
Palladium-Catalyzed C–H Bond Acetoxylation via 
Electrochemical Oxidation

Anuska Shrestha, Melissa Lee, Anna L. Dunn, and Melanie S. Sanford*

University of Michigan, Department of Chemistry, 930 North University Avenue, Ann Arbor, 
Michigan 48109, United States

Abstract

This Letter describes the development of a method for the Pd-catalyzed electrochemical 

acetoxylation of C–H bonds. The oxidation step of the catalytic cycle is probed through cyclic 

voltammetry and bulk electrolysis studies of a pre-formed palladacycle of 8-methylquinoline. A 

catalytic system for C–H acetoxylation is then developed and optimized with respect to the cell 

configuration, rate of oxidation, and chemistry at the counter electrode. This transformation is then 

applied to substrates containing various directing groups and to the acetoxylation of both C(sp2)–

H and C(sp3)–H bonds.

Graphical abstract

Our group has a long-standing interest in the development of palladium-catalyzed C–H bond 

oxygenation reactions.1,2 As shown in Figure 1a, these transformations are believed to 

proceed via a mechanism involving initial C–H bond activation at PdII to form an 

intermediate of general structure A. The two-electron oxidation of A with a chemical 

oxidant such as PhI(OAc)2 forms a transient, high valent Pd intermediate such as B.1,2,3 C–

O bond-forming reductive elimination from B then releases the product (C) and regenerates 

the PdII catalyst. These transformations proceed with various C(sp2)–H and C(sp3)–H 

substrates and have been applied to the synthesis and diversification of natural products and 

pharmaceutical candidates.4 Nonetheless, they remain limited by the requirement for highly 

reactive stoichiometric chemical oxidants such as PhI(OAc)2.
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An attractive alternative would be to replace chemical oxidants with an anodic oxidation 

event.5,6 As shown in Figure 1b, this would require a change in mechanism from an inner-

sphere chemical oxidation of the PdII intermediate A3 to an outer-sphere oxidation of A at 

an electrode surface. The supporting electrolyte would then serve as a ligand/nucleophile for 

the functionalization of the resulting high valent Pd intermediate B. A seminal report by 

Kakiuchi showed the viability of this approach by demonstrating the Pd-catalyzed 

electrochemical C(sp2)–H chlorination of 2-phenylpyridine derivatives with HCl as both the 

supporting electrolyte and the nucleophile.7a A related Pd-catalyzed C(sp2)–H chlorination 

of benzoquinoline was demonstrated by Gray using tetraethylammonium chloride as the 

nucleophile.7b More recently, Budnikova reported the Pd-catalyzed electrochemical C(sp2)–

H oxygenation of 2-phenylpyridine, and conducted detailed investigations of the speciation 

and stoichiometric electrolysis of key cyclopalladated intermediates.8,9

Despite these advances, until very recently, general methods for Pd-catalyzed 

electrochemical C–H oxidation remained elusive. At the time that we initiated this work, the 

substrate scope of such transformations was limited to the oxidative functionalization of 

C(sp2)–H bonds in molecules containing pyridine-type directing groups. In addition, there 

was minimal data on the impact of different electrochemical conditions (most notably, the 

chemistry occurring at the counter electrode) on the outcome of these transformations. 

Finally, the complementary scope and side reactions of chemical versus electrochemical 

oxidation conditions had not been explored. This report describes our development of a Pd-

catalyzed electrochemical acetoxylation of a variety of C(sp3)–H and C(sp2)–H substrates. 

The optimization of the electrochemical conditions as well as competing reactions are both 

explored, revealing complementarities between this approach versus the use of PhI(OAc)2. 

Notably, while these studies were underway, the Mei group reported several elegant 

examples of related Pd-catalyzed electrochemical C–H oxygenation reactions.10

Our initial studies focused on establishing the feasibility of the electrochemical oxidative 

functionalization of 8-methylquinoline (1). This substrate was selected as a model for 

assessing the feasibility of electrochemical C(sp3)–H acetoxylation. To decouple the C–H 

activation step from the electrochemical oxidation, we first examined the electrochemistry of 

palladacycle 2, the putative PdII intermediate formed from the C(sp3)–H activation of 8-

methylquinoline. Cyclic voltammograms (CVs) of 2 were obtained in MeCN using 

tetramethylammonium tetrafluoroborate (TMABF4, a weak nucleophile) and 

tetramethylammonium acetate (TMAOAc, a stronger nucleophile) as the supporting 

electrolyte. When the experiment was performed with the TMABF4 support, two quasi-

reversible peaks were observed with onset potentials for the oxidative peaks at ~0.21 V and 

~0.66 V versus Ag/AgBF4 (Figure 2). In contrast, with TMAOAc as the support, the CV 

showed two irreversible oxidation peaks with onset potentials of ~0.04 V and ~0.33 V, 

respectively. This result is consistent with electrochemical oxidation of 2 followed by an 

irreversible chemical reaction with the TMAOAc electrolyte to form product 1a.

We next conducted bulk electrolysis (BE) in MeCN/TMAOAc to confirm the identity of the 

product(s) formed upon anodic oxidation of 2. The BE was performed in an undivided H-

cell with 8 mA current for 3 h (4 Farads per equiv of complex 2). Under these conditions, 

the acetoxylated product 1a was formed in 30% yield as determined by 1H NMR 
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spectroscopic analysis of the crude reaction mixture (Figure 3). We noted that 2 was not 

fully soluble in the MeCN/TMAOAc solution, and thus we next added 20% v/v of AcOH.11 

Under these conditions, 1a was formed in 52% yield. These results demonstrate the 

feasibility of the electrochemical oxidative functionalization of this putative catalytic 

intermediate.

We next sought to translate these stoichiometric studies to the Pd-catalyzed electrochemical 

C(sp3)–H acetoxylation of 8-methylquinoline. Notably, in the catalytic transformation, the 

C–H activation step to form 2 must occur prior to oxidation. As such, it is critical to 

optimize the reaction conditions to promote this step (which is often rate-determining)12 

while minimizing competing decomposition of the Pd catalyst. We first performed the 

experiment under conditions analogous to the stoichiometric bulk electrolysis of 2: in an 

undivided cell with 10 mol % of the Pd(OAc)2 catalyst. However, under these conditions no 

product was formed and the precipitation of Pd-black was observed (Table 1, entry 1).

We reasoned that the Pd catalyst was undergoing competitive reduction at the cathode which 

would lead to the formation of Pd black (and thus catalyst deactivation). Hence, we next 

employed a divided H-cell with a physical barrier (a fine frit) between the working (W) and 

counter (C) electrodes. This resulted in the formation of la in 54% yield (Table 1, entry 2). 

However, a Pd-black precipitate was still observed on the working anode side at the 

completion of this reaction, indicating that some catalyst reduction is occurring under these 

conditions. This result was unexpected because the working side of this cell should always 

be under oxidizing conditions.

We hypothesized the Pd was being reduced chemically by products generated on the cathode 

side of the cell. Under these conditions, the electrochemical reaction is balanced by proton 

reduction to form H2 at the cathode. This H2 gas can then diffuse to the anode half cell, 

leading to the chemical reduction of PdII to Pd0. To address this issue, we introduced an 

alternative mild chemical oxidant on the cathode side of the cell. Benzoquinone (BQ) was 

selected as an electrochemically recyclable oxidant that is incapable of oxidizing 2 on its 

own.13 Consistent with our hypothesis, the use of BQ resulted in a significant increase in 

yield to 70%; furthermore, no palladium black was observed under these conditions (Table 

1, entry 3).14

Several other parameters were optimized in this system, including solvent, cell 

configuration, electrode material, identity of the sacrificial oxidant at the counter electrode, 

and electrochemical settings (i.e., constant current versus constant potential). Selected 

details are discussed below, and more complete information is provided in the Supporting 

Information (p. S5). We hypothesized that to achieve productive oxidation, the rate of 

current discharge would need to be slower than that of C–H activation. Consistent with this 

proposal, increasing the rate of current discharge into the reaction resulted in a decrease in 

yield, while decreasing the rate led to a similar yield over 8 h (Table 1, entries 6 and 5, 

respectively). Conducting this reaction using a controlled potential of 1.2 V rather than a 

controlled current led to lower yields and poor reproducibility (Table 1, entry 7). Ultimately, 

the optimal conditions for the C(sp3)–H acetoxylation of 8-methylquinoline were identified 
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as follows: 0.5 M TMAOAc, 20% AcOH v/v in MeCN, 0.4 mmol of benzoquinone on the 

counter side as a sacrificial oxidant, and 8 mA current passed over 6 h.

We next examined the scope of this electrochemical C– H oxidation reaction. As mentioned 

above, most previously reported electrochemical Pd-catalyzed C–H oxidation reactions were 

applied to a limited set of phenylpyridine substrates7,8,9 In contrast, the current 

transformation is significantly more general. A series of 8-methylquinoline derivatives with 

different functional groups at the 5-position underwent C(sp3)–H acetoxylation in moderate 

to good yields to form products 3a–7a (Figure 4). Pyridine, pyrazole, oxime ether, and O-

acetyl oxime directing groups were tolerated. Both 5- and 6-membered palladacyclic 

intermediates underwent electrochemical C–H acetoxylation in moderate to high yields (for 

example, compare products 10a/b and 11a/b). Finally, both C(sp3)–H and C(sp2)–H bonds 

can be functionalized. Notably, while the yields for the acetoxylation of unactivated C(sp3)–

H bonds (for example to form 8a and 9a) are relatively modest under our conditions, we 

note that Mei has recently reported a related method that is specifically optimized for this 

class of substrates.10,15

We also observed some key complementarities between electrochemical and chemical 

oxidation reactions. For example, as shown in Scheme 1, the acetanilide substrate 15 
afforded none of the expected C(sp2)–H acetoxylation product 15a16 when subjected to our 

Pd-catalyzed electrochemical oxidation conditions. Instead, N–N coupling occurred to 

afford 16 in 52% yield. This type of reactivity has been reported in the literature in the 

absence of a Pd catalyst,17 and, indeed, conducting the electrochemical reaction without Pd 

under otherwise identical conditions afforded 16 in 57% yield. We next explored the 

chemical oxidation of 15 using PhI(OAc)2. Use of the electrochemical conditions (20% 

AcOH/MeCN, 0.5 M TMAOAc, 100 °C, 6 h), but with 1 equiv of PhI(OAc)2 in place of 

electrical current, resulted in no detectable formation of either 15a or 16 in the presence or 

absence of Pd(OAc)2.18 In contrast, conducting the Pd-catalyzed oxidation with PhI(OAc)2 

under more standard chemical oxidation conditions (in AcOH/Ac2O at 100 °C for 6 h) 

afforded 30% yield of 15a. Only starting material was recovered under these conditions in 

the absence of Pd. Overall, these results demonstrate that there can be key differences in the 

relative rates of competing oxidation reactions under chemical versus electrochemical 

oxidation conditions, resulting in the formation of complementary products. Furthermore, 

the changes required to achieve an electrochemical reaction (often using different solvents as 

well as significant quantities of supporting electrolyte) can lead to fundamental changes in 

catalyst performance/reaction outcomes. Both of these points will be critical to consider for 

the future development and applications of electrochemistry in organic synthesis.

In conclusion, this report describes an electrochemical, Pd-catalyzed oxygenation of C(sp2)–

H and C(sp3)–H bonds. By decoupling the C–H activation and oxidation steps, we were able 

to study the oxidation of the palladacycle of 8-methylquinoline. These studies ultimately led 

to the development and optimization of parameters for a catalytic system. We have shown 

that the addition of a mild oxidant to the cathode half-cell improves the overall reaction 

yield. Furthermore, we have shown that the choice of oxidant (chemical versus 

electrochemical) as well as the reaction medium (solvent and electrolyte) can lead to 

different reaction outcomes.
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Figure 1. 
(a) Catalytic cycle for a Pd-catalyzed C–H bond oxidation. (b) Comparisons between 

chemical and electrochemical approaches for C–H oxidation.
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Figure 2. 
CV of 2 in TMABF4 (black) in MeCN and TMAOAc (red) in MeCN.
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Figure 3. 
Bulk electrolysis of 2 in an undivided cell with and without added AcOH. Yields determined 

by 1H NMR spectroscopic analysis of crude reaction mixture.
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Figure 4. 
Substrate scope. Reaction conditions: 0.4 mmol substrate, 10 mol % of Pd(OAc)2, 0.5 M 

TMAOAc, 20% AcOH v/v in MeCN. b 65 °C. c 75 °C. d Reaction conditions: 0.4 mmol 

substrate, 10 mol % of Pd(OAc)2, 0.5 M TMAOAc, 20% AcOH, 10% Ac2O in MeCN at 

100 °C. e 100 °C.
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Scheme 1. 
Electrochemical versus chemical oxidation of 15
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Table 1

Optimization of catalytic electrochemical C–H acetoxylation of 1a

entry mA or V time/h oxidant 1a (%)

1b 8 mA 6 - 0

2c 8 mA 6 - 54

3c,d 8 mA 6 BQ 70

4c,e 8 mA 6 BQ 73

5c,e 6 mA 8 BQ 71

6c,e 12 mA 4 BQ 58

7c,e 1.2 V 12 BQ 30 ± 16

a
Reaction conditions: 0.4 mmol of 1, 10 mol % of Pd(OAc)2, 0.5 M TMAOAc, 20% AcOH in MeCN. Yield determined by 1H NMR spectroscopic 

analysis of crude reaction mixture.

b
Conducted in an undivided cell.

c
Conducted in a divided H-cell.

d
0.5 M (5 equiv) of benzoquinone (BQ) used as oxidant at counter electrode.

e
0.1 M (1 equiv) of benzoquinone (BQ) used as oxidant at counter electrode.
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