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Abstract: The use of oxygen-based electrophiles in cross-coupling 

remains challenging for substrates with strong C–O bonds, with few 

examples that can combine C–O activation with another strong-bond 

activation in tandem. We report the first example of a direct, tandem 

C–O/C–H activation approach to C–C bond formation using palladium 

catalysis. This reaction combines C–O oxidative addition at enol 

pivalates with concerted metallation deprotonation of functionalized 

heterocycles to achieve base-free direct C–H alkenylation, with pivalic 

acid as the only byproduct. Mechanistic studies reveal that the Pd(II) 

C–O oxidative addition product is the major catalyst resting state, in-

dicating that C–H activation is the turnover-limiting step. 

The selective activation and functionalization of strong carbon-el-

ement bonds is one of the primary challenges in developing new 

methods for organic synthesis. The ability to transform ubiquitous 

C–H, C–O, or other strong bonds into more complex molecular 

structures often represents a more direct approach to access tar-

get molecules. This results in fewer synthetic steps and greater 

mass efficiency in the overall process, as well as unlocking new 

feedstocks and building blocks as substrates.1,2  Accordingly, con-

siderable effort has been devoted to incorporating C–H3–11 or C–

O12–21 bond activation in redox-neutral cross-coupling catalysis. 

Far less developed are catalytic processes that combine multiple 

strong bond activations into a single transformation.22  

Tandem C–O/C–H activation to form new C–C bonds is a 

particularly attractive yet challenging approach to cross-coupling 

(Figure 1a). One approach is to take advantage of Cacyl–O activa-

tion of activated carboxylic acid derivatives, followed by decar-

bonylation of the resulting metal-acyl intermediate.18 Rh catalysis 

involving directing-group assisted C–H activation is the major re-

ported method.23–30 For reactions without C–H directing groups, 

Ni catalysis31 and more recently tandem Pd/Cu catalysis32,33 have 

been reported. A more direct method is tandem C–O/C–H activa-

tion involving ester, ether, or carbamate leaving groups. The ma-

jor challenge is that this requires activating a considerably 

stronger C–O bond.12 Itami and co-workers first demonstrated this 

approach with Ni-catalysis to couple aryl pivalates with azoles;34 

subsequent studies further explored the synthetic and mechanis-

tic aspects of this catalysis.35–38 Song and Ackermann contempo-

raneously reported a Co-system for directed C–H arylation with 

carbamate substrates.39 Since these initial reports, only a few ad-

ditional direct C–O/C–H coupling methods have appeared: Shi 

and co-workers disclosed a dual Ni/Cu system for perfluoroarene 

C–H functionalization with aryl carbamates;40 Zhao, Ong and co-

workers reported a Ni-based coupling of aryl ethers with imidaz-

oles;41 and Toupalas and Morandi recently reported an example 

of Ni-catalyzed coupling between an aryl carbamate and benzox-

azole.42 Notably, despite the success of Pd catalysis for direct ar-

ylation using (pseudo)halide electrophiles,43 no Pd systems for di-

rect C–O/C–H coupling have been reported. This is perhaps due 

to the perception that Pd catalysts cannot perform the required 

C–O activation to engage aryl or enol ester substrates.16,20 

 

 

Figure 1. a) Catalytic C–O/C–H coupling, based on decarbonylative or direct 

C–C formation. b) Pd-catalyzed direct C–O/C–H coupling via selective C–O ac-

tivation and subsequent concerted metallation deprotonation (CMD). 
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Here, we report a palladium-catalyzed tandem C–O/C–H 

activation process for the direct alkenylation of a variety of aro-

matic heterocycles using enol pivalates (Figure 1b). In contrast to 

nearly all of the aforementioned methods, this coupling proceeds 

without the need for bases, additives, or co-catalysts. This is pos-

sible because of the direct formation of the key Pd(II) pivalate in-

termediate via C–O oxidative addition, which then activates the 

HetAr–H bond via concerted metallation deprotonation (CMD);44 

in other words, no exogenous base or carboxylic acid additive is 

required to convert the Pd(II) halide intermediate into a Pd(II) car-

boxylate, nor to quench the pivalic acid byproduct (Figure 1c). 

Mechanistic studies confirm that this proposed sequence of steps 

is viable, with direct observation of the Pd(II) pivalate species as 

the major catalyst resting state. 

Our group has recently reported that alkenyl carboxylates 

undergo C–O oxidative addition to Pd(0) complexes,45 and that 

base-free catalytic Suzuki cross-coupling46 and Miyaura boryla-

tion[47] are possible with these substrates. A major challenge in 

Suzuki coupling is the use of heterocycles as nucleophiles: in-

stalling boronic acids or boronate esters on the carbon  to het-

eroatoms is synthetically challenging; the resulting products are 

often not stable; and protodeborylation during catalysis is a signif-

icant side reaction.47 To explore the possibility of Pd-catalyzed 

heterocycle C–H alkenylation using enol ester substrates, we de-

signed a series of multivariate high-throughput screening experi-

ments48–51 for the C–H alkenylation of benzothiophene (2a) with a 

dimedone-derived enol pivalate (1a) (Figure 2). 

An initial 24-reaction screen was designed to discover po-

tential Pd catalysts for this transformation (Figure 2a). In situ cat-

alyst formation was achieved using a set of six phosphines and 

four Pd sources. In addition to standard Pd(II) and Pd(0) com-

pounds – Pd(OAc)2, [Pd(allyl)Cl]2, and freshly prepared and re-

crystallized Pd2dba3•CHCl352 – we included our recently reported 

precatalyst DAB-Pd-MAH as an alternate Pd(0) source that is 

highly effective for microscale screening experiments.53 The six 

phosphines were chosen based on their known utility for Pd-cat-

alyzed direct arylation.3,43,54,55 N,N-dimethylacetamide (DMA) was 

fixed as the solvent based also on prior precedent,43 and N,N-

diisopropylethylamine (DIPEA) was added to quench the equiva-

lent of pivalic acid generated from the coupling. Among the Pd/lig-

and combinations screened, only PCy3 paired with Pd(OAc)2 or 

DAB-Pd-MAH enabled product formation, with the latter Pd 

source giving 34% solution yield of 3a (HPLC UV/Vis absorbance 

versus calibration curve). 

Using DAB-Pd-MAH as the Pd source, we then designed a 

more extensive 108-reaction screen to evaluate the combination 

of ligand (18 phosphines), solvent (DMA and cyclopentylmethyl 

ether – CPME), and base (DIPEA, 1,8-diazabicyclo[5.4.0]undec-

7-ene – DBU – and no base). Due to the relatively low reactivity 

observed in the initial screen, we increased the catalyst loading to 

24 mol% (Figure 2b). Across these conditions, PCy3 again 

emerged as the only effective ligand, giving 33-40% solution yield 

of 3a with DMA and either DIPEA or no added base. The next-

best result is a 10% solution yield of 3a using PMe(t-Bu)2 in CPME 

with DBU as the base. 

 

Figure 2. Reaction discovery and optimization for Pd-catalyzed tandem  

C–O/C–H coupling. a) Initial catalyst screen. b) Extensive ligand survey using 

DAB-Pd-MAH and multiple base/solvent combinations. c) Targeted optimization. 

Yields for a) and b) determined by HPLC UV/Vis absorbance using a calibration 

curve for 3a; yields for c) determined by 1H NMR spectroscopy versus internal 

standard (1,3,5-trimethoxybenzene). 
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Figure 3. Reaction scope of the Pd-catalyzed direct arylation of alkenyl pivalates, with isolated product yields obtained after purification by flash chromatography. 

To improve catalyst activity for a PCy3-based system, we 

considered that the presence of stabilizing ligands in the DAB-Pd-

MAH precursor could be inhibiting the C–O oxidative addition. 

Based on our prior success with Pd(PCy3)2 as a single-component 

catalyst for coupling with C–O electrophiles,46,56 we evaluated this 

Pd(0) source for the coupling of 1a and 2a on 0.10 mmol scale. 

At a reduced catalyst load of 10 mol% Pd, we observe a 66% 

solution yield of 3a (1H NMR spectroscopy versus internal stand-

ard). We then conducted a targeted optimization of Pd loading, 

base, concentration, and stoichiometry (Figure 2c). This study re-

vealed that 6 mol% Pd performs similarly to 10 mol% over the 20 

h reaction time, the addition of DIPEA has no effect on the reac-

tion outcome, and a higher overall reaction concentration (0.50 M 

in 1a) combined with an increased loading of heterocycle (3 equiv) 

results in 91% solution yield of 3a.  

With effective reaction conditions identified, we sought to 

evaluate the reactivity of varied enol pivalates and heterocycles 

in this tandem C–O/C–H activation process (Figure 3). Prepara-

tive scale synthesis of 3a proceeded in 86% isolated yield. A se-

ries of other heterocycles also performed well in combination with 

1a, including sterically-hindered thiazoles (3b-e). Other thiophene 

derivatives with potentially reactive aldehyde and ketone func-

tional groups undergo coupling to an unsubstituted cyclohexenyl 

pivalate substrate (3f-i). A pyrone-derived pivalate is compatible, 

though modest yields are obtained (3j-k). Cyclopentenone prod-

ucts are accessible using this methodology through C–H function-

alization of thiophene and thiazole heterocycles (3l-p), as well as 

1-methyl-3-formylindole (3q). Initial attempts to perform coupling 

using 2-substituted cyclohexenone derivatives led to no observa-

ble reaction; however, 2-alkylcyclopentenone substrates can be 

successfully arylated (3r-w). While the yields are modest, cross-

coupling to form tetrasubstituted alkenes is known to be challeng-

ing.57,58 Finally, γ-lactone (3x-y) and γ-lactam (3z-ad) substrates 

are successfully arylated, generating multisubstituted α,β-unsatu-

rated γ-lactone and γ-lactam compounds. Notably, many biologi-

cally active compounds include γ-lactone and γ-lactam units, in-

cluding natural products,59,60 synthetic pesticides,61 and COX-2 in-

hibitors.62 Overall, myriad potentially sensitive and/or deactivating 

groups are compatible, including aldehyde, ketone, ester, amide, 

nitrile, pyridine, thiophene, thiazole, and indole.     
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Figure 4. Mechanistic studies of the tandem C–O/C–H sequence. a) Oxidative 
addition of 1b to Pd(PCy3)2 to generate 4 in 62% isolated yield. b) C–H activation 
of 2a and reductive elimination to form 3f (93% NMR yield) is viable from 
compound 4. c) Monitoring Pd speciation during catalysis by in situ 31P NMR 
spectroscopy, with oxidative addition complex 4 as the major observed species 
(concentration determined by relative integration to PPh3 standard contained 
inside a sealed capillary tube). d) Proposed reaction mechanism, with CMD as 
the turnover-limiting step based on 4 as the observed resting state during 
catalysis.  

Based on the promising reactivity observed in this coupling 

chemistry, we sought to further understand the catalytic mecha-

nism through a series of preliminary mechanistic experiments 

(Figure 4). We first performed the oxidative addition of pivalate 1b 

to Pd(PCy3)2 to generate the putative intermediate 4. By analogy 

to previous work from our laboratory,45 we successfully prepared 

and isolated complex 4 in 62% yield (Figure 4a). Compound 4 was 

fully characterized by solution and mass spectrometric methods, 

confirming the structure as the monomeric bis(phosphine) rather 

than a mono(phosphine) carboxylate-bridged dimer.   

To test the possible intermediacy of 4 in the catalytic C–H 

alkenylation reaction, we assessed the ability of isolated 4 to pro-

mote C–H activation of benzothiophene 2a (Figure 4b). After heat-

ing 4 with excess 2a in DMA for 2 hours at 100 °C, we observe 

complete consumption of 4 by 31P NMR spectroscopy. Subse-

quent aqueous workup and extraction with TBME confirmed the 

organic product is 3f, generated in 93% solution yield (versus 

1,3,5-trimethoxybenzene as internal standard). 

Given the viable intermediacy of 4 in the tandem C–O/C–H 

activation process, we sought to confirm its presence during ca-

talysis. Performing the coupling of 1b and 2a in a DMA/THF sol-

vent mixture led to complete dissolution of Pd(PCy3)2 at room tem-

perature, enabling accurate 31P NMR spectroscopic analysis at 

time zero. Upon heating the reaction mixture to 100 °C in 1 h in-

tervals, 31P NMR spectroscopy reveals that 4 is the major 31P-

containing species in solution, with a steady concentration over 

4h, over which time the coupling reaction proceeds to 50% yield 

(Figure 4c). 

Taken together, these observations are consistent with the 

mechanistic proposal in Figure 4d, where Pd(PCy3)2 first under-

goes oxidative addition of the enol pivalate C–O bond to generate 

4. Despite the fact that C–O oxidative addition is generally difficult 

to achieve at Pd(0), complex 4 is observed as the major catalytic 

resting state. Subsequent turnover-limiting C–H metallation then 

occurs via CMD, taking advantage of the already-installed 

pivalate ligand. This is followed by rapid reductive elimination to 

form the cross-coupled product and regenerate Pd(PCy3)2. While 

C–H activation is observed to be turnover-limiting in the coupling 

of 1b and 2a, the relative rates of C–O and C–H activation may 

change significantly for other substrate combinations. Further 

work is underway to take advantage of the mechanistic tractability 

of this system to completely map the structure-reactivity profiles 

of these two steps for a variety of substrates. 

 In summary, we have developed the first Pd-catalyzed di-

rect C–O/C–H coupling reaction, enabling the C–H alkenylation of 

heterocycles without the need for directing groups, co-catalysts, 

additives, oxidants, or any other reagents. The chemistry is com-

patible with many potentially sensitive functional groups, allowing 

access to functionalized enones, pyrones, lactones, and lactams. 

By taking advantage of C–O oxidative addition of enol pivalates 

to Pd(0), the carboxylate ligand required for C–H activation via 

CMD is directly installated, removing the need for exogenous 

base or carboxylic acid additives. Based on the observation of the 

C–O oxidative addition complex 4 as the major catalyst resting 

state, CMD is turnover-limiting in this system. We are currently 

exploring both the synthetic and mechanistic implications of this 

work, which will open the door to efficient catalytic C–H 

functionalization from entirely new feedstocks and building blocks. 
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