Organocatalyzed Photoelectrochemical C-H Amination of Arenes
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Abstract: Catalytic C—H/N-H cross-coupling is considered an ideal
strategy for accessing anilines and derivatives, but its synthetic
execution remains extremely challenging, especially when the
exclusion of external oxidants is desired. Report herein is a
photoelectrochemical method for the preparation of anilides through
C-H/N—H coupling of arenes and carbamates, which employs DDQ
as a molecular catalyst. The reactions are conducted in a simple
undivided cell with visible-light irradiation and without any need for
external chemical oxidants. In addition, the reactions employ arenes
as the limiting agent, and are compatible with benzene and
halogenated benzenes.

Aniline and its derivatives are essential precursors to
pharmaceuticals, agrochemicals, and  high-performance
materials. Among the synthetic strategies available, direct C—
H/N-H cross-coupling of arene with a nucleophilic nitrogen
source is straightforward and highly attractive.lt! Ideally, these
reactions should proceed via H; evolution without using external
oxidants.?® In this context, Yoshida and coworkers have
reported an intriguing cation-pool method that achieves aniline
production through amination with pyridine in a divided cell,
followed by reaction with piperidine (Scheme 1a).™ Lei and
coworkers have developed an electrochemical C—H amination
reaction of arenes with acidic sulfonimides via N-radical addition
(Scheme 1a).B! The sulfonyl groups can be reductively removed
with Mg and Ti(O-iPr), to obtain free anilines. The direct C—H
amination with tert-butyl carbamate (BocNH,) is an appealing
route to anilines, considering that tert-butyloxycarbonyl (Boc) is
the most desirable protecting group for amines due to its ease of
removal. However, an efficient catalytic method to accomplish
such dehydrogenative cross-coupling remains elusive. !

Others and us have recently reported the merger of organic
electrochemistry with molecular photochemistry for the
development of new methodologies.l”® In this context, Lambert
and coworkers®® published elegantly executed transformations
of azoles with excessive arenes via C—H/N-H cross-coupling or
SnAr, employing a novel trisaminocyclopropenium ion or the
well-established  photooxidant  2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ)® as molecular photoelectrocatalyst.
Although the use of such catalysts, whose excited states are
highly oxidizing with E"eq > 3 V vs SCE, allows the reaction to be
compatible with electron-neutral and mildly electron-deficient
arenes, the acidic conditions prevent the use of acid sensitive
BocNH; as the coupling partner for aniline synthesis. Here we
report an unprecedented DDQ-catalyzed photoelectrochemical

C—H amination reaction of arenes with carbamates (Scheme 1b).

These reactions employ the arene as the limiting agent and are
conducted in the absence of acidic or basic additives with low

concentration of electrolyte. Importantly, halogenated arenes are
suitable for the C—H amination reaction.
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Scheme 1. Synthesis of aniline and derivatives through C—H amination.

We first explored the C—H amination of benzene (1) with
BocNH; (2). The photoelectrochemical reaction was conducted
in an undivided cell at a constant current and under the
irradiation of blue LEDs (Table 1). The optimal conditions turned
out to be simple, involving DDQ (20 mol%) as a molecular
catalyst and a low concentration of EtsNBF,; (0.1 equiv) as
electrolyte, in a solvent of MeCN. Under these conditions, the
desired anilide 3 was obtained in 83% yield (entry 1) with no
detection of multi-amination products. Control experiments
revealed that the lack of light irradiation (entry 2) or catalyst
(entry 3) completely abolished the reaction, whereas the
exclusion of electricity (entry 4) resulted in the isolation of a very
low amount of 2, which we speculated was attributable to
residual oxygen and the added DDQ. Oxygen tolerance was
demonstrated by the fact that running the reaction under air also
furnished 2 in 82% vyield (entry 5). Lowering the amount of
catalyst to 10 mol% (entry 6) or that of the amination agent to
1.5 (entry 7) or 1.1 equiv (entry 8) resulted in diminished product
formation.

Halogenated arenes are more difficult to oxidize than
benzene, but contain C-halogen bonds as versatile synthetic
handles. To our gratification, our method showed good tolerance
for an array of di- and mono-halogenated benzenes, with the



preferred site of amination generally being that para to the
halogen substituent (Scheme 2). For example, 1,2-dichloro and
1,2-dibromobenzene afforded the corresponding mono-
amination products 4 and 5, respectively, in a regioselective
manner and in good yields. Similarly, neither the amination of
1,3-dichloro- (6) nor that of 1,3-dibromobenzene (7) generated
any other regioisomers. Mixed dihalobenzenes such as 1-chloro-
2-fuorobenzene (8) and 1-bromo-2-chlorobenzene (9) also
reacted preferentially at the site para to the halogen, but with
moderate or no regioselectivity. Mono-halogenated benzenes
such as fluoro-, chloro- and bromobenzene reacted at para- and
meta-positions to furnish the corresponding mono-amination
products (10-12). While the amination of fluorobenzene
exhibited no para/meta selectivity, the chloro- and
bromobenzenes predominately afforded the para regioisomer.
Methyl benzoate (13), however, failed to afford any amination
product probably due to its high oxidation potential. Notably,
electron-rich arenes such as anisole (14) also failed to react with
BocNH; due to both the reduced reactivity of the corresponding
arene radical cation and rapid back-electron transfer.’! Such a
reactivity pattern also ensured mono-amination during the
photoelectrochemical reaction that employed arene as the
limiting agent.

Table 1. Optimization of reaction conditions.®
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Entry Deviation from standard conditions Yield [%]®!
1 none 90 (83)l]
2 reaction in dark 0

3 no DDQ 0

4 no electricity 21

5 under air instead of argon 82

6 10 mol% of DDQ 62

7 1.5 equiv of 2 77

8 1.1 equiv of 2 65

» i)

[a] Reaction conditions: 1 (0.5 mmol), MeCN (6 mL), argon, blue LEDs (450
nm), undivided cell (RVC anode, Pt plate cathode), 2.4 F mol™. [b]
Determined by '*H NMR analysis using 1,3,5-trimethoxybenzene as an
internal standard. [c] Isolated yield in parenthesis.
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Scheme 2. Reactions were conducted at 0.5 mmol scale in MeCN (6 mL), 2.4 F mol™. [a] Isolated yield. [b] Reaction using a constant current of 4 mA for 16 h

(4.8 F mol™) with EtaNBF4 (0.5 equiv) as electrolyte.

Besides BocNH,, several other alkyl carbamates of different
steric properties reacted smoothly with benzene to generate the

corresponding anilides in good yields (15-23). This
photoelectrocatalytic method is also applicable to C—H amination



with azoles (24-28),>1% which are more nucleophilic than
carbamates.
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Scheme 3. Gram scale synthesis of 3.

The photoelectrochemical C—-H amination reaction can be
conducted on a gram scale, as demonstrated by the synthesis
1.62 grams of 3 in 65% vyield (Scheme 3). Larger electrodes
were employed to increase current output for a shorter reaction
time.
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Scheme 4. Mechanistic proposal and DFT calculations (M06-2X/6-31G*).

A possible mechanism for the photoelectrocatalytic C-H
amination reaction is proposed based on the reaction of
benzene and BocNH, (Scheme 4a). Photoexcitation of DDQ
leads to a highly oxidizing excited state [DDQ]* (E*eqa= 3.18 V vs
SCE),[®! which is then reduced by benzene to generate a

persistent radical anion 29 and a reactive arene radical cation 30.

The latter is trapped by BocNH; to generate cyclohexadienyl
radial 31 after proton loss. Radical anion 29 picks the proton and
abstracts a hydrogen atom from 31 to generate hydroquinone 33

and furnish the final amination product 3. 3 is oxidized at a lower
potential than benzene, but does not undergo further amination
because of the reduced reactivity of 3-derived radical cation and
its rapid back-electron transfer with 29.

The lowest unoccupied molecular orbital (LUMO) of radical
cations of few halogenated benzenes were obtained by DFT
calculations and showed higher distribution at the positions para
to the halogens than other locations (Scheme 4b). These
theoretical results are consistent with the observed
regioselectivity of the C—H amination reaction.

In summary, we have developed an oxidant-free, catalytic
approach for the C-H amination of arenes with carbamates via
molecular photoelectrocatalysis. The highly oxidative potential of
the excited state of DDQ allows the synthesis of Boc-protected
anilines directly from unactivated arenes such as benzene and
halogenated benzenes.
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