use of N-oxides allows electron-poor heterocycles to be employed 

Fagnou, Angew 2006, 45, 7781; JACS, 2008, 130, 3276. 

72%H

Pd(OAc)2 (5 mol.%)
PtBu3.HBF4

N N
O

Br
N N

O

K2CO3
dioxane, 110 °C

75%H

Pd(OAc)2 (5 mol.%)
PtBu3.HBF4

N

N
O

Br Me
N

N
O

Me
K2CO3

dioxane, 110 °C

Me Me

52%H

Pd(OAc)2 (5 mol.%)
PtBu3.HBF4

N

N
O

Br Me
N

N
O

Me
K2CO3

dioxane, 110 °C

Regioselectivity in indole functionalisation  

• Solvent and oxidant selective functionalisation 
• Fujiwara-Moritani oxidative Heck 

Gaunt, Angew, 2005, 44, 3125. 

N
H N

H

Pd(OAc) (10 mol.%)
Cu(OAc)2 (1.8 eq)

DMF/DMSO, 70 °C
91%

O

OtBu

CO2
tBu
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H N
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Pd(OAc) (10 mol.%)
tBuOOBz (0.9 eq)

dioxane, AcOH, 70 °C
51%

O

OtBu

CO2
tBu

N

PdX

H

H

For a similar approach to pyrroles, see; Gaunt, JACS, 2006, 128, 2528. 

• Oxidant regenerates Pd(II) 



C-H functionalisation in natural product synthesis 

• C-H functionalisation/oxidative Heck applied to rhazinicine 

Gaunt, Angew 2008, 47, 3004. 

O2N

NMe3Si H

NO2

O

Me

O

OTSE
N

O
Me3Si

TSEO2C

HN

N

O

Me
O

(rac)-rhazinicine

Pd(TFA)2 (10 mol%)
tBuOOBz, 70 °C

AcOH, dioxane, DMSO

(3 steps)

Direct cross-coupling  

• Also Benzofurans 

DeBoef, OL, 2007, 9, 3137. 

O O

Pd(OAc) (10 mol.%)
HPMW (10 mol.%)

(50 equiv)
O2, AcOH

84%

HPMW = heteropolymolybdovanadic acid H4PMo11VO40 

• Direct oxidative functionalisation on indole 
• Coupling with no activating groups 

Fagnou, JACS, 2007 129, 12072; Science, 2007, 317, 1172. 
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Direct cross-coupling – chelation controlled  

• Sodium persulfate as oxidant 
• Amide directing groups 

Dong, Chem Sci, 2010 1, 331. 

Me

O

NHiPr

H (excess)

Pd(OAc)2 (10 mol.%)

TFA, 70 °C

Na2S2O8 (3 equiv)

Me
O NHiPr

99%

• Alternative amide arrangement 

N

H (excess)

Pd(OAc)2 (10 mol.%)

TFA, 70 °C

Na2S2O8 (3 equiv)
N

88%
Et

O

O

Et

C-H functionalisation in natural product synthesis 

• Key step in the synthesis of Frondosin B 

• Intramolecular benzofuran C-H functionalisation 

Trauner, Angew 2002, 41, 1569. 
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Me Me
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DMA, 90 °C
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70%



C-X Bond formation 

• A wide range of C-X bonds can also be formed by C-H functionalisation 

Sanford, OL 2009, 11, 4584. 

Me H
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Me H
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Me Cl

N
PdCl2 (5 mol%)

NCS
MeCN

Pd(OAc)2 (5 mol%)
PhI(OAc)2

MeCN
Me OAc

N

C-H functionalisation: Ruthenium 

• Generally require a directing group, but it can be ‘weakly’ coordinating 

Ackermann, ASC 2014, 356, 1461. 

• Has recently been extended to many other ‘weak’ coordinating groups 
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• Early Murai work employed ketones as directing groups 
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C-H functionalisation: Ruthenium 

Jegenmohan, OL 2012, 14, 1134. 

Ackermann, OL 2013, 15, 6206. 

Ackermann, OL 2012, 14, 930. 
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C-H functionalisation: Beyond ortho-selectivity 
• Initial ortho-activation used to direct meta 

R

N
R'

H

H

ortho-functionalisation

meta-functionalisation R

N
R'

[Ru]

H

'activated'

[Ru]

Ackermann, JACS, 2013, 135, 5877. 

• Alkylation 

N [RuCl2(p-cymene)]2
(2.5 mol%)

MesCO2H (30 mol%)
K2CO3, dioxane, 100 °C

60%

Me Hex

Br
N

Me

Hex

• Sulfonylation 

Frost, JACS, 2011, 133, 19298. 

N [RuCl2(p-cymene)]2
(5.0 mol%)

K2CO3, MeCN, 115°C
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C-H functionalisation: Beyond ortho-selectivity 

• extension to bromination 

N [RuCl2(p-cymene)]2
(5.0 mol%)

DMA, 80 °C
91%

N

Br

N

O

O

Br

NN [RuCl2(p-cymene)]2
(5.0 mol%)

DMA, 80 °C
84%

NN
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N

O

O
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Me Me

N 1. [RuCl2(p-cymene)]2
DMA, 80 °C

76%

N

Br

N

O

O

Br
2. Cu(OAc)2, NCS Cl

Greaney, Angew 2015, 54, 11677. 

Meta-selectivity using Pd 
• Corresponding Pd-catalysed process requires a “U-shaped template” 

Yu, JACS, 2014, 136, 10807. 
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