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Enantioselective palladaelectro-catalyzed C—H alkenylations and allylations were achieved with easily-
accessible amino acids as transient directing groups. This strategy provided access to highly
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enantiomerically-enriched N-C axially chiral scaffolds under exceedingly mild conditions. The synthetic

utility of our strategy was demonstrated by a variety of alkenes, while the versatility of our approach was
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Introduction

Organic electrocatalysis has surfaced as an increasingly powerful
platform in the molecular sciences." Despite indisputable
advances, asymmetric electro-organic synthesis continues to be
underdeveloped.” Particularly, the development of highly enantio-
selective electrocatalysis remains a challenge,® while gaining full
selectivity control is paramount for synthetically useful C-H
transformations.* In this context, we have recently developed the
asymmetric metallaelectro-catalyzed C-H activation,” largely
leading to C-C axially chiral binaphthyls.®

N-C axially chiral heterobiaryls are key structural motifs in
chiral catalysts, ligands, and natural products (Fig. 1a).”® Despite
significant advances in the synthesis of chiral biaryls,” the enan-
tioselective assembly of N-C axially chiral molecules continues to
be scarce.® As a consequence, recent focus has shifted towards
methods for the preparation of N-C axially chiral scaffolds, with
key contributions by Wencel-Delord/Colobert,® Xie' and Shi,"
among others. However, the kinetic resolution with sterically-
crowded N-arylindoles was restricted to the use of super-
stoichiometric amounts of toxic and cost-intensive silver salts in
expensive fluorinated solvents, significantly jeopardizing the
sustainability of the overall approach (Fig. 1b)."* Within our
program on sustainable C-H activations,' we have now unraveled
a electrochemical kinetic resolution™ of N-arylindoles in the pres-
ence of a transient directing group (TDG)"* (Fig. 1c).
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reflected by atroposelective C—H allylations. Computational studies provided insights into a facile C-H
activation by a seven-membered palladacycle.
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Fig. 1 Evolution of electrocatalytic C—H activation towards N-C axial
chirality. (a) Examples of N—C axially chiral compounds; (b) atropo-
selective palladacatalysis; (c) enantioselective metallaelectrocatalysis.
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Notable features of our findings include (a) enantioselective
organometallic C-H activation'® for the electrocatalytic
assembly of N-C axially chiral scaffolds in the absence of toxic
chemical oxidants, (b) easily-accessible transient directing
groups in electrochemical C-H activations, (c) a wide substrate
scope of maleimides and fluorinated alkenes, and (d) key
mechanistic insights by computation, (e) leading to atropose-
lective electrochemical C-H allylations.

Results and discussion

We initiated our studies with r-tert-leucine as additive for the
envisioned atroposelective electrochemical kinetic resolution of
racemic N-arylindoles 1 for the synthesis of N-C axially chiral
motifs (Tables 1 and S1 in the ESI}).”” Hence, racemic indole
1la was reacted with n-butyl acrylate (2a) in the presence of
catalytic amounts of Pd(OAc), and vr-tert-leucine as well as LiOAc
in AcOH at 60 °C to provide the desired alkene 3 with 97% ee,
while the recovered starting material 1a was obtained in 70% ee
(entry 1). We were delighted to find that r-tert-leucine diethyl
amide provided an excellent selectivity factor of S = 264, albeit
at a lower conversion (entry 2). In contrast, L-proline provided
the C3 alkenylated product, highlighting the challenges to
overcome the innate C3 reactivity of indole.” We did not
observe reactivity, when TFE was used as the solvent (entry 3).
Low conversions were obtained in a solvent mixture of TFE and
AcOH (entry 4). Control experiments revealed the necessity of
the TDG, and the palladium catalyst for the atroposelective
electrochemical resolution of N-arylindole 1a (entries 5-7),
while electricity proved to be important for improving the

Table 1 Optimization of the N-C atroposelective C—H olefination®

GF rﬂ Pt
N + 2 ComBy ————— N
undivided cell

PA(OAC), (10 mol %)
H i H
Qg e, O
CHO tBu (30 mol %) CHO
+ 1a
LiOAc, ACOH S COznBu
60°C, 16 h, air OO
cce @ 1.0 mA
rac-1a 2a 3

Entry Deviation from standard conditions Conv.” (%) ee (3) &°
1 None 42 97 138
2 L-tert-Leucine diethyl amide as TDG 23 99 264
3 TFE as solvent, no LiOAc — — —
4 TFE/AcOH as solvent, no LiOAc 38 94 56
5 L-tert-Leucine (20 mol%) 37 97 118
6 No palladium — — —
7 No i-tert-leucine 124 — —
8 Under N, 26 99 280
9 1,4-Benzoquinone 36° 99 347

% Reaction conditions: undivided cell, rac-1a (0.20 mmol), 2a (0.60
mmol), [Pd] (10 mol%), r-tert-leucine (30 mol%), LiOAc (2.0 equiv.),
AcOH (4.5 mL), 60 °C, constant current at 1.0 mA, 16 h, graphite felt
(GF) anode, Pt-plate cathode. b calculated conversion, C = eeqa/(eeqn +
eez), ee;, = ee of 1a and ee; = ee of 3. ¢ Selectivity (S) = In[(1 — C)(1
— eega))/In[(1 — C)(1 + eey,)]. @ C3 alkenylated product was isolated.
¢ 1,4-Benzoquinone (10 mol%) as additive.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

GF rﬁ Pt
Q—>\ Pd(OAG); (10 mol %) Q1
CHO L-tert-leucine (30 mol %) CHO

\
N + Z>conBu N + la
H LiOAc, AcOH XxCO02nBu
o0 i es
undivided cell
cce @ 1.0mA
rac-1a 2a 3
20
Off

16 On
] Off
&
G 12 on
=2
2
=
z 8 off
=
H

4 q0n

0.0 1.0 2.0 3.0 4.0 5.0 6.0
Time/h

Fig. 2 On/off electricity experiment.

catalytic efficacy (Table S1t). Notably, the reaction worked effi-
ciently under N, atmosphere, albeit with lower conversion
(entry 8). However, the addition of benzoquione as redox
mediator failed to improve the conversion (entry 9). Thus, the
metallaelectrocatalysis proceeded efficiently under mild condi-
tions in redox-mediator-free condition.

On/off experiments clearly showed the essential role of the
electricity to improve the efficacy of the electrocatalytic C-H
activation (Fig. 2).

With the optimized reaction conditions in hand, we next
explored the scope of the palladaelectro-catalyzed N-C atropo-
selective olefination (Scheme 1). Thus, a wide variety of alkenes
2 provided the desired products 3-11 with excellent selectivity
factors (S). Specifically, n-butyl acrylate (2a) and #-butyl acrylate
(2b) provided the desired olefinated products 3 and 4 with 97%
ee and 92% ee, respectively. Vinyl phosphonate (2¢) and vinyl
sulfone (2d) were also identified as suitable substrates to deliver
the desired products 5 and 6, respectively, with high S-factors.
An arene with an electron-donating methoxy group 2e likewise
performed well, providing the olefinated product 7 with 92% ee.
The bromo-substituted arene 2f was well tolerated in the N-C
atroposelective alkenylation with an excellent S-factor of 355,
which should prove invaluable for further late-stage modifica-
tion. The palladaelectrocatalysis proceeded likewise with
electron-rich 5-methyl substituted N-arylindole 1b with a wide
range of alkenes 2. In contrast, unactivated alkenes gave thus
far less satisfactory results, under otherwise identical
conditions.

Maleimides represent key structural motifs in several natural
products and drug candidates.'®* Hence, we next examined the
versatility of the N-C atroposelective transformations with
maleimides 12 (Scheme 2). We were pleased to find that the
robust electrocatalysis was viable for maleimides 12. A variation
of the substitution pattern on the nitrogen atom was explored,
to give the methyl (13), cyclohexyl (14) and phenyl (15)
substituted products with excellent S-factors. To our delight, 1-
tert-leucine diethyl amide provided the desired product 13 with
an excellent S-factor of 272. The absolute configuration of
product 15 was unambiguously assigned by X-ray diffraction
analysis.

Chem. Sci,, 2021, 12, 14182-14188 | 14183
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Scheme 2 N-C atroposelective palladaelectro-catalyzed C—H olefi-
nation with maleimides 12.

To gain insight into the N-C atroposelective C-H alkenyla-
tion, the reaction mechanism was probed by means of DFT
calculations at the PW6B95-D4/def2-TZVP+SMD(AcOH)//PBEO-
D3BJ/def2-SVP level of theory for the alkylation with mal-
eimides 12 (Fig. 3).” In the C-H activation step, both the
pathways giving origin to the five- and seven-membered ring
cyclometalated species were considered. Not only the interme-
diate I-1 but also TS(1-2), leading to the seven-membered

14184 | Chem. Sci,, 2021, 12, 14182-14188
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Fig. 3 Computed relative Gibbs free energies (AGsz3z15) in kcal mol~*
between the C—H activation and insertion elementary steps at the
PW6B95-D4/def2-TZVP+SMD(AcOH)//PBEO-D3BJ/def2-SVP level of
theory. Superscripts 5 and 7 relate to structures, which lead to the
formation of the 7-membered and the 5-membered cyclometalated
intermediates.

cyclometalated complex revealed to be more favorable over
the five-membered ring pathway by 6.7 and 2.3 kcal mol " in I-1
and TS(1-2), respectively. Additionally, for the seven-membered
ring pathway both the N- and O-coordination of the TDG to the
palladium were considered. The O-coordinated pathway is
strongly stabilized over the N-coordinated path by 13.1 and
11.4 keal mol ™" in I-1 and TS(1-2) respectively. Thus, the C-H
activation proceeds through an energetically preferred seven-
membered ring pathway with a favored O-coordination of the
TDG to the palladium in a facile fashion with a barrier of
12.6 kcal mol'. The C-H activation step is followed by the
coordination of the maleimide giving origin to the formation of
intermediate I-4, which undergoes migratory insertion through
TS(4-5) with an energy barrier of 13.6 kcal mol ™. These results
indicate that C-H activation is not the rate determining-step.

Since the directed C3 position selectivity was observed with t-
proline, the C-H activation elementary step was explored by
computation (Fig. S5, see the ESIf).” DFT -calculations
demonstrate that the C-H elementary step proceeded in a facile
fashion at C3 of the indole with a low barrier of 18.2 kcal mol .
This barrier is higher than the one calculated for the cationic
pathway (Fig. 3). This may be due to the presence of a hydrogen
bond stabilization between the r-proline NH and the acetate in
intermediate I-1¥, which needs to be disrupted upon acetate
rotation, to give rise to transition state TS(1-2)".

Fluorinated organic compounds have gained considerable
recent attention in pharmaceutical and agrochemical indus-
tries, among others, due to their improved lipophilicities.*
Hence, we were pleased to find that the palladaelectro-catalyzed
kinetic resolution proved to be amenable to fluorinated alkenes
16 for the synthesis of synthetically useful N-C axially chiral

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 N-C atroposelective palladaelectro-catalyzed C—H olefi-
nation with fluorinated alkenes 16.

fluorinated motifs (Scheme 3). Thereby, various perfluorinated
alkenes 16 provided the desired fluorinated compounds 17-22.
Likewise, terminal perfluroalkylalkenes with different chain
lengths 16a-16c¢ reflected the versatility with excellent selectivity
factors. Interestingly, the presence of bromine in per-
fluoroalkylalkene 16d did not alter the course of the
electrocatalysis. Thus, the corresponding product 20 was ob-
tained in 27% yield and 98% ee. Additionally, similar reactiv-
ities were observed when alkenes 16e and 16f were employed,
providing the desired products 21 and 22 with S-factors of 99
and 156, respectively.

Finally, the N-C atroposelective electrocatalysis was not
limited to monosubstituted alkenes. Indeed, unprecedented
allylic selectivity** was observed with 1,1-disubstituted alkenes*
for the synthesis of atroposelective N-C axially chiral hetero-
biaryls 24-29 (Scheme 4). The electrocatalysis proceeded
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Scheme 4 N-C atroposelective palladaelectro-catalyzed C-H
allylation.
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efficiently with ethyl methacrylate (23a) to provide the corre-
sponding product 24 with complete allylic selectivity in 35%
yield and 92% ee. Similarly, fluorinated methacrylates 23b and
23c were found to be suitable substrates, providing the desired
allylated products 25 and 26, respectively, with high enantio-
selectivities. Importantly, thiophenyl methacrylate (23d) was
also successfully explored. We were pleased to find that methyl
butenone (23e) was efficiently converted, providing the allyla-
tion product 28 with 91% ee. The reactivity was not limited to
1,1-disubstituted alkenes conjugated with electron withdrawing
groups, since methylallyl ester 23f likewise delivered the ally-
lated product 29 with high enantioselectivity.

Furthermore, we probed the electrochemical C-H olefina-
tion by means of cyclic voltammetric analysis (Fig. 4 and S2-
S4t)."” The oxidation peak at 1.1 V vs. SCE appeared after the
first negative sweep of Pd(OAc),, which corresponds to the
oxidation of palladium(0) to palladium(u) (Fig. S27). This redox
event is significantly lower than the oxidation potential of the
other components, being suggestive of the current regenerating
the catalytically active palladium species (Fig. 4).
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Fig. 4 Cyclic voltammogram of several reactants in AcOH with
nBu4NPFs (0.1 M) at 100 mV s™*.
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Based on our experimental and computational findings, we
proposed the N-C atroposelective palladaelectro-catalyzed C-H
olefination to commence with the coordination of the in situ
generated imine 1a” with the palladium catalyst A leading to the
formation of intermediate B, which subsequently undergoes
facile C-H metalation (Scheme 5). Coordination of the alkene
gives palladium allyl species D by migratory insertion, which is
followed by B-H elimination to form complex E. The latter leads
to the formation of a palladium(0) complex F which subse-
quently undergoes anodic oxidation to regenerate the palla-
dium(n) catalytically active species A.>?

Conclusions

In summary, we have reported on the unprecedented atropo-
selective palladaelectro-catalyzed C-H activation for the
synthesis of N-C axially chiral indole biaryls. The atropose-
lective organometallic C-H activation was realized by means of
a chiral amino acid under mild conditions. Thus, N-C axially
chiral scaffolds were obtained with good to excellent selectivity
factors in the absence of chemical oxidants. A wealth of alkenes
was found to be compatible with this strategy, including
nonactivated and perfluorinated alkenes. The first N-C atro-
poselective palladium(u)-catalyzed C-H allylation was achieved
with challenging 1,1-disubstituted alkene, while computational
studies on the metallaelectrocatalysis unraveled a facile C-H
activation.
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