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a b s t r a c t

Herein, a site-selective paired electrochemical C–H oxidation of functionalized alkyl arenes promoted by

nickel catalyst is disclosed. A Ni(II)-dioxygen species formed in situ efficiently enable the oxidation pro-

cess under mild conditions with a broad substrate scope with excellent functional group compatibilities,

such as free carboxylic acid, aldehyde, halogen (including aryl iodide), amide and amino acid. The use of

the nickel catalyst in combination with water provides a safe, green and economical method for oxidation

of a range of molecules varying in complexity and drug derivatives, demonstrating its potential applica-

tion in organic synthesis and the pharmaceutical industry. Reaction outcomes and mechanistic studies re-

vealed the key role of the in situ Ni(II)-dioxygen species for the subsequent oxidation of C(sp3)–H bonds,

and short-lived reactive intermediates (aryl radical cation) was rapidly captured by the combination of a

bipolar ultramicroelectrode (BUME) with nano-electrospray ionization mass spectrometry.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Organic electrochemistry provides a novel and powerful strat-

egy for organic synthesis that uses "greener" electricity instead of

traditional chemical redox reagents [1–13]. Electrochemical trans-

formations have been widely used in various research areas, such

as alkene difunctionalizations [14–22], C–H oxidations [23–28], C–

H activations [29–34], reduction reactions [35–39] among others

[40–47]. Electrochemical organic synthesis has also shown its po-

tential for benzylic C–H oxidation through direct [48–53] or medi-

ated electro-oxidation (mainly focused on organic mediators) [54–

58] processes, being efficient and environmentally friendly. How-

ever, there were still some issues lying in the way of putting this

strategy to a wider application, such as limited functional group

tolerance, sensitive group incompatibility, unsatisfactory selectiv-

ity, and most strategies exploit solely oxidative half-cell reaction.

Due to the good modulation of the reaction selectivity and the

high tolerance of functional groups, transition metal catalysis has

emerged as one of the most important avenues for selectivity con-

trol in modern synthetic chemistry [59–64]. We envisioned that

transition-metal catalysis could be used for improving the func-
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tional group tolerance in selective benzylic C–H oxidation of func-

tionalized alkyl arenes. To the best of our knowledge, selective

transition metal-catalyzed electrochemical benzylic C–H oxidation

of functionalized alkyl arenes with sensitive functional groups has

thus far proven elusive [65,66].

Following our continuous interest in sustainable electrochem-

ical transformation [67–71], and also inspired by the recent ele-

gant example of nickel-catalyzed electro-oxidation of sulfides [72],

herein we report an unprecedented paired nickel-electrocatalyzed

benzylic C–H oxygenation of functionalized alkyl arenes using wa-

ter as an oxygen source (Fig. 1). Notably, various functionalized

aromatic ketones, including examples with sensitive functional

groups, underwent the transformation smoothly. For example, io-

dinated aromatics were well tolerated in this reaction. Moreover,

aldehydes and alcohols, which can be easily over-oxidized, were

also compatible in this paired nickel-catalyzed system. Notable fea-

tures of this strategy include: (a) Excellent tolerance to a wide va-

riety of sensitive functional groups, such as free carboxylic acids,

amides, amino acids, esters, halogens, alcohols, and aldehydes; (b)

High chemo- and site- selectivity; (c) Late-stage oxygenation of

natural compounds and drug derivatives; (d) Short-lived reactive

aryl radical cation intermediate was captured by the combination

of a bipolar ultramicroelectrode (BUME) with nano-electrospray

https://doi.org/10.1016/j.cclet.2023.108660
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Fig. 1. Selective nickel-electrocatalyzed benzylic C–H oxygenation of diverse func-

tionalized alkyl arenes.

Table 1

Optimization of the reaction conditions. a

Entry Deviation from standard conditions Yield of 1 (%)b

1 None 73 (67)c

2 NiCl2 instead of Ni(OTf)2 41

3 Ni(ClO4)2 instead of Ni(OTf)2 32

4 NiCl2 ·glyme instead of Ni(OTf)2 8

5 Ni(acac)2 instead of Ni(OTf)2 38

6 NiBr2 ·3H2O instead of Ni(OTf)2 15

7 NiBr2 ·dme instead of Ni(OTf)2 37

8 5 mA, 15 mA instead of 10 mA 40, trace

9 TBABF4, TBAC, TBAPF6 instead of KPF6 46, 29, 54

10 Acetone, DMF, DMSO instead of CH3CN 57, trace, trace

11 RT, 70 °C instead of 50 °C 17, 22

12 No Ni(OTf)2 36

13 No H2O 0

14 No electricity 0

CF= carbon felt. CCE= constant current electrolysis. TBABF4 = nBu4NBF4.

TBAC= nBu4NCl. TBAPF6 = nBu4NPF6. DMF=N,N-dimethylformamide.

DMSO=dimethyl sulfoxide.
a Standard conditions: 1a (0.25 mmol), Ni(OTf)2 (10 mol%), H2O (15.0 mmol),

KPF6 (1.0 equiv.), CH3CN (5.0 mL), Ar atmosphere under 10 mA constant current

in an undivided cell at 50 °C for 24 h with carbon felt (CF) as anode, and Pt plate

as cathode.
b Determined by NMR spectroscopy using 1,1,2,2-tetrachloroethane as the internal

standard.
c Isolated yield.

ionization mass spectrometry. Of particular note, this facile and se-

lective paired nickel-catalyzed electro-oxidation strategy could also

be applied to the synthesis of natural products.

Initially, we employed 4-(4-iodophenyl)butanoic acid (1a) as the

model substrate and investigated various reaction conditions with

H2O under a constant current for the electrocatalytic oxidation re-

action. After careful optimization, 4-(4-iodophenyl)-4-oxobutanoic

acid (1) was obtained in 67% isolated yield, where the reaction

was conducted in the presence of a catalytic amount of Ni(OTf)2
under a constant current (10 mA) in CH3CN with the addition of

60 equiv. of water, and KPF6 as the supporting electrolyte, carbon

felt as the anode and platinum plate as the cathode (Table 1, en-

try 1). Other Ni(II) salts with different counter ions, such as NiCl2,

Ni(ClO4)2, Ni(acac)2, NiBr2·3H2O and NiBr2·dme were also tested

and afforded the desired product in apparently lower yields (en-

tries 2−7). Attempts to lower the current (5 mA) resulted in a

significant decrease in efficiency (40% yield), and in contrast, no

desired product was detected at 15 mA (entry 8). When TBABF4,

TBAC and TBAPF6 were employed as the electrolytes in the re-

action, it resulted in lower yields of the desired product (entry

9). Next, the effect of solvents, including N,N-dimethylformamide

(DMF), acetone, and dimethyl sulfoxide (DMSO) was tested. As a

result, CH3CN was found to be the best choice for this conversion

(entry 10). Furthermore, a decrease in yield was observed when

the reaction was carried out at room temperature or 70 °C (en-

try 11). Finally, control experiments confirmed the essential role of

Ni(OTf)2, electricity and H2O, as no desired product could be de-

tected in the absence of the latter two (entries 12−14, for more

details, see Table S1 in Supporting information).

With the optimized reaction conditions in hand, we next in-

vestigated the scope and compatibility of the reaction (Scheme 1).

To our delight, a set of representative functionalized alkyl arenes

were proven to work smoothly in the reaction, affording the corre-

sponding aryl ketone acids in moderate to excellent yields (1−6).

After constant current electrolysis, the sensitive groups on sub-

strates (precursors of 7−14) remained intact, and moderate to

good yields of the desired products were obtained. The substrate

with long alkyl chain bearing a terminal OTIPS group resulted

in the deprotected hydroxyl product (15) in 78% yield. The ben-

zyl electro-oxidation procedure could be extended to the late-

stage functionalization of complex compounds. Alkylarenes derived

from drugs, including picaridin, epiandrosterone, dl-isoborneol, es-

terone four, fenchol, fenbufen, retinoic acid receptor agonist deriva-

tives, and dl-menthol, stearic acid, α-amino acid derivatives in-

cluding N-acetyl-l-isoleucine, glutimicacid, Boc-l-proline and N-

Boc-l-valine, Boc-d-asparagine, Boc-glycine were all amenable to

the electro-oxidation transformation, providing the desired car-

bonyl compounds in moderate to good yields and diastereoselectiv-

ities 16−30 (17, 18, 23, 24, 25, and 27 were obtained as single di-

astereoisomer). Similarly, drug molecules fenofibrate (31), fenbufen

(32) and oxcarbazepine (33) could be generated directly using our

reaction conditions. These results indicated the synthetic potential

of this method for the convenient introduction of carbonyl groups

to complex compounds and drug molecules. Functionalized arenes

with electron-withdrawing (34−39) or electron-donating (40−47)

substituents all afforded the desired corresponding alkyl aryl ke-

tones in moderate to good yields, and the sensitive functional

groups remained untouched under the standard conditions. Sim-

ilarly, the substrates with aryl substitution on the benzene ring

also worked well under our reaction conditions and afforded the

desired products in good yields (48−51). Notably, when substrate

52 bearing two benzylic positions was employed, the reaction oc-

curred selectively at the benzylic position of the more electron-rich

methoxy-substituted aryl group. We also observed that the oxida-

tion reaction occurred preferentially on the ring when both a ring

and alkyl chain reaction sites were available (54). When the ben-

zylic position is linked to a ternary ring, the ternary ring did not

undergo a ring-opening process after electrolysis and directly gave

the product (53) in moderate yield. Simple 1-indanone (55) and

benzohexacycles (56−58) all worked smoothly to generate the de-

sired products. Interestingly, for diaryl-substituted substrates, the

target molecules were obtained in excellent yields (59−74). For the

substrate containing a methyl group on the aryl group, only one

product was obtained and no aldehyde was detected, which might

due to the difference in electron cloud density between the two

reaction sites (63). The reaction also proceeded when substrates

with heteroatomic rings were used, for example, the target product

(71) was generated in 52% yield. Meanwhile, for the substrate 9,10-

dihydroanthracene, the product anthraquinone (74) was obtained

directly in one step under the standard reaction conditions, while

no mono-oxidized product ketone was detected. It is noteworthy

that there is no catalysis without Ni (more details are given in Fig.

S1 in Supporting information).
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Scheme 1. Nickel-electrocatalyzed benzylic C–H oxygenation of functionalized alkyl arenes. a Standard conditions: arenes (0.25 mmol), Ni(OTf)2 (10 mol%), H2O (15.0 mmol),

KPF6 (1.0 equiv.), CH3CN (5.0 mL), Ar atmosphere under 10 mA constant current in an undivided cell at 50 °C for 10−24 h, caron felt (CF) as anode, and Pt plate as cathode.
b The reaction was conducted under a constant current of 5 mA for 12 h. c The starting material is triisopropyl(4-(4-methoxyphenyl)butoxy)silane. d The reaction was

conducted under a constant current of 5 mA for 10 h.
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Scheme 2. Product derivatization. (A): 48 (1.0 equiv.), tBuOK (1.2 equiv.), PPh3CH3Br

(2.4 equiv.), dry THF, 0 °C, 1 h, then r.t., 5 h. (B): the first-step oxidation was con-

ducted according to the general procedure then added allyl bromide (3.0 equiv.),

In powder (3.0 equiv.), 55 °C, 10 h. (C): 48 (1.0 equiv.), NH2OH·HCl (1.5 equiv.),

NaOAc (2.6 equiv.), ethanol/water=1/4, 95 °C, 10 h. (D): 48 (1.0 equiv.), NH2NHTs

(1.0 equiv.), dry methanol, 60 °C, 1 h; (E): 48 (1.0 equiv.), NaH (3.0 equiv.), CO(OMe)2
(2.0 equiv.), toluene, reflux, 2 h.

To further illustrate the synthetic practicability of this method,

we carried out the product derivatizations (Scheme 2) [54,73,74].

4-Acetylbiphenyl could be easily converted to olefin 75 in 87%

yield by a Wittig reaction, which is a fundamental building block

for bioactive molecules. Furthermore, 4-acetylbiphenyl could un-

dergo a nucleophilic attack, furnishing the valuable alcohol 76 in

one pot by adding allyl bromide and indium powder after the re-

action was completed. In addition, 4-acetylbiphenyl could generate

oxime 77 and hydrazone 78 in good yields. It could also react with

dimethyl carbonate to form 79, which is an important drug precur-

sor (more details are given in Supporting information).

Next, we conducted some controlled experiments. First, reac-

tions under the optimal conditions with different amounts of H2O

were performed (Fig. S4 in Supporting information). Notably, the

reaction did not show a steady upward trend when 10 and 30

equiv. of water were added, respectively, which might be due to

the competition between the oxidation of substrate 48a and the

oxygen evolution reaction (OER) of H2O (the oxidation potentials

of 48a and H2O are 1.95 V vs. Ag/Ag+ and 1.91 V vs. Ag/Ag+, re-
spectively). However, when we added 60, 80, and 100 equiv. of wa-

ter, a gradual decrease in yield was observed, which might be due

to the increasing oxygen production. We also conducted electric-

ity on/off experiments, and the transformation was entirely sup-

pressed in the absence of electricity (Table S3 in Supporting infor-

mation), which confirmed the importance of the participation of

electricity.

To gain insights into the mechanism of this transformation,

we performed several mechanistic experiments. Firstly, we car-

ried out the gram-scale reaction (Scheme 3a). As a result, the

reaction of 4-ethyl-1,1′-biphenyl (10 mmol) under slightly mod-

ified conditions (40 h) gave 48 in 72% isolated yield (1.41 g).

Then under standard conditions, the high yield of product 48b

(81%) was obtained when H2
18O was used instead of ultrapure

water (Scheme 3b, I). The result indicated that the oxygen in the

product comes from water. Subsequently, under the same condi-

tions, H2
18O was also used for the energization reaction, and ar-

gon gas was continuously blown into the reaction and circulated

through the system, resulting in triphenylphosphine oxide with
18O [75]. It was demonstrated that 18O2 could be generated in

the standard system (Scheme 3b, II). Next, a competition reac-

tion was performed with the addition of methyl-4-ethylbenzoate

(0.125 mmol) and 1-ethyl-4-methoxybenzene (0.125 mmol). The

reaction provided 4-methoxyacetophenone in 78% yield, and it was

observed that when there are two potential reaction sites on a

molecule, the reaction occurs preferentially at the benzylic posi-

tion of the methoxyl-substituted aryl, indicating that electron-rich

aromatic rings were more susceptible to oxidation than electron-

withdrawing ones (Scheme 3c), thus, the desired product was se-

lectively obtained. Also, we found that the addition of nickel salts

had little effect on the yield (53% vs. 45%) when 1-([1,1′-biphenyl]-
4-yl)ethan-1-ol was used as the substrate under standard condi-

tions, suggesting that the nickel salts might not be involved in the

reaction of alcohols to ketones (Scheme 3d). In contrast, the signifi-

cant decrease in the yield of 48 from 87% to 45% from the standard

conditions shown in Scheme 3d, indicates that the main reaction

path might not proceed via the alcohol intermediate. Furthermore,

we investigated the proton/deuterium kinetic isotope effect of the

reaction. Under competitive conditions, the value of kH/kD is 1.82;

and in parallel conditions, the value of kH/kD is 1.67, which indi-

cates that the C–H bond cleavage might be partially involved in

the rate-determining step (Figs. S9 and S10 in Supporting informa-

tion). A bipolar ultramicroelectrode (BUME) combined with nano-

electrospray ionization mass spectrometry was used to rapidly cap-

ture short-lived reactive intermediates during the electrochemical

reactions.

The fabrication of the bipolar ultramicroelectrode was devel-

oped in a previous study [76], and is only briefly introduced in

Supporting information. A Cu wire (0.2 mm i.d.) was inserted into

a quartz capillary from its rear end and then connected to a high-

voltage power supply. The BUME took advantage of the high volt-

age to trigger electrospray ionization and to induce synergetic re-

dox reaction at the two ends of the deposited carbon film inside

of the spray tip (Fig. S11 in Supporting information). With this

method, electrospray ionization and Faradaic reaction occurred si-

multaneously, permitting rapid transfer of the electrochemically

generated short-lived intermediates into an LTQ-XL mass spec-

trometer (Thermo-Fisher, Waltham, MA) for analysis. If a positive

high voltage is applied, oxidation half reactions occur on the far

end of the carbon film that is closer to the sprayer tip, facilitat-

ing mass analysis. In this experiment, a positive voltage of 1024 V

was applied to the Cu wire to induce redox reaction from a BUME

nanopipette filled with 100 μmol/L 4-ethylanisole in acetonitrile.

Only oxidation products can be observed with positive high volt-

age, as a result, the 4-ethylanisole radical cation (m/z 136) was im-

mediately captured (Fig. S11), suggesting that this radical played a

key role in initiating the reactions.

To gain further insights into the reaction mechanism, we per-

formed preliminary mechanistic experiments utilizing voltammetry

studies. Square wave voltammetry (SWV) studies were performed

to investigate the electroreduction process of Ni(II) to Ni(I), and the

results are depicted in Fig. S12a (Supporting information). An obvi-

ous peak around −1.78 V vs. Ag/Ag+ was observed (Fig. S12a, red

line), which was consistent with a Ni(II/I) redox couple, indicating

the Ni-circulation process in our reaction. We also conducted cyclic

voltammetry (CV) studies to investigate the electro-oxidation pro-

cess of a wide series of alkylarenes, and to observe how the po-

sition of oxidation peaks was closely related to the electronic ef-

fect of the substrates. For alkylarenes with electron-withdrawing

groups on their benzene ring, such as methyl 4-ethylbenzoate, the

low electron cloud density on the benzene ring caused this sub-

strate to be harder to oxidize, and the corresponding peak (2.30

V vs. Ag/Ag+, Fig S12b in Supporting information, red line) was

more positive than that of 4-ethylbiphenyl (1.95 V vs. Ag/Ag+, Fig.
S12b, black line). While for electron-rich alkylarenes, such as 4-

ethylanisole (1.49 V vs. Ag/Ag+, Fig. S12b, blue line), the corre-

sponding oxidation peak was observed in the low potential range

due to its high electro-oxidative reactivity.

Next, the electrocatalytic water-splitting performance of

Ni(OTf)2 was characterized by linear sweep voltammetry (LSV) in
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Scheme 3. Mechanistic experiments: (a) Gram-scale reaction. (b) Source of oxygen experiments. (c) Control experiments. (d) Benzylic alcohol oxidation experiments.

a three-electrode cell, and the results of hydrogen evolution reac-

tion (HER) and oxygen evolution reaction (OER) were depicted in

Figs. S12c and d (Supporting information), respectively. The polar-

ization curves in Fig. S12c demonstrated that Ni(OTf)2 exhibited an

OER operating overpotential (η20 at 20 mA/cm2, 1.35 V vs. Hg/HgO,

performed in 1 mol/L KOH and 2.5 mmol/L Ni(OTf)2) lower than

that of the Ni-free solution (1.58 V, performed in 1 mol/L KOH).

The results indicated that Ni(OTf)2 could promote the oxygen

evolution process, which might provide a higher concentration

of oxygen source for product formation. A significant potential

difference between the HER operating overpotential (η20 at 20

mA/cm2) of Ni(OTf)2 solution (−1.44 V vs. Hg/HgSO4, performed in

0.5 mol/L H2SO4 with 2.5 mmol/L Ni(OTf)2) and that of the Ni-free

solution (−1.55 V, performed 0.5 mol/L H2SO4) was observed (Fig.

S12d), indicating that Ni(OTf)2 could improve the cathode current

efficiency, which promoted the anodic oxidation of the substrates

simultaneously. Based on our experimental results and literature

reports [72], a mechanism for paired electrochemical oxidation

was proposed (Fig. 2).

The anodic oxidation of substrate 40a produces radical cation

M-3 (detected by MS, for details, see Supporting information) via

single electron transfer (SET) and subsequent loss of a benzylic

proton generates benzyl radical M-4. Concurrently, the Ni(I) inter-

mediate generated via one-electron reduction of the Ni(II) species

at the cathode activates O2 to afford Ni(II)-superoxo species M-

1. This Ni-superoxo species M-1 is then activated by a further

one-electron reduction to provide the catalytically active Ni(II)–

peroxo species M-2, which could display oxygenase-like reactivity

to transfer an oxygen atom to the external substrate M-4. The re-

sulting reduced Ni(0) species undergo anodic oxidation to regen-

erate the Ni(II) salt to complete the catalytic cycle and the final

product 40 is formed. Yet other minor reaction pathways, such as

M-4 reoxidized to benzyl cation which is then attacked by H2O,

can at this point not be fully ruled out (path B, Fig. S13 in Sup-

porting information).

In conclusion, we report the site-selective paired nickel-

catalyzed electro-oxidation of alkyl aromatics by using water as

the oxygen source to obtain valuable functionalized aryl carbonyl

compounds and their derivatives with high selectivity and effi-

ciency. This transformation proceeded smoothly under mild con-

ditions with a wide range of substrates bearing various functional

groups, such as free carboxylic acid, aldehyde, ester, halogen, al-

cohol, amide, and amino acid. It is also applicable to often sensi-

Fig. 2. Proposed main mechanistic pathways.

tive and easily dehalogenated aryl iodides. Using green and clean

water as the oxygen source provides a viable pathway for indus-

trial scale-up production. In addition, further late derivatization of

complex compounds and drug derivatives could open up opportu-

nities for organic synthesis and medicinal chemistry. Mechanistic

studies strongly supported the key role of the nickel catalyst in the

selective C–H oxygenation, and the key aryl radical cation species

involved in the reaction were also confirmed by a bipolar ultrami-

croelectrode (BUME) combined with nano-electrospray ionization

mass spectrometry, which could be used to rapidly capture short-

lived reactive intermediates. Further research on selective earth-

abundant metal-catalyzed C–H oxidation is underway in the lab-

oratory.
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