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The formation of a CÐC bond from two CÐH bonds has been a sought after process in organic chemistry. Two 
palladium-catalyzed approaches for this transformation are the oxidative homocoupling of aromatics and the 
oxidative Heck coupling of aromatics and olefins. Researchers have developed several interesting and potentially 
very useful methodologies for these transformations.  

Reactions that form Ar-Ar bonds and Ar-olefin bonds 
are important transformations in organic chemistry 
because the resulting products are key structural motifs in 
natural products and are valuable building blocks for 
various oligomers and polymers. Palladium-catalyzed 
approaches for these transformations include Stille and 
Suzuki cross coupling reactions.1 Despite their 
widespread application these methods suffer from the 
disadvantage that they require prefunctionalized sites on 
each of the coupling partners (such as aryl halides, 
triflates, stannanes, and boronic acids), which results in 
the formation of significant amounts of by-products and a 
lack of atom economy. Recently, there have been many 
reports of the direct transition metal-catalyzed coupling of 
aromatic C-H bonds with functionalized arenes.1,2 While a 
significant advancement from the aforementioned 
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reactions, these transformations still require one 
functionalized starting material. An ideal approach to C-C 
bond formation would involve the regioselective 
oxidative coupling of any two unfunctionalized C-H 
bonds (eq 1).  
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Oxidative homocoupling and Heck reactions of simple 
arenes, mediated by stoichiometric Pd(II) salts, have been 
known since the 1960Õs.3 These early reactions were 
typically low yielding and resulted in little to no 
regioselectivity. In contrast, the stoichiometric oxidative 
homocoupling and oxidative Heck reactions of 
heteroarenes, such as thiophenes, furans, indoles, and 
pyrroles, were known to proceed in a more regioselective 
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manner.4 Their regioselectivity mirrors that of 
electrophilic aromatic substitution reactions, with 
functionalization taking place at the C2 and C3 positions 
of these molecules (eq 2).5 

 

Scheme 1. Reactive sites of hetroaromatic rings 
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The arrow points to the most nucleophilic carbon of the 
heteroaromatic ring. 
 

In contrast, palladium-catalyzed reactions for the 
regioselective oxidative homocoupling of aromatic C-H 
bonds and the regioselective coupling of aromatic C-H 
bonds to olefinic C-H bonds have only recently been 
described and these reactions are reviewed herein. 
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Figure 1. Catalytic cycles for oxidative homocoupling and 
oxidative Heck reactions.  
 

The proposed Pd(II)/Pd(0) catalytic cycle for the 
oxidative homocoupling reaction is depicted in Figure 
1a. The regioselectivity is determined in the electrophilic 
palladation step (formation of the Ar-Pd bond). Two 
different approaches have been employed recently to tune 
the regioselectivity in these reactions: (i) chelation by 
substituents on the aromatic ring and (ii) the use of 
heteroaromatics as coupling partners. 

Lee showed that methyl benzoate undergoes  
regioselective oxidative homocoupling in the presence of 
catalytic Pd(OAc)2 and a cocatalytic amount of the 
heteropolyacid H5PMo10V2O40 under an atmosphere of 
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O2.
6 Methyl benzoate underwent homocoupling in 3.7% 

conversion, 77.2% of which was the 2,2Õ isomer. This 
modest selectivity was attributed to initial binding of the 
palladium to the carbonyl of the ester, directing the 
electrophilic palladation to the ortho position of the 
aromatic ring (eq 2). Notably, addition of strongly 
coordinating bulky ligands, such as 1,10-phenanthroline, 
presumably disrupts the chelation to the ester, leading to 
the 3,3Õ-, 3,4Õ-, and 4,4Õ-dimethyl dibenzoic acid esters.7 
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The electrophilic substitution of heteroaromatics with 

Pd(II) is more facile and regioselective in the absence of 
directing groups than that of aromatics. Despite this, there 
have been few reports of their catalytic oxidative 
homocoupling. Recently, Mori has demonstrated the 
Pd(II)-catalyzed homocoupling of 2-substituted 
thiophenes, benzothiophenes, and thiazoles using Ag(I) as 
the terminal oxidant (Table 1).8  

 

Table 1. Examples of the oxidative homocoupling of 
thiophenes.  
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Upon screening a variety of Pd(II) and Ag(I) salts, they 
found that PdCl2(PhCN)2 was the best catalyst and that 
AgF and AgOAc were the only two viable oxidants. 

Further, the addition of stoichiometric amounts of AgF or 
AgOAc along with either catalytic or stoichiometric 
amounts of Pd(II) is required for the coupling reaction to 
occur. The mechanism of the reaction is believed to be 
similar to other oxidative homocouplings (Figure 1a), 
with the exception that the Ag(I) serves a dual purpose. 
First, it aids in the formation of the Pd-thiophene bond 

                                                        
6 Lee, S. H.; Lee, K. H.; Lee, J. S.; Jung, J. D.; Shim, J. S. J. Mol. 

Catal. A 1997, 115, 241. 
7 (a) Iretskii, A. V.; Sherman, S. C.; White, M. G.; Kenvin, J. C.; 

Schiraldi, D. A. J. Catal. 2000, 193, 49. (b) Early regioselectivity in the 
oxidative coupling of dimethyl phthalate was achieved through the 
addition of 1,10-phenanthroline and 2,2Õ-bipyridine to form the 
3,4,3Õ,4Õ-tetramethyl biphenyltetracarboxylate. (a) Shiotani, A.; 
Yoshikiyo, M.;  Itatani, H. J. Mol. Catal. 1983, 18, 23. (b) Shiotani, A.; 
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and second, it acts as the oxidant. Interestingly, they were 
able to provide evidence for the reduction of the Ag(I) to 
Ag(0) by powder XRD analysis of the residual silver 
from the reaction. Additionally, the reaction was tolerant 
of aldehydes, ketones, esters, and halogen functionalities 
(Table 1). The tolerance of bromine is particularly 
interesting because it allows for the formation of a key 
intermediate in the synthesis of a variety of 
oligiothiophenes in a single step.9 

The above mentioned reactions have also been 
extended to the coupling of aromatic C-H bonds to 
olefinic C-H bonds Ð the oxidative Heck reaction. The 
proposed mechanism of this coupling is shown in Figure 
1b, and involves (i) electrophilic palladation of the arene, 
(ii) olef in insertion, (iii) ! -hydride elimination, (iv) 
reductive elimination, and (v) re-oxidation. The 
regioselectivity of these reactions can be controlled 
through chelation and the use of heteroaromatics Ð similar 
techniques to those used to control the regiochemistry of 
the oxidative coupling of two aromatic C-H bonds. 

Efficient catalytic arene-olefin coupling reactions have 
been published sequentially by Fujiwara10 and Ishii.11 
However, these reactions showed little to no 
regioselectivity in their oxidation of arenes such as 
toluene, naphthalene, and anisole. In contrast, 
heteroaromatic rings were selectively functionalized at 
the more reactive C-H bond.10,11 

Similar to coordination of the methyl ester in the 
oxidative coupling of methyl benzoate, van Leeuwen 
established the ability of acetanilides to direct 
intermolecular oxidative Heck reactions with n-
butylacrylate ortho to the amide functionality (eq 3).12 
The reaction was most effective with electron rich 
acetanilides.  More recent work has demonstrated that 
similar methodology is also tolerant of halogens on the 
aromatic ring.13 
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Stoltz has recently shown the intramolecular oxidative 

coupling of 1-methyl indoles with tethered olefins to form 
cyclic products with a Pd(II)-ethyl nicotinate catalyst and 
O2 as the oxidant.14 Table 2, entr ies 1-2 highlight a 
selection of the substrate scope. Oxidative coupling can 
occur at the C2 or C3 position of the indole depending on 
the substitution of the substrate. Experimental evidence 
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supports a mechanism involving the intramolecular 
version of that described in Figure 1b. Stoltz has 
subsequently applied similar methodology for the 
stoichiometric, intramolecular, Pd(II)Ðmediated, oxidative 
coupling of a pyrrole and an olefin in the total synthesis 
of Dragmacidin F.15  

 

Table 2. Intramolecular oxidative Heck reaction. 

Entry Substrate Product % Yield

1

2
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MeO

MeO

O

Me

OBn  
 a 10 mol % Pd(OAc)2, 40 mol % ethyl nicotinate, 1 atm O2, 80 ¡C, 

0.1 M t-amyl alcohol:AcOH (4:1). b 0.1 M t-amyl alcohol. c 10 mol % 
Pd(OAc)2, 20 mol % ethyl nicotinate, 20 mol % NaOAc, 1 equiv. BQ, 
100 ¡C, 0.1 M t-amyl alcohol:AcOH (4:1). 
 

This methodology has been extended to intramolecular 
oxidative Heck reactions with electron rich arenes (Table 
2, entr ies 3-4).16 Selective ortho C-H palladation occurs, 
presumably directed by the olefin. Analogous to the 
oxidative Heck reaction with indoles, a Pd(OAc)2-ethyl 
nicotinate catalyst was most effective for the 
transformation. However, benzoquinone served as a 
superior oxidant to O2. Through an elegant study of the 
diastereomer formed in the reaction (Table 2, entry 4), 
the authors showed that C-H palladation occurs first, 
followed by olefin insertion. This methodology 
complements traditional Heck reactions, which require 
functionalized starting materials and are most effective on 
electron poor aromatics but sluggish with electron rich 
aromatics.  

Gaunt has demonstrated intermolecular oxidative Heck 
reactions on indoles and pyrroles, and has tuned the 
reaction conditions to lead to selective oxidation of the 
C2 or C3 position as desired.17,18 In general, indoles 
undergo palladation selectively at the C3 C-H bond, 
though palladium can often migrate to the C2 position, 
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which is generally thermodynamically favored.19 Gaunt 
has found that when reactions are carried out with 
catalytic Pd(OAc)2 and stoichiometric Cu(OAc)2 in 9:1 
DMF:DMSO, functionalization takes place selectively at 
the C3 position (with >95:5 selectivity).17 However, the 
use of tBuOOBz and 3:1 1,4-dioxane:AcOH leads to 
oxidation at C2 with 7:1 selectivity (Scheme 2). They 
suggest that the acid aids in the migration from C3 to C2.  

 

Scheme 2. Tunable oxidative Heck reaction with indoles 
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(a) Reaction conditions for C3 substitution: 1 equiv. indole, 2 equiv. t-
Butyl acrylate, 10 mol % Pd(OAc)2, 1.8 equiv. Cu(OAc)2, DMF/DMSO 
(9:1, 0.4 M), 70 ¡C, 18 h. (b) Reaction conditions for C2 substitution: 1 
equiv. indole, 2 equiv. t-Butyl acrylate, 20 mol % Pd(OAc)2, 0.9 equiv. 
t-BuOOBz, 1,4-dioxane/AcOH (3:1, 0.4 M), 70 ¡C, 18 h . 
 

Like the indoles, pyrroles also have two potential sites 
for functionalization. Unlike indoles, changing the solvent 
did not change the regioselectivity of the coupling 
reaction Ð instead, overÐoxidation and polymerization 
occurred.18 However, recently Gaunt has shown that 
tuning the sterics and electronics of the nitrogen 
protecting group on the pyrrole allowed for site selective 
palladation to occur. They coupled various pyrrole 
derivatives with electron rich and electron poor olefins 
with air, O2, or t-BuOOBz acting as the oxidant. Electron-
withdrawing protecting groups, such as Ac, Boc, and Ts 
tamed the reactivity of the pyrrole and led to selective 
monooxidation at the C2 position (Table 3, entr ies 1, 3). 
Sterics were employed to promote the oxidation at C3; 
the sterically large TIPS protecting group prevented 
palladation at C2 due to the interactions between the 
metal and the isopropyl groups, forcing the oxidation to 
occur at the C3 carbon (Table 3, entr ies 2, 4). 
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Table 1. Selective oxidative coupling of pyrroles at the C2 or 
C3 position.a 
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aReaction conditions: (O2 as oxidant) 10 mol % Pd(OAc)2, O2, 

AcOH:Dioxane:DMSO (3:9:1), 35 ¡C (t-BuOOBz as oxidant) 10 mol % 
Pd(OAc)2, t-BuOOBz, AcOH:Dioxane:DMSO (3:9:1), 35 ¡C. 
 

Oxidative homocoupling and oxidative Heck reactions 
allow for the formation of Ar-Ar and Ar-olefin bonds 
with good atom economy and using relatively 
unfunctionalized starting materials. There has been great 
progress in the development of these selective oxidation 
reactions. However, there are still many challenges facing 
organic chemists in this area. The development of (i) site 
selective oxidative coupling reactions with aromatic rings 
lacking a directing group or large sterically hindering 
groups, (ii) reactions with tunable selectivity, and (iii) 
reactions which allow for regioselective catalytic 
oxidative heterocoupling of arenes remain important 
future goals. 

 
 
 


