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Palladium-Catalyzed Cross-Couplings by C–O Bond Activation 

Tongliang Zhoua and Michal Szostak*a 

Although palladium-catalyzed cross-coupling of aryl halides and reactive pseudohalides has revolutionized the way organic 

molecules are constructed today across various fields of chemistry, comparatively less progress has been made in the 

palladium-catalyzed cross-coupling of less reactive C–O electrophiles. This is despite the fact that the use of phenols and 

phenol derivatives as bench-stable cross-coupling partners has been well-recognized to bring about major advantages over 

aryl halides, such as (1) natural abundance of phenols, (2) avoidance of toxic halides, (3) orthogonal cross-coupling 

conditions, (4) prefunctionalization of phenolic substrates by electrophilic substitution or C–H functionalization, (5) ready 

availability of phenols from a different pool of precursors than aryl halides. In this review, we present an overview of recent 

advances made in the field of palladium-catalyzed cross-coupling of C–O electrophiles with a focus on (1) catalytic systems, 

(2) reaction type, and (3) class of C–O coupling partners. Although the field has been historically dominated by nickel 

catalysis, it is now evident that the use of more versatile, more functional group tolerant and highly active palladium catalysts 

supported by appropriately designed ancillary ligands enables the cross-coupling with improved substrate scope and 

generality, and likely represents a practical solution to the broadly applicable cross-coupling of various C–O bonds across 

diverse chemical disciplines. The review covers the period through June 2020.  

 

1. Introduction 

Transition-metal-catalyzed cross-couplings have transformed the 

arsenal of catalytic technologies accessible to practitioners of organic 

synthesis.1,2 The 2010 Nobel Prize in Chemistry well highlighted the 

practical value of Pd-catalyzed cross-couplings, applications of which 

have spurred long-lasting advances in the fields ranging from 

biotechnology and medicine to plastics, advanced materials and 

electronic devices, which are now present in our everyday life.3,4 

In these reactions, aryl halides represent the most common class 

of electrophiles. Notable advances in the design of electron-rich, 

bulky ligands, such as trialkylphosphines, dialkylbiarylphosphines, 

and NHCs (NHC = N-heterocyclic carbene), enable now routine cross-

coupling of less reactive aryl chlorides (cf. bromides or iodides).1–4 In 

contrast, routine application of highly desirable C–O electrophiles in 

palladium-catalyzed cross-couplings is predominantly limited to the 

highly active, yet unstable and expensive, triflates. This is despite the 

fact that there are several major benefits of using phenols and 

derivates as cross-coupling partners over conventional aryl halides, 

such as (1) phenols are naturally abundant, (2) toxic halides are 

avoided, (3) cross-coupling conditions are often orthogonal, (4) there 

is significant potential for prefunctionalization of phenolic substrates 

by electrophilic substitution or C–H functionalization, (5) phenols are 

readily available from a different pool of precursors than aryl 

halides,5 which together with other emerging methods permit for a 

major expansion of the cross-coupling toolbox for practitioners of 

organic synthesis.6–8  

Pioneered by Wenkert and co-workers in the late 70s, the cross-

coupling of less reactive C–O electrophiles has been dominated by 

nickel catalysis, with remarkable contributions by several research 

groups.6 Among many attractive classes of less reactive C–O 

electrophiles in cross-coupling, such as (1) sulfonates, (2) sulfamates, 

(3) phosphates, (4) esters, (5) ethers, and (6) phenols, that have been 

accomplished with Ni-catalysis, Pd-catalyzed cross-couplings are 

limited to sulfonates, phosphates and sulfamates, with examples of 

Pd-catalyzed cross-couplings of esters, ethers and phenols yet to be 

reported.1–4 Since this relative reactivity trend is closely related to 

the ease of oxidative addition of the C–O bond,9 the use of electron-

rich ligands on palladium enables the cross-coupling of less reactive 

C–O electrophiles, which in some cases already matches the 

reactivity of Ni catalysts, while providing much superior functional 

group tolerance.1–4,6,8,9  

The recent studies make it evident that the use of more versatile, 

more functional group tolerant and highly active palladium catalysts 

supported by appropriately designed ancillary ligands permit the  
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Figure 1. (A) Pd-catalyzed cross-coupling of C–O electrophiles; (B) Catalytic cycle; (C) Relative order of reactivity of C–O electrophiles 

amenable to Pd-catalyzed cross-coupling protocols.  

cross-coupling of less reactive C–O electrophiles with improved 

substrate scope and generality, and likely represents a practical 

solution to the broadly applicable cross-coupling of various C–O 

bonds across diverse chemical disciplines.  

In this review, we present an overview of recent advances made 

in the field of palladium-catalyzed cross-coupling of C–O 

electrophiles with a focus on (1) catalytic systems, (2) reaction type, 

and (3) class of C–O coupling partners. Throughout the review, the 

most representative or the most general examples are discussed in 

more detail. The cross-coupling of triflates is not covered as are not 

Kumada cross-couplings because these methods involve highly 

reactive and less air- and moisture-stable electrophiles and/or 

nucleophiles and have been the topic of previous reviews.10 Note 

that Negishi cross-couplings feature significantly higher functional 

group tolerance and have been included in the review.1–3 The review 

covers the period through June 2020. We hope that this review will 

stimulate future progress in the development of catalytic systems 

and application of versatile Pd-catalyzed cross-coupling reactions of 

less reactive C–O electrophiles by a range of interested chemists.  

At the same time, several potential areas for future 

improvements in the C–O cross-coupling methodology can be noted, 

including (1) the advantage of in situ activation protocols of phenols 

and alcohols to obviate a separate synthetic step (cf. commercially 

available halides), (2) in some cases generation of large molecular 

weight side products that might not be soluble, and thus easily 

removed by aqueous wash, (3) some phenols are synthesized from 

diazonium salts, which could open up new opportunities for the use 

of lignin as a renewable source of phenols, (4) some C–O activators, 

e.g. SO2F2 have potential toxicity concerns. 

Figure 1 summarizes development timeline that can be 

compared with the evolution of Pd-catalyzed cross-coupling of 

halides,2,3 catalytic cycle, and classes of C–O electrophiles that thus 

far have proved amenable to efficient Pd-catalyzed cross-couplings 

as well as the relative order of reactivity of C–O electrophiles. In 

general, the development of Pd-catalyzed C–O cross-couplings has 

been achieved by two major directions: (1) ancillary ligand 

development, and (2) design of more reactive yet stable C–O 

electrophiles. The relative order of reactivity is closely related to the 

ease of oxidative insertion of Pd(0) to the C–O bond.9 The reactivity 

order has been typically determined by competition studies. It 

should also be noted that some catalytic systems are limited to 

activated electrophiles that feature electron-withdrawing groups on 

the aryl electrophile, facilitating oxidative addition of Pd to C–O 

bonds. Figure 2 presents major classes of ligands that have enabled 

Pd-catalyzed cross-coupling of C–O electrophiles.  

2. Palladium-Catalyzed Suzuki–Miyaura Couplings 
of C–O Electrophiles 
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Figure 2. Structures of ancillary ligands frequently used in the Pd-catalyzed cross-coupling of bench-stable C–O electrophiles. 

Since its discovery in 1979, Suzuki-Miyaura cross-coupling has 

witnessed an astounding progress and this technology has now 

become one of the most frequently executed synthetic methods due 

to its broad functional group tolerance, mild reaction conditions, 

operational simplicity, high stability, low toxicity, and commercially 

availability of organoboron reagents and catalysts.11-12  

In 1995, during their study of metal-catalyzed homocoupling 

reactions of aryl mesylates, Percec and co-workers disclosed the first 

example of a palladium-catalyzed Suzuki-Miyaura cross-coupling of 

mesylates and arenesulfonates (Scheme 1).13 Although relatively low 

yields of activated mesylates and p-fluorobenzensulfonates were 

obtained, this study is very significant because it showed for the first 

time that Pd catalysis supported by simple bidentate phosphines, 

such as dppf and dppp can be used to activate bench-stable 

mesylates and arenesulfonates as reactive C–O electrophiles in the 

Suzuki-Miyaura cross-coupling. 

 

2.1. Suzuki–Miyaura Cross-Couplings of Aryl Mesylates 

Subsequently, major progress in the cross-coupling of aryl 

mesylates has been achieved through ancillary ligand design. It is  

 

Scheme 1. Pd-catalyzed Suzuki–Miyaura cross-coupling of activated 

mesylates and arenesulfonates reported by Percec in 1995. 

worth noting that mesylates are among the most desirable sulfonate 

derivatives in the Pd-catalyzed cross-coupling of activated C–O 

electrophiles due to high-atom economy as well as cheap and benign 

activating group.   
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In 2008, Kwong and co-workers reported a general protocol for 

the cross-coupling of aryl mesylates and organoboron nucleophiles 

using Pd(OAc)2 as a palladium source and their electron-rich, indole-

based CM-Phos as a ligand (Scheme 2A).14 Under the optimized 

conditions, both unactivated and activated aryl mesylates as well as 

heteroaryl mesylates could be successfully used as cross-coupling 

partners. Furthermore, common organoboron nucleophiles, such as 

arylboronic acids, pinacolboronic esters, and trifluoroborate salts 

afforded the cross-coupled products in high yields. A noteworthy 

feature of the Kwong’s protocol is broad functional group tolerance 

in that functional groups such as formyl, ketone, ester, cyanide, some 

of which that could be problematic using Ni catalysis,1–4,6,8,9 were 

readily compatible during the course of the C–O cross-couplings.  

One year later, Buchwald and co-workers achieved a similar 

cross-coupling of aryl mesylates with boronic acids using their 

dialkylbiarylphosphine ligand BrettPhos instead of CM-Phos (Scheme 

2B). The combination of K3PO4 and tBuOH was found to be the most 

effective in terms of base and solvent, respectively.15 Interestingly, t-

AmOH afforded comparable results to t-BuOH, and was opted as the 

optimal solvent due to its higher boiling point. In terms of scope, the 

protocols by Kwong and Buchwald are complementary and both 

should be screened when optimizing the Pd-catalyzed Suzuki-

Miyaura cross-coupling of aryl mesylates.  

Further examples of Pd-catalyzed Suzuki–Miyaura cross-coupling 

of aryl mesylates using CM-Phos, XPhos, benzimidazolyl phosphine 

and SPhos based catalyst systems have also been reported16-19 

Importantly, the hemilabile phosphine ligand PCy-PhMezole-Phos 

based on benzimidazolyl scaffold (cf. indolyl) developed by Kwong 

and co-workers was more effective than its analogue CM-Phos, 

permitting the cross-coupling at 0.5 mol% palladium loading.18 

In addition, Shao and co-workers reported a NHC-based system 

using their imidazole-supported [(IPr)Pd(1-Me-im)Cl2] catalyst for 

the cross-coupling of aryl mesylates.20 In particular this system 

represented the first example in which a well-defined Pd–NHC 

complex was utilized as catalyst for the Suzuki-Miyaura cross-

coupling of aryl sulfonates. The synthesis of biaryls was achieved by 

the coupling of aryl mesylates and boronic acids in morpholine at 120 

C in the presence of K3PO4. This catalyst system was also extended 

to the Suzuki cross-coupling of aryl tosylates and 4-

fluorobenzenesulfonates. 

 

 

 

Scheme 2. Pd-catalyzed Suzuki–Miyaura cross-coupling of aryl 

mesylates reported by (A) Kwong, and (B) Buchwald. 

 

2.2. Suzuki–Miyaura Cross-Couplings of Aryl Tosylates 

Although tosylates are less atom economic than mesylates, 

historically, their use is more established in organic synthesis and 

catalysis due to ease of preparation and favourable crystalline 

properties of the products. It was not until 2003 that the first general 

palladium-catalyzed Suzuki-Miyaura of aryl tosylates was reported 

by Buchwald and co-workers utilizing Pd(OAc)2 and XPhos as the 

catalyst system (Scheme 3A).21 A wide range of aryl, heteroaryl 

tosylates were compatible with this protocol and enabled the cross- 
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Scheme 3. Pd-catalyzed Suzuki–Miyaura cross-coupling of tosylates 

reported by (A) Buchwald, (B) Lakshman, (C) Skrydstrup, and (D) Fu. 

coupling with various aryl and heteroaryl boronic acids, including 

extremely hindered 2,4,6-triisopropylphenylboronic acid. However, 

the cross-coupling of electron-rich tosylates was not explored. 

In 2004, Lakshman and co-workers reported the cross-coupling 

of 2’-deoxyguanosine O6-tosylates nucleosides with arylboronic 

acids to obtain 2-amino-6-arylpurine 2′-deoxynucleosides using 

Pd(PPh3)4 as a catalyst (Scheme 3B).22 The very mild conditions of this 

protocol provide a clear advantage of using Pd over other metals in 

the cross-coupling of medicinally-relevant nucleosides by C–O bond 

disconnection.  

In 2008, Skrydstrup and co-workers disclosed general reaction 

conditions for the Suzuki−Miyaura coupling of vinyl tosylates to 

provide styrene derivatives (Scheme 3C).23 The key to the success of 

this reaction was using electron-rich ferrocenyl-based palladacycle 

precatalyst, SK-CC02-A (nor = norbornyl). With this method, a gem-

difluorovinyl group could also be installed using 2,2-difluorovinyl 

tosylate (F2C=CH-OTs) as the electrophilic partner. 

Despite the great advances in the Suzuki-Miyaura cross-coupling 

in C(sp2)–C(sp2) bond formation, utilizing this reaction to construct 

C(sp3)–C(sp3) bonds has been rarely reported due to facile β‐hydride 

elimination. In 2002, Fu and co-workers reported that Suzuki- 

Miyaura coupling of alkyl sulfonates could be achieved by employing 

a combination of Pd(OAc)2 and Pt-Bu2Me (Scheme 3D).24 A wide 

range of alkyl tosylates featuring acetals, silyl ethers, esters, tertiary 

amides, ketones, nitriles, olefins and tertiary alcohols were coupled 

with alkyl or aryl 9-BBN in good yields. This important study 

demonstrated the viability of Pd-catalyzed C–O cross-coupling of 

alkyl sulfonates to construct not only biaryls but also C(sp3)–C(sp3) 

bonds. Studies on the mechanism showed inversion of configuration 

during oxidative addition, while no change of configuration occurred 

during reductive elimination.  
Other examples Pd-catalyzed Suzuki-Miyaura cross-coupling of 

aryl tosylates using dialkylbiarylphosphines, such as BrettPhos, 

SPhos, CM-Phos, XPhos, DavePhos and trialkylphoshines, such as 

PCy3 have been reported.15,25-41 In particular, in comparison with 

XPhos, BrettPhos showed improved performance as substrates 

which were not compatible with XPhos were well-tolerated using 

BrettPhos, such as electron-rich aryl tosylates, vinyl tosylates, 2-

heteroarylboronic acids, alkyl- and vinylboronic acids.15 

In addition, NHC-systems with morpholine as a throw-away 

ligand, and indanone-based systems have also been reported as 

efficient catalysts for the Suzuki-Miyaura cross-coupling of aryl 

tosylates.42-44 

 

2.3. Suzuki–Miyaura Cross-Couplings of Various Aryl Sulfonates 

In addition to mesyates and tosylates, several other 

arenesulfonates have been employed as coupling partners in the Pd-

catalyzed Suzuki-Miyaura cross-coupling of C–O electrophiles, 

including benzenesulfonates (–SO2Ph),45 nosylates (–SO2C6H4-p-

NO2),46 and pentafluorobenzene-sulfonates (–SO2C6F5, PFB). The 

most useful are pentafluorobenzenesulfonates, which due to the 

electronic activation of the arene permit for exceptionally mild cross-

coupling compatible with numerous functional groups using 

Pd(PPh3)2Cl2 catalyst system at room temperature with ample 

substrate scope as demonstrated by Shashikanth (Scheme 4).47 
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Scheme 4. Pd-catalyzed Suzuki–Miyaura cross-coupling of aryl 

pentafluorobenzenesulfonates reported by Shashikanth. 

 

Scheme 5. Pd-catalyzed Suzuki–Miyaura cross-coupling of aryl 

fluorosulfonates reported by Hanley.  

2.4. Suzuki–Miyaura Cross-Couplings of Aryl Fluorosulfonates and 

Aryl Nonaflates 

Aryl fluorosulfonates (–SO2F) represent an attractive emerging 

class of electrophilic coupling partners that recently have attracted 

major attention in metal-catalyzed cross-couplings due to high atom-

economy and high reactivity owing to the electronegativity of 

fluorine atom.48-52 

In 2015, Hanley and co-workers reported a detailed study of the 

Suzuki-Miyaura cross-coupling of aryl fluorosulfonates with boronic 

acid using both nickel and palladium catalyst systems (Scheme 5).53 

With Pd(OAc)2 and inexpensive PPh3 as a catalyst system, aryl 

fluorosulfonates featuring both electron-donating and electron-

withdrawing groups were smoothly cross-coupled with aryl and  

 

Scheme 6. Pd-catalyzed Suzuki–Miyaura cross-coupling of aryl 

nonaflates reported by Kumar.  

heteroaryl boronic acids under mild conditions at 60 °C in good to 

excellent yields. The authors conducted a series of intermolecular 

competition experiments to elucidate the relative order of reactivity 

of aryl fluorosulfonates and other common electrophiles. They found 

the following order of reactivity under their reaction conditions: I > 

Br > OTf ≅ OFs ≫ Cl, OTs, OMs. Thus, the reactivity of 

fluorosulfonates is similar to that of triflates, while the 

fluorosulfonate group presents several advantages, such as higher 

stability to hydrolysis, availability in bulk of the activating sulfuryl 

fluoride (SO2F2), mild and economic conditions for activation of 

phenols.  
Other catalyst systems have been reported for the Pd-catalyzed 

Suzuki-Miyaura cross-coupling of aryl fluorosulfonates, including 

ligand-free conditions,54-56 and [Pd-PEPPSI-IPr] for the assembly of 

polysubstituted pyridines.57  
In 2016, Kumar and co-workers reported palladium catalyzed the 

Suzuki-Miyaura cross-coupling of 4-methyl-7-nonafluorobutyl-

sulfonyloxy coumarins under microwave irradiation conditions 

(Scheme 6).58 Bidentate dppp was found to be the optimal ligand due 

to moderate bite angle, while TBAF∙3H2O was identified as the key 

base additive serving also as a solvating agent. Both aryl and 

heteroaryl boronic acid gave the desired biaryl products in excellent 

yields.  

Other examples of Pd-catalyzed Suzuki-Miyaura cross-coupling 

of nonaflates using SPhos, PPh3 and ligandless conditions have been 

reported. 59-61  

It is worthwhile to note that the use of nonaflates is 

advantageous over triflates due to significantly higher hydrolytic 

stability; typically, the substrates can be readily purified by flash 

chromatography, while the perfluoroalkyl activating group permits 

for more facile oxidative addition of Pd(0) to the C–O bond.9 

 

2.5. Suzuki–Miyaura Cross-Couplings of Aryl Imidazolyl Sulfonates 

Imidazolylsulfonates represent an attractive development in 

using benign, air- and hydrolytically-stable sulfonyl-activating groups 

for the cross-coupling of C–O electrophiles.  

In 2009, Albaneze-Walker and co-workers reported the first 

Suzuki-Miyaura cross-coupling of aryl imidazolylsulfonates (Scheme 
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7).62 They found that the combination of Pd(dppf)Cl2 and DMAc gave 

the best results at 60 °C, however, several other catalysts and 

solvents were also capable of promoting the cross-coupling in 

comparable yields. Importantly, they established that the reactivity 

of imidazolylsulfonates was similar to that of triflates, while tosylates 

were recovered unchanged under their reaction conditions. 

However, the scope of this coupling was limited to a few examples. 

Furthermore, Nájera and co-workers reported Suzuki-Miyaura 

cross-coupling of aryl imidazolylsulfonates with aryl and 

alkenylpotassium trifluoroborates using their oxime-derived 

palladacycle catalysts under phosphine-free conditions.63-65 Under 

their conditions, aryl imidazolylsulfonates featuring electron-

donating, electron-withdrawing and sterically hindered substituents 

were successfully coupled in water.65 

 

Scheme 7. Pd-catalyzed Suzuki–Miyaura cross-coupling of aryl 

imidazolylsulfonates reported by Albaneze-Walker.  

 

Scheme 8. Pd-catalyzed Suzuki–Miyaura cross-coupling of aryl 

sulfamates reported by Hazari.  

2.6. Suzuki–Miyaura Cross-Couplings of Aryl Sulfamates 

Palladium-catalyzed Suzuki-Miyaura cross-coupling of aryl 

sulfamates at room temperature has been achieved by Hazari and 

co-workers using XPhos-ligated precatalyst based on (3-1-t-Bu-

ind)Pd(L)Cl scaffold developed by their group (Scheme 8).66 A mixture 

of toluene and methanol was found to be the optimal solvent 

mixture due to higher solubility of boronic acid and base as well as 

the role of methanol in precatalyst activation to Pd(0). Under the 

developed conditions, naphthyl, phenyl and substituted phenyl 

sulfamates were successfully reacted with a variety of boronic acids 

to afford biaryl products in excellent yields. The high reactivity of the 

1-t-Bu-ind supported precatalyst could be a result of preventing the 

formation of off-cycle Pd(I) allyl dimers.66  

Further examples of Pd-catalyzed Suzuki-Miyaura cross-coupling 

of aryl sulfamates using Buchwald’s 2nd generation palladacycles, 

XPhos-Pd-G2, and NHC-Pd catalysts with morpholine and imidazole 

throw-away ligands have been reported.67-69 It is worth noting that 

the 1-t-Bu-ind supported precatalyst Pd-XPhos66 appears to 

outperform the palladacycle XPhos-Pd-G2 in terms of substrate 

scope.67 

 

Scheme 9. Pd-catalyzed Suzuki–Miyaura cross-coupling of (A) vinyl 

phosphates reported by Coudert, and (B) aryl phosphonium salts 

reported by Kang.  
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2.7. Suzuki–Miyaura Cross-Coupling of Vinyl Phosphates and Aryl 

Phosphonium Salts 

As early as in 1999, Coudert and co-workers disclosed Pd(PPh3)4-

catalyzed Suzuki-Miyaura cross-coupling of vinyl phosphates in DME 

and water under reflux conditions to yield nitrogen-containing 

heterocycles (Scheme 9A).70 

In 2008, Kang and co-workers in a very significant study reported 

Pd-catalyzed direct cross-coupling of tautomerizable heterocycles 

using in situ prepared phosphonium salts (Scheme 9B).71 The 

products were obtained by activation/cross-coupling sequence in a 

one-pot fashion via a heterocycle-phosphonium salt intermediate, 

showing analogy to preactivated phosphates. Under the optimized 

conditions, using Pd(PPh3)4 catalyst system, a remarkable range of 

electron-deficient tautomerizable heterocycles was cross-coupled 

with aryl boronic acids in good to excellent yields. Importantly, 6-

arylpurine ribonucleoside was also obtained in a single step from 

unactivated and unprotected inosine, again highlighting the 

advantages of using Pd catalysis in the synthesis of biorelevant 

biaryls.  

Other examples of the Pd-catalyzed Suzuki-Miyaura cross-

coupling of aryl phosphates using Pd(PPh3)4, Pd(PPh3)Cl2 and 

Pd(dppf)Cl2 catalyst systems have been reported.72-80 

3. Palladium-Catalyzed Buchwald–Hartwig 
Couplings of C–O Electrophiles 

Buchwald-Hartwig amination is now one of the most direct and 

powerful methods to construct aryl C–N bonds in organic 

synthesis.81-83 The first Buchwald-Hartwig amination of 

arenesulfonates was reported by Hartwig and co-workers in 1998 

using aryl tosylates as substrates (Scheme 10).84 The reactions were 

performed in toluene at 110 °C with 2 mol% of Pd(dba)2 or Pd(OAc)2 

and 3 mol% of ferrocenyl-based phosphine ligands, dtbpf or Josiphos. 

In this initial report, the authors concluded that a strong base, such 

as NaOt-Bu, is required to obtain high yields. Typically, strong bases 

are required for Buchwald-Hartwig amination, however, it is also 

interesting to note that much weaker bulky phenolate bases (e.g. 

NaOC6H2-2,4,6-t-Bu) are effective under some conditions.  

 
Scheme 10. Pd-catalyzed amination of aryl tosylates reported by 

Hartwig in 1998. 

 

Scheme 11. Pd-catalyzed Buchwald–Hartwig cross-coupling of aryl 

mesylates reported by (A) Kwong, and (B) Buchwald. 

3.1. Buchwald–Hartwig Cross-Couplings of Aryl Mesylates 

In 2008, Kwong reported the first general method for the Pd-

catalyzed amination of aryl mesylates using their indole-based CM-

Phos ligand (Scheme 11A).85 Impressively, the catalytic system was 

successfully applied to the cross-coupling of electronically-

deactivated mesylates with cyclic and acyclic amines, indoles, 

pyrroles and carbazoles at as low as 0.5 mol% palladium loading. The 

cross-coupling could also be performed under solventless conditions 

or in water as a benign solvent.  

Shortly thereafter, Buchwald and co-workers disclosed their 

conditions for the Pd-catalyzed cross-coupling of aryl mesylates with 

anilines using a combination of BrettPhos and BrettPhos Palladacycle 

G1 as the catalyst system (Scheme 11B).86 The protocol permitted 

amination of deactivated mesylates and anilines with good 

compatibility for electron-withdrawing and electron-donating 

groups and excellent functional group tolerance in high yields.  
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Scheme 12. Pd-catalyzed Buchwald–Hartwig cross-coupling of aryl 

tosylates reported by (A-B) Hartwig, and (C) Stradiotto. 

The Pd-catalyzed cross-coupling of aryl mesylates with amides 

and monoarylation of 1° alkyl amines has been reported with t-

BuBrettPhos and Mor-DalPhos ligands, respectively.87-88 

  

3.2. Buchwald–Hartwig Cross-Couplings of Aryl Tosylates 

Following their seminal study (Scheme 10), Hartwig and co-

workers developed a general method for the Pd-catalyzed amination 

of tosylates at room temperature (Scheme 12A).89 A combination of 

Pd[P(o-tol)3]2 and electron-rich Josiphos-type ligand, CyPF-t-Bu, 

formed a highly reactive catalyst system for this cross-coupling. An 

impressive range of amines, including 1° alkylamines and anilines, 

were coupled with both electronically-deactivated and heteroaryl 

tosylates to smoothly furnish the cross-coupling products under mild 

conditions. Most of the reactions were performed with 0.1 mol% 

catalyst loading, thus demonstrating the high efficiency of this 

catalyst system.  

Later, Hartwig and co-workers reported the coupling of tosylates 

with ammonia to give 1° arylamines using the same catalyst system 

(Scheme 12B).90 Interestingly, they found that sterically-hindered 

aryl tosylates cross-coupled in higher yields than less sterically 

hindered tosylates due to more facile O–S bond cleavage in 

unhindered substrates. However, note that the scope of tosylates is 

limited to ortho-substituted aryl tosylates. 

In 2010, Stradiotto and co-workers reported the Pd-catalyzed 

amination of tosylates with hydrazine to give aryl hydrazines, 

isolated as hydrazones, using [Pd(cin)Cl]2 and Mor-DalPhos catalyst 

system under mild conditions (Scheme 12C).91 A variety of ortho-, 

meta-, and para-substituted tosylates could be cross-coupled with 

hydrazine using this protocol to give the corresponding hydrazone 

products, which were isolated after condensation with benzaldehyde 

in good to excellent yields.  

Further examples of Pd-catalyzed amination of aryl tosylates 

using XPhos, CyPF-t-Bu, DavePhos, dipf, MorDal-Phos, dppf, CM-

Phos have been reported.22,27,92-100 Specifically, the P,N-ligand 

MorDal-Phos appears to be more efficient in the cross-coupling of 

aryl tosylates with ammonia than the CyPF-t-Bu system,90 and could 

selectively catalyze monoarylation of ammonia with sterically non-

hindered tosylates in high yields at room temperature.95 

 

 

Scheme 13. Pd-catalyzed Buchwald–Hartwig cross-coupling of aryl 

fluorosulfonates reported by Hanley. 
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Scheme 14. Pd-catalyzed Buchwald–Hartwig cross-coupling of aryl 

benzenesulfonates reported by Buchwald. 

Moreover, César and co-workers reported an electron-rich Pd-

NHC system, Pd-PEPPSI-IPr(NMe2)2, for the amination of aryl 

tosylates.101f In particular, it is worth noting that the latter system 

represents a rare example of well-defined Pd(II)–NHC complex that 

is successful for the Buchwald-Hartwig cross-coupling of aryl 

tosylates. This reaction proceeded well in alcoholic solvents in the 

presence of K3PO4, while other solvents and bases had a deleterious 

effect. Electron-rich and deficient tosylates were aminated in high to 

excellent yields; however, a slightly higher catalyst loading was 

required compared with the Hartwig system.89  

 

3.3. Buchwald–Hartwig Cross-Couplings of Aryl Fluorosulfonates 

In consideration of the unique features of fluorosulfonate 

activating group, in 2016, Hanley and co-workers reported the Pd-

catalyzed amination of aryl fluorosulfonates and anilines using 

CpPd(cin)/Xantphos catalyst system (Scheme 13).49 Both electron-

rich and sterically-hindered fluorosulfonates gave the corresponding 

amination products in excellent yields with only 1.0 mol% palladium 

loading. Remarkably, deployment of this protocol permitted the 

transformation of phenol to 2° arylamines directly in a one-pot 

fashion.  

In addition, Pd-catalyzed amination of aryl fluorosulfonates using 

PPh3 and dppp systems has been reported.102-103 

 

3.4. Buchwald–Hartwig Cross-Couplings of Aryl Benzenesulfonates 

The Pd-catalyzed amination of aryl benzenesulfonates was 

reported by Buchwald and co-workers in 2003 (Scheme 14).92 In 

general, benzenzesulfonates (–SO2Ph) are slightly more reactive than 

tosylates (–SO2-4-Tol), although the inductive effect of the 4-Me 

group is mild. The conditions using Pd(OAc)2, XPhos and a catalytic 

amount of benzeneboronic acid to activate the Pd(II) precatalyst 

were found optimal for this cross-coupling. A variety of substrates 

such as aliphatic amines, anilines, diarylamines, benzophenone 

imine, pyrrolidinone, primary amides, N-methyl formamide, and N-

Boc amides were cross-coupled with various electronically-

deactivated benzenesulfonates in high yields. It is noteworthy that 

this catalyst system also allowed for the cross-coupling of amides 

with benzenesulfonates by C–O bond cleavage for the first time. 

 

3.5. Buchwald–Hartwig Cross-Couplings of Aryl Nonaflates 

Buchwald and co-workers reported the Pd-catalyzed amination 

of aryl nonaflates using the combination of Pd2dba3 and DavePhos at 

80 °C in 2003 (Scheme 15A).104 This methodology offers access to 

various 2° amines, including the very sterically hindered tetra-ortho-

substituted amines in high to excellent yields. However, high 

temperature was required to achieve good yields 

The Buchwald group has also found that the use of more 

sterically-hindered JohnPhos ligand instead of DavePhos allowed for 

the amination of deactivated aryl nonaflates at room temperature 

(Scheme 15B).104  

In 2011, Dunn and co-workers reported the Pd-catalyzed 

amination of aryl nonaflates with 1° sulfonamides using t-BuXPhos as 

ligand (Scheme 15C).105 This protocol is notable for its excellent 

functional group tolerance, including cyano, nitro, ester, aldehyde, 

ketone, chloride, carbamate and phenol groups, which were all well 

tolerated under the reaction conditions. Sterically-hindered 

substrates, such as 2,6-disubstituted aryl nonaflates are not 

compatible with this reaction. The authors proposed that reductive 

elimination was the rate-limiting step for this cross-coupling.  

In addition, the Pd-catalyzed cross-coupling of aryl nonaflates 

using Xantphos and QUINAP catalyst systems have been reported.106-

108 

 

3.6. Buchwald–Hartwig Cross-Couplings of Aryl Imidazolyl 

Sulfonates 

The Pd-catalyzed amination of aryl imidazolylsulfonates was 

reported by Ackermann and co-workers in 2011 using 

Pd(OAc)2/BINAP catalyst system (Scheme 16).109 Despite the fact that 

the cross-couplings were performed at 105 °C with 10 mol% 

palladium loading, a variety of functional groups, such as fluoro, 

cyano, nitro, ester, ketone as well as chloride were all well tolerated 

under the reaction conditions.  
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Scheme 15. Pd-catalyzed Buchwald–Hartwig cross-coupling of aryl 

nonaflates reported by (A-B) Buchwald, and (C) Dunn. 

 

Scheme 16. Pd-catalyzed Buchwald–Hartwig cross-coupling of aryl 

imidazolyl sulfonates reported by Ackermann. 

4. Palladium-Catalyzed Heck Couplings of C–O 
Electrophiles 

Since its discovery in 1968, the Heck reaction has been 

established as one of the most powerful catalytic transformations for 

the synthesis of olefins.110-111 The use of alkenes as coupling partners 

allows for the preparation of functionalized olefins that are key 

intermediates in the assembly of small molecules, pharmaceuticals, 

agrochemicals and natural products in academia and industry.112-114  

 

4.1. Heck Cross-Couplings of Vinyl Tosylates and Mesylates 

The first example of a Pd-catalyzed Heck cross-coupling of C–O 

electrophiles was reported by Fu and co-workers at Schering-Plough 

in 2002 using a combination of Pd(OAc)2 and PPh3  for the synthesis 

of conjugated olefins derived from -diketones (Scheme 17).115 

Later, in 2005, Skrydstrup and co-workers extended this protocol 

and disclosed the regioselective Heck coupling of vinyl mesylates and 

tosylates catalyzed by Pd2dba3/dppf catalytic system after isolation 

of the intermediate vinyl OMs electrophiles (Scheme 18).116  

In 2006, the Pd-catalyzed Heck cross-coupling of unactivated 

vinyl tosylates with electron-deficient alkenes was achieved by the 

same group using 5 mol% PdCl2(cod) and 10 mol% P(t-Bu)3·HBF4 in 

DMF at 100 °C (Scheme 19A).117 LiCl was identified as the key 

additive, presumably to trap the cationic Pd(II) intermediate. In 

general, high yields were obtained using trisubstituted cyclic alkenyl 

tosylates as substrates. In contrast, the expected products were not 

obtained when bulky 1-t-butylvinyl tosylate and related bulky 

tosylates were used as substrates (Scheme 19B). Interestingly, in 

these cases, the 1,2-migration products were isolated in good to 

excellent yields. A possible mechanism involves oxidative addition, 

-hydride elimination to give alkyne, and 1,2-migration.117 

Further examples of Pd-catalyzed Heck cross-couplings of 

mesylates and tosylates have been reported by Djakovitch and 

Skrydstrup groups.118-119 In particular, a protocol for the Mizoroki-

Heck coupling of heteroaromatic tosylates using dppf as ligand is 
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noteworthy;119 however, these Heck reactions of C–O electrophiles 

are significantly less developed than that of the corresponding 

halides.  

 

 

Scheme 17. Pd-catalyzed Heck cross-coupling of vinyl tosylates 

reported by Fu in 2002. 

 

Scheme 18. Pd-catalyzed Heck cross-coupling of vinyl mesylates 

reported by Skrydstrup.  

 

Scheme 19. Pd-catalyzed Heck cross-coupling of vinyl tosylates 

reported by Skrydstrup.  

4.2. Heck Cross-Couplings of Nonaflates 

In 2018, Lassaletta and co-workers reported a highly diastereo- 

and enantioselective, Pd-catalyzed Heck cross-coupling of aryl 

nonaflates and 2,3-dihydrofuran or N-Boc-2,3-dihydropyrrole 

(Scheme 20A).120 High yields and excellent enantioselectivity were 

achieved using (R)-DM-BINAP class of ligands. Furthermore, 

Josiphos-type ligand, SL-J002-1, permitted a highly diastereo- and  

 

Scheme 20. Pd-catalyzed asymmetric Heck cross-coupling of aryl 

nonaflates reported by Lassaletta.  

enantioselective coupling of aryl nonaflates and electron-rich olefins 

under the similar reaction conditions (Scheme 20B).  

Additional examples of using aryl nonaflates as electrophiles in 

the Pd-catalyzed Heck cross-coupling were reported by the Reissig, 

Peng and Valdés groups. 121-123  

 

4.3. Heck Cross-Couplings of Vinyl Phosphates 

Building on their observation of 1,2-migration during the Heck 

coupling of tosylates (Scheme 19B),117 in 2007, Skrydstrup and co-

workers reported a detailed study on the synthesis of dienes via Pd-

catalyzed Heck cross-coupling of vinyl phosphates and electron-

deficient alkenes (Scheme 21).124 In this divergent cross-coupling 

protocol, the typical Heck olefins were obtained as main products in 
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high yields when XPhos was used as the ligand (Scheme 21A). In 

contrast, 1,2-migration was the main reaction pathway when 

P(tBu)3·HBF4 was used as a ligand in combination with -quaternary 

vinyl phosphates (Scheme 21B).  

 

Scheme 21. Pd-catalyzed Heck cross-coupling of vinyl phosphates 

reported by Skrydstrup. 

Furthermore, Sasaki and co-workers reported a rare 

intramolecular Heck cross-coupling of vinyl phosphates using 

Pd(PPh3)4.125 

5. Palladium-Catalyzed Negishi Couplings of C–O 
Electrophiles 

Since its discovery in 1977, the Negishi cross-coupling has 

become an effective and powerful way to construct C(sp2)–C(sp2) and 

C(sp2)–C(sp3) carbon-carbon bonds under mild conditions and with 

high chemoselectivity.126  

In 1991, Roth and co-workers reported the seminal Negishi cross-

coupling of aryl fluorosulfonates with aryl and heteroarylzinc 

reagents using Pd(PPh3)4 in the presence of LiCl in THF at 50 C 

(Scheme 22).48 Electron-neutral, electron-rich and heteroaryl 

fluorosulfonates afforded good to high yields of the biaryl products, 

while electronically-deactivated fluorosulfonates gave moderate 

yields under these conditions. 

 
Scheme 22. Pd-catalyzed Negishi cross-coupling of aryl 

fluorosulfonates reported by Roth in 1991. 

 

 

Scheme 23. Pd-catalyzed Negishi cross-coupling of aryl mesylates 

reported by Organ. 

5.1. Negishi Cross-Couplings of Alkyl Mesylates 

In 2006, Organ and co-workers reported a method for the Pd-

catalyzed cross-coupling of alkyl mesylates and alkyl and arylzinc 

reagents at room temperature (Scheme 23).127 The key to the success 

was using their easily prepared, air-stable, well-defined [Pd-PEPPSI-

IPr] precatalyst. Under the developed conditions, excellent yields 

were achieved with both alkyl and arylzinc reagents; however, aryl 

mesylates are not suitable substrates for this cross-coupling. 

 

5.2. Negishi Cross-Couplings of Vinyl Tosylates 

The cross-coupling of 4-tosylcoumarines with a variety of 

organozinc reagents was reported by Yang and co-workers using the 

Pd(PPh3)4 catalytic system (Scheme 24).128 High yields were obtained 

using aryl, benzyl, and heteroarylzinc reagents. Furthermore, it was 

found that 3-cyanopropylzinc bromides could be successfully 

employed due to coordination of the cyano group to the metal 

center. Unfortunately, this methodology was restricted to coumarin 

derivatives. 

Other examples of Pd-catalyzed Negisihi cross-coupling of 

tosylates using [Pd-PEPPSI-IPr], Pd2dba3/PCy3 and Pd(OAc)2 catalytic 

systems have been reported.127,129-130 Importantly, [Pd-PEPPSI-IPr] 

allowed for the coupling of alkyl tosylates with alkyl and arylzinc 

reagents in promising yields.127 
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Scheme 24. Pd-catalyzed Negishi cross-coupling of vinyl tosylates 

reported by Yang. 

 
Scheme 25. Pd-catalyzed Negishi cross-coupling of aryl nonaflates 
reported by Knochel. 

5.3. Negishi Cross-Couplings of Aryl Nonaflates 

The Pd-catalyzed Negishi cross-coupling of aryl nonaflates was 

disclosed by Knochel and co-workers in 1998 using the combination 

of Pd(dba)2/dppf (Scheme 25).131 The reactions were performed at 

55-60 C in THF at 2 mol% palladium loading. The reaction afforded 

a variety of polyfunctionalized terphenyls in excellent yields.  

Furthermore, Rossi and co-workers reported Negishi cross-

coupling of aryl nonaflates under similar reaction conditions.132 

 

5.4. Negishi Cross-Couplings of Aryl Fluorosulfonates 

Following the early study by Roth (Scheme 22), more recently, 

Schoenebeck and co-workers reported the Pd-catalyzed synthesis of 

polysubstituted arenes via selective Negishi cross-coupling between 

aryl fluorosulfonates and organozinc bromides catalyzed by their 

well-defined Pd(I) dimer, [Pd(Pt-Bu3)I]2 (Scheme 26).133 The reactions 

were performed in a mixture of NMP/THF at room temperature at 5 

mol% palladium loading. Impressively, full selectivity for the cross-

coupling of fluorosulfonates in the presence of C–Cl bonds was 

achieved, irrespective of the electronic and steric demands of the 

  
Scheme 26. Pd-catalyzed Negishi cross-coupling of aryl 

fluorosulfonates reported by Schoenebeck. 

fluorosulfonate substrates. The authors also demonstrated that 

trisubstituted arenes could be synthesized in one-pot by sequential 

cross-couplings with the same catalyst in excellent yields. 

 

5.5. Negishi Cross-Couplings of Vinyl Phosphates 

In 2007, Skrydstrup and co-workers reported the Pd-catalyzed 

Negishi coupling of enol phosphates using Pd2dba3/dppf catalyst 

system (Scheme 27A).134 The reactions proceed well with both alkyl 

and arylzinc bromides in THF at 70 C. It should be pointed out that 

the addition of LiCl (5 equiv), presumably to increase the 

concentration of the anionic Pd(0), was required as organozinc 

bromides were not reactive under the reaction conditions.  

In a related method, Oshima and co-workers disclosed the cross-

coupling between enol phosphates and organoaluminium reagents 

catalyzed by Pd(PPh3)4 (Scheme 27B).135 The reaction provides an 

efficient method to convert ketones into substituted olefins. Alkyl, 

alkenyl and alkynyl organoaluminum reagents could be employed as 

coupling partners to give the corresponding products in good to 

excellent yields. The same group reported a related cross-coupling of 

vinyl phosphates with organomanganese reagents catalyzed by 

Pd(PPh3)4 (Scheme 27C).136  

Further examples of Pd-catalyzed Negishi-type cross-couplings of 

vinyl phosphates using PPh3 and PPF-t-Bu based systems have been 

reported by Oshima and Skrydstrup.137-139 

6. Palladium-Catalyzed Sonogashira Couplings of 
C–O Electrophiles 

At present, the palladium-catalyzed Sonogashira cross-coupling 

represents the most straightforward and synthetically useful method 

for the synthesis of substituted alkynes.140  

In 1998, Nicolaou and co-workers reported a seminal example of 

the cross-coupling of enol phosphates with trimethylsilylacetylene, 

affording the desired product in 84% yield in the presence of 10 mol% 

Pd(PPh3)4 and 10 mol% of CuI as the catalyst system (Scheme 28).141 

This report set the stage for the development of new catalytic 

systems for the Pd-catalyzed Sonogashira cross-coupling of C–O 

electrophiles, and to date this class of reactions is among the best 

developed in the field.  

Page 14 of 36Catalysis Science & Technology



Catalysis Science & Technology  REVIEW 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 15  

Please do not adjust margins 

Please do not adjust margins 

 

Scheme 27. Pd-catalyzed cross-coupling of vinyl phosphates with (A) 

organozinc reagents reported by Skrydstrup, (B-C) organoaluminum 

and organomanganese reagents by Oshima. 

 

 

Scheme 28. Pd-catalyzed Sonogashira cross-coupling of vinyl 

phosphates reported by Nicolaou in 1998. 

 

6.1. Sonogashira Cross-Couplings of Aryl Mesylates  

In 2010, Kwong and co-workers established the first general 

method for the Pd-catalyzed, Cu-free Sonogashira cross-coupling of 

aryl mesylates using 2 mol% Pd(OAc)2 in combination with 6 mol% of 

their CM-Phos ligand in t-BuOH at 110 C (Scheme 29).142 

Importantly, electronically-deactivated and heteroaryl mesylates 

were capable coupling partners under these conditions. 

 
Scheme 29. Pd-catalyzed Sonogashira cross-coupling of aryl 
mesylates reported by Kwong. 

6.2. Sonogashira Cross-Couplings of Aryl and Vinyl Tosylates  

In 2001, Braga and co-workers disclosed a mild protocol for the 

Pd/Cu-co-catalyzed synthesis of -chalcogeneno-enynes (S, Se) via 

the Sonogashira cross-coupling of vinylic tosylates using 3 mol% 

Pd(PPh3)2Cl2 in the presence of 17 mol% CuI (Scheme 30A).143 

Relatively complex enynes containing selenium and sulfur were 

prepared in good to excellent yields using this method. Much lower 

yields were observed in the absence of either palladium or copper.  

In contrast, in 2003, Buchwald and co-workers reported a Pd-

catalyzed, Cu-free method for the Sonogashira cross-coupling of 

electron-deficient aryl tosylates using their XPhos as ligand (Scheme 

30B).144  However, this protocol also required the use of propionitrile 

as a solvent and slow alkyne addition, which limits its application.  

In 2010, Nazaré and co-workers reported the first general 

method for the Pd-catalyzed, Cu-free Sonogashira cross-coupling of 

aryl and heteroaryl tosylates using Pd(TFA)2/CyPF-t-Bu catalytic 

system (Scheme 30C).145 Importantly, Cu was not required to 

promote the cross-coupling under these conditions. Furthermore, 

tosylates featuring both electron-withdrawing and deactivating, 

electron-rich functions afforded the desired alkynes in high yields. 

The method is characterized by excellent functional group tolerance 

in that functionalities, such as nitriles, ketones, methyl esters, 

aldehydes, hydroxy groups, and even amino group are well 

compatible under this catalyst system, demonstrating the generality 

of the protocol. 

Further examples of Pd-catalyzed Sonogashira cross-coupling of  

tosylates using CM-Phos, PPh3, BrettPhos, and DPEPhos based 

catalytic systems have been reported.26,130,142,146-148 Moreover, Shen 

and co-workers reported a Pd(II)–NHC system based on bulky IPr* 

ligand for the Sonogashira cross-coupling of aryl tosylates under Cu-

free conditions.149 

 

6.3. Sonogashira Cross-Couplings of Aryl Nonanflates  

In 2003, Maleczka Jr. and co-workers reported the Pd/Cu-co-

catalyzed cross-coupling of aryl nonaflates with alkynes using a 

combination of Pd(PPh3)2Cl2 and CuCl at room temperature (Scheme 

31).150 Polymethylhydrosiloxane and CsF were found to be necessary 

additives in this reaction to facilitate the formation of an alkynyl 

siloxane intermediate. The method affords functionalized alkynes in 

good to excellent yields under mild conditions; tolerance to aryl 

bromides should be noted (see Scheme 31).   
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An additional example of Pd-catalyzed cross-coupling of 

nonanflates has been reported by the same group.151 

 

Scheme 30. Pd-catalyzed Sonogashira cross-coupling of aryl tosylates 

reported by (A) Braga, (B) Buchwald, and (C) Nazaré. 

6.4. Sonogashira Cross-Couplings of Aryl Imidazolyl Sulfonates  

Williams and co-workers reported a Pd-catalyzed, Cu-free 

Sonogashira cross-coupling of aryl/heteroaryl imidazolylsulfonates in 

the presence of 10 mol% palladium and 20 mol% XPhos (Scheme 

32).152 These reactions proceeded quite smoothly in DMSO at 65 C 

owing to the high stability and electronic activating effect of the 

imidazolylsulfonate group, affording the corresponding alkynes in 

high yields.  

Moreover, Nájera reported a microwave-promoted Sonogashira 

cross-coupling of aryl imidazolylsulfonates catalyzed by their oxime 

palladacycle and SPhos combination.153 

 

Scheme 31. Pd-catalyzed Sonogashira cross-coupling of aryl 

nonaflates reported by Maleczka, Jr. 

 

Scheme 32. Pd-catalyzed Sonogashira cross-coupling of aryl 

imidazolyl sulfonates reported by Williams. 

6.5. Sonogashira Cross-Couplings of Vinyl Phosphates and 

Phosphonium Salts 

Following their study on the Suzuki cross-coupling of vinyl 

phosphates (Scheme 9B), in 2010, Kang and co-workers disclosed a 

Pd/Cu-co-catalyzed Sonogashira cross-coupling of vinyl 

phosphonium salts (Scheme 33).154 These reactions proceed via a 

formal C–H/C–OH bond activation, enabling C(sp2)-C(sp) bond 

formation in various tautomerizable heterocycles. This class of 

dehydrative cross-couplings affords a broad range of heteroaryl 

alkynes in good to excellent yields. Cu is the required additive as the 

reactions stopped at low conversions in the absence of copper.  

In addition, Aldrich and co-workers reported a Pd-catalyzed, Cu-

free Sonogashira cross-coupling of tautomerizable heterocycles via 

phosphonium salts using CyJohnPos as a ligand.155 

7. Palladium-Catalyzed Stille Couplings of C–O 
Electrophiles 
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Scheme 33. Pd-catalyzed Sonogashira cross-coupling of vinyl 

phosphates reported by Kang. 

 

Scheme 34. Pd-catalyzed Stille cross-coupling of vinyl phosphates 

reported by (A) Scott, and (B) Roth in 1991. 

While Stille cross-couplings are among the most effective 

methods for the formation of carbon-carbon bonds, the toxicity of 

tin rendered this class of reactions less appealing. Nevertheless, 

numerous examples of Stille cross-coupling are still performed in  

both academic and industrial laboratories, especially in cases when 

other organometallic nucleophiles are less effective.156   

In 1991, Scott and co-workers reported the cross-coupling of 

vinyl mesylates with organostannanes in the presence of 5 mol% 

Pd(PPh3)4 in THF at 80 C (Scheme 34A).157 Generally high yields 

were achieved when vinylstannanes were used; however, 

arylstannanes were not suitable coupling partners under these 

conditions, resulting in low yields.  

 

Scheme 35. Pd-catalyzed Stille cross-coupling of aryl mesylates 

reported by Buchwald. 

  
Scheme 36. Pd-catalyzed Stille cross-coupling of heteroaryl tosylates 

reported by Sasaki. 

In the same year, Roth and co-workers reported the Stille cross-

coupling of aryl fluorosulfonates using 5 mol% of Pd(PPh3)2Cl2 in DMF 

at room temperature (Scheme 34B).48 Fluorosulfonates are typically 

more reactive than mesylates due to facile Pd(0) insertion into the 

C–O bond.9 Accordingly, Roth demonstrated that both vinyl and 

arylstannanes performed well in the cross-coupling. Remarkably, the 

conditions were compatible with a C(sp2)–Br bond, showing excellent 

functional group tolerance of the protocol. 

 

7.1. Stille Cross-Couplings of Aryl Mesylates  

In 2010, Buchwald and co-workers reported a general method 

for the Stille cross-coupling of aryl mesylates (Scheme 35).158 A 

combination of Pd(OAc)2 and XPhos was found to be the optimum 

catalyst system for this cross-coupling. This protocol is carried out in 

refluxing t-BuOH in the presence of CsF, and exhibits broad scope and 

excellent functional group tolerance. Electronically-deactivated, 

electron-deficient and heteroaryl mesylates underwent smooth 

cross-coupling in good yields. Furthermore, acidic N–H bonds, such 

as in 2° amides are tolerated in this reaction. Sterically hindered 

biaryls can also be obtained by this method.   

 

7.2. Stille Cross-Couplings of Aryl Tosylates  

In 1997, Sasaki and co-workers investigated the synthesis of 6-

functionalized 2-aminopurine nucleosides prepared by the Pd-

catalyzed Stille cross-coupling of guanosine 6-O-tosylates and vinyl-  
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Scheme 37. Pd-catalyzed Stille cross-coupling of aryl nonaflates 
reported by (A) Knochel, and (B) Swager. 

 

Scheme 38. Pd-catalyzed Stille cross-coupling of aryl 4-

fluorobenzensulfonates reported by Badone. 

tributylstannanes using 20 mol% of Pd(PPh3)4 in refluxing dioxane 

(Scheme 36, cf. Scheme 3B by Lakshman and co-workers using more 

practical organoboranes).159 The method afforded quantitative yields 

when the amino group at the 2-position was unprotected, and lower 

yields when the amino group was converted to the isobutyryl amide. 

Further examples of Pd(PPh3)4 and Pd(PPh3)2Cl2 catalyst systems 

for the Stille cross-coupling of tosylates have been reported.160-161 

  

7.3. Stille Cross-Couplings of Aryl Nonaflates  

In 1998, Knochel and co-workers reported a single example of 

Pd-catalyzed Stille cross-coupling of aryl nonaflates to afford biaryls 

using phenyl tributylstannane in the presence of Pd(dba)2/dppf in 

DMF (Scheme 37A).131 The cross-coupling afforded the desired 

product in 82% yield; however, the nonaflate was electronically-

activated by the presence of an ester group at the 4-position.  

In 2008, Swager and co-workers demonstrated that norbornene 

derivatives can be efficiently synthesized by the Stille cross-coupling 

between aryl di-nonaflates and heteroarylstannanes using 

Pd(PPh3)2Cl2 in 71-91% yields (Scheme 37B).162 These products are of 

interest as monomers for conductive polymers.  

Furthermore, Braun and co-workers reported Stille cross-

coupling of aryl nonaflates using Pd(PPh3)4 as catalyst.163 

 

 

Scheme 39. Pd-catalyzed Stille cross-coupling of vinyl phosphates 

reported by (A) Nicolaou, and (B) Coudert. 

7.4. Stille Cross-Couplings of Aryl Fluorobenzenesulfonates  

In another interesting development, Badone and co-workers 

reported the Pd-catalyzed Stille cross-coupling of aryl 4-fluoro-

benzenesulfonates with organostannanes using Pd(OAc)2/dppp or 

Pd(OAc)2/Ph2PMe catalyst systems (Scheme 38).164 The use of more 

electron-deficient 4-fluoro-benzenesulfonates permits to achieve 

higher yields than with benzenesulfonates or tosylates. This protocol 

works well with electronically-activated substrates, while electron-

rich electrophiles gave lower yields. A range of organostannanes, 

including alkyl, vinyl, allyl, and aryl performed well as coupling 

partners under the developed reaction conditions. 

 

7.5. Stille Cross-Couplings of Vinyl Phosphates  

In 1997, Nicolaou and co-workers reported a general method for 

the functionalization of lactones to cyclic enol ethers via Pd-catalyzed 

Stille cross-coupling of ketene acetal phosphates with vinylstannanes 

(Scheme 39A).165 These reactions were conducted using 5 mol% of 

Pd(PPh3)4 in refluxing THF. This protocol allows to obtain dienes of 

medium and large ring systems (6-16-membered rings) in good to 

excellent yields. In addition, the cross-coupling of a ketene acetal 

phosphate with hexamethylditin afforded the desired vinyl 

trimethylstannane in 75% yield, which could be used as a nucleophile 

in the subsequent cross-coupling.   
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Scheme 40. Pd-catalyzed Hiyama-Denmark cross-coupling of aryl 

nonaflates reported by Demark in 2002. 

In 1999, Coudert and co-workers reported the Pd-catalyzed Stille 

cross-coupling of vinyl phosphates for the synthesis of 3-substituted-

4H-1,4-benzoxazines (Scheme 39B).166 A broad range of vinyl, aryl 

and heteroaryl organostannanes could be coupled by this mild 

protocol in the presence of 5 mol% of Pd(PPh3)4 in refluxing THF.  

Further studies on the Pd-catalyzed Stille cross-coupling of 

phosphates using Pd(PPh3)4 systems have been reported.141, 167-170 

8. Palladium-Catalyzed Hiyama Couplings of C–O 
Electrophiles 

The Hiyama cross-coupling between organic electrophiles and 

organosilanes has been developed into an attractive cross-coupling 

manifold due to low toxicity, superb functional group tolerance and 

availability of organosilicon reagents, which in several cases offer 

advantages even over organoboranes (Suzuki cross-coupling).171  

In 2002, Denmark reported a stereospecific Hiyama cross-

coupling of aryl nonaflates with (E)- and (Z)-heptenyl-

dimethylsilanols catalyzed by a combination of PdBr2 and JohnPhos 

at room temperature (Scheme 40).172 Importantly, both activated 

and nonactivated nonaflates could be used as substrates in this 

seminal study giving the desired products in 88-97% yield with high 

retention of configuration. The use of fluoride and water were found 

to be critical to tune the reactivity in these protocols. 

 

8.1. Hiyama Cross-Couplings of Aryl Mesylates  

In 2008, Wu and co-workers reported the first general method 

for the Pd-catalyzed Hiyama cross-coupling between aryl mesylates 

and arylsilanes using a catalytic system based on 4 mol% of Pd(OAc)2 

and 10 mol% of XPhos in THF/tBuOH at 90 C (Scheme 41).173 TBAF 

was identified as an efficient additive. Trimethoxyarylsilanes and 

triethoxyarylsilanes containing electron-withdrawing and electron-

donating groups at the para or ortho positions were cross-coupled 

with electronically-deactivated aryl mesylates to give the  

 

Scheme 41. Pd-catalyzed Hiyama cross-coupling of aryl mesylates 

reported by Wu. 

 

Scheme 42. Pd-catalyzed Hiyama cross-coupling of aryl tosylates 

reported by Wu. 

corresponding biaryls in generally excellent yields. Interestingly, 

competition experiments demonstrated than aryl chlorides are more 

reactive than aryl mesylates under these conditions.  

In 2009, Kwong and co-workers reported the Pd-catalyzed 

Hiyama cross-coupling of aryl mesylates using their CM-Phos as a 

ligand.174  

 

8.2. Hiyama Cross-Couplings of Aryl Tosylates  

In 2008, Wu and co-workers reported a general method for the 

cross-coupling of aryl tosylates with organosilanes using the same  
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Scheme 43. Pd-catalyzed Hiyama cross-coupling of aryl sulfamates 

reported by Hazari. 

catalyst system as identified for the cross-coupling of mesylates 

(Scheme 42 cf. Scheme 41).175 Moreover, aryl benzenesulfonates and 

vinyl tosylates could also be coupled under these conditions.   

In 2016, Nakao and co-workers reported a co-operative Pd/Cu 

catalysis system for the cross-coupling of aryl tosylates and 

organosilanes using a heterobidentate ArPCy2 ligand.176 

 

8.3. Hiyama Cross-Couplings of Aryl Sulfamates  

In 2016, Hazari and co-workers reported the Pd-catalyzed 

Hiyama cross-coupling of aryl sulfamates with aryl silanolates using 

Pd-RuPhos catalyst based on (3-1-t-Bu-ind)Pd(L)Cl system 

developed by their group (Scheme 43).66 Importantly, external base 

is not required for this cross-coupling. The use of additional 5 mol% 

of RuPhos resulted in significantly improved yields due to preventing 

the catalyst decomposition. The scope of this reaction is broad with 

a variety of substituted aryl and heteroaryl sulfamates compatible 

with the reaction conditions, including 2-Np, Ar and quinolinyl. 

However, 1-Np sulfamates are not tolerated in this protocol due to 

increased steric hindrance. 

 

8.4. Hiyama Cross-Couplings of Aryl Imidazolyl Sulfonates 

In 2010, Williams and co-workers reported the cross-coupling of 

aryl imidazolylsulfonates with HOMSi reagents (HOMSi = o-

hydroxymethylphenyldimethylsilyl) catalyzed by 5 mol% Pd(dppf)Cl2 

in DMSO at 65 °C (Scheme 44).152 The method works well for both 

electron-poor and electronically-deactivated substrates. However, 

lower yields were observed for ortho-substituted electrophiles. 

9. Palladium-Catalyzed -Arylations using C–O 
Electrophiles 

The -arylation of carbonyl compounds, wherein aryl halides are 

cross-coupled with enolates in the presence of a transition-metal-  

 

Scheme 44. Pd-catalyzed Hiyama cross-coupling of aryl imidazolyl 

sulfonates reported by Williams. 

 

Scheme 45. Pd-catalyzed -arylation of ketones with aryl tosylates 

reported by Hartwig in 1999. 

catalyst represents a highly valued process due to the prevalence of 

-aryl carbonyl moieties as basic building blocks for the synthesis of  

biologically active molecules.177-178  

In 1999, Hartwig and co-workers demonstrated the first example 

of Pd-catalyzed -arylation of C–O electrophiles and reported cross-

coupling of propiophenone with aryl tosylate as an electrophile using 

catalyst system based on Pd(OAc)2/Josiphos type ligand in THF at 70 

°C (Scheme 45).179  

 

9.1. −Arylation Reactions with Aryl Mesylates 

In 2013, Stradiotto and co-workers reported a general method 

for the -monoarylation of ketones with aryl mesylates using their 

Mor-DalPhos ligand and [Pd(cin)Cl]2 as palladium source (Scheme 

46).88 Both cyclic and acyclic dialkyl-ketones were monoarylated in 

high yields to selectively afford benzyl methyl ketone products. 

However, electron-deficient and ortho-substituted aryl mesylates 

were not suitable coupling partners in this protocol.  

In 2016, Kwong and co-workers reported the -monoarylation of 

aryl- and heteroarylketones using a catalyst system based on 

Pd(OAc)2 and a 4,7-dimethyl-derivative of their indolyl phosphine 

CM-Phos.180 Importantly, this methodology tolerates a wide range of 

substrates, including arylketones and heteroaromatic ketones (cf. 

alkylketones).88 

 

9.2. −Arylation Reactions with Aryl Tosylates 

In 2003, Buchwald and co-workers reported the -arylation of 

1,3-cyclopentanedione with an activated aryl tosylate in the  
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Scheme 46. Pd-catalyzed -arylation of ketones with aryl mesylates 

reported by Stradiotto. 

 

Scheme 47. Pd-catalyzed -arylation of ketones with aryl tosylates 

reported by (A) Buchwald, and (B) Stradiotto. 

presence of 2 mol% Pd(OAc)2 and 5 mol% XPhos (Scheme 47A).21 The 

monoarylation product was isolated in 95% yield.  

In 2011, Stradiotto and co-workers reported the challenging -

monoarylation of acetone using aryl tosylates as C–O electrophiles 

(Scheme 47B).181 The method works best with electron-rich aryl 

tosylates. The use of [Pd(cin)Cl]2, Mor-DalPhos and Cs2CO3 was 

identified as the optimum catalyst system for this reaction. A striking 

feature of this protocol is that valuable -monoarylated acetones 

were generated in high to excellent yields. 

 

9.3. −Arylation Reactions with Aryl Benzenesulfonates 

In 2003, the Buchwald group reported the -arylation of ketones 

and esters with aryl benzenesulfonates using Pd(OAc)2 and XPhos 

catalyst system (Scheme 48).21 The developed conditions mirror the 

protocol for the cross-coupling of aryl tosylates by the same group 

(Scheme 47A). Ketones and esters were arylated in good to high 

yields in a Tol/t-BuOH at 110 °C. 

 

 

Scheme 48. Pd-catalyzed -arylation of ketones with aryl 

benzenesulfonates reported by Buchwald. 

 

Scheme 49. Pd-catalyzed −arylations of ketones with aryl imidazolyl 

sulfonates reported by Ackermann. 

9.4. −Arylation Reactions with Aryl Imidazolyl Sulfonates 

In 2012, Ackermann and co-workers reported the -

monoarylation of acetone with aryl imidazolylsulfonates in the 

presence of Pd(OAc)2 and XantPhos in dioxane (Scheme 49).182 The 

substrate scope was further extended to alkyl-methyl ketones, aryl-

methyl ketones, and di-alkyl ketones. In all cases, the reactions 

proceed in good to excellent yields to give the monoarylated 

products with high selectivity. This protocol complements the study 

with aryl mesylates (cf. Scheme 46) using more electronically-

activated and also benign imidazolylsulfonates.  

10. Palladium-Catalyzed Direct C–H Arylations of 
C–O Electrophiles 

The direct C–H arylation is one the most attractive methods to 

create biaryl motifs.183 Extensive advances have been made in this 

reaction manifold as a more environmentally and economically 

viable strategy to the traditional cross-coupling in recent years.184  

10.1. Direct Arylation Reactions with Aryl Mesylates 
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Scheme 50. Pd-catalyzed direct C–H arylation with aryl mesylates 

reported by (A) Ackermann, (B) Kwong, and (C) Kalyani. 

Ackermann and co-workers have made major progress in the 

field of direct arylation of C–O electrophiles (Schemes 50-52). In 

2009, they reported the direct arylation of benzoxazole with 

activated aryl mesylates using Pd(OAc)2 and XPhos catalyst system in 

the presence of tBuCO2H (Scheme 50A cf. Scheme 51).185  

In 2010, Kwong and co-workers disclosed a general method for 

the direct arylation of benzoxazoles with aryl mesylates (Scheme 

50B).186 They identified Pd(OAc)2 and CM-Phos as effective catalyst 

system. Interestingly, additional acid is not required in this protocol. 

A broad range of electronically-differentiated mesylates afforded the  

 

Scheme 51. Pd-catalyzed direct C–H arylation with aryl tosylates 

reported by Ackermann. 

cross-coupling products in good to excellent yields. The method was 

further extended to other heterocycles, such as caffeine, triazole and 

benzothiazole, which were smoothly arylated using this method.  

In 2014, Kalyani and co-workers reported an impressive method 

for the intramolecular direct arylation of arenes and heteroarenes 

with aryl mesylates as C–O electrophiles (Scheme 50C).187 They 

found a combination of Pd(OAc)2 and dcype as the optimal catalyst 

system for this transformation with Rb2CO3 and CsOPiv as 

stoichiometric additives. The use of alternative conditions was not 

reported. Diverse heterocycles could be synthesized by this protocol 

in good to excellent yields. Notably, the method was further 

extended to the direct arylation of benzoxazoles and related 

heterocycles by a sequential, one-pot mesylation and arylation of 

phenols in excellent yields.  

Further examples of Pd-catalyzed direct arylation with aryl 

mesylates using XPhos, CM-Phos, SPhos, and XPhos based catalytic 

systems have been reported.188-191 

 

10.2. Direct Arylation Reactions with Aryl Tosylates 

In 2009, Ackermann and co-workers reported the first general 

method for the direct arylation of heterocycles with tosylates as C–

O electrophiles (Scheme 51).184 A catalyst system based on Pd(OAc)2 

and XPhos in the presence of tBuCO2H additive was found to be 

effective for this transformation. Electronically-diverse tosylates 

were coupled with various heterocycles, including benzoxazole, 

oxazole, caffeine, and 1,2,3-triazole to furnish biaryl motifs in good 

to high yields, demonstrating the generality of the protocol.  

Additional studies of Pd-catalyzed direct arylation with aryl 

tosylates using XPhos, CyJohnPhos, and dcype ligands have been 

reported.188, 191-193 

 

10.3. Direct Arylation Reactions with Aryl Imidazolyl Sulfonates 

In 2010, the Ackermann group disclosed a general method for 

the Pd-catalyzed direct arylation using aryl imidazolylsulfonates  
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Scheme 52. Pd-catalyzed C–H arylations with aryl imidazolyl 

sulfonates reported by Ackermann. 

 

Scheme 53. Pd-catalyzed C–H arylations with aryl nonaflates 

reported by Manabe. 

(Scheme 52).194 The reaction was accomplished with Pd(OAc)2 and 

dppe in the presence of Cs2CO3 additive. Ortho-, meta-, and para-

substituted aryl imidazolylsulfonates could be coupled with various 

benzoxazoles and oxazoles in high yields. 

10.4. Arylation Reactions with Aryl Nonaflates 

In 2016, Manabe and co-workers reported an intramolecular 

direct C–H arylation of aryl nonaflates to yield fluoranthenes 

(Scheme 53).195 A combination of Pd2dba3 and SPhos with 1-Ad-CO2H 

as additive was identified as the optimal catalyst system. 

Electronically-diverse fluoranthenes could be prepared by this 

protocol in good to high yields.  

Another example of Pd-catalyzed intermolecular C–H arylation of 

aryl nonaflates using PCy3 has been reported.196 

 

10.5. Arylation Reactions with Vinyl Phosphates 

In 2010, Ackermann and co-workers reported the direct arylation 

of benzoxazoles with vinyl phosphates (Scheme 54).194 Interestingly, 

the catalyst system reflects the system developed for the direct  

 

Scheme 54. Pd-catalyzed C–H arylations with vinyl phosphates 

reported by Ackermann. 

 
Scheme 55. Pd-catalyzed carbonylative cross-coupling of aryl 

tosylates and vinyl phosphates reported by (A) Sugi, and (B) Nicolaou. 

arylation of aryl imidazolylsulfonates (cf. Scheme 52). Following this 
protocol, various alkenylated benzoxazoles could be prepared in 
good yields with vinyl phosphates as coupling partners. 

11. Palladium-Catalyzed Carbonylative Couplings 
of C–O Electrophiles 

The transition-metal-catalyzed carbonylation has been an active 

area of catalysis and provided a straightforward way for the synthesis 

of many polar carbonyl derivatives utilizing inexpensive CO.197  

In 1998, Sugi and co-workers disclosed the first example of a Pd-

catalyzed carbonylative cross-coupling of C–O electrophiles using 

activated aryl tosylates and PdCl2/dppp system at 10 bar CO (Scheme 

55A).198 This procedure worked well for electronically-activated aryl 

tosylates, while lower yields were obtained with other substrates.  

In the same year, Nicolaou and co-workers reported Pd-catalyzed 

carbonylation of lactam ketene aminal phosphates (Scheme 55B).141 

These reactions were performed under mild conditions using a 

combination of 10 mol% Pd(OAc)2 and 20 mol% PPh3 at 1 atm CO in 

methanol. Good to excellent yields were obtained with various 

lactams featuring small to large rings (5-16 membered rings). 

 

11.1. Carbonylative Cross-Couplings of Aryl Mesylates  

In 2008, Buchwald reported the first general and mild protocol 

for the carbonylation of aryl mesylates to furnish esters using 2 mol% 

of Pd(OAc)2 and 2.2 mol% of dcypp at 1 atm CO pressure at 80-110 

°C (Scheme 56).199 This process tolerates electron-rich, electron-poor 

and sterically-hindered mesylates, affording the ester products in 

high yields. The method is further noteworthy for its functional group  
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Scheme 56. Pd-catalyzed carbonylative cross-coupling of aryl 

mesylates reported by Buchwald. 

 

Scheme 57. Pd-catalyzed carbonylative cross-coupling of aryl 

tosylates reported by Buchwald. 

tolerance, including ketones, acetals and heterocycles. Importantly, 

primary and secondary alcohols could be used as nucleophiles giving 

the corresponding ester products in high yields. 

 

11.2. Cabonylative Cross-Couplings of Aryl Tosylates  

The Buchwald group reported that aryl tosylates could also 

undergo the Pd-catalyzed carbonylative cross-coupling following the 

same procedure as for aryl mesylates (Scheme 57 cf. Scheme 56).199 

As an advantage, a broader range of heterocyclic tosylate substrates 

is compatible with this protocol.  

  

11.3. Carbonylative Cross-Couplings of Aryl Nonaflates  

In 2012, Beller and co-workers reported an important method for 

the direct carbonylation of phenols via in situ formed aryl nonaflates 

(Scheme 58).200 A broad range of esters was formed using Pd-dimer, 

[Pd(cin)Cl]2, and dppf as the catalyst system. Methanol, primary and 

secondary alcohols, as well as electronically-diverse phenols were 

coupled to give the corresponding esters in high yields. 

 

 

Scheme 58. Pd-catalyzed carbonylative cross-coupling of aryl 

nonaflates reported by Beller. 

 

Scheme 59. Pd-catalyzed carbonylative (A) esterification, and (B) 

amidation of aryl pentafluorobenzenesulfonates by Shashikanth. 

11.4. Carbonylative Cross-Couplings of Aryl 

Pentafluorobenzenesulfonates 

In 2015, Shashikanth and co-workers reported a remarkably mild 

protocol for the Pd-catalyzed carbonylation of aryl pentafluoro-
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benzenesulfonates using 3 mol% Pd(dppf)Cl2 as catalyst and Co2(CO)8 

as carbon monoxide source at room temperature (Scheme 59A-B).201 

Both oxygen (Scheme 59A) and nitrogen (Scheme 59B) nucleophiles 

are compatible with this method, affording esters, carboxylic acids, 

and amides with excellent functional group tolerance.  

 

Scheme 60. Pd-catalyzed carbonylative (A) esterification, and (B) 

amidation of aryl fluorosulfonates reported by Qin. 

11.5. Carbonylative Cross-Couplings of Aryl Fluorosulfonates  

In 2017, Qin and co-workers reported a one-pot protocol for the 

carbonylation of phenols via aryl fluorosulfonates (Scheme 60A).202 

The method employs Pd(OAc)2 and dppp catalyst system at 1 atm CO 

pressure, affording carboxylic acids and esters in high yields.  

In 2018, they disclosed a similar system for the carbonylative 

amidation of phenols at 1 atm CO pressure (Scheme 60B).103 

 

11.6. Carbonylative Cross-Couplings of Aryl 

Fluorobenzensulfonates 

One of the advantages of 4-fluorobenzenesulfonates is the 

activating effect of the fluorine on C–O activation, while preserving 

high stability of the sulfonate group.  

In 2006, Rivera and co-workers reported a protocol for the 

carbonylative esterification of 4-fluorobenzenesulfonates catalyzed  

 

Scheme 61. Pd-catalyzed carbonylative cross-coupling of aryl 4-

fluorobenzensulfonates reported by Rivera. 

 

Scheme 62. Pd-catalyzed carbonylative cross-coupling of aryl 

imidazolyl sulfonates reported by Albaneze-Walker. 

 

Scheme 63. Pd-catalyzed carbonylative cross-coupling of vinyl 

phosphates reported by Larhed. 

by Pd(OAc)2 and a Josiphos-type ligand at 135 °C (Scheme 61).203 

Despite high temperature, the method is quite robust and tolerates 

a variety of functional groups affording esters in high yields. 

11.7. Carbonylative Cross-Couplings of Aryl Imidazolyl Sulfonates  

In 2009, Albaneze-Walkers and co-workers reported a single 

example of carbonylative esterification of 2-Np-imidazolylsulfonate 

using Pd(BINAP)Cl2 in methanol at 60 °C (Scheme 62).62 

 

11.8. Carbonylative Cross-Couplings of Vinyl Phosphates  

In 2009, Larhed and co-workers reported the carbonylative 

amidation of vinyl phosphates to give acrylamides under microwave 

irradiation conditions (Scheme 63).204 They found that a combination  
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Scheme 64. Pd-catalyzed decarboxylative cross-coupling of aryl 

mesylates reported by Gooßen. 

of Hermann’s palladacycle (cataCXium C) and tBu3P allowed to use 

Mo(CO)6 as an attractive solid source of CO. In this protocol, alkyl 

alkenyl phosphates could be coupled with alkyl amines in good 

yields, while the coupling of aryl alkenyl phosphates or anilines 

afforded lower yields of the amide products.  

Another method for the Pd-catalyzed carbonylation of vinyl 

phosphates using PPh3 has been reported.205 

12. Palladium-Catalyzed Decarboxylative 
Couplings of C–O Electrophiles 

The transition-metal-catalyzed decarboxylative coupling taking 

advantage of the availability, ubiquity and orthogonal properties of 

carboxylic acids is a widely attractive strategy for the construction of 

carbon-carbon and carbon-heteroatom bonds in catalysis.206 

12.1. Decarboxylative Cross-Couplings of Aryl Mesylates 

In 2013, Gooßen and co-workers reported the Pd-catalyzed 

cross-coupling of aryl mesylates with aryl and heteroaryl potassium 

carboxylates using a dual catalytic system of 5 mol% Pd(dba)2 and 5 

mol% Cu2O in the presence of an imidazolyl phosphine ligand under 

microwave irradiation conditions (Scheme 64).207 The harsh 

conditions necessary for decarboxylation should be noted. 2-Np 

tosylate, activated aryl and heteroaryl carboxylates were identified 

as good substrates for this protocol; however, more sterically-

hindered 1-Np as well as Ar tosylates afforded the products in lower 

yields. Importantly, the authors demonstrated that alkenyl mesylates 

are also viable C–O electrophiles and could be cross-coupled with 

various aromatic carboxylates to give substituted olefins. 

 

12.2. Decarboxylative Cross-Couplings of Aryl Tosylates 

In 2010, the Gooßen group reported the Pd-catalyzed 

decarboxylative cross-coupling of aromatic potassium carboxylates 

and aromatic tosylates using a dual Pd/Cu catalyst system (Scheme 

65).208. These cross-coupling reactions were performed using a 

combination of Pd(acac)2 and Cu2O either under microwave 

irradiation conditions or at 170 °C in NMP. XPhos was identified as  

 

Scheme 65. Pd-catalyzed decarboxylative cross-coupling of aryl 

tosylates reported by Gooßen. 

 

Scheme 66. Pd-catalyzed cyanation of aryl nonaflates reported by 

Hanack in 2000. 

the most effective ligand. Under the optimized reactions conditions, 

tosylates featuring various electronically-differentiated groups cross-

coupled with aryl and heteroaryl carboxylates in high to excellent 

yields. Importantly, this protocol was shown to be compatible with a 

broad range of functional groups, such as aldehydes, nitro, esters, 

ketone, and tertiary amino groups, showing good functional group 

tolerance despite high temperatures required for decarboxylation.  

13. Palladium-Catalyzed Cyanation of C–O 
Electrophiles 

The direct cyanation by C–O cross-coupling establishes an 

attractive method to convert phenols to aromatic nitriles as a 

practical alternative to Sandmeyer type reactions of anilines. More 

generally, the replacement of phenol to nitrile (Section 13), boron 

(Section 14), phosphorus (Section 15), arene (Section 16) or 

thiophenol (Section 16) represent a fundamental type of C–O to C–X 

(X = C, B, P, H, S) interconversion, wherein the phenol group can be 

utilized as a traceless directing group or a less conventional 

electrophile derived from an orthogonal pool of synthetic precursors.  

In 2000, Hanack and co-workers reported the first example of 

cyanation of aryl nonafluorosulfonates using Pd(PPh3)4 as catalyst 

and Zn(CN)2 as cyanide source (Scheme 66).209 It was noteworthy  
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Scheme 67. Pd-catalyzed cyanation of aryl mesylates reported by 

Kwong. 

 

Scheme 68. Pd-catalyzed cyanation of aryl tosylates reported by 

Kwong. 

that two- and hexa-fold cyanations to afford phthalonitrile and 

hexacyanotribenzylene were readily conducted under these 

conditions in 83% and 32% yield, respectively. 

 

13.1. Cyanations of Aryl Mesylates  

In 2010, Kwong reported a general protocol for the Pd-catalyzed 

cyanation of aryl mesylates using 2 mol% Pd(OAc)2 and 8 mol% of 

their CM-Phos ligand as a catalyst system (Scheme 67).210 Notably, 

they deployed a green cyanating reagent, K4[Fe(CN)6]·3H2O, and 

most of the reactions could be performed in water. Using this 

environmentally-friendly method, a broad range of activated, 

deactivated and heteroaryl mesylates were converted to 

benzonitriles in good to excellent yields.  

Another example of Pd-catalyzed cyanation of aryl mesylates 

using hemilabile, binaphthyl-type ligands and K4[Fe(CN)6]·3H2O has 

been reported by Xie and co-workers.211 

 

13.2. Cyanations of Aryl Tosylates  

Kwong and co-workers reported that their protocol developed 

for cyanation of mesylates could be used for the cyanation of aryl  

 

Scheme 69. Pd-catalyzed cyanation of aryl fluorosulfonates reported 

by Qin. 

 

Scheme 70. Pd-catalyzed cyanation of aryl benzenesulfonates 

reported by Huang. 

 

Scheme 71. Pd-catalyzed cyanation of aryl imidazolylsulfonates 

reported by Clarke. 

tosylates (Scheme 68 cf. Scheme 67).210 Aryl and heteroaryl tosylates 

featuring various functional groups, such as ester, amino, aldehyde, 

and amide were well-tolerated under the reaction conditions.  

Furthermore, cyanation of aryl tosylates in H2O/dioxane mixture 

using XPhos-SO3Na based system has been reported.212 

 

13.3. Cyanations of Aryl Fluorosulfonates  

In 2018, in another important development, Qin and co-workers 

demonstrated that phenols can be converted to benzonitriles in a 

one-pot process via in situ formed fluorosulfonates (Scheme 69).213 

The authors identified a combination of Pd(OAc)2 and PhJohnPhos as 

the optimal system for this one-pot activation/cross-coupling 

protocol. Electron-deficient phenols afforded benzonitriles in high 

yields, while electronically-deactivated substrates afforded the 

cross-coupling products in lower yields.  

 

13.4. Cyanations of Aryl Benzenesulfonates  
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Scheme 72. Pd-catalyzed borylation of vinyl phosphate reported by 

Occhiato in 2005. 

 

Scheme 73. Pd-catalyzed borylation of aryl mesylates reported by 

Kwong. 

In 2010, Huang and co-workers reported the Pd-catalyzed of aryl 

benzenesulfonates using Pd(OAc)2 and water-soluble XPhos-SO3Na 

(Scheme 70).212 In general, similar yields to the cross-coupling of aryl 

tosylates were obtained across the substrates examined.  

 

13.5. Cyanations of Aryl Imidazolyl Sulfonates  

In 2014, Clarke reported a single example of the Pd-catalyzed 

cyanation of an ortho-substituted aryl imidazolylsulfonate (Scheme 

71).214 Extensive optimization revealed 1 mol% Pd(TFA)2 and 3 mol% 

PPh3 as the optimal catalyst system for this reaction.  

14. Palladium-Catalyzed Miyaura Borylations of C–
O Electrophiles 

Miyaura borylation provides an attractive access to aryl 

boronates from phenols under mild conditions; however, these C–O 

cross-coupling strategies are not well developed at present.  

In 2005, Occhiato and co-workers reported an early example of 

the Pd-catalyzed borylation of vinyl phosphates for the synthesis of 

tetrahydropyridine-2-boronate (Scheme 72).215 The conditions using 

Pd(PPh3)2Cl2 with an additional PPh3 worked well to afford the 

desired six-membered product in 63% yield. Interestingly, the 

corresponding five-membered pyrrolidine derivative was unreactive 

and afforded only the olefin reduction product.  

 

14.1. Borylations of Aryl Mesylates 

In 2011, Kwong and co-workers reported a general method for 

the Pd-catalyzed borylation of aryl mesylates (Scheme 73).216 They 

established that a combination of Pd(OAc)2 and their electron-rich 

indolyl-based MeO-CM-Phos ligand as the most effective system for  

 

Scheme 74. Pd-catalyzed borylation of aryl tosylates reported by 

Kwong. 

 

Scheme 75. Pd-catalyzed borylation of aryl benzenesulfonates 

reported by Murata. 

this transformation. The functional group tolerance, excellent yields, 

and compatibility with various aryl and heteroaryl mesylates in this 

protocol are noteworthy.  

 

14.2. Borylations of Aryl Tosylates  

The Kwong group reported Miyaura borylation of aryl tosylates 

following the same reaction conditions as they developed for the 

cross-coupling of mesylates (Scheme 74 cf. Scheme 73).216 

Importantly, the palladium loading could be reduced to 1 mol% 

achieving good to high yields in most substrates examined.   

Moreover, the Pd-catalyzed borylation of aryl tosylates using 

pinacolborane and dtbpf ligand has been reported by Murata.217 

 

14.3. Borylations of Aryl Benzenesulfonates  

In 2011, Murata and co-workers reported Miyaura borylation of 

aryl benzenesulfonates using dialkoxyboranes and a catalytic system 

based on Pd(dba)2, dtbpf and stoichiometric Bu4NI (Scheme 75).217 

Aryl benzenesulfonates featuring various functional groups, such as 

cyano, ketone, ester afforded the borylated products in good to high 

yields. In the same study, the authors have also examined aryl 

pyrazolylsulfonates and aryl 4-trifluorbenzenesulfonates under the 

same catalytic conditions, with the latter providing significant 

improvements in case of less reactive C–O electrophiles.  
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Scheme 76. Pd-catalyzed phosphorylation of aryl nonaflates 

reported by Lipshutz in 1999. 

 

Scheme 77. Pd-catalyzed phosphorylation of aryl mesylates reported 

by Kwong. 

15. Palladium-Catalyzed Hirao Phosphorylations 
of C–O Electrophiles 

The Hirao cross-coupling has been leveraged to provide access to 

C–P bonds with key applications as ligands, biological probes and 

flame retardants using a range of organic coupling partners.  

In 1999, Lipshutz and co-workers reported the first 

phosphorylation of aryl nonaflates using 5 mol% Pd(PPh3)4 and 

diphenylphosphine-borane as the coupling partner (Scheme 76).218 

The protocol was used to prepare BH3-stabilized triarylphosphines in 

good to excellent yields. Chemoselectivity with respect to aryl 

chlorides, which remained unreacted under these conditions, is a 

noteworthy feature of this method.  

 

15.1. Phosphorylations of Aryl Mesylates  

In 2015, Kwong and co-workers reported the first general 

method for the palladium-catalyzed Hirao cross-coupling of aryl 

mesylates (Scheme 77).219 The reactions were performed using 0.5 

mol% Pd(OAc)2 and 2 mol% CM-Phos with electronically-activated  

 

Scheme 78. Pd-catalyzed phosphorylation of aryl tosylates reported 

by Kwong. 

 

Scheme 79. Pd-catalyzed phosphorylation of aryl nonaflates 

reported by Lassaletta. 

mesylates as C–O electrophiles, while less activated substrates 

required 1.5 mol% palladium loading. Dialkyl phosphites and 

phenylphosphinates could be applied as phosphorylating partners. 

This transformation showed broad substrate scope. Importantly, 

medicinally-relevant substrates, such as 17β-estradiol and 6-

hydroxyflavone afforded the phosphorylated products in high yields.  

 

15.2. Phosphorylations of Aryl Tosylates  

In 2019, the Kwong group has also demonstrated that aryl 

tosylates undergo the Pd-catalyzed Hirao cross-coupling using the 

same catalyst system as for aryl mesylates (Scheme 78 cf. Scheme 

77).219 It is worth noting that some cross-couplings of tosylates could 

be performed at 0.25 mol% loading.  

 

15.3. Phosphorylations of Aryl Nonaflates  

In 2016, Lassaletta and co-workers reported the synthesis of 

axially chiral P,N-ligands via phosphorylation of aryl nonaflates 

(Scheme 79).220 This cross-coupling was catalyzed by Pd(dba)2 and a 

Josiphos-type bidentate ligands using TMS activated diaryl or  
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Scheme 80. Pd-catalyzed phosphorylation of aryl imidazolyl 

sulfonates reported by Wu. 

 

Scheme 81. Pd-catalyzed reduction of vinyl phosphates reported by 

Greene in 1987. 

dialkylphosphines. The axially chiral products were formed in high 

yields and with excellent enantioselectivity in most cases.  

Other examples of palladium-catalyzed phosphorylation of aryl 

nonaflates using PPh3 and dppe based systems have been 

reported.221-223 

 

15.4. Phosphorylations of Aryl Imidazolyl Sulfonates  

In 2009, Wu and co-workers reported an efficient protocol for 

the Hirao cross-coupling of aryl imidazolylsulfonates with H-

phosphonate diesters (Scheme 80).224 The reaction was catalyzed by  

5 mol% Pd(OAc)2 and 5 mol% dppp. A broad range of electronically-

diverse imidazolylsulfonates afforded the desired arylphosphonates 

in good to excellent yields using diethyl or diisopropyl phosphite as 

the cross-coupling partners.  

16. Palladium-Catalyzed Reductions of C–O 
Electrophiles 

Palladium-catalyzed reduction permits for de-functionalization 

of nucleophilic phenols to neutral arenes under mild conditions.   

In 1987, Greene and co-workers reported reduction of vinyl 

phosphates to olefins using Pd(PPh3)4 a catalyst in the presence of 

Al(C2H5)3 a as reductant (Scheme 81).225 This mild method (RT, DCE), 

afforded olefins in high yields and with good stereoselectivity. 
 

16.1. Reductions of Aryl Mesylates  

 

Scheme 82. Pd-catalyzed reduction of aryl mesylates reported by 

Cabri. 

 

Scheme 83. Pd-catalyzed reduction of aryl tosylates reported by 

Kwong. 

In 1990, Cabri and co-workers reported the reduction of aryl 

mesylates using  Pd(OAc)2/dppb catalyst system in the presence of 

triethylammonium formate as a reductant (Scheme 82).226 Under 

these reaction conditions, electronically-activated aryl mesylates, 1-

naphthyl mesylate and 1-hydroxy-9,10-anthraquinone mesylate 

were reduced to the corresponding hydrocarbons in high yields.  

 

16.2. Reductions of Aryl Tosylates  

In 2014, the Kwong group reported the first general method for 

the Pd-catalyzed reduction of aryl tosylates (Scheme 83).227 The 

combination of Pd(OAc)2 and CM-Phos using i-PrOH as the reductant 

was identified as the most effective system for this transformation. 

The catalyst loading could be reduced to 0.5 mol% in case of 

electronically-activated tosylates. Furthermore, several sensitive 

functional groups, including nitriles, ketones, and esters, were well 

compatible with this protocol. Interestingly, labelling studies 

indicated that the hydride source is the C–H bond of isopropanol 

rather than the O–H moiety. 

 

16.3. Reductions of Aryl Fluorosulfonates  

In 2017, Qin and co-workers reported another efficient method 

for the direct reduction of phenols via in situ formed aryl 

fluorosulfonates (Scheme 84).228 The reduction was performed using 

Pd(OAc)2/ dppp system in the presence of HCO2H as a reductant at 

very mild room temperature conditions. A broad range of phenols  
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Scheme 84. Pd-catalyzed reduction of aryl fluorosulfonates reported 

by Qin. 

 

Scheme 85. Pd-catalyzed reduction of aryl benzenesulfonates 

reported by Cabri. 

 

Scheme 86. Pd-catalyzed reduction of aryl nonaflates reported by 

Lipshutz. 

was compatible with this method, irrespective of the electronic 

substitution of the substrates. Moreover, polyphenols have also 

been found effective substrates for this reaction.  

 

16.4. Reductions of Aryl Benzenesulfonates  

The reduction of aryl benzenesulfonates to arenes was reported 

by Cabri and co-workers using Pd(OAc)2 and dppb catalyst system in 

the presence of HCO2H (Scheme 85).226 In general, comparable yields 

to the reduction of aryl tosylates were obtained (cf. Scheme 82).  

 

16.5. Reductions of Aryl Nonaflates  

In 1999, Lipshutz and co-workers reported a protocol for the 

reduction of aryl nonaflates to arenes using Pd(PPh3)4 catalyst and 

dimethylamine-borane as a reductant (Scheme 86).229 Notably, the  

 

Scheme 87. Pd-catalyzed reduction of vinyl phosphates reported by 

Sasaki. 

 

Scheme 88. Pd-catalyzed thiolation of aryl tosylates reported by 

Hartwig. 

 

Scheme 89. Pd-catalyzed thiolation of vinyl phosphates reported by 

Kocienski. 

method is compatible with a broad range of functional groups, 

including olefins, amides, esters, aryl chlorides and even bromides. 

 

16.5. Reductions of Vinyl Phosphates  

In 2008, Sasaki and co-workers reported the synthesis of enol 

ethers and enecarbamates via Pd-catalyzed reduction of vinyl 

phosphates using Pd(PPh3)4 as a catalyst and Me2PhSiH as a 

reductant (Scheme 87).230 Alkenyl phosphates were reduced with 

excellent chemoselectivity, affording the cross-coupling products in  

high yields. Furthermore, the protocol was applied as a key step to 

the synthesis of two alkaloids, lennoxamine and chilenine. 

17. Palladium-Catalyzed Thiolations of C–O 
Electrophiles 

There are only a few examples of Pd-catalyzed thiolation of C–O 

electrophiles at present.  
 

17.1. Thiolation of Aryl Tosylates  

In 2006, Hartwig and co-workers reported a single example of the 

cross-coupling between an aryl tosylate and 1-octanethiol (Scheme 

88).231 The desired product was obtained in 86% yield using a catalyst 

system based on 2 mol% Pd(OAc)2 and 2 mol% CyPF-t-Bu. However, 

the reaction was not observed using benzenethiol as nucleophile. 
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17.2. Thiolation of Vinyl Phosphates  

In 2003, Kocienski and co-workers reported the synthesis of α-

benzenesulfanyl enol ethers via Pd-catalyzed cross-coupling 

between in situ formed vinyl phosphates and sodium thiophenolate 

(Scheme 89).232 The reaction afforded moderate to good yields using 

Pd(PPh3)4 as a catalyst in refluxing THF.  

18. Conclusions 

In summary, major advances have been made in the palladium-

catalyzed cross-coupling of bench-stable C–O electrophiles. Two 

major research directions involved (1) the development of more 

reactive catalyst system, mostly enabled by the design of electron-

rich ancillary ligands, and (2) the establishment of more effective air- 

and moisture-stable activating groups for C–O electrophiles. The 

excellent functional group tolerance of palladium-catalyzed cross-

couplings established across numerous reactions, catalyst systems 

and C–O electrophiles, compares very favourably with other metals, 

including more electropositive Ni, and bodes well for the routine 

application of the palladium-catalyzed C–O cross-couplings of bench-

stable electrophiles across various areas of catalysis (cf. Figure 1A). 

Among the key developments in this area were (1) the design of 

dialkylbiarylphosphines, in particular XPhos, and indolyl-phosphines, 

in particular, CM-Phos, by Buchwald and Kwong groups, respectively, 

as well as MorDal-Phos by Stradiotto group, and the development of 

several general catalytic procedures involving diverse C–O 

electrophiles, some at low catalyst loading; (2) establishment of 

robust protocols for in situ activation of phenols by Beller, Qin, 

Kalyani and Hanley groups using diverse activating groups; (3) 

expansion of the palladium-catalyzed cross-coupling to less reactive 

C–O electrophiles, such as sulfamates by the groups of Hazari, 

Molander, and Shao; (4) application of the C–O cross-coupling to the 

synthesis of biologically-relevant targets by the groups of Lakshman, 

Kang and Sasaki; and (5) expansion of the C–O cross-coupling 

manifold of bench-stable electrophiles to novel nucleophiles, 

including acidic arenes and carboxylates by the Ackermann and 

Gooßen groups, respectively.  

Despite remarkable progress, several challenges remain to be 

addressed in this field, including: (1) only few protocols for the Pd-

catalyzed cross-coupling of less reactive C–O electrophiles have been 

reported; (2) there is an urgent need for the development of mild 

conditions at low temperature and low catalyst loading that would 

be of wide interest to industrial chemists; (3) only few novel 

transformations have been reported; (4) green, sustainable 

protocols using C–O electrophiles, including flow synthesis, have not 

received appropriate attention. It would also be interesting to probe 

the reactivity of less activated electrophiles, such as O-acyl groups 

including acetates233 that potentially could make the Pd-catalysed 

manifold more attractive owing to the synthetic and economic 

advantages. Another interesting point would involve a more detailed 

investigation of the behaviour of anions in R–Pd(II)–OX intermediates 

after oxidative addition, which should behave differently from the 

halide-type R–Pd(II)–X intermediates. We believe that the major 

advancements in this area will be accomplished through further 

studies on ancillary ligand design and will be closely tied to the 

mechanistic understanding of C–O cross-couplings.  

Overall, the studies described in this review represent exciting 

developments that are likely to facilitate general applications of the 

C–O catalysis platform.  
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