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Abstract

The effectiveness of palladium-catalyzed coupling reactions is greatly influenced by the ligand environment
surrounding the palladium catalysts. Many researchers have focused on developing new ligands to enhance
the reactivity of chloroarenes, which are plentiful but often unreactive. Recent progress has introduced
various ligands designed to address these issues. Despite these advancements, establishing clear links
between ligand structure and reactivity remains difficult, though alkylphosphines generally show better
performance than arylphosphines and N-heterocyclic carbenes facilitate reactions carried out under milder
conditions. This mini-review emphasizes recent advancements in ligand synthesis aimed at activating aryl
chlorides in coupling reactions catalyzed by palladium. We divide our discussion into three main categories:
sterically demanding, electron-rich alkylphosphine ligand-containing palladium catalysts; bulky N-heterocyclic
carbene-containing palladium catalysts and sterically demanding triarylphosphine ligand-containing palladium
catalysts. The review also focuses on various catalytic activation mechanisms that aid in forming challenging
carbon-carbon and carbon-heteroatom bonds and includes a brief overview of substrate scope, limitations
and reaction mechanisms involved in these transformations.
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1. Introduction

Carbon-carbon bonds truly form the backbone of organic chemistry, serving as the foundation for the diverse
molecules that constitute lifel. The significance of carbon-carbon bonds in chemistry is highlighted by the five
Nobel Prizes awarded for key reactions that form them: Wittig reaction, Alkene metathesis, Grignard reaction,
Diels-Alder reaction and Cross-coupling reactions. Palladium-catalyzed cross-coupling reactions are particularly
valuable due to their ability to form carbon-heteroatom and carbon-carbon bonds under mild conditions,
maintaining the integrity of various functional groups with exceptional selectivity. This versatility makes these
reactions essential for synthesizing highly complex molecules®>” Many monographs and reviews highlight the
increasing popularity of palladium-catalyzed cross-coupling reactions in a range of areas, from synthetic
organic chemistry to materials science®8. Figure 1 outlines the different types of C-C cross-coupling reactions.
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Figure 1. Various types of C-C cross-coupling reactions.

In synthetic laboratories, common catalyst systems include widely used complexes like [Pd(PPhs)s] or
similar catalysts formed in situ from a triarylphosphine and an appropriate Pd(0) or Pd(ll) precursor’-18, In
these cases, palladium is typically reduced in situ to generate an active Pd(0) species. However, these
‘classical' catalyst systems have two main drawbacks: they often require high catalyst loading, usually several
mol% of Pd and they do not exhibit activity with more demanding aryl chloride substrates. Although
chloroarenes are more cost-effective and readily available compared to their bromide and iodide
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counterparts, their reduced reactivity is attributed to the stronger C-Cl bond (95 kcal/mol) compared to C-Br
(79 kcal/mol) and C-I bonds (64 kcal/mol). This stronger bond hinders the oxidative addition, which is often
the rate-determining step in these reactions.

The effectiveness of palladium-catalyzed C-CI bond activation is highly dependent on the ligand
environment around the palladium center'®?1. Many research groups have focused on developing new ligands
to improve the reactivity of chloroarenes. Recent progress has led to the creation of various ligands designed
to address these issues. However, determining precise correlations between ligand structure and reactivity
remains challenging. Generally, alkylphosphines tend to perform better than arylphosphines, and N-
heterocyclic carbenes facilitate reactions under milder conditions.

This review summarizes recent advancements in ligand design specifically aimed at activating aryl
chlorides in palladium-catalyzed coupling reactions. We focus less on alkylphosphine and N-heterocyclic
carbene ligands due to their high cost. In contrast, aryl phosphines present a promising, cost-effective
alternative because, they are more stable and need less precautions against aerial oxidation. Among them,
triarylphosphine ligands are particularly attractive if they can achieve catalytic activity comparable to that of
aryldialkylphosphine or trialkylphosphine ligands. Various triarylphosphines have been extensively studied for
their effectiveness in coupling reactions with chloroarenes. The discussion is divided into three main sections:
(a) Mechanistic insights into C-Cl bond activation, (b) A brief review of palladium-catalyzed C-Cl bond
activation using bulky, electron-rich alkylphosphine and N-heterocyclic carbene ligands, and (c) Progress in
developing palladium catalysts supported by bulky triarylphosphine ligands. Special emphasis is placed on the
catalytic activation mechanisms that enable the formation of difficult carbon-carbon and carbon-heteroatom
bonds. Additionally, the review includes an analysis of substrate scope, limitations, and the underlying
reaction mechanisms driving these transformations.

2. Mechanistic Insights for carbon-chlorine bond activation

Several research groups have attempted the challenge of improving the reactivity of chloroarenes through
innovative ligand design???4. To fully appreciate these advancements, it is crucial to first understand the
detailed mechanism involved. Figure 2 outlines the four distinct steps in the catalytic cycle.

L + Pd-precursor

|
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||gand dissociation
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Figure 2. Mechanistic pathways in palladium-catalyzed coupling reactions.
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First, we must consider the formation of the catalytically active species from the palladium precursor.
Once the 'true’' catalyst is formed, the next step is the oxidative addition of the aryl halide to the palladium(0)
center. This is followed by a transmetalation reaction, with the final step being the reductive elimination of
the product. Since the formation of the catalytically active species and the oxidative addition of palladium(0)
to the aryl chloride bond are crucial for determining the overall rate of the coupling reaction, the following
discussion will focus on these critical aspects.

The focus initially should be on the formation of catalytically active species from palladium precursors.
Research has shown that the choice of palladium source can have a significant impact on the catalytic cycle
even when using the same phosphine or carbene ligand. For example, Hartwig and colleagues recently
investigated the amination of five-membered heterocyclic halides using palladium as the catalyst?>. Their
study examined various palladium precursors in combination with ‘BusP as catalysts in the reaction between
3-bromothiophene and N-methylaniline (Figure 3). The observations reported in this paper strongly suggest
that the efficiency of the formation of the monophosphine complex [Pd(‘BusP)] controls the rate of the
amination reaction.

[Pd(dba),}/Bus P

[Pd(dba)BusP] B
[Pd('BusP), ‘BugP-Pd——Pd—'BusP

Br-—~

[Pd'Bu;P]

catalytic cycle
Figure 3. Formation of catalytically active species from palladium precursors.

Similar findings have been documented by Littke and Fu, who employed ‘BusP in palladium-catalyzed
carbon-carbon bond formation?3; Glorius and colleagues, who used bulky carbenes as supporting ligands?®;
and Buchwald and co-workers, who applied (biphenyl)phosphines in carbon-carbon and carbon-nitrogen
bond-forming reactions?’-28. These studies underscore the importance of forming monoligated [LPd] species
for determining the catalytic rate. An equilibrium between [LPd] and [L.Pd] exists, typically favoring [LPd]
when the ligand (L) is large enough to provide significant steric hindrance (see Figure 4).

L,Pd(0) — =—= LPd(0) + L
Figure 4. Equilibrium between [LPd] and [L.Pd] species.

In such cases, the steric bulk of the ligand is essential for protecting and stabilizing the palladium center,
thereby preventing catalyst decomposition. Recent reviews have highlighted that the formation of mono-
ligated Pd(0)-L species is now recognized as a crucial factor for achieving highly activated catalysis?*
30 Numerous studies have explored how different ligands affect the oxidative addition step in catalytic cycles.
Sterically demanding ligands can stabilize palladium complexes with low coordination (LPd), which are more
reactive due to their lower electron count. In contrast, electron-donating ligands promote the formation of
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more electron-rich metal complexes, accelerating oxidative addition reactions. Brown and colleagues
demonstrated that the bulkiness of the ligand significantly impacts the mechanism of aryl chloride addition to
zerovalent [PdLy] complexes (Figure 5)3%. Their comprehensive study utilized a series of complexes, [Pd(‘Bus-
nCy3P)2] (where n = 0 — 3), featuring ligands with varying steric bulk.

1.5% Pdy(dba)s o

0o 6% ligand
\)kOBu + PhCl Ph/\)J\OBu

Cs,CO3 (1.1 eq)
120 °C, 40h

Ligand ‘ Cy;P  ‘BuCy,P Bu,CyP BusP

yield (%)‘ 0 7 53 58

Figure 5. Impact of ligands on oxidative addition steps.

The findings show that complexes with R3P = ‘BusP or ‘Bu,CyP exhibit accelerated oxidative addition. This
suggests that increasing the bulkiness of the ligand enhances the rate at which Pd(0) undergoes oxidative
addition to less reactive Ar-Cl bonds.

Recent work by Hartwig and colleagues supports the dissociative mechanism for sterically demanding
phosphines. They isolated a number of tricoordinated palladium(ll) compounds with the common formula
[Pd(Ph)X(R3P)] (where RsP = 'Bu,AdP, 'BusP)3%33, Their studies showed that the rates of oxidative addition
reactions forming [Pd(Ph)X(RsP)] complexes closely match the catalytic rates observed in related cross-
coupling reactions. Detailed X-ray crystallography of these complexes showed a T-shaped geometry with the
phenyl ring oriented trans to the open coordination site on the metal. Structural analysis also identified weak
agostic interactions between C-H bond from a ligand and the palladium centre, which were proposed to
stabilize the unique geometry of these complexes. These tricoordinated species are particularly notable in
palladium-catalyzed coupling reactions, as they illustrate the feasibility of creating monophosphine complexes
where both coupling substrates are coordinated to the metal centre.

The significance of reductive elimination and the transmetalation steps is minimized here, as they operate
independently of the halide and are not discussed in detail within this context. Based on the mechanistic
insights provided, the effective design of ligands for chloroarene activation relies on both electronic and steric
factors. Generally, coupling reactions involving chloroarenes are enhanced by using ligands that are both bulky
and electron-rich

3. Catalysts Utilizing Bulky, Electron-Rich Alkylphosphines and N-Heterocyclic Carbenes

Several research groups have developed sterically demanding, electron-rich phosphine ligands to improve the
activation of chloroarenes. While many alkylphosphine ligands are detailed in the literature, we focus on
representative examples categorized into two primary motifs (Figure 6). The first motif comprises highly bulky
alkyl phosphines (A and B)3#3>. The second motif features a biphenyl backbone with a dialkylphosphino group
attached at the 2-position of a phenyl ring. Ligands developed by Buchwald (C)3¢, Beller (D and E)3"-38, and
Kwong (F)***? illustrate this second motif (Figure 6).
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Figure 6. Sterically hindered and electronically rich alkyl phosphine ligands.

These ligands are highly effective due to their electron-rich nature, which increases the electron density
on palladium centre and facilitates the oxidative addition step. Additionally, their significant bulkiness
encourages the generation of monoligated LPd(0) species, which are essential for the oxidative addition of
Pd(0) to unreactive carbon-chlorine bonds. These catalysts proved successful in coupling challenging
substrates, including Csp3-Csp® couplings and the synthesis of tetra-substituted biaryls, even at low catalyst
loadings.

While phosphine-based ligands have long been studied for enhancing catalytic efficiency in cross-coupling
reactions, N-heterocyclic carbene (NHC) ligands gained attention for their beneficial properties, especially due
to the excellent thermal stability of the palladium-NHC bond***2. The strong interaction between the electron-
rich carbene and the metal center extends catalyst lifetimes and ensures consistent reactivity throughout the
reaction. Several monoligated Pd-NHC complexes was synthesized showcasing exceptional reactivity, as
demonstrated by the work of Caddick and Cloke*3, Bellemin-Laponnaz and Gade**, Nolan*>-*8, Beller*®, Organ°
and Herrmann®! (see Figure 7).

Caddick group Bellemin-Laponnaz group Nolan group
iPr /=\iPr 'Pr [\ Pr
’PrYPrQ /& Y \l/\f T ﬁ\
P(o tolyl) ' CI-Pd-N7,
o "
Beller group Organ group Herrmann group
=\ A
r \ Pr. i
}Nj& S S o
P=S V= e S\
_Pd_ ci- Pd cl Tpr
: CI-Pd—PPh,
Me,Si_ SiMe, T cl
X"¢
J K L

Figure 7. Sterically demanding N-heterocyclic carbenes ligands.
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The activity of complexes G — L was found to correlate with the steric environment around the palladium
centre; generally, bulkier NHC ligands lead to increased catalytic activity®2. Similar to alkylphosphines, the NHC
ligands effectively facilitate the activation of C-Cl bonds, often performing efficiently at room temperature and
with low catalyst loadings.

Despite the development of several effective NHC carbene and alkylphosphine ligands for chloroarene
activation, these systems have notable limitations. Firstly, many of these ligands are susceptible to oxidation
and unstable in air, requiring storage under argon. Moreover, these ligands are often quite expensive. The
costs of these ligands, as sourced from Strem Chemicals, are detailed below (Figure 8).

i O ipr N PCy, mN
Pr P oo QN\/ ‘@

119 USD

75 USD 83 USD for 500 mg

for 500 mg for 500 mg

92 USD
for 500 mg

Figure 8. Prices of alkylphosphine and N-heterocyclic carbene ligands.

This limitation can be addressed by developing ligands from readily available and cost-effective materials.
Aryl phosphines, which are typically less expensive than NHC carbenes and alkyl phosphines, offer a promising
alternative. Triarylphosphine ligands, in particular, could be highly advantageous if they provide catalytic
activity comparable to that of aryldialkylphosphine ligands. Various triarylphosphines have been documented
in the literature for their effectiveness in coupling reactions involving chloroarenes.

4. Progress in Palladium Catalysts Featuring Sterically Bulky Triarylphosphine Ligands:

A notably mild and versatile method for the palladium-catalyzed cross-coupling of aryl chlorides using
triarylphosphine ligands was first reported by Gregory C. Fu and colleagues in 2001°3. They designed several
ferrocene-derived arylphosphine ligands, labeled as L1-L3, and employed them in Suzuki-Miyaura coupling
reactions with unactivated chloroarenes (Figure 9).
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Figure 9. Application of riarylphosphines L1-L3 as ligands in Suzuki reactions of aryl chlorides.

These findings underscore the crucial role of the TMS (trimethylsilyl) group in improving the reactivity of
L2. At the same time, Richards et al. demonstrated a Suzuki coupling reaction using a ferrocene-based
hindered ligand with palladium, achieving favorable yields with both activated an aryl chloride (4-
chloronitrobenzene) and an unactivated aryl chloride (4-chlorotoluene®.

Stockland et al. synthesized a triarylphosphine ligand (L4) with chlorine groups attached to the ortho
positions of two of the phenyl rings of PhsP>>. This ligand, L4, has proven effective in facilitating the activation
of C-Cl bonds in both electron-donating and electron-withdrawing aryl chlorides (Figure 10). Although the
ligand L4 effectively catalyzed the coupling reactions, the exact role of the chlorine substituent in the ligand
was not fully understood. The reduced basicity of the phosphine, caused by the electron-withdrawing effect of
the chlorine atoms, along with the larger cone angle, may enhance the formation of a coordinatively
unsaturated palladium species, thereby facilitating the initial oxidative addition step. Another possibility is the
intramolecular oxidative addition of the C¢Hs-Cl bond of the ligand to palladium, leading to the formation of a
four-membered palladacycle that could catalyze the reaction. Here it is important to note that the motif of
Ligand L4 can be compared to the Hartwig-type biphenyl-phosphine.

entry ArCl Ar'B(OH), Product  Yield (%)
@CI PhB(OH), @Ph 95 ©:C'
P
2 PhB(OH), Qph 50 Cl
a Reactlon conditions: ArCl (1.0 mmol), Ar'B( OH)2 (1.5 mmol), L4

F (3 mmol), Pd,(dba); (1 mol%), L4 (4 mol%), 90 °C, 30 h

Figure 10. Application of L4 in Suzuki coupling of aryl chlorides.

In 2004, Kwong et al. introduced air-stable and highly efficient ferrocene based triarylphosphine ligand
(L5) and demonstrated its efficacy in the palladium-catalyzed Suzuki-Miyaura coupling of chloroarenes®.
Notably, ligand L5 enabled successful cross-coupling of chloroarenes with alkylboronic acids, which are
typically challenging substrates (Figure 11).
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entry  ArCl ArB(OH), Product  Yield (%)

1MeOCOCI "BUB(OH MeOCO”Bu 95
(OH)2 PPh,

’ QCI "BuB(OH), "By 88 @Fe

OMe OMe L5
4 Reaction condition: ArCI (1.0 mmol), Ar'B(OH), (1.5 mmol)

Pd,(dba)s (2 mol%), L5 (4 mol%), KsPO, (3.0 mmol), 110 °C,
24 h

Figure 11. Application of L5 in Suzuki coupling of aryl chlorides.

In 2006, Tsuji introduced a number of ligands featuring a 2,3,4,5-tetraphenylphenyl group (TPPh) attached
to one of the phenyl rings of triarylphosphines, specifically in ortho- (L6), meta- (L7) and para-position (L8)*’.
Among these, ligand L6 demonstrated exceptional efficiency in facilitating the use of nonreactive chloroarenes
in various palladium-catalyzed reactions, including Mizoroki-Heck and Suzuki-Miyaura couplings (Figure 12).

s: Ph2P
L6 L8

PPh, L7
¢l 1.5 mol% Pd-L cat 0
0 Cs,CO4 (1.1 mmol) X
+ \)J\ e OMe
OMe 1,4-dioxane (1 mL)
110 °C, 22h

entry phosphine yield (%)

1 L6 >99

2 L7 0

3 L8 0

Figure 12. Application of L6 — L8 in Heck coupling of aryl chlorides.

To understand why L6 exhibits remarkable efficiency in catalytic reactions, stoichiometric reactions of L6
with Pd(dba), has been performed at 50°C in THF, followed by the addition of maleic anhydride®®. The
resulting complex has been crystallized from a pentane/THF mixture. X-ray crystallography revealed that
palladium in the complex forms a n-coordination with one of the phenyl rings of the TPPh moiety. This n?
coordination is uniquely possible with the ortho-derivatives (L6). In contrast, the meta- (L7) and para- (L8)
derivatives do not exhibit this n?-coordination, which limits their catalytic activity. During catalytic reactions,
the intramolecular n2-coordination initially stabilizes the mono-phosphine species. However, this coordination
can be disrupted by the substrate, facilitating the formation of highly unsaturated and catalytically active Pd(0)
species. Similarly, Buchwald et al. observed that n’-coordination stabilizes LPd(0) species. This unique n?-
coordination mode of L6 with palladium explains its exceptional efficiency in catalyzing reactions involving
unactivated aryl chlorides in Suzuki-Miyaura and Mizoroki-Heck reactions.
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In this context, the ligand diphenyl(2',4',6'-triisopropylbiphenyl-2-yl)phosphine (L9), synthesized by
Buchwald et al., is particularly noteworthy®. Ligand L9 has shown efficiency comparable to that of the
alkylphosphine ligands developed by this group. (Figure 13).

I I ®
Pd-L Cat (1 mol%)
@ + ArB(OH), > @ PPh;

K3PO,-H,0, THF L9 =

ipr. Pr
; . C
R'= EWG, EDG 85% - 98%

Figure 13. Application of ligand L9 in Suzuki coupling of aryl chlorides.

Sarkar et al. introduced a new ligand, 1,3-diphenylphosphinoindole (L10), which has proven effective in
palladium-catalyzed Suzuki-Miyaura reactions (Figure 14). Further study disclosed that the ligand functions in
a monodentate mode and derivatives of 3-(diphenylphosphino)indole have been identified as a promising
group of ligands. The donor properties and catalytic efficiency of the phosphino group have been influenced
by the nature of the N-substituent on the indole ring. Additionally, a correlation between the chemical shift of
the 31P nucleus and the observed reactivity supports these findings.

B(OH
(OH)2 L10 (8 mol%) PPh,

Pd(CH3CN),Cl, (4 1%
RiCI+ (CH3CN),Cl; (4 mol%) R1 L10 = @E\g
NaOH, DMA N
R2

° |
120 °C R2 PPh;
R?=H, 4-OMe, 4-CHj4
72-92%

Figure 14. Application of ligand L10 in Suzuki coupling of aryl chlorides.

The same group reported a series of aryldiphenylphosphino ligands derived from 1-aryl-pyrazole/pyrrole
and applied them for the activation of chloroarenes (Figure 15)%%. They also conducted a comparative study on
the electronic and steric effects of phosphine ligands within a structurally alike biaryl motif, focusing on their
performance in palladium-catalyzed Suzuki-Miyaura and Hiyama coupling reactions involving aryl chlorides.
Their findings led to the following conclusions: (a) an optimal steric environment around phosphorus in
triarylphosphines can make a ligand as efficient as its aryldialkyl counterpart, and (b) the involvement of a
hemilabile spectator donor atom in the ligand does not necessarily enhance catalytic performance.

ﬂ\
L11 (6 mol%)

Pd(OAC), (3 mol%) N

ArCl +PhSi(OMe)3 : Ph-Ar L1 = PPh,
TBAF, 1,4-Dioxane (70 - 82%)
100 °C

Figure 15. Application of ligand L11 in Hiyama coupling reactions of aryl chlorides.

Sarkar et al. also developed bidentate P,N-P ligands based on indole (L12) and used them to catalyze the
activation of aryl, heteroaryl, and benzyl chlorides in palladium-catalyzed Suzuki-Miyaura cross-coupling, and
Buchwald-Hartwig amination reactions (Figure 16)5264,
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Pd(CH3CN),Cl, (4 mol%)

L12 (4 mol%)
e v
Ry R, NaOH, DMF R; R

2

125°C
R4 = COMe, CHO, NO, (83% - 98%)
Heteroaryl, allyl
A\
N
PPh, PPh:
L12

Figure 16. Application of ligand L12 in Suzuki-Miyaura coupling reactions of aryl chloridesWhile Sarkar et
al. were synthesizing bidentate ligands and exploring their applications, Kwong et al. developed another
indolylphosphine ligand, L13%. The Pd/PPhs-indole-phos system was found to effectively catalyze both
borylation and Suzuki-Miyaura coupling reactions sequentially in a one-pot process, facilitating the direct

synthesis of biaryl compounds with excellent yields. (Figure 16).

Pd,(dba); / L13
’ (0.025-1 mol%)
Dioxane, KOAc, 110 °C
2-24 h
PPh, K3POy, dioxane,
I ( 110 °C, 18 h

o

R2

T =
D
hadife)
O~ 2

(68% - 95%)

Figure 17. Pd-Catalyzed sequential borylation and Suzuki-Miyaura coupling in a one-pot process Using Ligand
L12.

Lee et al. synthesized a highly ordered mesoporous polymer-supported diarylphosphine ligand (Meso-
PPh2; L14) through a straightforward substitution reaction (Figure 17)%. The rigid polymer surface could
inhibit the formation of bis-ligated palladium by restricting the flexibility of the polymer chain, thereby
promoting the selective formation of highly reactive mono-ligated palladium without the need for an electron-
rich ligand. Using this ligand, they effectively carried out the Suzuki-Miyaura cross-coupling of a range of aryl
chlorides at room temperature, achieving high yields. Balakrishna et al. synthesized triazole-based
triphenylphosphine ligands and used them for palladium-catalyzed cross-coupling reaction of aryl chlorides®’
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Meso-PPh,-Pd (4 mol%)

K3POy4 (3 equiv)
oo oo -0
R, EtOH:H,0 =10:1 R

rt, 12 h
Ri=COMe,CN.H, g _p e (17% - 94%)
CHg, OMe

2

Figure 18. Highly ordered mesoporous polymer-supported diarylphosphine ligand for Pd-catalyzed Suzuki-
Miyaura cross coupling of aryl chloride.

5. Conclusions

Despite significant advancements, several challenges persist in the field of catalytic coupling reactions
involving aryl chlorides. While aryl chlorides offer cost advantages compared to other coupling partners,
achieving comparable turnover numbers and ensuring cost-effectiveness of catalysts remain critical issues.
Many pioneering studies have employed relatively high catalyst loadings, which may not be practical for
industrial applications without achieving higher turnover numbers and frequencies.

Additionally, further experimental and theoretical research is needed to fully elucidate reaction mechanisms.
Such insights are vital for the design of ligands tailored for the activation of challenging carbon-chlorine bonds.
We hope this review encourages ongoing research and innovation in this vital area of catalysis.
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