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I. Introduction
N-Heterocyclic carbenes (NHCs) are singlet carbenes in 
which the divalent carbenic centre is directly associated 
with at least one nitrogen atom within the heterocycle. 
Although Wanzlick,1 Öfele2 and Lappert3 studied NHCs in 
organometallic chemistry as early as in the 1960s, the 
renaissance of applications of NHCs commenced after 
the seminal report by Arduengo4 on the extraordinary 
stability, isolation and storage of crystalline IAd. 

N N+

Cl–
N N + H2 + NaCl

NaOH, DMSO
MeOH

 

In terms of electronic properties, N-heterocyclic carbenes 
are electron-rich and nucleophilic in nature. This is in 
sharp contrast to other carbenes, which are usually 
electrophilic. In the case of NHCs, the carbene center 
is stabilized by the combined effects of σ-electron-
withdrawing and π-electron-donating nitrogen atoms.5 
In terms of steric properties, Arduengo-type NHCs are 
described as umbrella shaped vs. cone shaped phosphine 
ligands, which leads to vastly distinct effects in transition-
metal-catalysis.5-7 

N

N

R

R

∏—donation

available for σ—donation

σ—electron withdrawing  

Considering electronic and steric properties, NHCs are 
broadly classified into several subgroups:  

(1) �Arduengo type carbenes—NHCs bearing two 
heteroatoms adjacent to the carbene centre.

(2) �Cyclic amino carbenes—cyclic carbenes bearing only 
one nitrogen atom adjacent to the carbene centre.

(3) �Mesoionic carbenes—carbenes where canonical 
resonance structures are mesoionic.

(4) �Amido carbenes—carbenes where one of the nitrogen  
atoms is attached to a carbonyl group.

Electronic properties of Arduengo type carbenes  
can be tuned by varying the nature of the azole  
ring in the following order of electron-donicity:   
imidazoline > imidazole > benzimidazole.

NR N
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In this guide, our focus is on NHCs and NHC–metal 
complexes that are commercially available and readily 
accessible to a wide range of interested synthetic 
chemists. For discussion of other classes of carbenes, 
the reader is encouraged to consult several excellent 
reviews on these topics.6 

2. Properties of NHCs
2.1. �Coordination of NHCs to 

Transition Metals
Metal–NHCs have become one of the most popular 
classes of catalysts in modern chemical synthesis due 
to strong metal–carbene bonds, ease of synthesis and 
structural diversity. The strong σ-donor properties 
of NHCs supersede phosphines, which are the most 
prevalent class of ancillary ligands in transition-metal-
coordination chemistry. 

Arduengo type carbenes

• Electronic and steric effects 
   influence rate of oxidative addition

• Bulky groups prevent dimerization 
   and facilitate reductive elimination

• Strong metal—carbene bonds 
   increase catalytic stability and 
   stabilize high oxidation states

Structural diversity

N N

X X

C

[M]

R R

 

2.2. �Difference in Steric 
Properties

N-heterocyclic carbenes are sterically distinct from 
phosphines. The steric effect of phosphines can 
be generalized as cone-shaped. In this geometric 
arrangement, the steric bulk expands away from the 
metal centre and away from the coordination sphere. 
In contrast, in most cases, NHCs can be described as 
umbrella-shaped. In this geometry, N-wingtips are 
expanded towards the metal centre and towards the 
coordination sphere, providing a significantly higher 
steric impact than phosphine ligands. The pendant 
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N-wingtip groups play a major role on the reactivity of 
metal centers due to the intrinsic geometry of NHCs. 
The NHC architecture provides additional opportunities 
to tailor ligand properties in catalysis. Furthermore, 
in contrast to phosphines, bulky NHCs are highly 
anisotropic and rotation around the N-wingtips can 
often happen to minimize the steric clash of the metal–
carbene bond with substituents.7

• Umbrella shaped ligand • Cone shaped ligand

N-heterocyclic carbenes phosphines

N N
C

[M]

R R

P

R

[M]

R R

 

2.3. �Difference in Electronic 
Properties

N-heterocyclic carbenes are characterized by stronger 
bonds with metals than phosphines. In NHCs, the  
electron donating ability depends on three factors:  
(1) L → M σ-donation, (2) M → L π*-backbonding,  
(3) L → M π-donation. L–M π-donation accounts for  
about 15–20% of the overall contribution. σ-Donation 
is the key factor in establishing the strength of metal–
carbene bonds. NHCs are generally much better  
σ-donors than even the most basic phosphines. The 
electronic parameters of NHCs are quantified through  
TEP values (TEP = Tolman Electronic Parameter). TEP 
values of NHCs can be compared with representative 
phosphine ligands to determine the electronic  
contribution to the metal centre.

L = NHC νCO (E) (cm–1) L = phosphine νCO (E) (cm–1)

IMes 2051 PPh3 2069

IPr 2052 PMe3 2064

IPr* 2053 PtBu3 2056

Table 1. Carbonyl Bands (cm−1) in [Ni(CO)3L] Complexes in CH2Cl2.5,8

2.4. �Stability of Metal–NHC 
Complexes

Since metal–carbene bonds are more stable than metal–
phosphine bonds, metal–ligand dissociation in metal–NHC 
complexes is minimized. The high stability of metal–NHC 
bonds is an important consideration in catalysis. 

N
C

MLn

PR3 PR3

MLn

MLn

MLn

R
N
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R
N

R
N
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2.5. Synthesis of NHC Salts
The vast majority of common NHC ligand precursors are 
now commercially available (see List of NHC Ligands). 
These ligands are also readily accessible by several 
synthetic routes, including the synthesis of symmetrical 
and unsymmetrical imidazolium salts.9 

General synthetic route to symmetrical NHCs

General synthetic route to unsymmetrical NHCs

H H

o o

O O

Cl Cl

O O

R–NH NH–R’
R–NH NH–R’

H H

R–N
R–NH2  +

CH(OEt)3

HX, –H2O

CH(OEt)3

HX, –H2O

i)R–NH2 reduction

• symmetrical NHC

ii)R’–NH2
stepwise

N–R’
N

X–
+

NR R’

• unsymmetrical NHC

N
X–

+
NR R’

 

2.6. �Synthesis of Metal–NHC 
Complexes

Metal–NHC complexes are conveniently synthesized via 
free carbene route from the corresponding azolium salts 
using suitable base followed by the addition of a metal 
precursor. In an alternative popular and operationally-
simple route, metal–NHC complexes are synthesized by 
transmetallation from silver–NHCs.10 More recently, “weak 
base route” using weak bases has gained significant 
attention due to practical advantages of this protocol.11 

At present, a range of accessible NHC complexes 
continues to grow at an impressive rate due to the 
ease of synthesis and the diversity of accessible metal–
NHC complexes. In 2023, a wide range of NHC–metal 
complexes is accessible for all transition metals relevant 
to modern catalysis and the toolbox has been expanding 
to main group elements.12 

MLnMLn

MLn

Ag2O

base

Synthesis of metal—NHC complexes
via free carbene generation

base = K2CO3, KOtBu, NatBu, 
LHMDS, KHMDS

X = Cl, Br, I, BF4, PF6, OTf

solvent = acetone, THF, 
MeOH, CH2Cl2

transmetalation from Ag complexes

N

X–
+
NR R

N NR R

N NR R

AgX

N NR R
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3. �Palladium–NHC 
Complexes in 
Catalysis

Palladium–NHC complexes can be classified according 
to their structure.13 There are three main classes from 
the standpoint of cross-coupling: 

(1) �Well-defined, air- and moisture-stable Pd(II)–NHCs. 
This method is recommended for all applications in 
cross-coupling. 

(2) �In situ generated Pd–NHC complexes. This method 
is recommended for rapid screening of NHC salt 
precursors.  

(3) �Well-defined and highly reactive Pd(0)–NHCs. This 
method is recommended for advanced users to 
tailor the reactivity in select cases.

The most useful are well-defined Pd(II)–NHCs. These 
complexes are stabilized by spectator ancillary ligands, 
such as allyl, amines, heterocycles, and activated in situ 
to monoligated Pd(0)–NHCs. Well-defined Pd(II)–NHCs 
permit for an operationally-simple, bench-top reaction 
set-up using the optimal 1:1 Pd to ligand ratio. These 
Pd(II)–NHC complexes routinely allow one to use low 
catalyst loading at a range of temperatures in different 
solvents. Crucially, Pd(II)–NHC complexes typically 
show higher reactivity in cross-coupling reactions than 
the in situ formed Pd–NHCs. 

Examples of Pd(II)—NHC and Pd(0)—NHC catalysts

2006, Organ et al.2003, Nolan et al. 2007, Nolan et al.

2002, Beller et al.2002, Nolan et al. 2002, Nolan et al.
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N N
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O
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Me
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4. �Pd–NHC 
Complexes in 
Buchwald-Hartwig 
Cross-Coupling

The palladium-catalyzed cross-coupling of organohalides 
with amines (Buchwald–Hartwig amination) is recognized 
as one of the most useful methods for the synthesis of 
amines.14 In the last two decades, Pd–NHC complexes 
have provided synthetically useful and complementary 
reactivity to Pd–phosphine complexes in Buchwald–
Hartwig amination. 

X = halides and 
pseudohalides

oxidative 
additionreductive

elimination

reduction

HX x base

Ar Pd

Pd0Ln

PdII precursor

– Lm+ Lm

[Pd0Lm+n]

NRR’

NHRR’

Ln

Ar Pd
X

Ln

Ar Pd
OR

or

Ln

Ar NHRR’ Ar X

+

base base = MOR

Ar Pd—X
NHRR’

NHRR’Ln+
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4.1. Mechanism
After the initial activation of Pd(II) to Pd(0), the 
monoligated Pd–NHC complex becomes the main active 
catalyst.15 Oxidative addition of the aryl halide to Pd(0)–
NHC occurs, which is followed by ligation of the amine. 
Deprotonation in the presence of a base produces the Pd–
amide complex. Subsequently, reductive elimination takes 
place to provide the amination product and regenerate 
the active Pd(0)–NHC species. Common side reactions 
include β-hydride elimination, followed by reductive 
elimination to produce the hydro-dehalogenated arene 
and the corresponding imine. The strongly s-donating 
NHCs are advantageous over Pd–phosphine systems in 
that they allow to engage challenging electrophiles under 
mild reaction conditions. 

4.2. �First Example of Buchwald-
Hartwig Amination using 
Pd–NHCs

Cl–

Cl–

<5%

+

Pd2(dba)3 (1 mol%)

(4 mol%)

KOtBu, dioxane
100 ̊ C

Yield increases as steric increases (IPr > IMes)

N

Me Me

Me

Me Me

Me

N

+
NAr ArNCl

Me
MeHN

Me

Me
N

Cl–

11%

+

+

N N

Cl–

22%

+
N

Me

Me Me

MeMe
Me

N

Cl–

98%

+
N

Me Me

Me

MeMeMe Me

Me IPr

N

 

The first highly reactive Pd–NHC catalyst system in 
Buchwald-Hartwig cross-coupling was reported by 
the Nolan group in 1999.16 They identified sterically 
hindered NHCs to replace the well-established at that 
time phosphine ligands. This study reported general 
and efficient conditions (KOtBu, dioxane, 100 °C) for 
the amination of challenging aryl chlorides, bromides 
and iodides using Pd–NHC system formed in situ from 
Pd2(dba)3 and IPr·HCl in the presence of potassium tert-
butoxide as a base. The yield of the coupling product 
increased with the steric bulk of the NHC wingtips, and 
IPr was the most reactive ligand for the cross-coupling. 
In terms of scope, primary and secondary aromatic 
and aliphatic amines were coupled selectively with an 
aryl partner. This was also the first report of amination 
of aryl chlorides with acyclic primary and secondary 
alkylamines, attesting to the high reactivity of Pd–NHC 
complexes in this amination manifold. 

4.3. �Catalytic Improvements 
using Pd–SIPr

Subsequently, the Hartwig group developed a mild 
amination of aryl chlorides by identifying 1,3-bis(2,6-
diisopropylphenyl)4,5-dihydroimidazolium salt, SIPr·HBF4, 
as an effective ligand precursor.17 The use of saturated 
imidazolinylidene NHC significantly increased the catalytic 
efficiency of the reaction. At elevated temperatures  
(100 °C), turnover numbers as high as 5,000 were 
obtained for the cross-coupling of morpholine with 
chlorotoluene as a representative unactivated aryl 
chloride. The dimeric Pd catalysts, Pd2(dba)3 and Pd(dba)2, 
were equally effective as precursors for this amination. 
Milder bases such as Cs2CO3 and K3PO4 were not efficient 
under these conditions. For interested users, it should be 
noted that imidazolin-2-ylidene NHCs are typically less 
stable than the corresponding imidazol-2-ylidenes.

• Ar = unactivated aryl, heteroaryl
• NHRR’ = 1˚ and 2˚ aryl, 
   2˚ acyclic and cyclic alkyl; imino
• TON up to 5,000

Pd(dba)2 (0.02–2 mol%)
NHC x HBF4 (0.08–2 mol%)

NaOtBu, DME
rt – 100 ̊ C

ArCl

NHC = 

NHRR’ Ar—NRR’+

N

Me

Me Me

MeMeMe Me

Me
SIPr

N

 

4.4. �Well-Defined Air-Stable 
Pd(II)–NHC Precatalysts

In 2002, the Nolan group reported well-defined, air-stable 
Pd(II)–NHC complex, [Pd(IPr)Cl2]2, for the amination of 
aryl chlorides and bromides using primary and secondary 
amines.18 This Pd(II)–NHC dimer showed outstanding 
activity even under air using DME as a solvent and KOtAm 
as a base. This catalyst was found to be air- and moisture-
stable, and the reactions could be carried out with undried 
solvents. In addition to aromatic amines, heterocyclic 
amines, such as chloropyridines were also efficient 
substrates. 

Synthesis of [Pd(IPr)Cl2]2

[Pd(IPr)Cl2]2 (0.5 mol%)

KOtAm, DME
80 ̊ C

Pd(CH3CN)2 Cl2 +
THF/toluene

2 h, rt

Cl—Pd

Pd—Cl

ClCl

N N
iPr

iPr iPr

iPr

N N
iPr

iPr iPr

iPr

N

Me

Me Me

MeMeMe Me

Me

N

Ar—NRR’ArX + NHRR’

X = Cl, Br
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4.5. Palladium-Allyl Complexes
At the same time, the Nolan group introduced a series 
of air- and moisture-stable [Pd(NHC)(allyl)Cl] complexes 
bearing 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene 
and 1,3-bis(2,6-diisopropylphenyl)-4,5-dihydroimidazol-
2-ylidene NHC ligands.19 Substitution of the allyl ligand 
was also varied, including allyl, crotyl, prenyl and 
cinnamyl. The catalytic efficiency of these Pd(II)–NHC 
complexes in Buchwald Hartwig amination depended 
on both ligands, namely the type of NHC and the allyl 
group. [Pd(SIPr)(cin)Cl] was found to be the most 
active catalyst in Buchwald-Hartwig amination. Notably, 
these allyl complexes showed extraordinary efficiency in 
Buchwald-Hartwig aminations. Reactions of heterocyclic 
halides were possible at 0.001 mol% loading at room 
temperature. These catalysts were also highly effective 
for aminations of sterically-hindered substrates. 

[Pd-NHC](1 mol%)
KotBu, DME 

rt, time

Catalytic efficiency increases (SIPr > IPr, cin > allyl)

MeMe

MeMe

Me
Pd

Cl

73% (20 h)

N N

Me

MeMe

MeMe

MeMe

Me
Pd

Cl

90% (15 h)

N N

Me

MeMe

MeMe

MeMe

Me
Pd

Cl

98% (6 h)
Ph

N N

Me

MeMe

MeMe

MeMe

Me
Pd

Cl

97% (1.5 h)
[Pd(SIPr)(cin)Cl]

Ph

N N

Me

MeMe

N

Me

Me Me

Me Me

MeMe

Me

Me

Me
Me

+ MeHN
Cl

Me

MeMe

Me

 

4.6. Pd(0)–NHC Complexes
In 2005, the Gooβen group reported that naphthoquinone-
supported Pd(0)–NHC complexes, [Pd(NHC)(NQ)]2, 
were highly effective catalysts for amination of aryl 
halides.20a These catalysts were originally developed by 
the Beller group for the Suzuki–Miyaura cross-coupling of 
aryldiazonium salts.20b Complexes containing sterically-
demanding IPr ligand with 2,6-diisopropyl N-wingtips 
gave excellent yields in Buchwald-Hartwig amination at 
0.5% catalyst loading using KOH in dioxane at 100 °C. 
Complexes with less bulky IMes ligands were significantly 
less reactive, mirroring the effects observed by Nolan in 
the in situ formed Pd–NHCs. These Pd(0)–NHC complexes 
are air- and moisture-stable and should be considered as 
an alternative to other classes of Pd–NHCs in Buchwald-
Hartwig amination. However, in most cases, well-defined 
Pd(II)–NHCs show higher reactivity. 

[Pd-NHC](1 mol%)

NaOtBu, dioxane 
100 °C, 16 h

<10%

Me

Me

Pd Pd
N

N

O

O

O

O

Me

Me

Me

Me

Me Me

Me

N

N

Me

Me

Me

96%

[Pd(IPr)(NQ)]2

Me

Me

Pd Pd
N

N

O

O

O

O

Me

Me

Me

Me

Me

Me Me

Me

N

N

Me

Me

Me

Me

Me

Me

Pd

95%

Si Si
O

N N
iPr

iPr iPr

iPrMeMe

MeMe N N
MeMe

Pd

<10%

Si Si
O

Me

Cl

MeO
HN O N

MeO

O

+

 

4.7. Pd–PEPPSI Complexes
In 2008, the Organ group reported the use of their 
Pd–PEPPSI complexes in Buchwald-Hartwig amination 
reactions.21 The efficiency of these readily available and 
user-friendly catalysts increases with the steric bulk at the 
NHC wingtips. These catalysts were compatible with highly 
electron-rich aryl halides and highly hindered coupling 
partners. Typical conditions involved 2 mol% catalyst 
loading in DME in the presence of tBuOK at 23–50 °C.  
The authors also demonstrated the cross-coupling using 
mild carbonate base, Cs2CO3, in DME at 80 °C for  
select substrates. 

[Pd-PEPPSI](2 mol%)

KOtBu (1.5 equiv) 
DME, 50 °C, 24 h

Cl

N

N N
Me

Me
Me Me

Me

Me
Cl—Pd—Cl

Cl

N

Cl—Pd—Cl

N N
Et

Et Et

Et

Cl

N

Cl—Pd—Cl

N N
iPr

iPr iPr

iPr

Cl

N

Cl—Pd—Cl

N N
iPr

iPr iPr

iPr

Sterics and electronics play crucial role in yield (IPr > SIPr > IMes)

93%91%7%8%
IPr-PEPPSI

Me

Cl
HN O N

O

+
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4.8. �Room Temperature 
Amination of Deactivated 
Anilines

In 2014, as a further modification of their Pd–PEPPSI 
complexes, the Organ group developed Pd–PEPPSI–IPent 
catalysts (IPent = 1,3-bis-(2,6-di-3-pentylphenyl)-
imidazol-2-ylidene) featuring ortho-sterically-branched 
aromatic N-wingtips.22 This strategy was employed to 
further increase the steric bulk of NHC ligands. The 
Pd–PEPPSI–IPent system worked impressively well 
for the amination of highly deactivated anilines using 
mild carbonate Cs2CO3 base at 80 °C. Furthermore, 
the analogue bearing chloro-substitution at the NHC 
backbone, Pd–PEPPSI–IPentCl was so effective that 
it promoted cross-coupling of highly deactivated 
fluoroanilines at room temperature. Owing to the high 
reactivity, the IPent class of catalysts should be included 
in screening of challenging substrates in Buchwald-
Hartwig amination. Related classes of catalysts with 
ortho-branching of aromatic wingtips include ITent22b,c 
and IPr*/IPr# Pd(II)–NHC catalysts. Note that in select 
cases BIAN catalysts provide additional advantages.22c,d 

[Pd-PEPPSI](3 mol%)

CS2CO3 (3 Equiv)
DME, rt –80 ̊ C, 24 h

Cl

F

F

F

N CA B D

N N

Cl Cl

Me Me
Me Me

Me Me
Me Me

Cl—Pd—Cl

Cl

N

Cl—Pd—Cl

N N

Cl

N

Cl—Pd—Cl

N N

Cl

N

Cl—Pd—Cl

N N

IPentCl-PEPPSIIPent-PEPPSI

Me

Cl NH2

R
MeO

+

H
N

RMeO

H
N

MeO

H
N

MeO

Cl ClMe Me

Me Me
Me Me

Me Me
Me Me

Me
Me

Me Me

Me MeMe
Me

Me Me

Me Me

Me MeMe
Me

Yield A = 10%
B = 16%
C = 92%

Yield C = 51%
D = 94%

Yield increases as sterics increases (IPentCl > IPent > IPr)
 

4.9. Acyl Buchwald-Hartwig 
Amination of Amides
Acyl Buchwald-Hartwig cross-coupling of amides 
represents an expedient route to higher order amides 
in a formal transamidation of the amide bond via 
versatile acyl-metal intermediates.23a-d Szostak, Nolan, 
Poater et al reported Buchwald-Hartwig amination of 
sterically-hindered amides using air- and moisture-stable 
[Pd(NHC)(allyl)Cl] complexes.23c It was observed that the 
steric bulk of the NHC ligand played an important role in 
product formation.23e,f The use of sterically-demanding 
[Pd(IPr*)(cin)Cl] resulted in the selective coupling of 
deactivated anilines in the presence of sterically hindered 
anilines. The acyl Buchwald-Hartwig cross-coupling  
of amides works well with Pd(II)–NHC allyl23a and  
Pd–PEPPSI systems.23b 

[Pd-NHC](3 mol%)

K2CO3, DME
110 ̊ C, 15 h

Ph

MeMe

MeMe

MePd
Cl

A:B = 3.7
[Pd(IPr)(cin)Cl]

A B

N N

Me

MeMe

PhPh

Me Me

PhPh

Ph
Pd

A:B = 18.4
[Pd(IPr*)(cin)Cl]

N N

Ph

PhPh

Me

O

N
Ph

Boc
OMe

NH2
NH2

+ +
+

MeOOPh

O

N
H

OMe

Ph

Cl

O

N
H

Me
Me Me

Me

 

4.10. �[Pd(IPr)(acac)Cl] 
Complexes

In 2007, the Nolan group reported a practical synthesis of 
[Pd(NHC)(acac)Cl] complexes featuring acetylacetonate 
ligand.24a,b These air- and moisture-stable complexes 
are readily prepared on >10 g scale by reacting the 
imidazolium precursors and Pd(acac)2 in dioxane at  
100 °C. [Pd(IPr)(acac)Cl] showed high reactivity in large  
scale (10 mmol) Buchwald-Hartwig aminations using 
KOtBu and DME at 50 °C.24b In 2019, Szostak, Nolan et al 
showed the utility of [Pd(IPr)(acac)Cl] in acyl Buchwald-
Hartwig cross-coupling of amides and esters.24c These 
catalysts have specific advantages, including mild 
carbonate bases and water-free reaction conditions, thus 
eliminating hydroxide formation. Furthermore, the facile 
synthesis of [Pd(NHC)(acac)Cl] permits for in situ ligand 
screening to identify the optimal NHC for a specific set  
of substrates in Buchwald-Hartwig amination. 

[Pd-NHC](3 mol%)

K2CO3, THF
110 ̊ C

Me

Me
Me

Me

MeMe

MeMe

MePd
Cl

O
O

O
O

95%
[Pd(IPr)(acac)Cl]

N N

Me

MeMe

PhPh

Me Me

PhPh

PhPd
Cl

21%
[Pd(IPr*)(acac)Cl]

Acyl amide cross-coupling

N N

Ph

PhPh

Me

O

N
Ph

Or
Boc

Me

NH2

+

MeO

O

OPh

O

N
H

Me
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4.11. �IPr# Ligands in Buchwald-
Hartwig Cross-Coupling

Szostak group reported IPr# family of ligands based 
on direct peralkylation of anilines.25 These ligands are 
modular, sterically-hindered and flexible around the 
metal center. These [Pd(IPr#)(cin)Cl] and IPr#–PEPPSI 
complexes are air- and moisture-stable and show excellent 
reactivity in Buchwald Hartwig cross-coupling reactions.

[Pd(IPr#)(cin)Cl](3 mol%)

LiHMDS, dioxane, 80 ̊ C

98% yield

PhPh

Ph
Ph

Ph

Ph

Ph

Ph

Ph
Pd

Cl

Ph

N N

Ph

PhPh

[Pd(IPr#)(cin)Cl] BlAN-IPr# HCl Np# HCl

Me

Cl
N

O
HN

O

MeO

+

PhPh

Ph
Ph

Ph

Ph

Ph

Ph

PhPh

Ph

Ph

PhPh

Ph

Ph

Ph

Ph

Ph Ph

Ph

Cl–
+

N N

Ph

PhPh

Cl–
+

N N

 

4.12. �Buchwald-Hartwig 
Amination of Aryl 
Thioethers

The cross-coupling of readily available C–S electrophiles 
is a powerful alternative to aryl halides in Buchwald-
Hartwig amination reactions.26a,b Szostak, Nolan, Poater et 
al reported activation of C–S bonds for Buchwald-Hartwig 
amination using [Pd(NHC)Cl2]2 complexes.26c [Pd(IPr)Cl2]2 
can be easily synthesized from Pd(OAc)2 and IPr·HCl in 
a one-pot operation.26d These catalysts showed excellent 
reactivity in the cross-coupling of aryl sulfides through the 
oxidative addition of aryl C–S bonds. Notably, alkyl thiols 
could also be used as cross-coupling partners to replace 
the amine counterpart under similar conditions.

[Pd(IPr)Cl2]2 (1.25 mol%)

KHMDS, toluene
 110 ̊ C, 12 h

Pd(OAc)2, K2CO3 
toluene, 80 ̊ C 

then HCl, 23 ̊ C 
(>80% yield)

IPr x HCl

(1.0 equiv)

98% yield

[Pd(IPr)Cl2]2

Cl—Pd

Pd—Cl

ClCl

N N
iPr

iPr iPr

iPr

N N
iPr

iPr iPr

iPr

Me

SMe

Me

NH2 H
N

MeO

+

 

5. �Pd–NHC 
Complexes in 
Suzuki–Miyaura 
Cross-Coupling

The palladium-catalyzed Suzuki-Miyaura cross-coupling 
is the most powerful and synthetically useful cross-
coupling method in academic and industrial research.27 
In this reaction, Pd–NHCs provide distinct advantages 
over other catalytic systems, including Pd–phosphines. 

5.1. Mechanism

R—X

Oxidative 
AdditionReductive

Elimination

Transmetalation

LnPd

LnPd0

Pd-precatalyst

R

R’

R’—BY2 R’—B
Y

Y

LnPd
R

OtBu

OtBu— OtBu

OtBu
NaOtBu

NaOtBu

NaX
Na

Na

LnPd
R

X

R—R’

NHRR’

B
Y

Y

 

The Suzuki-Miyaura cross-coupling involves C–C bond 
formation between an organoboron compound and an  
organic halide. The active catalyst is a Pd(0) species which 
is typically generated in situ from a Pd(II) precursor. 
The reaction is initiated by oxidative addition of the 
organohalide. This species reacts with a base, followed 
by transmetallation with the organoboron compound. 
Reductive elimination affords the cross-coupling product 
and regenerates the Pd(0) precatalyst. It is generally 
accepted that the monoligated Pd(0)–NHCs are the active 
catalytic species in the Suzuki-Miyaura reactions catalyzed 
by Pd–NHCs.28 
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5.2. �First Example of Suzuki–
Miyaura Cross-Coupling 
using Pd–NHCs

The use of N-heterocyclic carbenes as ancillary ligands 
in the Suzuki-Miyaura cross-coupling was first reported 
by the Nolan group in 1999.29 The catalyst generated in 
situ from IMes·HCl and Pd2(dba)3 or Pd(OAc)2 was proved 
to be a highly efficient system for the cross-coupling of 
aryl chlorides with aryl boronic acids. Cesium carbonate 
was identified as the optimal base. Organic bases were 
ineffective for this reaction as precipitation of palladium 
black was immediately observed. 

Pd2(dba)3 (1.5 mol%)
IMes x HCl (3 mol%)

CS2CO3, dioxane
80 ̊ C, 1.5 h

Me

Cl B(OH)2

R’R

+

+

R

R

NHC ligand =

IMes x HCl

N

Cl–
Me

Me

Me

Me

Me

Me

N

 

5.3. Suzuki–Miyaura Cross-
Coupling with Alkyl-9-BBN 
Reagents
In 2001, the Fürstner group reported the Suzuki-Miyaura 
cross-coupling of aryl halides with alkyl organoboranes 
using 9-R-9-BBN reagents.30 Optimization of different 
NHCs identified IPr·HCl as the most reactive NHC ligand 
in the presence of KOMe as a base. This method was 
extended to allyl and alkynyl 9-BBN reagents. The reaction 
was compatible with different electron-poor and electron-
rich electrophiles, attesting the high reactivity of Pd–NHCs.

Pd(OAc)2 (2 mol%)
NHC x HCl (4 mol%)

THF, reflux

Me Me
Me Me

Cl– Cl– Cl–
N N

MeMe

MeMe

MeMe

Me

N N

Me

MeMe

OMe

(CH2)13CH3

B K

MeMe

MeMe

Me

N N

Me

MeMe

MeO

OMe

(CH2)13CH3

70% (16 h)
SIPr x HCl

46% (16 h)
IMes x HCl

81% (4 h)
IPr x HCl Me

MeO

OMe

Cl

Yield increases as sterics increases (IPr > IMes)
 

5.4 Electronic Effects of NHCs in 
Suzuki–Miyaura Cross-Coupling
In 2005, the Organ group reported the Suzuki-Miyaura 
cross-coupling promoted by a series of electronically-
differentiated N-heterocyclic carbene ligands derived from 
N,N-di-adamantyl-benzimidazolium.31 More electron-rich 
NHCs were more effective due to enhancing the rate of 
oxidative addition. The reductive elimination step was 
dependent on the steric environment rather than the 
electronic nature of the NHC ligand. 

Pd(OAc)2 (4 mol%)
NHC x HCl (8 mol%)

CS2CO3, dioxane
80 ̊ C, 1.5 h

Cl–Cl–Cl–
83%

MeO OMe

Me

Cl

OMe
MeO

B(OH)2

+

N N

72%

N N

53%

F F

N N

Yield increases with more electron-rich ligand (OMe > H > F)

 

5.5. Pd(0)–NHC Complexes
In 2002, the Beller group reported monocarbene–
palladium(0) complexes using benzoquinone and 
naphthoquinone as ancillary ligands.20b The quinone 
moiety showed bidentate bonding, which contributed 
to the air- and moisture-stability of these Pd(0)–NHC 
complexes. These [Pd(IMes)BQ]2 and [Pd(IMes)NQ]2 
complexes were highly effective in the Suzuki-Miyaura 
cross-coupling of arenediazonium salts with aryl boronic 
acids in MeOH at 50 °C.

Pd–NHC (1 mol%)

MeOH, 50 ̊ C

• First mono-carbenepalladium(0) 
   mono-olefin complex

• Quinone complexes are air- and 
   moisture-stable

Me

Me

Pd Pd
N

N

O

O

O

O

Me

Me

Me

Me

Me Me

Me

N

N

Me

Me

Me

[Pd(IMes)NQ]2

Me

N2BF4

B(OH)2

R’R

+

R’

R
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5.6. Palladium-Allyl Complexes
In 2006, the Nolan group reported a series of air- and 
moisture-stable [(NHC)Pd(allyl)Cl] complexes for the 
Suzuki-Miyaura cross-coupling of aryl chlorides.32 
Substitution at the allyl ligand played a significant role in 
improving the catalytic efficiency in the cross-coupling. 
The authors proposed that increasing the dissymmetry of 
the allyl moiety vs. the palladium centre resulted in the 
more facile activation step to give the monoligated Pd(0). 
The reactivity of [(IPr)Pd(cin)Cl] complex was impressive, 
allowing for the Suzuki-Miyaura cross-coupling of a wide 
range of aryl chlorides, bromides and triflates at room 
temperature at low catalyst loading (0.05 mol%). These 
catalysts were also found to be compatible with the  
cross-coupling of highly sterically-hindered aryl chlorides 
and aryl boronic acids even with 50 ppm catalyst loading 
at 80 °C. 

[Pd-NHC](1 mol%)

KOtBu, iPrOH 
rt, 60 min

MeMe

MeMe

Me
Pd

Cl

12%

N N

Me

MeMe

MeMe

MeMe

Me
Pd

Cl

86%

N N

Me

Me

MeMe

MeMe

MeMe

Me
Pd

Cl

90%

N N

Me

Me Me

MeMe

MeMe

MeMe

Me
Pd

Cl

90%
[(IPr)Pd(cin)Cl]

Ph

N N

Me

MeMe

Me

Me

Cl

Me

B(OH)2

+

Yield increases with allyl substitution and type of NHC (IPr > SIPr, cin > allyl)
 

5.7. Pd–PEPPSI Complexes
In 2006, the Organ group reported air- and moisture-
stable Pd–PEPPSI complexes featuring 3-chloropyridine as 
an ancillary ligand for the Suzuki-Miyaura cross-coupling 
of aryl halides.33a The most reactive complex contained IPr 
as the NHC ligand. Optimization of different Pd–PEPPSI 
catalysts showed that sterics played a crucial role in 
catalytic efficiency. This class of catalysts is distinguished 
by facile synthesis from NHC salts, PdCl2 and 3-Cl-py, air- 
and moisture-stability and high reactivity after activation 
to monoligated Pd(0)–NHC. Later, the same group 
reported a protocol for the challenging alkyl–alkyl Suzuki-
Miyaura cross-coupling catalyzed by IPr–Pd–PEPPSI.33b 

Cl—Pd—Cl

Cl

N

N N
Et

Et Et

Et
Cl—Pd—Cl

Cl

N

N N
iPr

iPr iPr

iPr
Cl—Pd—Cl

Cl

N

N N
Me

Me Me

Me
MeMe

Me

[Pd-NHC] (2 mol%)

Cs2CO3, dioxane
80 °C, 2 h

[Pd-PEPPSI] (2 mol%)

ii) C(sp3)–C(sp3) cross-coupling

ii) C(sp2)–C(sp2) cross-coupling

KOtBu, (1.3 equiv)
iPrOH, rt, 24 h

Pd-PEPPSI-IMes
74% (for scheme i)
6.5% (for scheme ii)

Pd-PEPPSI-IEt
95% (for scheme i)
31% (for scheme ii)

Pd-PEPPSI-IPr
92% (for scheme i)

100% (for scheme ii)

Me

Cl

Br

OMe Me

B(OH)2

B(nBu)2

()
5

+

+

Sterics plays crucial role in yield (IPr > IEt > IMes)
 

5.8. �Pd–PEPPSI–IPent 
Complexes

In 2009, the Organ group developed Pd–PEPPSI–IPent 
complexes featuring flexible steric bulk at the ortho-
substituted wingtips.34 Flexible sterics by the branched 
sec-pentyl group is important for accommodating 
oxidative addition and reductive elimination steps of the 
cross-coupling. The IPent catalyst was found to be more 
reactive than other Pd–PEPPSI complexes. In particular, 
the Pd–PEPPSI–IPent was effective for highly challenging 
cross-coupling of sterically hindered aryl halides with aryl 
boronic acids to form tetra-ortho-substituted biaryls.

a) [Pd-NHC] (2 mol%)
KOH, dioxane 
65 ̊ C, 24 h

b) [Pd-NHC] (2 mol%)
KOtBu, tBuOH

65 ̊ C, 24 h, 4 Å MS

cat A, 8%
cat B, 59%
conditions a

cat A, <2%
cat B, 70%
conditions b

cat A, 0%
cat B, 61%
conditions b

cat A, 0%
cat B, 95%
conditions b

Pd-PEPPSI-IPentPd-PEPPSI-IPr

Me

Cl B(OH)2

R’R

+
R’

R

Cl

N BA
Cl—Pd—Cl

N N

Cl

Me

Me

F

F

F

F

F

N

Cl—Pd—Cl

N N

Me Me
Me Me

Me Me
Me Me

Me
Me

Me Me

Me MeMe
Me

Me

Me

Me

Me

Me

Me
Me

Me
Me

Me

Yield increases as α-branching increases (IPent > IPr)
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The same group reported highly selective Suzuki-Miyaura 
allylation of aryl bromides using Pd–PEPPSI–IPent. This 
catalyst provided high α/γ-selectivity in the cross-coupling 
using allyl boronic acid pinacol esters.35 In contrast, 
Pd–phosphine catalytic systems afforded the mixture of 
isomers or γ-selectivity. The observed regioselectivity of 
Pd–PEPPSI–IPent was attributed to the significant steric 
bulk of the NHC ligand.

[Pd-NHC] (3 mol%)

KOH (4 equiv)
THF, reflux, 24 h

Pd-PEPPSI-IPentPd-PEPPSI-IPr
81%

α:γ = 97:3
86%

α:γ = 93:7

Pd(OAc)2/dppe

90%
α:γ = 56:44

Pd(OAc)2/dppe

76%
α:γ = 54:46

Pd(PPh3)4

90%
α:γ = 5:95

Me

α–product γ–product

Br

a b
Me

Me

BPin
+

tBu
tBu

tBu

Cl

N

Cl—Pd—Cl

N N

Cl

N

Cl—Pd—Cl

N N

Me Me
Me Me

Me Me
Me Me

Me
Me

Me Me

Me MeMe
Me

Tuning of selectivity with different ligands

α/γ —product ratio increases (IPent > IPr)
 

5.9. [Pd(NHC)(amine)Cl2] 
Complexes
In 2011, the Navarro group reported Pd(II)–NHC 
complexes supported by triethylamine (TEA). These 
[Pd(NHC)(TEA)Cl2] complexes were successfully employed 
in the Suzuki-Miyaura cross-coupling.36a A comparative 
study showed that [Pd(NHC)(TEA)Cl2] complexes exhibited 
higher activity than the corresponding Pd–PEPPSI. The 
improved catalytic activity was attributed to faster 
dissociation of TEA and stabilization of monoligated 
Pd(0)–NHC by recoordination of amine under the reaction 
conditions used. 

Cl—Pd—Cl

Cl

N

N N
iPr

iPr iPr

iPrCl—Pd

Pd—Cl

ClCl

N N
iPr

iPr iPr

iPr

N N
iPr

iPr iPr

iPr

Cl—Pd—Cl

N

N N
iPr

iPr iPr

iPr
Me

[Pd-NHC] (1 mol%)

NaOH (1.2 equiv)
EtOH, 25 °C

ii) C(sp2)–C(sp2) cross-coupling

[Pd(IPr)Cl2]2

30% (3 h)
Pd-PEPPSI-IPr

37% (1.5 h)
[Pd(IPr)(TEA)Cl2]

96% (1.5 h)

Me

Me

Cl
MeMe

B(OH)2

+

 

In 2021, the Szostak group reported air- and moisture-
stable [Pd(NHC)(AN)Cl2] complexes based on anilines (AN 
= aniline) as an unexplored class of stabilizing ligands in  
Pd–NHC cross-coupling catalysis.36b These precatalysts 
show significantly higher stability than [Pd(NHC)(TEA)Cl2] 
complexes and can be activated in situ under both mild 
and strong base conditions. The high activity of [Pd(NHC)
(AN)Cl2] has been demonstrated in the Suzuki-Miyaura 
cross-coupling of aryl halides and aryl ammonium salts, 

where the most reactive is the analogue bearing 3-CF3-
aniline as ancillary ligand, ([Pd(IPr)(3-CF3-AN)Cl2]). This 
catalyst showed higher reactivity than the corresponding 
Pd–PEPPSI complexes.36c,d

[Pd-NHC](1 mol%)

K2CO3, THF, H2O
23 ̊ C, 3 h

Cl—Pd—Cl

HN

N N
iPr

iPr iPr

iPr

84%
[Pd(IPr)(3-CF3-AN)Cl2]

52% 58% 37%22%
[Pd(IPr)(AN)Cl2]

O

N
Ph

Boc

Cl—Pd—Cl

OMe

HN

N N
iPr

iPr iPr

iPr

Cl—Pd—Cl

CF3

HN

N N
iPr

iPr iPr

iPr

46% 31%

Cl—Pd—Cl

N

N N
iPr

iPr iPr

iPr

Cl—Pd—Cl

Me

Me

Me
Me NMe

Cl—Pd—Cl

CF3HN

N N
iPr

iPr iPr

iPr

Cl—Pd—Cl

HN

N N
iPr

iPr iPr

iPr

Cl—Pd—Cl

CF3

N N
iPr

iPr iPr

iPr

Me
HN

N N
iPr

iPr iPr

iPr

Me

B(OH)2

+

O

Me

<5%
Me

Me
 

5.10. [Pd(IPr)(1-t-Bu-ind)Cl] 
Complex
In 2015, the Hazari group reported [Pd(IPr)(1-t-Bu-ind)
Cl] as an air- and moisture-stable allyl-based Pd(II)–NHC 
precatalyst for the Suzuki-Miyaura cross-coupling.37a,b 
The authors showed that this catalyst is more effective 
than [(IPr)Pd(cin)Cl] under tested reaction conditions. 
This improvement in catalytic activity was attributed to 
the avoidance of inactive Pd(I) dimers, (μ-1-t-Bu-ind) 
(μ-Cl)Pd2(IPr)2, formed in situ from [Pd(IPr)(1-t-Bu-ind) 
Cl], compared to (μ-cin)(μ-Cl)Pd2(IPr)2 from [(IPr)Pd(cin)
Cl]. A subsequent study by Szostak, Nolan, Poater et 
al determined the relative reactivity of [(IPr)Pd(cin)Cl], 
[Pd(IPr)(1-t-Bu-ind)Cl] and [(IPr)PdCl]2 precatalysts, 
showing that the commercially available Pd dimer, [(IPr)
PdCl]2, is the most reactive under tested strong and mild 
base conditions.37C 

[Pd-NHC] (0.2–1 mol%)
K2CO3, MeOH:THF (19:1)

rt

1 mol%, 45 min
29%, cat A

>99%, cat B

1 mol%, 30 min
18%, cat A

>99%, cat B

1 mol%, 30 min
18%, cat A

>99%, cat B

Pd
Cl

Ph tBu
[Pd(IPr)(1-t-Bu-ind)Cl]

Me

Cl B(OH)2

R’R

+

R’

R

Cl
BA

Pd

N N N N

Me Me
Me Me

Me Me
Me Me

Me Me
Me Me

Me Me
Me Me

Me

Me

MeO Me

MeOMe

Me

[Pd(IPr)(cin)Cl]
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5.11. �Acyl Suzuki-Miyaura 
Cross-Coupling of Amides

Acyl Suzuki-Miyaura cross-coupling represents a valuable 
approach to the catalytic synthesis of ketones.38a In 2017, 
the Szostak group reported an the Suzuki-Miyaura cross-
coupling of N-acyl-glutarimides by N–C bond activation 
using Pd(II)–NHC complexes.38b Air- and moisture-stable 
[Pd(IPr)(cin)Cl)] was identified as the most reactive allyl-
based Pd(II)–NHC complex.38b-d The method provided 
a significant advantage over Pd–phosphine systems in 
amide N−C bond activation in terms of substrate scope 
generality, mild reaction conditions and low catalyst 
loading. Subsequently, Pd–PEPPSI and [Pd(IPr)(1-t-Bu-
ind)Cl] catalysts were found highly reactive in the same 
reaction manifold with differences in catalyst activation 
and reaction scope.38e-f 

[Pd-NHC]

K2CO3, THF, 80 ̊ C 
15 h

MeMe

MeMe

Me
Pd

Cl

N N

Me

MeMe

MeMe

MeMe

Me
Pd

Cl

Ph

N N

Me

MeMe

>98%
[Pd(IPr)(cin)Cl]

51%
[Pd(IPr)(allyl)Cl]

O

N

B(OH)2

+

O

O

O

Ar2Ar2 Ar1Ar1

 

5.12. �Acyl Suzuki–Miyaura 
Cross-Coupling of Esters

In 2017, the Newman group reported acyl Suzuki-Miyaura 
cross-coupling of phenolic esters.39a They identifed [Pd(IPr)
(cin)Cl)] as the optimal catalyst for the cross-coupling 
in THF at 90 °C. Phenolic esters represent an attractive 
class of acyl electrophiles for cross-coupling reactions with 
reactivity complementary to activated amide derivatives.39b 
Later, the Szostak group reported Suzuki-Miyaura cross-
coupling of the same class of substrates using Pd–PEPPSI 
catalysts.39c,d It was observed that Pd–PEPSI–IPr was 
more efficient than both less sterically-demanding Pd–
PEPPSI–IMes and bulky Pd–PEPPSI–IPent. The optimized 
conditions featured mild base K2CO3, which allowed 
tolerance of a variety of functional groups. Comparative 
study between [Pd(IPr)(cin)Cl)], Pd–PEPPSI and [Pd(IPr)
(1-t-Bu-ind)Cl] revealed that these precatalysts may react 
through the common palladium hydroxy dimers, [Pd(IPr)
(m-OH)Cl]2, under aqueous conditions. [Pd(IPr)(AN)Cl2]  
are another class of Pd(II)–NHC precatalysts that are 
highly effective for the cross-coupling of amide and  
ester electrophiles.36b 

conditions b
[Pd-NHC](1 mol%)

K2CO3, THF, H2O
23 ̊ C, 16 h

conditions a

conditions b

conditions a
[Pd-NHC](3 mol%)

K2CO3, dioxane, 80 ̊ C

98%
[Pd(IPr)(3-CF3-AN)Cl2]

78%
[Pd(IPr)(AN)Cl2]

84%
Pd–PEPPSI–IPr

42%
Pd–PEPPSI–IPent

45%
Pd–PEPPSI–IMes

O

OPh

B(OH)2

Me
Me

+

N N

Me Me

Me Me
MeMe

Cl

N

Cl—Pd—Cl

N N

Me Me
Me Me

Me Me
Me Me

Cl

N

Cl—Pd—Cl

N N

Et Et
Et Et

Et Et
Et Et

Cl

N

Cl—Pd—Cl

N N

HN

Cl—Pd—Cl
Me Me

Me Me

Me Me
Me Me

O

N N

CF3HN

Cl—Pd—Cl
Me Me

Me Me

Me Me
Me Me

 

5.13. �Acyl Suzuki–Miyaura Cross-
Coupling of Alkyl Amides

The challenging Suzuki-Miyaura acyl cross-coupling of 
aliphatic amides was reported by the Szostak group.40 
Among different classes of Pd–NHC catalysts tested, Pd–
PEPPSI–IPr and Pd–PEPPSI–IMes proved to be the best for 
this reaction. The reactivity of electrophiles was correlated 
with the steric demand of NHC ligands. More sterically 
hindered 2° and 3° amides gave significantly better results 
with Pd–PEPPSI–IMes, while Pd–PEPPSI–IPr was the best 
catalyst for 1° electrophiles. This reaction is an example 
of reactivity tuning by steric match between the substrate 
and NHC ligands as well as the importance of selecting 
an appropriate spectator ancillary ligand in acyl Suzuki-
Miyaura cross-coupling.

[Pd-NHC]

K2CO3, dioxane, 80 °C

NHC ligand

Ancillary ligand

Me

B(OH)2

N
+

N

N
Boc

Me

R

O

R

O

Cl

N

Cl—Pd—Cl

N N

Cl

N

Cl—Pd—Cl

N N

Me Me
Me Me

Me Me
Me Me

N N

Cl

N

Cl—Pd—Cl

Me Me

Me Me
Me Me

Me
Me

Me Me

Me Me
Me Me

Pd
Cl

Ph
[Pd(IPr)(1-t-Bu-ind)Cl]

A, 18%
[Pd(IPr)(cin)Cl]
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6. �Pd–NHCs in Other 
Cross-Coupling 
Reactions

Apart from Buchwald-Hartwig and Suzuki-Miyaura 
reactions, Pd–NHC catalysts have been employed in a 
range of other cross-couplings, such as Sonogashira,41 
Heck,42 Negishi,43 Hiyama,44 Kumada45 and Stille46 cross-
coupling. The reader is encouraged to consult leading 
references41–46 and excellent reviews47,13 on these topics. 

7. Recommendation
The development of “universal catalysts” that can 
efficiently catalyze cross-coupling reactions of challenging 
substrates in a variety of reactions using air-, moisture-
stable catalysts under operationally-simple conditions 
and at low catalyst loading has been the central topic of 
chemistry research in the past five decades. To date, there 
is a consensus that there is not a single catalyst that is 
equally effective for all palladium-catalyzed cross-coupling 
reactions. The use of Pd–NHC catalysts is significantly 
advantageous compared to other ligands owing to 
electronic and steric properties of NHCs that are distinct 
from the most commonly used phosphine ligands.5–7 

NHC Ligand. The use of bulky NHC ligands should be 
a regular practice for developing palladium-catalyzed 
Buchwald-Hartwig and Suzuki-Miyaura cross-coupling 
reactions. Strongly s-donating, bulky NHCs ligands 
prevent dimerization of the active catalyst and 
contribute to making the catalyst stable. Electron-rich, 
bulky NHC ligands are responsible for faster oxidative 
addition and reductive elimination steps. This design is 
particularly effective with “bulky-yet-flexible-ligands” that 
accommodate to the catalytic pocket for specific steps 
of the catalytic cycle. However, it is also well-recognized 
that some cross-coupling reactions and specific substrates 
require lower steric demand of NHC ligands. 

A general recommendation is to screen several different 
NHC ligands with varying steric demand, as measured by 
buried volume (%Vbur).7,48 For example, a standard set 
for screening should include IMes, IPr, IPent, IPr*, IPr#, 
or a simplified set of IMes, IPr, IPr#, where the range of 
buried volume extends from low to high in the presence 
of ortho-substitution of the aromatic wingtips that are 
critical for effective cross-coupling reactions. 

Cl—Pd

Pd—Cl

ClCl

N N
iPr

iPr iPr

iPr

N N
iPr

iPr iPr

iPr

MeMe
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Me
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Recommended set of ancillary ligands: variation of classes of ligands (NHC = IPr)

Recommended set of NHC ligands: gradual variation of %Vbur
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Me Me
Me Me

N N

CF3
HN

Cl—Pd—Cl
Me Me

Me Me

Me Me
Me Me

N N

Me Me
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PhPh
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Me Me
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Ph Ph

Ph Ph
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N N
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Throw-Away Ligand. Another critical selection is the 
spectator, “throw-away” ligand that stabilizes the Pd–
NHC complex. These ligands render the cross-coupling  
reactions more effective due to more reactive preformed 
Pd(II)–NHCs and considerably more user-friendly 
conditions by permitting operationally-simple, bench-
top set-up. In principle, these “throw-away” ligands 
are removed under the reaction conditions to give 
the same catalytically active monoligated Pd(0)–NHC 
species. However, it is now well-recognized that there are 
considerable variations in the reaction efficiency using 
different “throw-away” ligands. The ease of formation of 
Pd(0) affects the overall catalytic efficiency. Activation of 
Pd(II)–NHC precursors proceeds with different efficiency 
depending on base, solvent, additives, and temperature. 
Re-coordination of the ancillary ligand affects the  
stability of the active Pd(0) species, depending on the 
reaction and the reaction conditions.  

A general recommendation is to screen Pd(II)–NHCs 
with various classes of ancillary ligands with different 
donors. A standard set for screening should include allyl, 
heterocycle and halide-based Pd(II)–NHCs, for example, 
[Pd(IPr)(cin)Cl], [Pd–PEPPSI], [Pd(IPr)(3-CF3-AN)Cl2] 
and [Pd(NHC)(μ-Cl)Cl]2. These catalysts are characterized 
by different stability, activation pathways and rates of 
activation. These Pd(II)–NHCs allow for highly practical 
reaction set-up in moisture and air-insensitive conditions 
at room temperature with low catalyst loadings, often 
with deactivated substrates.

8. Conclusions
The development of new Buchwald-Hartwig and Suzuki-
Miyaura cross-coupling reactions always demands 
extensive screening of catalysts and reaction conditions. 
We hope this manual will encourage the range of 
interested chemists to take a full advantage of all classes 
of Pd–NHC catalysts to promote their desired cross-
coupling transformations.



14 Cross-Coupling using Pd–NHC Complexes Desk Reference

References:
1.	 (a) Wanzlick, H.-W. Aspects of Nucleophilic Carbene 

Chemistry Angew. Chem., Int. Ed. 1962, 1, 75-
80. (b) Wanzlick, H.-W.; Schönherr, H.-J. Direct 
Synthesis of a Mercury Salt-Carbene Complex. 
Angew. Chem., Int. Ed. Engl. 1968, 7, 141–142. 

2.	 Öfele, K. 1,3-Dimethyl-4-imidazolinyliden-(2)-
pentacarbonylchrom ein neuer übergangsmetall-
carben-komplex. J. Organomet. Chem. 1968, 12, 
42–43.

3.	 (a) Cardin, D. J.; Cetinkaya, B.; Lappert, M. F. 
Transition metal-carbene complexes. Chem. 
Rev. 1972, 72, 545–574. (b) Lappert, M. F. The 
Coordination Chemistry of Electron-rich Alkenes 
(enetetramines). J. Organomet. Chem. 1988, 358, 
185–213.

4.	 Arduengo, A. J.; Harlow, R. L.; Kline, M. A Stable 
Crystalline Carbene. J. Am. Chem. Soc. 1991, 113, 
361–363.

5.	 Huynh, H. V. Electronic Properties of N-Heterocyclic 
Carbenes and Their Experimental Determination. 
Chem. Rev. 2018, 118, 9457−9492.

6.	 (a) Melaimi, M., Soleilhavoup, M.; Bertrand, G. 
Stable cyclic carbenes and related species beyond 
diaminocarbenes. Angew. Chem., Int. Ed. 2010, 49, 
8810–8849. (b) Vivancos, A.; Segarra, C.; Albrecht, 
M. Mesoionic and Related Less Heteroatom-
Stabilized N‑Heterocyclic Carbene Complexes: 
Synthesis, Catalysis, and Other Applications. Chem. 
Rev. 2018, 118, 9493−9586. (c) Peris, E. Smart 
N‑Heterocyclic Carbene Ligands in Catalysis. Chem. 
Rev. 2018, 118, 9988−10031.

7.	 Gόmez-Suárez, A.; Nelson, D. J.; Nolan, S. P. 
Quantifying and understanding the steric properties 
of N-heterocyclic carbenes. Chem. Commun. 2017, 
53, 2650−2660.

8.	 Chadwick A. Tolman Steric Effects of Phosphorus 
Ligands in Organometallic Chemistry and 
Homogeneous Catalysis. Chem. Rev. 1977, 77, 
313–348. 

9.	 Benhamou, L.; Chardon, E.; Lavigne, G.; Bellemin-
Laponnaz, S.; César, V. Synthetic Routes to 
N-Heterocyclic Carbene Precursors. Chem. Rev. 
2011, 111, 2705–2733.

10.	Peris, E. Routes to N-Heterocyclic Carbene 
Complexes. In N-Heterocyclic Carbenes in 
Transition Metal Catalysis; Topics in Organometallic 
Chemistry; Springer: Berlin, 2006; Vol. 21, pp 
83−116.

11.	Martynova, E. A.; Tzouras, N. V.; Pisanó, G.; 
Cazin, C. S. J.; Nolan, S. P. The ‘‘weak base route’’ 
leading to transition metal–N-heterocyclic carbene 
complexes. Chem. Commun. 2021, 57, 3836–3856. 
 

12.	(a) N-Heterocyclic Carbenes, Nolan, S. P., Ed.; 
Wiley: Weinheim, 2014. (b) N-Heterocyclic 
Carbenes in Transition Metal Catalysis, Cazin, 
C. S. J., Ed.; Springer: New York, 2011. (c) 
N-Heterocyclic Carbenes: From Laboratory 
Curiosities to Efficient Synthetic Tools, Diez-
Gonzalez, S., Ed.; RSC: Cambridge, 2016. (d) 
Hopkinson, M. N.; Richter, C.; Schedler, M.; Glorius, 
F. An overview of N-heterocyclic carbenes. Nature 
2014, 510, 485-496. (e) Bourissou, D.; Guerret, 
O.; Gabbai, F. P.; Bertrand, G. Stable Carbenes. 
Chem. Rev. 2000, 100, 39–92. (f) Hermann, W. 
A. N-Heterocyclic Carbenes: A New Concept in 
Organometallic Catalysis. Angew. Chem., Int. 
Ed. 2002, 41, 1290-1309. (g) Peris, E. Smart 
N-Heterocyclic Carbene Ligands in Catalysis. Chem. 
Rev. 2018, 118, 9988-10031. (h) Bellotti, P.; Koy, 
M.; Hopkinson, M. N.; Glorius, F. Recent advances 
in the chemistry and applications of N- heterocyclic 
carbenes. Nat. Rev. Chem. 2021, 5, 711–725. 

13.	(a) Kantchev, E. A. B.; O’Brien, C. J.; Organ, M. G. 
Palladium Complexes of N-Heterocyclic Carbenes 
as Catalysts for Cross-Coupling Reactions–A 
Synthetic Chemist s Perspective. Angew. Chem., 
Int. Ed. 2007, 46, 2768– 2813. (b) Fortman, G. C.; 
Nolan, S. P. N-Heterocyclic Carbene (NHC) Ligands 
and Palladium in Homogeneous Cross-Coupling 
Catalysis: A Perfect Union. Chem. Soc. Rev. 2011, 
40, 5151−5169. (c) Froese, R. D. J.; Lombardi, C.; 
Pompeo, M.; Rucker, R. P.; Organ, M. G. Designing 
Pd−N-Heterocyclic Carbene Complexes for High 
Reactivity and Selectivity for Cross-Coupling 
Applications Acc. Chem. Res. 2017, 50, 2244−2253. 
(d) Muci, A. R.; Buchwald, S.L. Practical Palladium 
Catalysts for C-N and C-O Bond Formation, Top. 
Curr. Chem. 2002, 219, 131–209.

14.	(a) Louie, J.; Hartwig, J. F. Palladium-catalyzed 
synthesis of arylamines from aryl halides. 
Mechanistic studies lead to coupling in the absence 
of tin reagents. Tetrahedron Lett. 1995, 36, 3609–
3612. (b) Guram, A. S.; Rennels, R. A.; Buchwald, 
S. L. A Simple Catalytic Method for the Conversion 
of Aryl Bromides to Arylamines.  Angew Chem., Intl. 
Ed. 1995, 34, 1348–1350.

15.	J. F. Hartwig, Oranotransition Metal Chemistry, 
University Science Books, Sausalito, CA, USA, 2010.

16.	Huang, J.; Grasa, G.; Nolan, S. P. General and 
Efficient Catalytic Amination of Aryl Chlorides Using 
a Palladium/Bulky Nucleophilic Carbene System. 
Org. Lett. 1999, 1, 1307–1309. For other early 
examples of Pd–NHC-catalyzed Buchwald-Hartwig 
amination, see: (b) Herrmann, W. A.; Reisinger, 
C.-P.; Spiegler, M. Chelating N-heterocyclic carbene 
ligands in palladium-catalyzed heck-type reactions. 
J. Organomet. Chem. 1998, 557, 93–96. (c) 
Gstöttmayr, C. W. K.; Böhm, V. P. W.; Herdtweck, 
E.; Grosche, M.; Herrmann, W. A.; A Defined 
N-Heterocyclic Carbene Complex for the Palladium-
Catalyzed Suzuki Cross-Coupling of Aryl Chlorides 
at Ambient Temperatures. Angew. Chem., Int. Ed. 
2002, 41, 1363–1365.



15

17.	Stauffer, S. R.; Lee, S.; Stambuli, J. P.; Hauck, S.I.; 
Hartwig, J. F. High Turnover Number and Rapid, 
Room-Temperature Amination of Chloroarenes 
Using Saturated Carbene Ligands. Org. Lett. 2000, 
2, 1423–1426.

18.	Viciu, M. S.; Kissling, R. M.; Stevens, E. D.; Nolan, 
S. P. An Air-Stable Palladium/N-Heterocyclic 
Carbene Complex and Its Reactivity in Aryl 
Amination. Org. Lett. 2002, 4, 2229–2231.

19.	(a) Viciu, M. S.; Germaneau, R. F.; Navarro-
Fernandez, O.; Stevens, E. D.; Nolan, S. P. 
Activation and Reactivity of (NHC)Pd(allyl)Cl (NHC) 
N-Heterocyclic Carbene) Complexes in Cross-
Coupling Reactions. Organometallics 2002, 21, 
5470–5472. (b) Marion, N.; Navarro, O.; Mei, J.; 
Stevens, E. D.; Scott, N. M.; Nolan, S. P. Modified 
(NHC)Pd(allyl)Cl (NHC) N-Heterocyclic Carbene) 
Complexes for Room-Temperature Suzuki-Miyaura 
and Buchwald-Hartwig Reactions. J. Am. Chem. 
Soc. 2006, 128, 4101–4111.

20.	(a) Gooßen, L. J.; Paetzold, J.; Briel, O.; Rivas-
Nass, A.; Karch, R.; Kayser, B. Buchwald–Hartwig 
Aminations of Aryl Chlorides: A Practical Protocol 
Based on Commercially Available Pd(0)-NHC 
Catalysts. Synlett 2005, 275–278. (b) Selvakumar, 
K.; Zapf, A.; Spannenberg, A.; Beller, M. Synthesis 
of Monocarbenepalladium(0) Complexes and Their 
Catalytic Behavior in Cross-Coupling Reactions of 
Aryldiazonium Salts. Chem. Eur. J. 2002, 8, 3901–
3906.

21.	Organ, M. G.; Abdel-Hadi, M.; Avola, S.; Dubovyk, 
I.; Hadei, N.; Kantchev, E. S. B.; O’Brien, C. J.; 
Sayah, M.; Valente, C. Pd-Catalyzed Aryl Amination 
Mediated by Well Defined, N-Heterocyclic Carbene 
(NHC)–Pd Precatalysts, PEPPSI. Chem. Eur. J. 2008, 
14, 2443–2452.

22.	(a) Pompeo, M.; Farmer, J. L.; Froese, R. D. J.; 
Organ, M. G. Room-Temperature Amination of 
Deactivated Aniline and Aryl Halide Partners 
with Carbonate Base Using a Pd-PEPPSI-IPentCl-
Picoline Catalyst. Angew. Chem., Int. Ed. 2014, 53, 
3223–3226. (b) Meiries, S.; Le Duc, G.; Chartoire, 
A.; Collado, A.; Speck, K.; Arachchige, K. S. A.; 
Slawin, A. M. Z.; Nolan, S. P. Large yet Flexible 
N-Heterocyclic Carbene Ligands for Palladium 
Catalysis. Chem. Eur. J. 2013, 19, 17358–17368. 
(c) Li, D. H.; Lan, X. B.; Song, A. X.; Rahman, 
M.; Xu, C.; Huang, F. D.; Szostak, R.; Szostak, 
M.; Liu, F. S. Buchwald-Hartwig Amination of 
Coordinating Heterocycles Enabled by Large-but-
Flexible Pd–BIAN–NHC Catalysts. Chem. Eur. J. 
2022, 28, e202103341. (d) Chen, C.; Liu, F. S.; 
Szostak, M. BIAN–NHC Ligands in Transition-Metal-
Catalysis: A Perfect Union of Sterically-Encumbered, 
Electronically-Tunable N–Heterocyclic Carbenes? 
Chem. Eur. J. 2021, 27, 4478–4499.

23.	(a) Meng, G.; Lei, P.; Szostak, M. A General Method 
for Two-Step Transamidation of Secondary Amides 
Using Commercially Available, Air- and Moisture-
Stable Palladium/NHC (N‑Heterocyclic Carbene) 
Complexes. Org. Lett. 2017, 19, 2158−2161. (b) 
Shi, S.; Szostak, M. Pd–PEPPSI: A General Pd–NHC 
Precatalyst for Buchwald–Hartwig Cross-Coupling 
of Esters and Amides (Transamidation) under the 
Same Reaction Conditions. Chem. Commun. 2017, 
53, 10584–10587. (c) Li, G.; Zhou, T.; Poater, A.; 
Cavallo, L.; Nolan, S. P., Szostak, M. Buchwald–
Hartwig Cross-Coupling of Amides (transamidation) 
by Selective N–C(O) Cleavage Mediated by Air- and 
Moisture-stable [Pd(NHC(allyl)Cl] Precatalysts: 
Catalyst Evaluation and Mechanism.  Catal. Sci. 
Technol. 2020, 10, 710–716. (d) Lei, P.; Wang, Y.; 
Mu, Y.; Wang, Y.; Ma, Z.; Feng, J.; Liu, X.; Szostak, 
M. Green-Solvent Selection for Acyl Buchwald–
Hartwig Cross-Coupling of Amides (Transamidation). 
ACS Sust. Chem. Eng. 2021, 9, 14937–14945. 
(e) Berthon-Gelloz, G.; Siegler, M. A.; Spek, A. 
L.; Tinant, B.; Reek, J. N. H.; Markó. I. E. IPr* An 
Easily Accessible Highly Hindered N-heterocyclic 
Carbene. Dalton Trans. 2010, 39, 1444–1446. (f) 
Chartoire, A.; Lesieur, M.; Falivene, L.; Slawin, 
A. M. Z.; Cavallo, L.; Cazin, C. S. J.; Nolan, S. P. 
[Pd(IPr*)(cinnamyl)Cl]: An Efficient Pre-catalyst for 
the Preparation of Tetra-ortho-substituted Biaryls 
by Suzuki–Miyaura Cross-Coupling. Chem. Eur. J. 
2012, 18, 4517–4521. 

24.	(a) Marion, N.; Frémont, P. D.; Puijk, I. M.; 
Ecarnot, E. C.; Amoroso, D.; Bell, A.; Nolan, S. 
P. N-Heterocyclic Carbene–Palladium Complexes 
[(NHC)Pd-(acac)Cl]: Improved Synthesis and 
Catalytic Activity in Large-Scale Cross-Coupling 
Reactions. Adv. Synth. Catal. 2007, 349, 2380–
2384. (b) Meiries, S.; Chartoire, A.; Slawin, A. 
M. J.; Nolan, S. P. [Pd(IPr*)(acac)Cl]: An Easily 
Synthesized, Bulky Precatalyst for C−N Bond 
Formation. Organometallics 2012, 31, 3402–3409. 
(c) Zhou, T.; Li, G.; Nolan, S. P.; Szostak, M. 
[Pd(NHC)(acac)Cl]: Well-Defined, Air-Stable, 
and Readily Available Precatalysts for Suzuki and 
Buchwald−Hartwig Cross-coupling (Transamidation) 
of Amides and Esters by N−C/O−C Activation. Org. 
Lett. 2019, 21, 3304–3309.

25.	Zhao, Q.; Meng, G.; Li, G.; Flach, C.; Mendelsohn, 
R.; Lalancette, R.; Szostak, R.; Szostak, M. IPr#–
highly hindered, broadly applicable N-heterocyclic 
Carbenes. Chem. Sci. 2021, 12, 10583–10589.



16 Cross-Coupling using Pd–NHC Complexes Desk Reference

26.	(a) Dubbaka, S. R.; Vogel, P. Organosulfur 
Compounds: Electrophilic Reagentsin Transition-
Metal-Catalyzed Carbon–Carbon Bond-Forming 
Reactions. Angew. Chem., Int. Ed. 2005, 44, 
7674–7684. (b) Prokopcova´ H.; Kappe, C. O. The 
Liebeskind–Srogl C–C Cross-Coupling Reaction. 
Angew. Chem., Int. Ed. 2009, 48, 2276–2286. (c) 
Yang, S.; Yu, X.; Poater, A.; Cavallo, L.; Cazin, C. 
S. J.; Nolan, S. P., Szostak, M. Buchwald−Hartwig 
Amination and C−S/S−H Metathesis of Aryl Sulfides 
by Selective C−S Cleavage Mediated by Air- and 
Moisture-Stable [Pd(NHC)(μ-Cl)Cl]2 Precatalysts: 
Unified Mechanism for Activation of Inert C−S 
Bonds. Org. Lett. 2022, 24, 9210−9215. (d) Zhou, 
T.; Ma, S.; Nahra, F.; Obled, A. M. C.; Poater, A.; 
Cavallo, L.; Cazin, C. S. J.; Nolan, S. P.; Szostak, M. 
[Pd(NHC)(μ-Cl)Cl]2: Versatile and Highly Reactive 
Complexes for Cross-Coupling Reactions that Avoid 
Formation of Inactive Pd(I) Off-Cycle Products. 
iScience 2020, 23, 101377.

27.	(a) Barder, T. E.; Walker, S. D.; Martinelli, J. R.; 
Buchwald, S. L. Catalysts for Suzuki-Miyaura 
Coupling Processes: Scope and Studies of the 
Effect of Ligand Structure. J. Am. Chem. Soc. 2005, 
127, 4685–4696. (b) Martin, R. Buchwald, S. L. 
Palladium-Catalyzed Suzuki−Miyaura Cross-Coupling 
Reactions Employing Dialkylbiaryl Phosphine Ligands. 
Acc. Chem. Res. 2008, 41, 1461–1473.

28.	(a) D’Alterio, M. C.; Casals-Cruañas, E.; Tzouras, N. 
V.; Talarico, G.; Nolan, S. P.; Poater, A. Mechanistic 
Aspects of the Palladium-Catalyzed Suzuki-
Miyaura Cross-Coupling Reaction. Chem. Eur. J. 
2021, 27, 13481–13493. (b) Chen, X.; Wei, Z.; 
Huang, K.-H.; Uehling, M.; Wleklinski, M.; Krska, 
S.; Makarov, A. A.; Nowak, T.; Cook, R. G. Pd 
Reaction Intermediates in Suzuki-Miyaura Cross-
Coupling Characterized by Mass Spectrometry. 
ChemPlusChem 2022, 87, e202100545.

29.	Zhang, C.; Huang, J.; Trudell, M. L.; Nolan, S. 
P. Palladium-Imidazol-2-ylidene Complexes as 
Catalysts for Facile and Efficient Suzuki Cross-
Coupling Reactions of Aryl Chlorides with 
Arylboronic Acids. J. Org. Chem. 1999, 64, 3804–
3805. For other early examples of Suzuki-Miyaura 
cross-coupling catalyzed by Pd–NHCs, see: (b) 
Caddick, S.; Cloke, F. G. N.; Clentsmith, G. K. B. 
Hitchcock, P. B.; McKerrecher, D.; Titcomb, L. R.; 
Williams, M. R. V. An improved synthesis of bis(1,3-
di-N-tert-butylimidazol-2-ylidene)palladium(0) 
and its use in C–C and C–N coupling reactions. 
J. Organomet. Chem. 2001, 617–618, 635–639. 
(c) Lewis, A. K. D. K.; Caddick, S.; F. Cloke, G. 
N.; Billingham, N. C.; Hitchcock, P. B.; Leonard, 
J. Synthetic, Structural, and Mechanistic Studies 
on the Oxidative Addition of Aromatic Chlorides to 
a Palladium (N-Heterocyclic Carbene) Complex: 
Relevance to Catalytic Amination. J. Am. Chem. 
Soc. 2003, 125, 10066-10073.

30.	Fürstner, A.; Leitner, A. General and User-friendly 
Method for Suzuki Reactions with Aryl Chlorides. 
Synlett 2001, 2, 290–292.

31.	Hadei, N.; Kantchev, E. A. B.; O’Brien, C. J.; Organ, 
M. G. Electronic Nature of N-Heterocyclic Carbene 
Ligands: Effect on the Suzuki Reaction. Org. Lett. 
2005, 7, 1991–1994.

32.	(a) Marion, N.; Navarro, O.; Mei, J.; Stevens, E. D.; 
Scott, N. M.; Nolan, S. P. Modified (NHC)Pd(allyl)
Cl (NHC = N-Heterocyclic Carbene) Complexes for 
Room-Temperature Suzuki-Miyaura and Buchwald-
Hartwig Reactions. J. Am. Chem. Soc. 2006, 128, 
4101–4111. (b) Viciu, M. S.; Germaneau, R. F.; 
Navarro-Fernandez, O.; Stevens, E. D.; Nolan, S. P. 
Activation and Reactivity of (NHC)Pd(allyl)Cl (NHC 
= N-Heterocyclic Carbene) Complexes in Cross-
Coupling Reactions. Organometallics 2002, 21, 
5470−5472.

33.	(a) O’Brien, C. J.; Kantchev, E. A. B.; Valente, C.; 
Hadei, N.; Chass, G. A.; Lough, A.; Hopkinson, A. 
C.; Organ, M. G. Easily Prepared Air- and Moisture-
Stable Pd–NHC (NHC=N-Heterocyclic Carbene) 
Complexes: A Reliable, User-Friendly, Highly Active 
Palladium Precatalyst for the Suzuki–Miyaura 
Reaction. Chem. Eur. J. 2006, 12, 4743–4748. (b) 
Valente, C.; Baglione, S.; Candito, D.; O’Brien, 
C. J.; Organ, M. G. High yielding alkylations of 
unactivated sp3 and sp2 centres with alkyl9-BBN 
reagents using an NHC-based catalyst: Pd-PEPPSI-
IPr. Chem. Commun. 2008, 735–737.

34.	Organ, M. G.; Calimsiz, S.; Sayah, M.; Hoi, K. 
H.; Lough, A. J. Pd-PEPPSI-IPent: An Active, 
Sterically Demanding Cross-Coupling Catalyst and 
Its Application in the Synthesis of Tetra-Ortho-
Substituted Biaryls Angew. Chem., Int. Ed. 2009, 
48, 2383–2387.

35.	Farmer, J. L.; Hunter, H. N.; Organ, M. G. 
Regioselective Cross-Coupling of Allylboronic Acid 
Pinacol Ester Derivatives with Aryl Halides via 
Pd-PEPPSI-IPent. J. Am. Chem. Soc. 2012, 134, 
17470−17473.

36.	(a) Chen, M.-T.; Vicic, D. A.; Turner, M. L.; 
Navarro, O. (N-Heterocyclic Carbene)PdCl2(TEA) 
Complexes: Studies on the Effect of the “Throw-
Away” Ligand in Catalytic Activity. Organometallics 
2011, 30, 5052–5056. (b) Xia, Q.; Shi, S.; Gao, 
P.; Lalancette, R.; Szostak, R.; Szostak, M. [(NHC)
PdCl2(Aniline)] Complexes: Easily Synthesized, 
Highly Active Pd(II)−NHC Precatalysts for Cross-
Coupling Reactions. J. Org. Chem. 2021, 86, 
15648−15657. (c) Lei, P.; Wang, Y.; Zhang, C.; Hu, 
Y.; Feng, J.; Ma, Z.; Liu, X.; Szostak, R.; Szostak, 
M. Sonogashira Cross-Coupling of Aryl Ammonium 
Salts by Selective C–N Activation Catalyzed by 
Air- and Moisture-Stable, Highly Active [Pd(NHC)
(3-CF3-An)Cl2] (An = Aniline) Precatalysts. Org. 
Lett. 2022, 24, 6310−6315. (d) Hu, Y.; Gao, Y.; 
Ye, J.; Ma, Z.; Feng, J.; Liu, X.; Lei, P.; Szostak, 
M. Suzuki-Miyaura Cross-Coupling of 2-Pyridyl 
Trimethylammonium Salts by N–C Activation 
Catalyzed by Air- and Moisture-Stable Pd-NHC 
Precatalysts: Application to the Discovery of 
Agrochemicals. Org. Lett. 2023, 25, 2975–2980.



17

37.	(a) Melvin, P. R.; Nova, A.; Balcells, D.; Dai, W.; 
Hazari, N.; Hruszkewycz, D. P.; Shah, H. P.; Tudge, 
M. T. Design of a Versatile and Improved Precatalyst 
Scaffold for Palladium-Catalyzed Cross-Coupling: 
(η3 1 tBu-indenyl)2(μ-Cl)2Pd2. ACS Catal. 2015, 5, 
3680−3688. (b) Dardir, A. H.; Melvin, P. R.; Davis, 
R. M.; Hazari, N.; Beromi, M. M. Rapidly Activating 
Pd-Precatalyst for Suzuki−Miyaura and Buchwald−
Hartwig Couplings of Aryl Esters. J. Org. Chem. 
2018, 83, 469−477. 

38.	(a) Buchspies, J.; Szostak, M. Recent Advances 
in Acyl Suzuki Cross-Coupling. Catalysts 2019, 
9, 53. (b) Lei, P.; Meng, G.; Szostak, M. General 
Method for the Suzuki−Miyaura Cross-Coupling 
of Amides Using Commercially Available, Air- 
and Moisture-Stable Palladium/ NHC (NHC = N 
Heterocyclic Carbene) Complexes. ACS Catal. 2017, 
7, 1960−1965. (c) Lei, P.; Meng, G.; Ling, Y.; An, 
J.; Nolan, S. P.; Szostak, M. General Method for 
the Suzuki−Miyaura Cross-Coupling of Primary 
Amide-Derived Electrophiles Enabled by [Pd(NHC)
(cin)Cl] at Room Temperature. Org. Lett. 2017, 19, 
6510−6513. (d) Meng, G.; Szostak, R.; Szostak, M. 
Suzuki−Miyaura Cross-Coupling of N Acylpyrroles 
and Pyrazoles: Planar, Electronically Activated 
Amides in Catalytic N−C Cleavage. Org. Lett. 2017, 
19, 3596−3599. (e) Lei, P.; Meng, G.; Ling, Y.; An, 
J.; Szostak, M. Pd−PEPPSI: Pd−NHC Precatalyst 
for Suzuki−Miyaura Cross-Coupling Reactions of 
Amides. J. Org. Chem. 2017, 82, 6638−6646. (f) 
Lei, P.; Meng, G.; Shi, S.; Ling, Y.; An, J.; Szostak, 
R.; Szostak, M. Suzuki−Miyaura Cross-Coupling 
of Amides and Esters at Room Temperature: 
Correlation with Barriers to Rotation around C−N 
and C−O Bonds. Chem. Sci. 2017, 8, 6525−6530.

39.	(a) Halima, T. B.; Zhang, W.; Yalaoui, I.; Hong, X.; 
Yang, Y.-F.; Houk, K. N.; Newman, S. G. Palladium-
Catalyzed Suzuki−Miyaura Coupling of Aryl Esters. 
J. Am. Chem. Soc. 2017, 139, 1311−1318. (b) 
Shi, S.; Nolan, S. P.; Szostak, M. Well-Defined 
Palladium(II)−NHC Precatalysts for Cross-Coupling 
Reactions of Amides and Esters by Selective 
N−C/O−C Cleavage. Acc. Chem. Res. 2018, 51, 
2589−2599. (c) Li, G.; Shi, S.; Lei, P.; Szostak, M. 
Pd-PEPPSI: Water-Assisted Suzuki-Miyaura Cross-
Coupling of Aryl Esters at Room Temperature using 
a Practical Palladium-NHC (NHC=N-Heterocyclic 
Carbene) Precatalyst. Adv. Synth. Catal. 2018, 360, 
1538–1543. (d) Shi, S.; Lei, P.; Szostak, M. Pd-
PEPPSI: A General Pd-NHC Precatalyst for Suzuki−
Miyaura Cross-Coupling of Esters by C−O Cleavage. 
Organometallics 2017, 36, 3784−3789. 

40.	Wang, C-A.; Rahman M. M., Bisz, E.; Dziuk, B.; 
Szostak, R.; Szostak, M. Palladium-NHC (NHC = N 
heterocyclic Carbene)-Catalyzed Suzuki−Miyaura 
Cross-Coupling of Alkyl Amides. ACS Catal. 2022, 
12, 2426−2433. 
 
 
 

41.	(a) Yang, C.; Nolan, S. P. Efficient Sonogashira 
Reactions of Aryl Bromides with Alkynylsilanes 
Catalyzed by a Palladium/Imidazolium Salt 
System Organometallics 2002, 21, 1020-1022. 
(b) Eckhardt, M.; Fu, G. C. The First Applications 
of Carbene Ligands in Cross-Couplings of Alkyl 
Electrophiles: Sonogashira Reactions of Unactivated 
Alkyl Bromides and Iodides. J. Am. Chem. Soc. 
2003, 125, 13642-13643.

42.	(a) Regitz, M. Nucleophilic Carbenes: An Incredible 
Renaissance. Angew. Chem., Int. Ed. 1996, 35, 
735–738. (b) Herrmann, W. A.; Reisinger, C.-
P.; Spiegler, M. Chelating N-heterocyclic carbene 
ligands in palladium-catalyzed heck-type reactions J. 
Organomet. Chem. 1998, 557, 93–96.

43.	(a) Zhou, J.; Fu, G. C. Palladium-Catalyzed Negishi 
Cross-Coupling Reactions of Unactivated Alkyl 
Iodides, Bromides, Chlorides, and Tosylates J. Am. 
Chem. Soc. 2003, 125, 12527-12530. (b) Hadei, N.; 
Kantchev, E. A. B.; O’Brien, C. J.; Organ, M. G. The 
First Negishi Cross-Coupling Reaction of Two Alkyl 
Centers Utilizing a Pd-N-Heterocyclic Carbene (NHC) 
Catalyst. Org. Lett. 2005, 7, 3805−3807.

44.	(a) Lee, H. M.; Nolan, S. P.; Efficient Cross-Coupling 
Reactions of Aryl Chlorides and Bromides with 
Phenyl- or Vinyltrimethoxysilane Mediated by a 
Palladium/Imidazolium Chloride System. Org. Lett. 
2000, 2, 2053–2055. (b) Dash, C.; Shaikh, M. M.; 
Ghosh, P. Fluoride-Free Hiyama and Copper- and 
Amine-Free Sonogashira Coupling in Air in a Mixed 
Aqueous Medium by a Series of PEPPSI-Themed 
Precatalysts. Eur. J. Inorg. Chem. 2009, 1608–1618.

45.	(a) Huang, J.; Nolan, S. P. Efficient Cross-Coupling of 
Aryl Chlorides with Aryl Grignard Reagents (Kumada 
Reaction) Mediated by a Palladium/Imidazolium 
Chloride System. J. Am. Chem. Soc. 1999, 121, 
9889–9890. (b) Hartmann, C. E.; Nolan, S. P.; 
Cazin, C. S. J. Highly Active [Pd(μ-Cl)(Cl)(NHC)]2 
(NHC = N-Heterocyclic Carbene) in the Cross-
Coupling of Grignard Reagents with Aryl Chlorides. 
Organometallics 2009, 28, 2915–2919.

46.	Herrmann, W. A.; Böhm, V. P. W.; Gstöttmayr, C. 
W. K.; Grosche, M. Reisinger, C.-P.; Weskamp, T. 
Synthesis, structure and catalytic application of 
palladium(II)complexes bearing N-heterocyclic 
carbenes and phosphines. J. Organomet. Chem. 
2001, 617-618, 616–628.

47.	(a) Valente, C.; alimsiz, S. C.; Hoi, K. H.; Mallik, D.; 
Sayah, M.; Organ, M. G. The Development of Bulky 
Palladium NHC Complexes for the Most-Challenging 
Cross-Coupling Reactions. Angew. Chem., Int. Ed. 
2012, 51, 3314–3332. (b) Anju, P. J.; Neetha, M.; 
Anilkumar, G.; Recent Advances on N-Heterocyclic 
Carbene-Palladium-catalyzed Heck Reaction. 
ChemistrySelect 2022, 7, e20210356. 

48.	Falivene, L.; Cao, Z.; Petta, A.; Serra, L.; Poater, A.; 
Oliva, R.; Scarano, V.; Cavallo, L. Towards the Online 
Computer-Aided Design of Catalytic Pockets. Towards 
the online computer-aided design of catalytic 
pockets. Nat. Chem. 2019, 11, 872–879.



We have built a unique collection of life science brands with 
unrivalled experience in supporting your scientific advancements.

Merck KGaA
Frankfurter Strasse 250  
64293 Darmstadt, Germany

SigmaAldrich.com

© 2023 Merck KGaA, Darmstadt, Germany and/or its affiliates. All Rights Reserved. Merck, the vibrant M,  
and Sigma-Aldrich are trademarks of Merck KGaA, Darmstadt, Germany or its affiliates. All other trademarks  
are the property of their respective owners. Detailed information on trademarks is available via publicly  
accessible resources.

MK_UG13119EN  Ver. 1.0
50596
11/2023

To place an order or receive technical assistance in Europe, please call Customer Service:
France: 0825 045 645 
Germany: 069 86798021 
Italy: 848 845 645 

Spain: 901 516 645 Option  
Switzerland: 0848 645 645 
United Kingdom: 0870 900 4645

For other countries across Europe, �please call: +44 (0) 115 943 0840 
Or visit: SigmaAldrich.com/offices 
For Technical Service visit:� SigmaAldrich.com/techservice

http://www.merckmillipore.com
https://www.youtube.com/c/MerckLifeScience
https://www.instagram.com/mercklifescience/
https://www.linkedin.com/company/16233341/admin/
https://twitter.com/Merck_lifesci
https://www.facebook.com/Merck.lifescience

