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The development of an efficient and straightforward method for decarboxylative coupling using common
alkyl carboxylic acid is of great value. However, decarboxylative coupling with nucleophiles always needs
stoichiometric chemical oxidants or substrate prefunctionalization. Herein, we report a protocol for Cu-
catalyzed enantioselective decarboxylative cyanation via the merger of photocatalysis and
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cyanation, and both catalysts were regenerated via anodic oxidation. This method establishes a proof of

concept enantioselective transformation via photoelectrocatalysis. Studies by DFT calculations provided
mechanistic insight on enantioselectivity control.
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Introduction

Carboxylic acids are widely available and fundamental chemical
feedstocks which are produced in huge amounts." Many alkyl
carboxylic acids exist in nature as biomass and in a renewable
form (e.g. amino acid, fatty acid, peptides and sugar acids).> In
this regard, the abundance of alkyl carboxylic acids makes it an
attractive precursor in carbon-carbon or carbon-heteroatom
bond-formation processes through decarboxylation.** Much
effort has been devoted to decarboxylative coupling methods,
either by an ionic pathway** or single electro transfer (SET)
pathway conceptually (Scheme 1a).* The ionic pathway is
promoted thermally by transition metals® or organocatalysis,®
with most substrates being limited to electron-deficient
substrates that facilitate anionic decarboxylation. Instead of
generating an inion intermediator, the SET pathway involves
the single-electro oxidation process to give alkyl radicals, either
through a Hunsdiecker type process® or photoredox-catalytic
approach,*»” which were subsequently intercepted by radical
acceptors. This approach is particularly useful in enantiose-
lective carbon-carbon bond-forming reactions with electro-
philic organohalides via a redox-neutral strategy.”” However,
enantioselective decarboxylative carbon-heteroatom bond-
formation reactions always require an oxidizing agent,® or the
prefunctionalization of the carboxylic acids® to facilitate the
decarboxylative generation of alkyl radical via single electron
reduction of carboxylic acid derivatives, such as redox-active

“Department of Chemistry, Fudan University, 2005 Songhu Road, Shanghai, 200438,
P. R. China. E-mail: junliangzhang@fudan.edu.cn

*Fudan Zhangjiang Institute, Shanghai 201203, P. R. China
T Electronic  supplementary  information  (ESI)
https://doi.org/10.1039/d2sc05428k

available. See DOL

© 2023 The Author(s). Published by the Royal Society of Chemistry

esters.*®” Seminal work by G. Liu and coworkers has demon-
strated the enantioselective cyanation of redox-active esters by
Ir photoredox catalysis and Cu catalysis.” However, this
protocol increases the synthetic effort and deteriorates the atom
economy. In this context, enantioselective decarboxylative
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coupling with nucleophiles directly through simple alkyl
carboxylic acids remains elusive (Scheme 1b).

Recently, electrochemistry has gained increasing attention
as a sustainable approach for organic synthesis owing to its
ability to generate highly reactive radical intermediates by SET
on electrodes." In addition, the ability to control redox poten-
tial at the minimum level required for the desired redox trans-
formation makes it an attractive approach of functionalizing
complex synthetic intermediates. Therefore, we seek to use
electrochemistry as a practical strategy to furnish the decar-
boxylation and regeneration of catalysis on electrodes. However,
direct electrolysis of carboxylic acids (Kolbe electrolysis) suffers
from poor selectivity, as the alkyl radical species tend to
undergo dimerization or further oxidation to give alkyl cations,
which would give a mixture of alkenes and racemic products.”
Inspired by the unique performance of CeCl; as an efficient
photocatalyst to promote decarboxylation®* and the good
performance of Cu as a catalyst in radical coupling,™
the similar redox potentials of CeCl; and Cu(u) by anodic oxi-
dization,”® we envision a synergistic approach to conduct
enantioselective decarboxylative cyanation via the merger of
photocatalysis and electrochemistry.*® If successful, the devel-
oped methodology would be highly valuable, because it avoids
the usage of stoichiometric oxidatants, prefunctionalized
substrates and noble photocatalysts. The main challenge in this

as well as

Table 1 Optimization of reaction conditions®
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scenario lies in the synergistic work of photochemistry, elec-
trochemistry, and parallel generation of two catalytic species, in
other words, the compatibility of photoredox-induced radical
generation and electrochemically catalyst regeneration. Herein,
we disclose copper catalyzed enantioselective decarboxylative
cyanation via electrochemistry and photocatalysis (Scheme 1c).

Results and discussion

We commenced the enantioselective electrophotocatalytic
decarboxylative cyanation using phenylpropanoic acids (1a) and
TMSCN as starting materials (Table 1). A 465 nm blue LED was
employed as the light source. Commercially inexpensive
CeCl;-7H,0 was found to be an efficient photocatalyst
compared with other Ce sources (Table 1, entry 2). After exten-
sive screening, the optimal reaction condition was established
using 5 mol% of Cu(hfacac),-H,O as a catalyst, 6 mol% of chiral
bidentate BOX ligand (L5), 10 mol% of CeCl;-7H,O as a cocat-
alyst, 2.0 equiv. of "Bu,NPF, as supporting electrolyte, pyridine
as the base and CH;CN as solvent in an undivided cell exposed
to a 465 nm LED (40 W). Under the optimal conditions, the
desired cyanation product 2a was isolated in 77% yield with
92% ee. A series of BOX ligands were examined, including those
commonly used with the combination of Cu as Lewis acid or
radical catalysis. L5 proved to be the best one, delivering the

Me

Cu(hfacac), H,0 (5 mol%)
L5 (6 mol%)
CeClg*7H,0 (10 mol%)

Me

/dCOZH + TMSCN
Ph

1a

Pyridine (2 equiv), H,O (2 equiv)
"BugNPFg (2 equiv), CH3CN, rt 2a

o
Ph

C(#)IPY(-), Ugey=2.3V, LED

Entry Deviation from the standard conditions Yield” [%] ee’ [%]
1 None 77 92
2 Ce,S0, (10 mol%) instead of CeCl;-7H,0 Trace —
3 Cs,CO; instead of pyridine NR —
4 Pyridine (50 mol%) was used 36 92
5 No pyridine NR —
6 DMF as solvent Trace —
7 No H,0 73 90
8 Ni foam (0.5 cm x 2 cm) was used as cathode NR —
9 Uee1 = 3.0V 58 89
10 Cu(OTf), instead of Cu(hfacac),-H,O 45 90
11 Under air 43 91
12 No LEDs NR —
13 No electricity NR —
14 No CeCl;-7H,0 Trace —
15 No Cu NR —
16 CeCl;-7H,0 (5 mol%) was used 44 91

Me, Me
L1 R ="Pr, trace
\')Q\/J L2R ='Bu, 4%, 0% ee
Sr L3R =Bn, 72%, -62% ee
R L4 R =Ph, 16%, 31% ee

WXVJ L5n=1,77%, 9
L6 n =2, 60%, -66% ee
L7 n=3,81%, 14% ee

2% ee

“ The reaction was performed using 0.2 mmol of 1a (0.05 M), 0.4 mmol TMSCN (0.1 M), Cu(hfacac),-H,0 (5 mol%), L5 (6 mol%), H,O (2 equiv.)
"Bu,NPF, (0.4 mmol) and CH;CN (4 mL) in an undivided cell with a carbon felt anode and Pt cathode under constant cell potential conditions

with irradiation for 6 h. ? Yield was determined by GC using anisole as an internal standard. NR = no reaction.

a chiral stationary phase.
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product with 92% ee. A DFT study disclosed that the non-
covalent interaction between the indane structure of the
ligand and the arene of the substrates is responsible for the
high enantioselectivity (vide infra). The reaction is an overall
oxidative transformation, which requires the proton as the
electron scavenger. A batch of additives are examined as the
electron scavenger and 2.0 equiv. of H,O proved to be beneficial
for the yield and ee (Table 1, entry 7, see Table S4} for details).
As for the electrode, replacing the Pt cathode with Ni (Table 1,
entry 8) or other cathodes shows negative effects on the reaction
efficiency. Moreover, further optimization revealed that the
copper catalyst has a significant effect on the reactivity and
Cu(hfacac),-H,O gave the highest yield (Table 1, entry 10, see
Table S57 for details). Conducting the reaction under air dete-
riorated the product formation (Table 1, entry 11). Control
experiments indicated that light irradiation (Table 1, entry 12),
electricity (Table 1, entry 13), the cerium catalyst (Table 1, entry
14) and Cu catalyst (Table 1, entry 15) were all critical for the
reaction to proceed, as omission of any of these results in no
desired decarboxylative cyanation product. Furthermore,
lowering the Ce loading to 5 mol% results in decreased yield
(Table 1, entry 15). This result highlights the importance of
balancing the rates of the decarboxylation and cyanation
process to ensure the optimal product selectivity.

R2 Cu(hfacac), H,0 (5 mol%)

L5 (6 mol%)
LN co CeCl3+7H,0 (10 mol%) LN eN
R +TMSCN ! > R
F Pyridine (2.0 equiv), H,O (2.0 equiv) Z

"Bu,PFg (2.0 equiv) CHaCN, rt
1 C(+)IPt(), Ugey = 2.3-3.0 V, LED 2

Pz
zZ
Ve Me Me. Me cy
Ph Ph Ph Ph P

2a, 76%, 90% ee

N CN
CFs Ve Me
CN eN "CN ©)~,CN e
Ph Ph Ph

2f, 41%, 90% ee

2b, 72%, 90% ee  2c, 80%, 86% ee 2d,35%, 94% ee  2e, 53%, 90% ee

29, 43%, 92% ee

Ph Me Me Me
., “CN "N O “CN
o LY Josak:
Me MeO o

21, 53%, 84% ee

Me Me Me Me
/©)"’CN /@2%'\‘ 0|\©).,,CN /©).,,CN
F Cl Br

2q, 40%, 82% ee

2u, 73%, 90% ee 2v, 64%, 94% ee

2h, 70%, 93% ee  2i, 89%, 86% ee 2}, 67%, 85% ee

2k, 51%, 85% ee

Me
o
PhO’

2p, 58%, 88% ee

2m, 60%, 90% ee 2n, 58%, 81% ee 20, 42%, 92% ee
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2w (R = Me), 80%, 92% ee
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2y (R = Pr), 53%, 86% ee
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2aa (R = CH,CH,CFy), 60%, 93% ee
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Scheme 2 Scope of carboxylic acids. The reaction was performed on
a 0.2 mmol scale under the conditions in Table 1, entry 1.
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With the optimized conditions in hand, we examined the
scope of carboxylic acids in this reaction (Scheme 2). We were
gratified to find that benzyl carboxylic acids featuring linear and
branched aliphatic side chains were all suitable substrates for
this reaction (2a-2d). Additionally, substituents such as
terminal alkyne (2e), alkene (2f), cyanide (2g), and tri-
fluoromethyl groups (2h) on the alkyl side chains were all
tolerated. On the other hand, various functional groups of
either electron-rich or -poor group on the phenyl rings of benzyl
carboxylic acids were compatible under the current reaction
conditions. In particular, functional groups that are susceptible
to undergo oxidative degradation, such as electro-rich arenes
(2m-2p) can be tolerated, delivering cyanation products in
moderate to good yield with good enantioselectivity. Notably,
halide groups, such as the chloride and bromide are well
tolerated (2r-2t), which allows for further transformation by
a cross-coupling reaction. Gratifyingly, commercially available
racemic arylpropanoic acids, also known as nonsteroidal anti-
inflammatory drugs, such as ibuprofen (1ab), naproxen (1ac),
Ketoprofen (1ad) and flurbiprofen (1ae), were suitable
substrates to deliver enantiomer enriched benzylic nitriles in
good yields with good enantioselectivities (2ab-2ae). However,
non-benzyl carboxylic acids are not competent substrates under
the optimized conditions, probably due to the low stability of
the radical intermediate.

To obtain experimental support for the mechanistic insight
into this reaction, we conducted a few control experiments
(Scheme 3). Firstly, when (S)-naproxen (ent-1ac) was used as the
starting material, the same enantioselective product 2ac could
be obtained (Scheme 3a). Meanwhile, no racemization of the
starting material occurs under the reaction condition. This
result revealed that the chiral ligand effectively controls the
absolute configuration of the product, regardless of the
stereochemistry of the electrophile, and that decarboxylation is
essentially irreversible. Secondly, the reaction of radical clock
substrate 3 under the standard conditions delivered a major
ring-opening/cyanation product 4 in 32% yield with no detec-
tion of desired decarboxylative cyanation product (Scheme 3b).
This result can serve as the direct evidence of the radical
intermediate. Thirdly, when excessive water (6.0 equiv.) was

Me Me

“/Co,H_ Standard condition -,lcN
MeO MeO

recovered ent-1ac product

>99% ee

c

ent-1ac

2ac' 58%, 90% ee

" standard condition
—_—
(b) COH CN + ©/\/\/CN
ND

3 432% yield
Me Me
H;0 (6.0 equiv) Me
(C) CozH _— CN + "’OH
standard condition
Ph Ph Ph
1a 2a45%, 92% ee  2a' 32%, 18% ee

Scheme 3 Mechanistic studies.
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added into the model reaction as the additive, we observed
a high ratio of hydroxylation product with 18% ee (Scheme 3c),
which is intriguing and provides the preliminary result for the
promising enantioselective hydroxylation.

Based on the above studies and related literature
reports,"®*>"” a possible mechanism for the electro-
photocatalytic decarboxylative cyanation was tentatively

proposed (Scheme 4a). The reaction commences with the
oxidation of Ce(m) to Ce(v) (Ep,"" = 0.38 V vs. Ag/Ag" in
CH;CN) on the anode.” The resulting Ce(wv) species coordinates
with the carboxylic acid to give complex A, which then
undergoes the photoinduced ligand-to-metal charge transfer
(LMCT) to deliver the carboxylic radical B and the reduced Ce()
species.” The subsequent decarboxylation would generate the
benzylic radical, which undergoes single-electron oxidative
addition to the L*Cu(1)CN species, affording the alkyl-L*Cu(i)
CN species. This event is followed by inner sphere reductive
elimination to furnish the chiral cyanation product and regen-
erate the Cu(r) catalyst. Cu(1) species further undergoes anodic
oxidation and combines with another CN™ to give L*Cu(u)CN
species. The possibility of the oxidation of Ce(ur) by L*Cu(m)CN
may be speculated. We measured the redox potentials of the
different reaction species as shown in Scheme 4b using cyclic
voltammetry (CV) data and found that the oxidation of the
L*Cu(1)CN catalyst to the corresponding L*Cu(u)CN occurred at
around 0.42 V (vs. Ag/Ag"). A visible drop of current is observed
with the addition of CeCl; (Scheme 4b), which may be attrib-
uted to the interaction between Ce(iv) and Cu(i). As a result, the

(a) Mechanism:

(c)

| e~ H*
—C
H, {‘
I \ . L
N\ / \ / 4
v
G " o - \ - \ !L
- o eV | 2 268
- R\HJ\OH o \{ ‘\N )‘
~J
Ar Ar A
Cell .%_/‘*’- TS-S = 0.0 kcal/mol
o} ~y
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o — "o L AN
Ar B Ar =Nl \ 1
L'cu'cN ) ks
A
o 2345 ; HRC . A
Pl e ;',’ |
N R ,CN L ot S .
L'CuloN <— L'cu! ) !
TS-R = 2.2 kcal/mol
(b) -45
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CulLigand+TMSCN
304 CulLigand+TMSCN+CeCl, TH,0
CeCl; TH,0
~ 1a+CeCl, TH,0
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o
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Potential(V vs. Ag/Ag*)

Scheme 4 Proposed catalytic cycle, DFT study and cyclic voltam-
metry data.
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oxidation of Cu(1) species by Ce(wv) cannot be excluded. It should
also be noted that the complexation of Ce(ur) with the carboxylic
acid before the anode oxidation is highly possible based on the
comparison of the CV data of CeCl; and CeCl; with 1a.

Even though the BOX ligand L5 has been extensively used in
the Cu-catalyzed radical coupling reaction, the explanation of
the stereo control of the ligand has not been well studied. A
previous report has shown that the radical combination of
a benzylic radical with L*Cu(u)CN is facile.'”” Thus, we per-
formed DFT calculations on the C-C reductive elimination to
elucidate the role of the ligand in enantioselectivity. The
calculations showed that the two transition states differ in free
energy of activation by 2.2 kcal mol™" favoring the S product,
which is in good agreement with the experiments (Scheme 4c).
In addition, the IGM analysis showed that C-H:--7 interactions
between the benzylic proton of the ligand and the aryl group of
the substrate plays a significant role in lowering the energy of
the transition state (Scheme 4c, see the ESIt for details).**” This
interaction could be further proved by our experimental
observation that higher enantioselectivty could be obtained
with a substrate containing more electro-rich aryl group. For
example, substates with a para-phenyl group (1a) or naphthyl
group (1v-l1aa) afforded higher ee than the parent phenyl
substrate (1i).

Conclusions

In summary, we have developed a Cu-catalyzed enantioselective
decarboxylative cyanation reaction in a synergistic fashion with
the merger of photocatalysis and electrochemistry, which allows
the direct decarboxylation coupling of simple carboxylic acids.”
The current work demonstrates that this synergistic fashion
could avoid the need for stoichiometric chemical oxidants or
substrate prefunctionalization, in the meantime, enabling the
reaction to operate under mild condition with high enantiose-
lectivity and a reasonable range of functionalities. Further
synthetic and mechanistic explorations of photoelectrocatalysis
are currently underway.
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