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Suzuki–Miyaura Cross-Coupling of Esters by Selective O–C(O) 

Cleavage Mediated by Air- and Moisture-Stable [Pd(NHC)(-Cl)Cl]2 

Precatalysts: Catalyst Evaluation and Mechanism 

Shiyi Yang,a Tongliang Zhou,a Albert Poater,*b Luigi Cavallo,c Steven P. Nolan,*d and Michal 

Szostak*a 

The cross-coupling of aryl esters has emerged as a powerful platform for the functionalization of otherwise inert acyl C–O 

bonds in chemical synthesis and catalysis. Herein, we report a combined experimental and computational study on the acyl 

Suzuki–Miyaura cross-coupling of aryl esters mediated by well-defined, air- and moisture-stable Pd(II)–NHC precatalysts 

[Pd(NHC)(-Cl)Cl]2. We present a comprehensive evaluation of [Pd(NHC)(-Cl)Cl]2
 precatalysts and compare them with the 

present state-of-the-art [(Pd(NHC)allyl] precatalysts bearing allyl-type throw-away ligands. Most importantly, the study 

reveals [Pd(NHC)(-Cl)Cl]2 as the most reactive precatalysts discovered to date in this reactivity manifold. The unique 

synthetic utility of this unconventional O–C(O) cross-coupling is highlighted in the late-stage functionalization of 

pharmaceuticals and sequential chemoselective cross-coupling, providing access to valuable ketone products by a catalytic 

mechanism involving Pd insertion into the aryl ester bond. Furthermore, we present a comprehensive study of the catalytic 

cycle by DFT methods. Considering the clear advantages of [Pd(NHC)(-Cl)Cl]2 precatalysts on several levels, including facile 

one-pot synthesis, superior atom-economic profile to all other Pd(II)–NHC catalysts, and versatile reactivity, these should be 

considered as the ‘first-choice’ catalysts for all routine applications in ester O–C(O) bond activation.  

Introduction 

Transition-metal-catalyzed cross-coupling reactions are of 

tremendous importance in organic synthesis and catalysis.1,2 In 

this context, the cross-coupling platform utilizing classical C–X 

electrophiles provides arguably the most convenient access to 

a broad variety of structural motifs across numerous facets of 

chemistry, biology and materials science as highlighted by the 

2010 Nobel Prize in Chemistry.3,4 

In recent years, particular advances have been made in the 

development of unconventional cross-coupling electrophiles 

that are normally problematic due to slow oxidative addition to 

a metal catalyst.5,6 In this respect, the progress achieved in the 

C–N, C–O and C–S activation/cross-coupling of C(sp2)–X 

electrophiles is noteworthy.7–10 On the other hand, recent 

impetus has been gained by the discovery of C(acyl)–X cross-

coupling of bench-stable acyl electrophiles that enable the 

direct modification of amides11 and esters12 by a catalytic 

mechanism involving versatile acyl-metal intermediates (Fig. 1). 

In the vast majority, the enhancement of catalytic activity has 

been achieved by judicious ligand design, wherein the ancillary 

ligand facilitates elementary steps in the catalytic cycle, 

including oxidative addition and reductive elimination.13,14 To 

further exploit the full potential of cross-coupling reactions,15 it 

is imperative that new, more active catalysts systems be 

identified and that the underlying mechanistic aspects of the 

high catalytic activity be clearly elucidated.  

In this context, we have identified air-stable NHC–Pd(II) 

chloro dimers, [Pd(NHC)(-Cl)Cl]2, as the preferred Pd(II)–NHC 

catalysts for C(sp2)–Cl and C(acyl)–N cross-coupling.15–17 While 

performing further reactions using these catalysts, we probed 

the Suzuki–Miyaura cross-coupling of aryl esters. Herein, we 

present a combined experimental and computational study of 

the Suzuki–Miyaura coupling of aryl esters by a highly selective 

O–C(O) cleavage using well-defined, air- and moisture-stable 

[Pd(NHC)(-Cl)Cl]2 precatalysts. Acyl O–C(O) cleavage of aryl 

esters is significantly more challenging than N–C(O) cleavage of 

amides. At present, there are no phosphine-based systems for 

this reaction, which highlights the challenge of bond activation 

and the beneficial use of strongly -donating NHC ligands.  

Most crucially, this study reveals [Pd(NHC)(-Cl)Cl]2 as the 

most reactive precatalysts discovered to date in this reactivity 

manifold. A comprehensive study of the catalytic cycle by DFT 

methods reveals that the great advantage of these [Pd(NHC)(-

Cl)Cl]2 precatalysts is the much easier activation to yield the 
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Table 1 Optimization of Reaction Conditionsa 

  

entry base solvent T (°C) yield (%) 

1 K2CO3 THF 23 >95 

2 K2CO3 toluene 23 <5 

3 K2CO3 dioxane 23 <2 

4 K2CO3 DME 23 75 

5 K2CO3 CH3CN 23 <2 

6 K2CO3 EtOH 23 27 

7 Li2CO3 THF 23 <2 

8 Na2CO3 THF 23 34 

9 Cs2CO3 THF 23 52 

10 CsF THF 23 57 

11 KF THF 23 70 

12 K3PO4 THF 23 <2 

13 KOH THF 23 5 

14b K2CO3 THF 23 13 

15c K2CO3 THF 40 67 
     

aConditions: ester (1.0 equiv), 4-Tol-B(OH)2 (2.0 equiv), 

[Pd(IPr)(-Cl)Cl]2 (0.25 mol%), K2CO3 (3.0 equiv), H2O (5 equiv), 

solvent (0.25 M), T, 12 h. bw/o water. c[Pd(IPr)(-Cl)Cl]2 (0.05 

mol%), THF (0.5 M). See ESI for details. 

 

[Pd(SIPr)(-Cl)Cl]2 (4) (SIPr = 1,3-bis(2,6 

diisopropylphenyl)imidazolidin-2-ylidene) and the sterically-

bulky imidazolylidene [Pd(IPr*)(-Cl)Cl]2 (5) (IPr* = 1,3-bis(2,6-

bis(diphenylmethyl)-4-methylphenyl) imidazol-2-ylidene)20 

(Table 2, entries 7-9). Interestingly, the following order of 

reactivity was established: [Pd(IPr)(-Cl)Cl]2 (1) > [Pd(SIPr)(-

Cl)Cl]2 (4) > [Pd(IPr*)(-Cl)Cl]2 (5), while the latter catalyst was 

unproductive at 23 °C, consistent with its slower activation to 

give the mono-ligated Pd(0)–NHC (vide infra).  

Next, we were interested in evaluating the performance of 

[Pd(NHC)(allyl)Cl] type catalysts. These catalysts, introduced by 

one of us (S.P.N.) in 2002,17 are among the most popular, 

commercially-available Pd(II)–NHC catalysts for a broad variety 

of cross-coupling applications used worldwide. Remarkably, we 

found that the chloro dimer catalyst [Pd(IPr)(-Cl)Cl]2 (1) is 

more reactive in the O–C(O) cross-coupling than the cinnamyl-

based [Pd(IPr)(cin)Cl] (6) and [Pd(SIPr)(cin)Cl] (7) as well as allyl-

based [Pd(IPr*)(allyl)Cl] (8) and [Pd(IMes)(allyl)Cl] (9), 

demonstrating the superior reactivity of the chloro dimer under 

these conditions. To further probe the high reactivity of 

[Pd(IPr)(-Cl)Cl]2 (1), we performed kinetic profiling studies 

using [Pd(IPr)(-Cl)Cl]2 (1) as well as allyl-based congeners 

[Pd(IPr)(cin)Cl] (6) and [Pd(IPr)(t-Bu-ind)Cl] (10)14b,d and the 

heterocycle-based Pd-PEPPSI-IPr (11)14c,15e (Fig. 3). Kinetic 

profiling studies revealed that [Pd(IPr)(-Cl)Cl]2 (1) (red squares) 

is superior to [Pd(IPr)(cin)Cl] (blue squares) (6), Pd-PEPPSI-IPr 

(11) (green squares) and [Pd(IPr)(t-Bu-ind)Cl] (10) (yellow 

squares) with the latter showing the poorest performance 

under these conditions. The high reactivity of the chloro dimer 

catalyst [Pd(IPr)(-Cl)Cl]2 (1) is consistent with facile catalyst 

activation by dimer dissociation. Note that the kinetic profile for 

the formation of 14 is identical (±2%) to the conversion of 12.  

Table 2 Comparison of Reactivity of Pd(II)–NHC Precatalysts 1–9a 

  

entry [Pd-NHC] T (°C) yield (%) 

1 [Pd(IPr)(-Cl)Cl]2 (1) 23 >95 

2 [Pd(IPr)(-Br)Br]2 (2) 23 <2 

3 [Pd(IPr)(-I)I]2 (3) 23 <2 

4 [Pd(IPr)(-Br)Br]2 (2) 60 59 

5 [Pd(IPr)(-I)I]2 (3) 60 <2 

6 [Pd(IPr)(-I)I]2 (3) 80 46 

7 [Pd(SIPr)(-Cl)Cl]2 (4) 23 76 

8 [Pd(IPr*)(-Cl)Cl]2 (5) 23 <2 

9 [Pd(IPr*)(-Cl)Cl]2 (5) 60 67 

10 [Pd(IPr)(cin)Cl] (6) 23 66 

11 [Pd(SIPr)(cin)Cl] (7) 23 64 

12 [Pd(IPr*)(allyl)Cl] (8) 23 <2 

13 [Pd(IMes)(allyl)Cl] (9) 23 <2 
    

aConditions: ester (1.0 equiv), 4-Tol-B(OH)2 (2.0 equiv), [Pd] 

(0.50 mol%), K2CO3 (3.0 equiv), H2O (5 equiv), THF (0.25 M), T, 

12 h. See ESI for details. 

 

 

Fig. 3 Kinetic profile in the acyl Suzuki-Miyaura cross-coupling with 4-

Tol-B(OH)2. Conditions: ester (1.0 equiv), 4-Tol-B(OH)2 (2.0 equiv), 

[Pd] (0.5 mol%), K2CO3 (3.0 equiv), H2O (5 equiv), THF (0.25 M), 23 °C, 

0-32 h. [Pd] = [Pd(IPr)(-Cl)Cl]2 (1); [Pd(IPr)(cin)Cl] (6); [Pd(IPr)(t-Bu-

ind)Cl] (10); [Pd-PEPPSI-IPr] (11). 

Substrate Scope. Having identified [Pd(IPr)(-Cl)Cl]2 (1) as 

the preferred catalyst for the O–C(O) cross-coupling, we probed 

the versatility of this catalyst on the Suzuki–Miyaura cross-

coupling of aryl esters (Table 3). As shown in Table 3, this 

catalyst is amenable to effect the cross-coupling of a broad 

range of aryl esters and boronic acids, including neutral (14a), 

sterically-hindered (14b), electron-rich (14c-14d), electron-

deficient (14e-14g), heterocyclic (14h) and polyaromatic (14i)  
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Table 3 Scope of the Suzuki–Miyaura Cross-Coupling of Aryl Esters 

using Chloro Dimer [Pd(IPr)(-Cl)Cl]2 (1)a 

   

aConditions: ester (1.0 equiv), Ar-B(OH)2 (2.0 equiv), [Pd(IPr)(-

Cl)Cl]2 (0.25 mol%), K2CO3 (3.0 equiv), H2O (5 equiv), THF (0.25 

M), 23 °C, 12 h. b[Pd(IPr)(-Cl)Cl]2 (0.50 mol%), 60 °C.  

 

boronic acids as well as electron-rich (14j-14k), electron-poor 

(14l-14o), sterically-hindered (14p) and aliphatic aryl esters 

(14q). The functional group tolerance to electrophilic 

functionalities, such as ketones (14g, 14o) and full selectivity for 

the O–C(O) acyl cleavage under mild conditions are particularly 

noteworthy features of this catalyst.  

Late-Stage Functionalization. In consideration of the 

tremendous utility of cross-coupling reactions in the late-stage 

functionalization of pharmaceuticals,21 we explored the acyl 

cross-coupling of aryl esters derived from APIs using [Pd(IPr)(-

Cl)Cl]2 (1) (Table 4). As shown, the cross-coupling of aryl esters 

of Febuxostat (antihyperuricemic) (14r), Probenecid (uricosuric) 

(14s), Bexarotene (anticancer) (14t) and Adapalene (antiacne) 

(14u) proceeded in excellent yields, further demonstrating the 

functional group tolerance and potential impact of the catalyst 

on the synthesis of biologically active products. 

Table 4 Late-Stage Functionalization of Pharmaceuticals by Suzuki–
Miyaura Cross-Coupling of Aryl Esters using Chloro Dimer [Pd(IPr)(-

Cl)Cl]2 (1)a 

    

aConditions: ester (1.0 equiv), Ar-B(OH)2 (2.0 equiv), [Pd(IPr)(-

Cl)Cl]2 (0.50 mol%), K2CO3 (3.0 equiv), H2O (5 equiv), THF (0.25 

M), 40 °C, 12 h. b[Pd(IPr)(-Cl)Cl]2 (1.0 mol%), 60 °C.  

 

Selectivity Studies. Considering the unique versatility of 

[Pd(IPr)(-Cl)Cl]2 (1), we probed its application to the 

orthogonal sequential C(sp2)–Cl/C(acyl)–O cross-couplings 

(Scheme 1).1–3 As shown, the Suzuki–Miyaura cross-coupling of 

phenyl 4-chlorobenzoate proceeded chemoselectively at the 

C(sp2) carbon, followed by the C(acyl)–O activation to give the 

extensively conjugated biaryl ketone (14w). This class of -

conjugated ketones serves as precursors in materials science,22 

while the reaction established the following order of reactivity: 

C–Cl > O–C(O), consistent with the challenging oxidative 

addition of the ester bond.  

Furthermore, we were interested to probe the selectivity of 

ester O–C(O) activation vs. amide N–C(O) activation by 

[Pd(IPr)(-Cl)Cl]2 (1) (Scheme 2). Amide bond activation has 

recently emerged as an enabling platform for the cross-coupling 

of classical amide bonds.11 In these experiments, we observed 

complete selectivity for the N–C(O) cross-coupling vs. O–C(O) 

cross-coupling (N-Boc/Me vs. OPh, N-Boc/Ph vs. OPh), 

consistent with the isomerization barrier around the X–C(O) (X 

= N, O) bond.23 Thus, aryl esters should be considered as more 

stable acyl equivalents than N-Boc activated amide bonds.  

A major direction in the development of Pd(II)–NHC catalytic 

systems involves eco-friendly solvents and reaction conditions 

for the application of Pd–NHC catalysts.24 We were pleased to 

find that sustainable, eco-derived 2-MeTHF as well as benign 

EtOAc could be used as solvents to yield the ketone product in 

excellent yields using [Pd(IPr)(-Cl)Cl]2 (1) as catalyst (Scheme 

3). The full selectivity for the cross-coupling of an aryl O–C(O) 

bond (–OPh) in the presence of alkyl O–C(O) bond in EtOAc 

solvent is noteworthy and demonstrates the synthetic 

possibilities by activation of unconventional electrophiles.  
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Scheme 1 Sequential Orthogonal C–Cl/C–O Cross-Coupling using 

Chloro Dimer [Pd(IPr)(-Cl)Cl]2 (1) 

   

Scheme 2 Selectivity of C–N vs. C–O Cross-Coupling using Chloro 

Dimer [Pd(IPr)(-Cl)Cl]2 (1) 

  

Scheme 3 Suzuki–Miyaura Cross-Coupling of Aryl Esters using Chloro 

Dimer [Pd(IPr)(-Cl)Cl]2 (1) in Eco-Friendly Solvents 

  

 

Finally, it is worth noting TON (TON = turnover number) of 

3,000 obtained using the chloro dimer catalyst [Pd(IPr)(-Cl)Cl]2 

(1) at 0.0125 mol% loading at 80 °C (4-Tol-B(OH)2 (2 equiv), 

K2CO3 (3 equiv), THF, not shown). This finding further supports 

the excellent reactivity of this class of chloro-bridged dimer 

catalysts and bodes well for future application in selective O–
C(O) cleavage.  

Computational Studies. To shed light on the mechanism 

density functional theory (DFT) calculations (M06/Def2-

TZVP~sdd(PCM-THF)//BP86-D3/SVP~sdd) of the cross-coupling 

reaction using the phenyl ester and Ph-B(OH)2 reagents were 

carried out (see Fig. 4). From the catalytic active species Pd(0) 

the coordination of the phenyl ester leads to the C–O bond 

cleavage that leaves the phenoxide moiety on the metal, 

overcoming an energy barrier of 12.6 kcal/mol for this oxidative 

addition. The subsequent intermediate is stabilized 11.6 

kcal/mol by the coordination of the base, i.e. K2CO3, that assists 

in the phenoxide ligand dissociation from the metal assisted by 

a potassium countercation, with a kinetic cost of 12.3 kcal/mol. 

The second reagent then enters the scene for the 

transmetallation, not coordinating directly to the metal, but to 

one of the oxygen atoms from the old base, i.e. the Ph-B(OH)2 

bonds to the ionic KCO3 moiety. Boron transfers its phenyl to 

the metal, at a kinetic cost of 20.7 kcal/mol. And 

thermodynamically, the process is also very favorable once the 

K2CO3(B(OH)2OPh) fragment dissociates, specifically 10.8 

kcal/mol. The reductive elimination is then very easy from both 

the kinetic (2.7 kcal/mol) and thermodynamic (26.0 kcal/mol) 

point of view, closing the cycle, which is exoergonic by 29.2 

kcal/mol.  

 

 
Fig. 4 Optimized Reaction Pathway (relative Energies to Pd(0) in 

kcal/mol) for the cross-coupling of esters by the catalytic active 

Pd(NHC) species (in black; NHC = IPr, in red, NHC = SIPr, in dark blue, 

NHC = IPr*, and in light blue, NHC = IMes). 
 

The extension of the study to other NHC ligands leads to the 

comparison for the transmetallation since it defines the rate 
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determining step (rds), with a kinetic cost of 19.9, 15.6 and 21.1 

kcal/mol for SIPr, IPr* and IMes; to be compared with the above 

mentioned 20.7 kcal/mol for IPr. Thus, all those barriers fit 

perfectly with experimental conditions. 

The relatively low energy value for the sterically demanding 

IPr*,25 and for the sake of consistency, as well, the activation of 

the dimeric [Pd(NHC)(-Cl)Cl]2 precatalysts was checked (see 

Fig. 5). There, two steps are important in absolute terms, the 

first involves the dissociative dimer cleavage, with a cost of 17.6, 

16.8, 26.6 and 11.9 kcal/mol for IPr, SIPr, IPr* and IMes, 

respectively. Without commenting on this breakage, the second 

obstacle corresponds to a double process of transmetallation 

once a molecule of K2CO3 and Ph-B(OH)2 cooperate to facilitate 

the phenyl transfer to the metal, with a kinetic cost, the first, of 

21.7, 22.1, 23.4 and 23.9 kcal/mol for IPr, SIPr, IPr* and IMes, 

respectively. And a second costs 23.3, 24.6, 23.6, and 20.5 

kcal/mol for IPr, SIPr, IPr* and IMes, respectively. Thus, for IPr* 

the rds corresponds to the rupture of the initial dimer, while in 

the other cases it is the transmetallation. But more importantly, 

catalyst activation is key, as for all catalysts the catalytic cycle is 

less kinetically expensive. 

The nature of the different reagents, focusing only on the 

phenyl substitution of either aryl addressed in Table 3, was 

studied computationally, due to significant differences by this 

simple ring substitution.  

Starting from the catalytic rds described the unsubstituted 

reagents as a reference, the simple insertion of a methyl group 

in the aryl on boron in para is only worse by 0.9 kcal/mol 

kinetically speaking. But if this substitution is in ortho, the 

process gets even worse by 1.3 kcal/mol in agreement with the 

75% yield in Table 3. Interestingly, the effect with a simple 

fluorine confirms the experimental data (98%), with a reduction 

of the energy barrier of 0.7 kcal/mol; while playing with more 

intensity with the electronic capacity of the substituents in para, 

a methoxy group leads to an increase of the energetic barrier of 

0.7 kcal/mol; while a substantial reduction of 2.7 kcal/mol with 

a trifluoromethyl group. This is a priori against experiments, but 

knowing that the activation of the precatalyst is even more 

kinetically demanding the corresponding rds of the 

preactivation was calculated to be 23.1, 23.5, 23.8 and 24.0 

kcal/mol for the boron based reagent with trifluoromethyl, 

fluoride, methoxy, methyl and methyl, while for the methyl in 

ortho this energy cost increases to 28.5 kcal/mol. This latter 

value agrees perfectly with the experimental 75% yield, as well 

as all the other values close to 100%, except for trifluoromethyl 

(81%). 

On the other hand, looking at the other reagent, the ester, 

the differences between substituents located in para show that 

a methoxy group increases the energy barrier not due to the 

deterioration of the transition state to be overcome, but to an 

excessive stabilization of the previous intermediate. Thus, 

kinetically this energy barrier increases by 1.8 kcal/mol with a 

methoxy, while it decreases by 1.7, 2.0 and 0.8 kcal/mol, with a 

methyl, a fluorine, and a trifluoromethyl, respectively. 

However, with a methyl not in para, but in ortho the cost is 

much lower, 7.3 kcal/mol. Comparing with the data in Table 3, 

the borate substituted ring leads to a bad performance for the  

Fig. 5 Optimized Reaction Pathway (relative Energies to Pd(0) in 

kcal/mol) for the Activation of Precatalysts [Pd(NHC)(-Cl)Cl]2 (in 

black; NHC = IPr, in red, NHC = SIPr, in dark blue, NHC = IPr*, and in 

light blue, NHC = IMes). 

 

ortho-methyl substitution, and this might seem in disagreement 

with calculations. However, for this system the preactivation 

penalizes the next catalysis, and the overall kinetic cost of 23.3 

kcal/mol increases by 5.6 kcal/mol whereas it is maintained for 

all the other substituents, not in ortho, but in para. All in all, for 

those, there is a clear trend for the ester substituted ring, with 

calculations perfectly fitting with the bad results for the 

methoxy (61%) compared to fluorine (98%). Thus, electronically 

it is confirmed that this aryl group of the ester prefers an 

electron-withdrawing group as a substituent on the aryl ring.  

Finally, we believe that water facilitates the 

transmetallation step.18a It is possible that water plays a certain 

role in the formation and release of the B(OH)2(CO3)(OPh)PhK2 

unit. Further studies to evaluate if water is able to exchange the 

carbonate moiety in this and related acyl couplings mediated by 

Pd–NHC catalyst systems are ongoing. 
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Conclusions 

In summary, we have reported a combined experimental 

and computational study on the acyl Suzuki–Miyaura cross-

coupling of aryl esters mediated by well-defined, air- and 

moisture-stable Pd(II)–NHC precatalysts [Pd(NHC)(-Cl)Cl]2. The 

following conclusions have been drawn from this study:  

(1) [Pd(NHC)(-Cl)Cl]2 is the most reactive Pd(II)–NHC 

precatalyst in the Suzuki-Miyaura cross-coupling of aryl esters 

by O–C(O) cleavage;  

(2) the use of [Pd(NHC)(-Cl)Cl]2 leads to broad substrate 

scope, including late-stage functionalization of pharmaceuticals 

and chemoselective cross-coupling;  

(3) computational studies provide insight into the facile 

activation of [Pd(NHC)(-Cl)Cl]2 to yield the mono-ligated 

species as the key advantage of this class of Pd(II)–NHC 

precatalysts versus popular allyl catalysts.  

More broadly, the Suzuki–Miyaura cross-coupling of esters 

using [Pd(NHC)(-Cl)Cl]2 proceeds with full selectivity for the 

C(acyl)–O cleavage to afford versatile ketone products under 

exceedingly mild conditions. The unique synthetic utility was 

demonstrated in the direct late-stage functionalization of 

pharmaceuticals and sequential orthogonal cross-coupling. The 

reactivity of halo dimer catalysts was found to be in order: Cl > 

Br > I. The selectivity vs. aryl halides, amides and aliphatic ester 

bonds has been established. The DFT studies provided insight 

into the mechanistic details of the catalytic cycle and 

established the necessary ground for future catalyst and 

reaction development by selective oxidative addition of the 

ester C(acyl)–O bond.  

This class of Pd(II)–NHC chloro dimer catalysts presents a 

number of advantages over other classes: (1) robust, scalable 

one-pot synthesis from NHC salts, (2) commercial-availability, 

(3) superior atom-economic profile to all other Pd(II)–NHC 

catalysts, particularly important in light of recent 

implementation of eco-friendly protocols in cross-coupling, (4) 

versatile and superb reactivity. Pd(II)–NHC chloro dimer 

catalysts should be considered as the ‘first-choice’ catalysts for 
all applications in ester O–C(O) bond activation.  
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