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Nickel catalysis enables convergent paired
electrolysis for direct arylation of benzylic C—H

Convergent paired electrosynthesis is an energy-efficient approach in organic synthesis; however, it is

limited by the difficulty to match the innate redox properties of reaction partners. Here we use nickel

catalysis to cross-couple the two intermediates generated at the two opposite electrodes of an
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electrochemical cell, achieving direct arylation of benzylic C—H bonds. This method yields a diverse set

of diarylmethanes, which are important structural motifs in medicinal and materials chemistry.
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Electrochemical organic synthesis has drawn much attention in
recent years." Compared to processes using stoichiometric
redox agents, electrosynthesis can potentially be more selective
and safe, generate less waste, and operate under milder con-
ditions."” In the majority of examples, the reaction of interest
occurs at one electrode (anode for oxidation or cathode for
reduction), while a sacrificial reaction occurs at the counter
electrode to fulfil electron neutrality.'®* Paired electrolysis uses
both anodic and cathodic reactions for the target synthesis,
thereby maximizing energy efficiency.'* However, there are
comparatively few examples of paired electrolysis for organic
synthesis.'>**

Paired electrolysis might be classified into three types:
parallel, sequential, and convergent (Fig. 1)."*** In parallel
paired electrolysis (Fig. 1a), the two half reactions are simulta-
neous but non-interfering. In sequential paired electrolysis
(Fig. 1b), a substrate is oxidized and reduced (or vice versa)
sequentially. In convergent paired electrolysis (Fig. 1c), inter-
mediates generated by the anodic and cathodic processes react
with one another to yield the product.'****<* The activation
mode of all three types of paired electrolysis is based on the
innate redox reactivity of substrates. As a result, the types of
reactions that could be conducted by paired electrolysis remain
limited. We proposed a catalytic version of convergent paired
electrolysis, where a catalyst is used to cross-couple the two
intermediates generated at the two separated electrodes
(Fig. 1d). Although mediators have been used in paired elec-
trosynthesis,***“¢ catalytic coupling of anodic and cathodic
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Preliminary mechanistic study suggests oxidation of a benzylic C—H bond, Ni-catalyzed C-C coupling,
and reduction of a Ni intermediate as key elements of the catalytic cycle.

intermediates remains largely undeveloped. This mode of
action will leverage the power of cross-coupling to electrosyn-
thesis, opening up a wide substrate and product space. Here we
report the development of such a process, where cooperative
nickel catalysis and paired electrolysis enable direct arylation of
benzylic C-H bonds (Fig. 1e).
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Fig. 1 Different types of paired electrolysis: (a) parallel paired elec-
trolysis, (b) sequential paired electrolysis, (c) convergent paired elec-
trolysis, (d) catalytic convergent paired electrolysis and (e) this work.
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Our method can be used to synthesize diarylmethanes,
which are important structural motifs in bioactive compounds,’
natural products® and materials.” Direct arylation of benzylic
C-H bonds has been recognized as an efficient strategy to
synthesize diarylmethanes, and methods using metal catalysis*’
and in particular combined photoredox and transition-metal
catalysis have been reported.” Electrosynthesis provides
a complementary approach to these methods, with the potential
advantages outlined above. The groups of Yoshida and
Waldvogel™ previously developed synthesis of diarylmethanes
via a Friedel-Crafts-type reaction of a benzylic cation and
a nucleophile. The benzylic cations were generated by anodic
oxidation of benzylic C-H bonds.™ To avoid the overoxidation of
products and to stabilize the very reactive benzylic cations, the
reactions had to be conducted in two steps, where the benzylic
cations generated in the anodic oxidation step had to be trap-
ped by a reagent. We thought a Ni catalyst could be used to trap
the benzyl radical to form an organonickel intermediate, which
is then prone to a Ni-catalyzed C-C cross-coupling reaction.
Although such a coupling scheme was unprecedented, Ni-
catalyzed electrochemical reductive coupling of aryl halides
was well established."® We were also encouraged by a few recent
reports of combined Ni catalysis and electrosynthesis for C-N,*®
C-S,"” and C-P*® coupling reactions.

We started our investigations using the reaction between 4-
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reaction (Table 1). Direct arylation of benzylic C-H bonds was
challenging and was typically conducted using toluene deriva-
tives in large excess, e.g., as a solvent."**»'%¥ To improve the
reaction efficiency, we decided to use only 3 equivalents of 4-
methylanisole 1a relative to 2a. After some initial trials, we
decided to conduct the reaction in an undivided cell using
a constant current of 3 mA. These conditions are straightfor-
ward from a practical point of view. After screening various
reaction parameters, we found that a combination of 4,4'-
dimethoxy-2-2"-bipyridine (L1) and (DME)NiBr, as a catalyst,
THF/CH;CN (4 : 1) as a solvent, fluorine-doped tin oxide (FTO)
coated glass as an anode and carbon fibre as a cathode gave
a 50% GC yield of 1-(4-(4-methoxybenzyl)phenyl)ethanone 3a
after 18 h (Table 1, entry 1). Extending the reaction time to 36 h
improved the yield to 76% (isolated yield) (entry 2). The target
products were formed in a diminished yield with other bipyr-
idine type ligands (entries 3-5). Solvents commonly used in Ni-
catalyzed cross-coupling reactions, such as DMA and DMF, were
less effective (entries 7-8). Replacing carbon fibre by nickel
foam or platinum foil as the cathode was detrimental to the
coupling, but substantial yields were still obtained (entries 9-
10). On the other hand, FTO could not be replaced as the anode.
Using carbon fibre as the anode shut down the reaction (entry
11). Likewise, using Pt foil as the anode gave only a 7% GC yield
(entry 12). The sensitivity of the reaction outcomes to the elec-

methylanisole 1a and 4-bromoacetophenone 2a as a test trodes originates from the electrode-dependent redox
Table 1 Summary of the influence of key reaction parameters®
(DME)NiBr; (6 mol%)
/©/ ligand (7.2 mol%)
MeO [LutH]CIO,4 (0.1 M)
1a, 0.6 mmol lutidine (0.8 mmol) O O
+ solvent, 2 mL
Br anode (2 cm?) Meo/‘/\‘Y
cathode (1 cm?) 3a
undivided cell
2(;’ 02mmol  |=3MA40°C, 18h
Entry Ligand Anode Cathode Solvent Yield (%)
1 L1 FTO Carbon fibre THF/CH3CN =4 : 1 56
2 L1 FTO Carbon fibre THF/CH,CN = 4 : 1 76°
3 L2 FTO Carbon fibre THF/CH;CN =4 :1 43
4 L3 FTO Carbon fibre THF/CH3CN =4 :1 46
5 L4 FTO Carbon fibre THF/CH;CN =4:1 21
6 L1 FTO Carbon fibre CH;CN 4
7 L1 FTO Carbon fibre DMA 15
8 L1 FTO Carbon fibre DMF 6
9 1 FTO Ni foam THF/CH;CN =4:1 45
10 1 FTO Pt foil THF/CH;CN =4:1 28
11 L1 Carbon ﬁbre (1 em?) Carbon fibre THF/CH3CN =4 : 1 0
12 L1 Pt foil (cm?) Carbon fibre THF/CH;CN =4:1 7

e

A

“ Reaction conditions: 1a (0.6 mmol) 2a (0.2 mmol), (DME)NiBr, (6 mol%), ligand (7.2 mol mol%), LutHCIO, (0.1 M), and lutidine (0.8 mmol) in

solvent (2 mL) at 40 °C. GC yield. ” Reaction time: 36 h. Isolated yield.

This journal is © The Royal Society of Chemistry 2020
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properties of reaction components (see below). Additional data
showing the influence of other reaction parameters such as
nickel sources, current, concentration, and electrolytes are
provided in the ESI (Table S1, ESIt).

With the optimized reaction conditions in hand, we explored
the substrate scope (Table 2). A large number of aryl and het-
eroaryl bromides could be coupled (3a-3x). These substrates
may contain electron-rich, neutral, or poor groups. For aryl
bromide bearing electron-donating groups, replacing (DME)
NiBr, by Ni(acac), gave higher yields (3k-30). The method
tolerates numerous functional groups in the (hetero)aryl
bromides, including for example ketone (3a), nitrile (3b, 3u, and
3v), ester (3¢, 3m, 3n, and 3s), amide (3d), aryl-Cl (3q), CF5(3i, 3t,
and 3w), OCF;(3e), aryl-F(3x), pyridine (3w and 3x), and aryl-
boronic ester (3g). We then probed the scope of benzylic

Table 2 Substrate scope”
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substrates using 4-bromoacetophenone 2a as the coupling
partner (3aa-3ai). Toluene and electron-rich toluene derivatives
were readily arylated (3aa-3ac). Toluene derivatives containing
an electron-withdrawing group such as fluoride (3ad) and
chloride (3ae) could also be arylated, although a higher excess of
them (10 equiv.) was necessary. More elaborated toluene
derivatives containing an additional ester (3af, 3ai) or ether
(3ag, 3ah, and 3ai) were also viable.

Linear sweep voltammetry (LSV) was applied to probe the
possible processes at both the anode and cathode. The
measurements were made in THF/CN;CN (4 : 1, 2 mL) using
[LutH]ClO, (0.1 M) as the electrolyte and lutidine (0.4 M) as an
additional base to mimic the coupling conditions. The LSV
curves of individual reaction components indicate that only 4-
methylanisole 1a and the Ni catalyst may be oxidized at the

(DME)NiBr; (6 mol%), L1 (7.2 mol%)
anode (FTO: 2 cm?), cathode (carbon fibre: 1 cm?)

[LutH]CIO,4 (0.1 M),THF/CH5CN (4:1, 2 mL)

R‘©/ +  (Het)ArBr

i

T
D

)

1 2,0.2 mmol lutidine (0.8 mmol), undivided cell, / = 3 mA, 40 °C, 36 h 3
Aryl bromide coupling partners
SRS YASY
MeO MeO N~
MeO CN MeO COOMe
3a, 76% 0 3b, 60% 3¢, 73% 3d, 66% O
O QL JAe L Qg
MeO OCF; MeO oTs MeO Bpin MeO i
3e, 63% 3f, 70%M! 39, 80% 3h, 70% %
MeO CF3 MeO II II MeO I I MeO Il II Bu
3i, 59% 3j, 56%!°! 3k, 47%!°! 31, 60%!°!
SRS i 9Ae
MeO OEt MeO OJ\ MeO ™S MeO Ph
3m, 52%° 3n, 63%° 30, 61%[°! 3p, 67%
) O oo
MeO Cl MeO MeO MeO
3q, 65% 3r, 56%°! 3s, 629 3t, 62%
CN
=z
<
0 CN MeO N"F
MeO
3u, 55% 3v, 51% 3w, 46%4 3x, 56%
------------------------------------------- Benzylic C-H bond coupling partners
O O F C|
o 0o 0o
3aa, 71%[e1 3ab, 57%!°! 3ac, 57%ICHel 3ad, 48%!°! 3ae, 73%!°
R 10D O ® O O () O
cl o
)J\o iPro ~"0 ~"o
3af, 53%!° 3ag, 52%!1 3ah, 41%!1 °© 3ai, 50%

¢ Reaction conditions: 1 (0.6 mmol), 2 (0.2 mmol) (DME)NiBTr, (6 mol%), L1 (7.2 mol mol%), LutHClO, (0.1 M), and lutidine (0.8 mmol) in THF/

CH3CN (4: 1, 2 mL) at 40 °C. Isolated yield.
(DME)NiBr,. ¢ Solvent: THF/CH,CN (3 : 1, 2 mL).

10788 | Chem. Sci,, 2020, 11, 10786-10791

(DME)NlBrZ (5 mol%) and L1 (6 mol%) were used as the catalysts.
2 mmol toluene or its derivative was used as the substrate.’ Reaction time: 60 h.

Ni(acac), was used instead of

This journal is © The Royal Society of Chemistry 2020
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anode (Fig. 2a). The current at 3 mA appears to be the sum of the
oxidation currents of 1a and the Ni catalyst. Meanwhile, LSV
curves indicate that only the Ni catalyst might be reduced at the
cathode (Fig. 2b).

It was observed that FTO was an essential anode for the
reactions. If FTO was replaced by a carbon fibre anode, no
coupling product was obtained. LSV was performed to probe the
oxidation of 1a and the Ni catalyst on a carbon fibre anode
(Fig. 2c). The oxidation of the Ni catalyst was much easier on
carbon fibre than on FTO. At 3 mA, the oxidation is exclusively

(a) ——no additive
74 —1a
—2a
61 —— Ni catalyst
z 5 —— 1a+2a+Ni catalyst
£
= 4
c
T
>
O 5]
14
0
-1 T T T T T 1
0.0 0.3 0.6 0.9 1.2 1.5 1.8

Potential (V vs Fc/Fc")

—— no additive
—1a
—2a
—— Ni catalyst
—— 1a+2a+Ni catalyst

Current (mA)
¢

46 A4 42 10 08 -06 -04
Potential (V vs Fc/Fc")

227 (c) ——no additive
204 —1a
18 —— Ni catalyst

Current (mA)

0.0 0,‘3 OTG 0{9 172 175 1.8
Potential (V vs Fc/Fc")

Fig.2 The LSV curves of different reaction components at the anode
or cathode. The components were dissolved in THF/CNsCN (4 : 1, 2
mL); the solution also contained [LutH]ClO4 (0.1 M) and lutidine (0.4
M). Scan rate: 50 mV s%. (a) The LSV curves of different reaction
components at the FTO anode; (b) the LSV curves of different reaction
components at the carbon fibre cathode; (c) the LSV curves of
different reaction components at the carbon fibre anode.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Chemical Science

due to the Ni catalyst. This result suggests that the absence of
coupling on the carbon fibre anode is due to no oxidation of 1a.
The different redox properties of 1a and the Ni catalyst observed
on different electrodes might be attributed to the different
nature of surface species which influence the electron transfer.
Although FTO is rarely used in electrosynthesis, it is widely used
in electrocatalysis and photoelectrocatalysis for energy conver-
sion.” FTO is stable, commercially available and inexpensive. In
our reactions, the FTO anode could be reused at least three
times.

The LSV curves in Fig. 2 revealed the issue of “short-circuit”
of catalyzed/mediated paired electrolysis in an undivided cell,
as the catalyst or mediator can be reduced and oxidized at both
the cathode and anode. When carbon fibre or graphite was used
as the anode, the short-circuit problem was very severe so that
nearly no current was used for electrosynthesis. However, by
using an appropriate anode such as FTO, the short-circuit
problem was alleviated and around half of the current was
used to oxidize the substrate (1a) while the other half was used
to oxidize the nickel complex. The remaining short-circuit is
one of the reasons why the current efficiencies of the reactions
are low (<10%). Another factor contributing to the low current
efficiency is the instability of the benzyl radical, which can
abstract hydrogen from the solvent to regenerate the substrate.
Nevertheless, useful products could be obtained in synthetically
useful yields under conditions advantageous to previous
methods.

For the test reaction (Table 1), a small amount of homo-
coupling product bis(4-methoxyphenyl)methane (<2%) was
detected by GC-MS under the optimized conditions. In the
absence of ligand L1, the yield of the homo-coupling products
increased (~8%). In the presence of a radical acceptor, the
electron-withdrawing alkene vinyl benzoate, the product origi-
nating from the addition of a benzyl radical to the olefin was
obtained in about 12% GC yield (ESI, Scheme S17). These data
support the formation of a benzyl radical intermediate. As
bromide existed in our reaction system, it is possible to be
oxidized to form a bromine radical. Previous studies showed
that a bromine radical can react with a toluene derivative to give
a benzyl radical.**»¢?° To probe the involvement of the Br
radical, we conducted a coupling of 4-methylanisole 1a with 4'-
Iodoacetophenone, using Ni(acac), instead of (DME)NiBr, as
the Ni source. We obtained a GC yield of 24% for the coupling
after 18 h (Scheme S27). This result suggests that a Br-free path
exists for the coupling, although a non-decisive involvement of
Br /Br’ cannot be ruled out.

Based on the data described above, we propose a mechanism
for the coupling (Scheme 1). The oxidation of a toluene deriv-
ative at the anode gives a benzyl radical. This radical is trapped
by a LNi(u)(Ar)(Br) species (B) in the solution to give
a LNi(ur)(Ar)(benzyl)(Br) intermediate (C). The latter undergoes
reductive elimination to give a diarylmethane and a LNi(1)(Br)
species (A). There are at least two ways A can be convert to B to
complete the catalytic cycle: either by oxidative addition of ArBr
followed by a 1-e reduction at the cathode or by first 1-e
reduction to form a Ni(0) species followed by oxidation addition
of ArBr. In addition to a toluene derivative, a Ni species is

Chem. Sci., 2020, 11, 10786-10791 | 10789
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Scheme 1 Proposed mechanism of the direct arylation of benzylic
C-H bonds.

oxidized at the anode. We propose that this oxidation is an off
cycle event, which reduces the faradaic and catalytic efficiency
but does not shut down the productive coupling.

Conclusions

In summary, by integrating Ni-catalyzed benzyl-aryl coupling
into paired electrolysis, we achieved direct arylation of benzylic
C-H bonds under simple electrochemical conditions. The
direct arylation method has a broad scope and high functional
group tolerance, giving access to a diverse range of diaryl-
methanes. Our work demonstrates the utility of metal catalysis
in convergent paired electrolysis, which has much untapped
potential in organic electrosynthesis.
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