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Merging electrochemistry with asymmetric C—H activation has
proven to be an advantageous alternative to build valuable enan-
tiopure molecules. However, established methods require a stoi-
chiometric use of supporting electrolytes to promote the electron
transfer in solution and often additionally serve as a base to assist
C-H bond cleavage, which are hazardous and would produce
additional waste. Herein, we described an exogenous electrolyte-
and base-free electrocatalytic atroposelective C—H annulation,
providing facile and sustainable access to N—N axially chiral isoqui-
nolinones in excellent enantioselectivities and good yields. This
protocol is enabled by a combination of simple Co(OAc),-4H,0
and readily available chiral salicyloxazoline (Salox), which proceeds
well with 13 classes of alkynes, including highly challenging polar-
ized either internal or terminal alkynes, and tolerates a wealth of
functional groups for streamlined transformations.

In recent years, organic electrosynthesis has witnessed a
remarkable renaissance as an efficient and powerful method to
construct valuable molecules.'® Electrochemistry is often con-
sidered as an environmentally benign technique for organic
synthesis as it uses electric current as an inexpensive, waste-
free, and prospectively renewable redox reagent. Therefore,
diverse electrochemical reactions have been established, e.g.,
alkene/alkyne functionalization,” cross-couplings,®® radical
cyclization,'® and C-H functionalization.*™® Despite impress-
ive progress, it continues to be a challenge to realize precise
selectivity control in terms of asymmetric electrochemical syn-
thesis. Toward this goal, routine enantiocontrol approaches
including metal catalysis, organocatalysis, and enzymatic cata-
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lysis have been gradually merged with electrochemistry to
boost the development of this burgeoning field."*™® While
some asymmetric electrocatalytic systems have been
reported,’®® their synthetic utilizations to construct axially
chiral skeletons,**™® especially with stereogenic N-N lin-
kages,”® lag far behind (Fig. 1A). This could be ascribed to
several major issues concerning atroposelective manifolds: (a)

shorter N-N bond distance posing steric hindrance during new

A. Electrochemical entry to enantiopure entities through C-H functionalization
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Fig. 1 Background and design blueprint.
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bond formation around this axis; (b) relatively poor configura-
tional stability of N-N atropisomers; (c) electrochemical degra-
dation of chiral ligands/catalysts or even related N-heterocyclic
substrates/products; (d) unfavourable interactions of the sup-
porting electrolyte within the enantio-determining transition
state. Given the ubiquity of N-N atropisomers in natural bio-
active molecules,”™" chiral ligands®> as well as functional
materials (Fig. 1C),”* it is highly desirable to explore an
efficient catalytic system and novel asymmetric transformation
to construct N-N axially chiral architectures.

In fact, enantioselective transition-metal-catalysed C-H acti-
vation provides facile and step-economical access to axially
chiral motifs.”*®* Since the pioneering work by Ackermann,*®
asymmetric electrocatalytic C-H activation has proved to be an
environmentally benign and sustainable alternative to prepare
C-C***° and C-N*""*® axially chiral compounds via dihydrogen
evolution. By contrast, electrochemical manifolds toward
stereogenic N-N counterparts remain elusive. Notable yet
often overlooked is that all reported enantioselective electro-
catalytic C-H activations require stoichiometric amounts of a
hazardous supporting electrolyte.

Herein, we present an unprecedented electrolyte- and base-
free electrocatalytic atroposelective C-H annulation, providing
facile and sustainable access to N-N axially chiral isoquinoli-
nones in excellent enantioselectivities (mostly >90% ee) and
good yields (Fig. 1B).*® Salient features of this protocol com-
prise (a) electrocatalytic entry to N-N atropisomers enabled by
simple and cost-effective Co(i)/Salox catalytic system; (b) no
need of any exogenous supporting electrolyte and base to effec-
tively reduce chemical waste production; (c) a broad range of
benzamides and 13 classes of alkynes bearing diverse func-
tionalities for streamlined diversifications.

Our proof-of-concept work was commenced with enantio-
selective electrocatalytic C-H/N-H annulation of N-(7-azain-
dole)benzamide 1a with diphenylacetylene (2a) in an undi-
vided cell equipped with a graphite felt (GF) anode and a plati-
num cathode (Table 1). Notably, benzamide 1a bearing a reac-
tive and versatile 2,3-unsubstituted azaindolyl handle is a
demanding reactant for electrochemical transformations in
that it may be prone to oxidation. Pleasingly, the atroposelec-
tive N-N isoquinolinone 3 was obtained in 40% yield and 96%
enantioselective excess (ee) when Co(OAc),-4H,0 and Salox-9
were employed as the catalytic combination with NaOPiv-H,O
as both an electrolyte and base in heated 2,2,2-trifluoroethanol
(TFE) under a 2.0 mA galvanostatic electrolysis (entry 1).
Catalytic performance was enhanced at a lower current density
and further improved with one equivalent of NaOPiv-H,O
(entries 2 and 3). Running the reaction under dioxygen atmo-
sphere led to an increased yield of 71% (entries 4 and 5).
Control experiments confirmed the indispensability of the
cobalt salt and electricity to spur this net-oxidation reaction
(entries 11 and 12). Surprisingly, the addition of NaOPiv-H,O
was discovered to be unnecessary (entries 5 and 6). This is
remarkable, to our knowledge, as there has been no precedent
on electrocatalytic asymmetric C-H functionalization under
electrolyte-free conditions."”
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Table 1 Reaction development?

TN\
N N pp CO(OAC)y4H;0 (10 mol%) N _
o0 & Salox-9 (20 mol%) Q b
a2l NN + Hy |
N TFE (2 mL), 80 °C
H Ph (+)GF|Pt(-), current, 6 h Zpn
H Ph detected via
headspace
1a 2a 3 GC analysis
3
Entry Reaction condition Yield, % ee, %
1 NaOPiv-H,O (2 equiv.), 2.0 mA, air 40 96
2 NaOPiv-H,O (2 equiv.), 1.0 mA, air 49 96
3 NaOPiv-H,O (1 equiv.), 1.0 mA, air 63 96
4 NaOPiv-H,O (1 equiv.), 1.0 mA, N, 65 95
5 NaOPiv-H,O (1 equiv.), 1.0 mA, O, 71 96
6 1.0 mA, O, 71 96
Further variation from optimal condition (entry 6)
7 C as anode 8 96
8 GF as cathode 25 96
9 Running at 60 °C 26 96
10 Salox-1-10 As below
11 15 mol% Salox-9 25 96
12 25 mol% Salox-9 70 96
13 MeOH, HFIP, MeCN, DMSO <1 —
14 No Co(OAc),-4H,0 <1 —
15 No electricity <1 —
Ph
Bn Ph  Ph Ph Ph
—~ — —~ —~ dN
O N oN oN ON
Bu By
Salox-1,<1%,-  Salox-2, <1%,-  Salox-3, <1%, - Salox-4, <1%, -  Salox-5, <1%, -

(18%, 60% e€)®  (18%, 96% ee)®  (10%, 96% ee)®  (33%, 88% ee)®  (16%, 94% ee)°
Ph

Ph Ph Ph Ph
oN —~ —
Oou_N oN oN oN
OH
oH O oH oH OH
OMe O Me ‘Bu ‘Bu ‘Bu
Salox-6, <1%, -  Salox-7, <1%,-  Salox-8, trace, - Salox-9 Salox-10

(12%, 85% ee)®  (30%, 94% ee)®  (58%, 96% ee)°  71%,96% ee  48%, 96% ee
(71%, 96% ee)®  (47%, 96% ee)®

“Conditions: 1a (0.08 mmol), 2a (0.16 mmol), Co(OAc),-4H,0
(10 mol%), Salox-9 (20 mol%), TFE (2 mL), undivided cell with graph-
ite felt (GF) anode (10 mm x 20 mm x 2 mm) and platinum plate (Pt)
cathode (10 mm x 20 mm x 0.3 mm), constant current, 80 °C, 6 h; iso-
lated yields and enantioselective excess (ee) determined by HPLC with
a chiral stationary phase. “NaOPiv-H,O (1 equiv.).

Switching the electrode to other materials gave unsatis-
factory results (entries 7 and 8). It might be rationalized by
(1) the large surface area of the GF anode for cobalt contact,
and (2) favourable dihydrogen evolution on a Pt surface,
which was detected via headspace gas chromatography (GC)
analysis. Running the reaction at 60 °C led to much lower
efficiency (entry 9). Lower efficiency was observed by decreas-
ing the amount of Salox-9 ligand while its increase led to no
further improvement (entries 11 and 12). Nevertheless,
excellent enantioselectivity was constantly observed during
reaction optimization, suggesting the robust enantiocontrol
of the Co(OAc),-4H,0/Salox-9 catalytic system. Fine-tuning
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of the ligand design revealed an extremely high sensitivity of
the catalyst performance toward the substituents on both
the phenol and oxazoline moieties, with only Salox-9 and
Salox-10 uniformly bearing a bulky tert-butyl group at the
ortho-position of the phenol ring being catalytically active
(entry 10).°®> Cyclic voltammograms of three representative
Salox ligands (including Salox-3, Salox-8, Salox-9) and their
combination with Co(OAc),-4H,0 indicates that compared to
Salox-3 and Salox-8, Salox-9 is less likely to decompose
under electrolyte-free electrolysis and facilitates the oxi-
dation of Co™ to Co™, speculatively owing to such steric con-
gestion (Fig. S11 and S12 in ESI}). To further validate this

R?  CO(OAC),"4H,0 (10 mol%), Salox-9 (20 mol%)

View Article Online
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hypothesis, we conducted the ligand screenings again yet in
the presence of a supporting electrolyte, NaOPiv-H,O. This
way, all tested Salox ligands could leverage the reaction,
albeit with varied yields and enantioselectivities. TFE seems
to be the sole medium for this conversion (entry 13), specu-
latively owing to (1) improved solubility of Co(OAc),-4H,0;
(2) function as a proton shuttle; (3) the resulting ROH/RO™
buffer system behaving like a supporting electrolyte to
mediate electron transfer as well as a base to facilitate
N-H and C-H bond cleavage. The electrooxidative process
has a good current efficiency of 51%, underlining the sus-
tainability of the overall process.

o
Ng P F
@ N R (+)GF|Pt(-
H
1

4, 54%, 96% ee

), 1 mA, TFE (2 mL),

a) symmetrical alkynes

6, 40%, >99% ee
------------------------ b) unsymmetrical alkynes =============ncecacanccaacanaonaannn
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CHO CO,Et

7,43%, 98% ee 8,57%,97% ee 9, 64%, 97% ee
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oniih S50 19, 32%, 98% ee 19", 50%, >99% ee 5044 21, 34%, 97% ee 21',31%, 47% ee
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Scheme 1 Scope of electrocatalytic atroposelective C—H annulation. Conditions: 1 (0.08 mmol), 2 (0.16 mmol), Co(OAc),-4H,0 (10 mol%), Salox-9
(20 mol%), TFE (2 mL), undivided cell with GF (10 mm x 20 mm x 2 mm) and Pt cathode (10 mm x 20 mm X 0.3 mm), constant current of 1 mA (ca.
2.8 Fmol™), 80 °C, 6 h under O, (balloon); isolated yields given, and enantioselective excess (ee) determined by HPLC with a chiral stationary phase.

2 Regioselective ratio (rr) determined by *H NMR. 15 h.
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N N\
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Ph Ph
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Scheme 2 Synthetic utilizations.

With optimized experimental protocols in hand, we sought
to evaluate the generality of our electrocatalytic atroposelective
C-H annulation (Scheme 1). First, scope with respect to alkyne
partners was investigated by coupling with benzamide 2a
(Scheme 1a/b). The electrochemical protocol was found to be
robust and general: enantioselective C-H annulation could be

A. Reversibility of C—H activation
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achieved with 13 classes of alkynes. A broad spectrum of unac-
tivated and specially activated alkynes was engaged in the reac-
tion. The newly established method is applicable to symmetri-
cal diarylacetylenes bearing electron-donating and electron-
withdrawing groups as well as dialkylacetylenes (11, 12). A
wealth of common functional groups, including methoxy (4),
fluoro (5), bromo (6), ester (8), trifluoromethyl (9) as well as
even oxidation-sensitive formyl (7) and thienyl (10), are toler-
ated. In addition, nonsymmetric aryl-alkyl alkynes (13), term-
inal alkynes (14) as well as 1,3-diynes (15) were coupled in a
highly  regioselective = and  enantioselective = manner.
Impressively, this electrochemical reaction also works well
with diversly functionalized n-systems, ranging from electron-
neutral propargyl alcohols (16) and alkynyl silanes (17), elec-
tron-rich alkynyl sulfides (19, 19’), to electron-deficient chlor-
oalkynes (18), alkynyl nitriles (20), alkynyl esters (21, 21'),
alkynyl phosphine oxides (22), and «,a-difluoromethylene
alkynes (23). The presence of these functionalities can not
only guide the reaction regioselectivity, but also offer opportu-
nities for follow-up modifications.

Next, substrate scope of benzamides was examined with
diphenylacetylene (Scheme 1c). A set of electronically and steri-

B. Cyclic voltammetry

N\ <5%D (a) blank
A/N'\m ‘ota (o) 1a
HD O — ——(c) Salox-9
—— (d) Co(OAC),*4H,0
w/o 2a N° N (e) Co(OAc),*4H,0 + Salox-9
}1|/D4—(22“w D) —— (f) 1a + Co(OAc),*4H,0 + Salox-9
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C. Proposed mechanism for electrochemical cobalt-catalyzed atroposelective C—H/N-H annulation
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Scheme 3 Mechanistic insights and plausible pathway.
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cally varied benzamides proceeds C-H/N-H annulation with
good efficiency and excellent enantiocontrol. Again, it tolerates
diverse functional groups including -F (25), -Cl (26, 34), -Br
(35), -OMe (27), -CHO (28), -CO,Me (29), ~OCF; (30), and ~-CN
(31). It is worth noting that 3-substituted benzamide under-
goes selective coupling in the less-hindered position (33).
Benzamides bearing a C3-functionalized azaindole moiety
were also applicable in our electrochemical protocol (34, 35). It
is worth mentioning that a significant amount of unconsumed
benzamides remained for reactions with low yields. The
product/conversion selectivities were rather high since almost
no other new spots were observed on TLC traces. The yields
might be improved when running the reaction longer (17, 29,
33) (Scheme 2).

Further derivatization experiments were performed to show-
case the synthetic utility. Indeed, the unsubstituted azaindolyl
unit allows for consecutive C-H bond functionalization. For
instance, such handle in enantiopure product 3 could be selec-
tively chlorinated (34), brominated (35), and iodinated (36) by
choosing suitable electrophilic halogenating sources. These
introduced halogen atoms would enable numerous sub-
sequent bond-forming reactions, e.g., via classical cross-coup-
lings. Besides, the carbonyl group of skeletal isoquinolinone
was facilely translated into a thiocarbonyl group in the pres-
ence of Lawesson’s reagent (37). Due to the harsh reaction con-
ditions, decayed enantiopurity was observed. This is consistent
with the Li’s result that racemization of such N-N axial chiral-
ity would occur at 120 °C.°°

Mechanistic studies were performed to shed light on this
electrochemical process. H/D scrambling was not found in the
presence of D,O, which points toward an irreversible C-H
metalation step (Scheme 3A). In cyclic voltammetry (CV,
Scheme 3B), benzamide 1a showed an oxidation peak at +1.14
V (vs. Ag/AgCl, curve b), being supportive of its tendency to
anodic oxidation. Although Salox-9 exhibited two pairs of
reversible redox peaks and Co(OAc),-4H,0 seemed redox inert
(curve c/d), their combination led to a shift forward of the
oxidation wave with a potential of 0.60 V (vs. Ag/AgCl, curve e).
This implies that the in situ coordination of Co" salt
with Salox-9 could not only prevent the ligand decomposition,
but also facilitate the oxidation of Co™ to Co™. Such
facilitation effect can be further observed in the presence of 1a
(curve f). Based on our results and literature precedents,*®*” a
plausible catalytic cycle was proposed for this electrochemical
enantioselective process (Scheme 3C). Initially, single electron
oxidation of the cobalt(u) salt by the anode or dioxygen in the
presence of Salox-9 delivers a chiral octahedral Co(ii) species
A. Subsequent ligand exchange with benzamide 1a followed by
a base-assisted C-H activation leads to a five-membered
cabaltacycle C. Coordination and migratory insertion with the
alkyne gives rise to cabaltacycle D, which reductively
eliminate to furnish the final N-N axially chiral isoquinoli-
none 3. The simultaneously resulting Co(i) species E under-
goes an anodic oxidation for the regeneration of the active Co
() catalyst. At the cathode, the dihydrogen byproduct is
released.

1528 | Green Chem., 2024, 26, 11524-11530
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Conclusions

In conclusion, we disclosed an exogenous electrolyte- and
base-free electrochemical cobalt-catalysed atroposelective C-H
annulation to construct N-N axially chiral isoquinolinones
with excellent enantiocontrol. This transformation is amen-
able to a wide set of structurally diverse non-polar and polar-
ized, internal and terminal alkynes with remarkable functional
group compatibility. We believe that this work can inspire
further development of electrolyte-free electrocatalytic asym-
metric reactions and find their robust applications in synthetic
and medicinal chemistry.
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