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Abstract: We describe a Pd'-catalyzed enantioselective
C(heteroaryl)-H activation method enabled by a chiral
transient directing group (cTDG) to gain access to C—N
atropisomers. Reversible condensation between the aldehyde-
containing substrate and a chiral amino acid facilitates
coordination of the metal catalyst and subsequent
atroposelective C-H activation. Various N-heterocycles,
including 2-imidazolone, indole, pyrrole, and 2-pyridone, and
diverse alkene coupling partners participate in the reaction in
moderate to good yields and enantioselectivity. The utility of
this method is demonstrated by several downstream
transformations that rapidly build up molecular complexity.

Organic compounds with C-N axial chirality have
recently emerged as important synthetic targets due to their
potential applications as human therapeutics,!! ligands in
asymmetric transition metal catalysis,” and molecular
machines.P! Enantioselective synthesis of chiral C-N axes is
challenging compared with their C—C counterparts because C—
N atropisomers have less hindered chiral axes and exhibit
lower rotational barriers with their unique substitution patterns,
posing significant challenges for enantiocontrol.”!

Previous strategies to access C—N atropisomers in an
enantioenriched manner include: 1) resolution or
diastereoselective  synthesis;®! 2) atroposelective C-N
coupling;® 3) asymmetric functionalization of C—H bonds,
X—H bonds, " N-heterocycles, 'l or alkynes!'? adjacent to the
C-N axis; and 4) enantioselective de novo N-heterocycle or
aromatic ring formation.['¥ However, existing methods have
various drawbacks and limitations, pointing to the need for
further development. Firstly, in diastereoselective syntheses or
resolutions, stoichiometric chiral auxiliaries are required, which
decreases the synthetic efficiency and atom economy.
Moreover, prefunctionalized substates are usually used. These
bespoke substrates require extra steps to synthesize, thereby
generating undesired waste. Finally, reaction outcomes are
highly dependent on the specific structure of the substrate. In
some cases, only one type of N-heterocycles is tolerated,
which makes it difficult to synthesize molecules in a modular
fashion and limits potential applications in drug discovery. To
overcome these restrictions, we sought to develop a catalytic
system in which 1) only a catalytic amount of chiral mediator is
needed, 2) the reaction is directed by native functionality, and
3) a broad scope of heterocycles with C—N axial chirality can
be accessed. Herein, we report an atroposelective C-H

olefination method to prepare C—N axially chiral N-aryl-2-
imidazolones and other N-aryl heterocycles through the dual
action of a Pd" catalyst and an amino acid chiral transient
directing group (cTDG).

Scheme 1. Background on ¢TDG-enabled atroposelective C-H activation
reactions

A. Pd"-catalyzed atroposelective C—H functionalization enabled by chiral
transient directing groups (cTDGs)
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Transition-metal-catalyzed atroposelective C-H
activation represents a direct strategy to access axially
chiral products. In recent years, chiral transient directing group
cTDG-enabled atroposelective C—H activation has blossomed
into an especially efficient and selective approach. In
comparison to traditional directing auxiliary approaches, the
transient directing group (TDG) strategy avoids extra steps for
auxiliary installation and cleavage, which significantly improves
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the synthetic efficiency and functional group tolerance.l' In
one common manifestation of this strategy, a chiral amino acid
or amino amide cTDG reversibly condenses with a carbonyl
group on the substrate to generate an imine intermediate that
is capable of coordinating to the palladium catalyst in a
bidentate fashion and subsequently directing enantioselective
C-H functionalization (Scheme 1A).'5' |n the field of
atroposelective C—H activation, as pioneered by the Shi
group,I'@l this method has been utilized to access molecules
with C—C,I'"I N-N['8 and C-NF! chiral axes. However, prior
reports involving construction of C—N chiral axes with the cTDG
strategy have been limited to a small collection of substrates in
which C-H activation scope takes place on a non-heterocyclic
arene. To the best of our knowledge, ¢cTDG-enabled C—H
activation of heteroarenes to synthesize C-N axially chiral
molecules has not been described to date (Scheme 1B). We
recently described a method for c¢TDG-mediated
atroposelective ~ C(alkenyl)-H  activation  of  styrene
derivatives.I'l Based on this experience, we envisioned that
this strategy could be expanded to the C—H activation of
enamine-type N-heterocycles whose C=C bonds possess
olefin character.

In considering a potential Pd"/cTDG-catalyzed method
for C—H activation of different azaheterocycles to establish C—
N axial chirality, we recognized several potential obstacles. For
pyrrole or indole substrates, due to their multiple nucleophilic
sites, competitive non-directed C—H activation may take place
to give undesired regioisomers or erode enantioselectivity.['%20
Moreover, the lower rotational barrier of the C—N axis might
result in product racemization. Additionally, some heterocycles,
such as pyrroles, are unstable under acidic conditions and
decompose via polymerization or oligomerization.?"! Thus,
substrate decomposition is another potential challenge
(Scheme 1C).

We focused our investigation of C—N atroposelective C—
H activation of N-aryl-2-imidazolone substrates. This choice
was motivated by previous work demonstrating that 2-
imidazolones exhibit diverse bioactivity?? and are prevalent in
natural products®? and pharmaceutical molecules®. Existing
methods to functionalize 2-imidazolones primarily rely on
dienamide-type  reactivity,? with other modes of
functionalization lacking. The paucity of available methods is
reflected in the limited number of functionalized 2-
imidazolones that have been investigated in synthesis. N-Aryl-
2-imidazoleone 1a was selected as the pilot substrate with tert-
butyl acrylate as the coupling partner. Density functional theory
(DFT) calculations revealed that the expected product, 2aa,
has a rotational barrier of 35.8 kcal/mol and half-life of 33,500
years at 40 °C (see Supporting Information for details), thereby
exhibiting  obvious  atropisomerism.  After  extensive
optimization, we identified optimal reaction conditions using a
combination of Pd(OAc): as catalyst, L-tert-leucine (TDG1) as
chiral transient directing group, chloranil (BQ1) as oxidant,
NaOAc as base and a 1:1 mixture of trifluoroethanol (TFE) and
acetic acid (AcOH) as the solvent medium to afford the desired
C—H alkenylation product in 84% '"H NMR yield and 99% ee
after heating at 40 °C for 24 hours (entry 1). Elevating the
temperature resulted in a slightly lower yield and ee (entry 2).
In absence of NaOAc as base, the yield dropped sharply (entry
3), indicating that the role of NaOAc might be a promoter for
the C—H activation step. Control experiments showed that

chiral transient directing group is indispensable for the reaction
(entry 4). TDG1 outperformed other chiral a-amino acids both
in terms of yield and ee, indicating the bulky tert-butyl group is
crucial for reactivity and enantioselectivity (entries 5-8). We
also tested a-amino amides (TDGe and TDGy7) as transient
directing groups, but they led to lower yield or suppressed the
reaction (entries 9-10). Additionally, chiral B-amino acid
(TDGs) is also reactive to enable the atroposelective C—H
activation reaction, albeit with diminished yield and ee (entry
11). For the optimization of oxidants (entries 12-15), we
screened various benzoquinone derivatives with different
steric and electronic properties. Compared with the optimal
BQ:, less oxidizing and less hindered BQz, more oxidizing and
less hindered BQs, more oxidizing and more hindered BQa,
less oxidizing and more hindered BQs all gave the products
with lower yields and enantioselectivity.

Table 1. Reaction optimization
Pd(OAc), (10 mol%)

N.’V'e TDG; (30 mol%) N.Me
BQ, (1.5 equiv)
WA o neohc coean) A~ A Xsg
N + Aco gy ———————— BuO,C” 7 "N
Me CHO . AcOH/TFE Me CHO
(3.0 equiv) (Viv=1/1,0.1 M)
40°C, 24 h
Me Me
1a 2aa
entry variation from standard conditions  yield!? eelb!
1 none 84% 99%
2 60 °C instead of 40 °C 77% 96%
3 NaOAc omitted 57% 98%
4 TDG; omitted 0% -
5 TDG, instead of TDG; 73% 97%
6 TDG; instead of TDG; 47% 48%
7 TDG, instead of TDG; 61% 81%
8 TDG;5 instead of TDG; 0% -
9 TDGg instead of TDG; 40% 93%
10 TDG; instead of TDG; 0% -
1 TDGj instead of TDG; 44% —44%
12 BQ, instead of BQ, 68% 99%
13 BQ; instead of BQ,4 70% 97%
14 BQ, instead of BQ, 0% -
15 BQjs instead of BQ, 71% 99%
E Bu H Pr Ph Ph
: H H OH
E o H o 9] (¢]
i TDGy TDG, TDG; TDG,
Bu Bu N“
H [ HN OH
OH N
Py ey Y
o) o) 0 '
TDGs TDGg DG, TDGg
Yoo 0 o 0
Cl Cl F. F CI CN Br. Br
SRS
Cl Cl: F F Cl CN Br Br
' 0 : 0 0 0 0
i BQ, : BQ, BQ, BQ, BQs

[a] Reactions performed on 0.05-mmol scale. Yield based on 'TH NMR
analysis of the crude reaction mixture with benzyl 4-fluorobenzoate as
internal standard. [b] Enantiomeric excess (ee) determined by 2D
LC/SFC analysis (see Supporting Information for details).

With the optimal condition in hand, we evaluated the
scope of 2-imidazolone substrates (Table 2). First,
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different substituents on the aromatic ring of the
benzaldehyde moiety were examined. The desired
products with different flanking groups, such as methyl
(2aa), bromo (2ba), and chloro (2ca) substituents, were
isolated in good yield and excellent enantioselectivity. In
contrast, due to their small size, fluorine (2da) and
hydrogen (2ea)®®! do not form stable C—N atropisomers;
in these cases, moderate product yields were obtained.
Switching the methyl group on N3 of the 2-imidazolone to
a phenyl group attenuated reactivity, and higher loading of
catalysts and reactants were required to achieve
moderate yield and good ee (2fa).

Table 2. 2-Imidazolone substrate and coupling partner scope. [

Pd(OAG), (10 mol%)
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+

TDG; (30 mol%)
BQ, (1.5 equiv)
NaOAc (2.0 equiv)

A gy —m—— ——

AcOH/TFE

(3.0 equiv) (Vv=11,0.1 M)
40 °C

C(aryl)-H scope

Me Me
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acceptor alkene scope

2ab, R = CO,"Bu, 84%, 99% ee
2ac, R = CONMe,, 79%, 98% ee
2ad, R = CONH'Pr, 49%, >99% ee
O 2ae, R = CONH,, 34%, >99% ee
2af, R = SO,Ph, 55%, >99% ee
2ag, R = SO,Ph, 54%, 96% ee
2ah, R = P(0)(OEt),, 81%, >99% ee

Me

0 Me \/(/—Lo

@CHO + CHO

2aj, 21%, >99% ee

Me

N
!
NC/\/(NkO
Me.

Me

(E)-2am, 53%, 98% eel’]

Me
2ak, 42%, 99% ee

Me
CN /N’
A o

CHO + Me CHO

Me
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88%, 99% ee [1-mmol scale]

BuO,C”

o g\‘
<
2
res
(e}

&

CHO

Me
2fa, 63%, 99% eel’!
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[a] Reactions performed on 0.1-mmol scale. Percentages listed on the
left represent isolated yields. Enantiomeric excess (ee) values were
determined using chiral SFC analysis of isolated products. Absolute
stereochemistry is assigned in analogy to 2ca. [b] Pd(OAc)2 (15 mol%),
TDG1 (45 mol%), tert-butyl acrylate (5.0 equiv), BQ1 (2.0 equiv).

In terms of the coupling partner scope, various
monosubstituted conjugated alkenes bearing different
electron-withdrawing groups, including acrylate (2ab),
acrylamide (2ac, 2ad, 2ae, 2ai), vinyl sulfone (2af), vinyl
sulfonate (2ag), vinyl phosphonate (2ah) gave moderate
to good yields and excellent ee. Using methyl vinyl ketone
as coupling partner resulted a mixture of alkenylation (2aj)
and alkylation (2ak). In this case, after C—H activation and
migratory insertion, the rate of protodepalladation is
competitive with that of 8-H elimination from the resulting
Pd'(enolate) intermediate.?”! With acrylonitrile, separable
isomers (E)-2am (major) and (Z)-2am (minor) were
formed—both with excellent enantioselectivity. With
methacrylate, 8-H elimination took place in the direction of
the a-methyl group, giving allylation product 2al in 61%
yield and 94% ee.B"%! Whereas the simple non-
conjugated a-olefin, 1-hexene, was unreactive under the
standard conditions (see Supporting Information for
details), the presence of a proximal phthalimide group
results in productive C—-H allylation (2an).?®! Our
hypothesis is that the phthalimide coordinates to the post-
C—H activation metallacycle intermediate, directs
migratory insertion, and then dissociates from the
palladium center to allows the requisite C—C bond rotation
and B-H elimination steps. Because the c¢TDG is still
coordinated at this stage, B-H elimination exo to the
palladacycle (away from the N-heteroarene) is kinetically
favored. This method was also demonstrated on a 1-
mmol-scale reaction to prepare 2ca, which proceeded in
88% vyield and 99% ee. The absolute stereochemistry of
major atropoisomer of 2ca was ambiguously assigned by
the X-ray crystallography as Ra.?

Scheme 2. C-H alkylation and allylation of 1a.

N.’V'e Pd(OAc), (10 mol%) N Me
TDG; (30 mol%)
H[ko BQ; (1.5 equiv) ! ko
N = Me NaOAc (2 0 equiv)
Me +
~o OH ACOH/TFE
. (Viv=1/1,0.1 M)
(3.0 equiv) 40 °C, ‘24 h
Me
1a 2ak, 40%, 96% ee
N.Me Pd(OAG), (10 mol%) N.Me
TDG; (30 mol%)
H[ X0 BQ, (1.5 equiv) /\/(’— X0
N oA NaOAc (2.0 equiv) z N
Me N Me CHO
o AcOH/TFE
. (Viv=1/1,0.1 M)
(3.0 equiv) 40°C, 24 h
Me Me
1a 2a0, 42%, 95% ee, <5% RSM;

37%, 97% ee, 43% RSM
(w/o BQy)

The generality of this Pd"/cTDG C(heteroaryl)-H
activation strategy was further demonstrated with other types
of coupling partners (Scheme 2). For example, the standard
substrate 1a reacted with a-branched allyl alcohol to install a
3-oxo-butyl group to the 2-imidazolone skeleton in 40%
isolated yield and 96% ee via a chain-walking mechanism
(2ak).% Additionally, using allyl acetate as an electrophile, C—
H allylation took place smoothly without any modification to the
standard conditions (2a0).2" We also found that the addition
of BQ1 is unnecessary for catalytic turnover to form 2ao. In
absence of the external oxidant, the desired product was
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formed in a slightly lower yield but with higher ee and improved
mass balance.

Having established the reactivity and selectivity trends
across different  N-aryl-2-imidazolone  substrates in
atroposelective C—H activation, we questioned whether the
scope could be extended to other commonly encountered
azaheterocycles. To our delight, indole substrate 3a underwent
C-H alkenylation under slightly modified conditions in which
benzoquinone (BQ2) is substituted for the standard oxidant,
chloranil (BQx1), giving 50% yield and 85% ee. To the best of
our knowledge, this is the first example of TDG-enabled C—H
activation on the C2 position of an indole heterocycle.l®17:19
Installation of a methyl group at the C7 position of the indole
(3b) enhances the amount of steric hindrance around the C—-N
axis and improves the ee to 92%. Substrates with two flanking
groups on the benzaldehyde ring already exist as stable C—N
atropisomers. We thus questioned whether Pd"/cTDG-
catalyzed C—H alkenylation would enable kinetic resolution of
racemic starting materials. As illustrated in Scheme 3, kinetic
resolution indeed took place with racemic 3c and 3d, furnishing
the corresponding alkenylated products in 51% and 36% yield
and 75% and 68% ee, respectively. At the same time, optically
enriched starting materials were recovered in moderate yields
with good ee.

Scheme 3. Indole substrate scope.
Pd(OAc), (10 mol%)

TDG; (30 mol%)
\ BQ, (1.5 equw)
N H ) NaOAc (2.0 equiv) =z C0,Bu

R + 2 coBy ————
CHO OH/TFE CHO
(3 equiv) (v/v 11, 01 M)
0 °C, 2:
3a,R=H 4a, R = H, 50%, 85% ee
3b, R =Me 4b, R = Me, 50%, 92% ee

Pd(OAc), (10 mol%)

TDG; (30 mol%)
\ BQ, (1.5 equlv)
H NaOAc (2 0 equiv) [
N + 4\002:&] CO? Bu

R CHO ) AcOH/TFE

(3 equiv) (viv=1/1,0.1 M)

40°C, 24 h

R

rac-3c, R =Cl 4c, R = Cl: 52%, 75% ee; 3c, 36%, 88% ee; s =20
rac-3d, R = Me 4d, R = Me: 34%, 68% ee; 3d, 28%, 93% ee; s =17

Then, we turned our attention to pyrrole-derived
substrates (Table 3).'®82% We noted that model substrate 5a
decomposed quickly under our standard acidic conditions. To
solve this problem, we switched the solvent from AcOH and
TFE to DMSO and employed the inorganic base NaOPiveH20
as an additive. We surmise that under these conditions, pivalic
acid is steadily generated in situ as the reaction progresses via
C—-H activation and then facilitates condensation between the
substrate and amino acid. Under the optimal conditions, C—H
alkenylation of 5a gave 78% yield and 99% ee. The reaction
stopped at the mono-alkenylation stage because the product
has a stable C—N chiral axis and is mismatched with L-tert-
leucine (TDGh1). A substrate with one flanking group on the
pyrrole side and one on the benzaldehyde side afforded
diminished enantioselectivity (6ba), probably due to a low
rotational barrier. With a fluorobenzaldehyde variant, the
desired product was formed in 64% yield and 96% ee (6ca).
Various coupling partners, such as acrylamide (6ab), p-
cyanostyrene (6ac), and N-Ph maleimide (6ad), were also

compatible under these conditions. Additionally, we found that
substrate 5d, which contains three flanking groups, has a
stable C-N axis. Upon subjecting rac-5d to the standard
pyrrole conditions, 6da was generated with 44% yield and 84%
ee, and 5d was recovered in 40% yield and 87% ee via kinetic
resolution (Scheme 4).

Table 3. Pyrrole substrate and coupling partner scope.[?!

\ Pd(OAC), (10 mol%) 7
/ TDG; (30 mol%) ,\ﬂ\ >
N o~ AgOACc (3.0 equiv) R NT R
+ ZoRs —_—
15 CHO _ NaOPiv-H,0 (4.0 equiv) N CHO
T (3 equiv) DMSO (0.1 M), 80 °C RIT )
5 6

C(aryl)-H scope

fBuozc/\/(/_\) \/@\Ph BUO,CTN \/@\Ph

BuO,C N . oHo
ﬁ J’ @CHO

6aa, 78%, 99% ee 6ba, 77%, 56% eel®] 6ca, 64%, 96% eelcl

acceptor alkene scope

-
o™ B
A ﬂj&@ P
O Me : LCHO No7 7 Me CHO 0 Me\@z
Me Me

6ab, 53%, 96% eeldl 6ac, 45%, 85% eeldl 6ad, 32%, 97% eel®

(E/Z=1011) (E/Z=20/1)
[a] Reactions performed on 0.1-mmol scale. Percentages listed on the
left represent isolated yields. Enantiomeric excess (ee) values were
determined using chiral SFC analysis of isolated product. [b] 60 °C. [c]
PhCF3; (0.1 M) as solvent. [d] The E/Z isomers were inseparable.

Scheme 4. Kinetic resolution of rac-5d.

,é_\)\ Pd(OAC), (10 mol%) /\/(/_\}\
HTXNN7Ph TDG; (30 mol%) BuO,C” X" N7 ~Ph

AgOAc (3.0 equiv)
Me CHO 2 co,Bu : 5 Me CHO
) NaOPiv-H,0 (4.0 equiv)
(3 equiv) DMSO (0.1 M), 80 °C, 50 h

Me Me
rac-5d 6da, 44%, 84% ee
5d, 40%, 87% ee

5=32

We explored the reactivity of 2-pyridone substrates and
found that the addition of a-chloroacetic improves the yield of
C—-H alkenylation (Scheme 5).% The simplest 2-pyridone,
substrate 7a, could be functionalized in 27% yield with 53%
recovered starting material. In this case, the product, 8a, is
racemic probably due to a freely rotating C—N axis. To test
whether added hindrance would increase the rotational barrier,
we installed a methyl group adjacent to the C-N axis. To our
delight, the desired product 8b was obtained in excellent
enantioselectivity and moderate yield.

Scheme 5. 2-Pyridone substrate scope.
Pd(OAG), (15 mol%)

TDG, (45 mol%)
(1 AgOACc (3.0 equiv) /\/(\l
N0 CICH,COH (3.0equv) 5, N N"g

+ 2 co,Bu

- .
R CHO NaOAc (2.0 equiv) R CHO
(3 equiv) COH/TFE
(iv=1/1,0.1M)
60°C
7a,R=H 8a, R = H, 27%, 0% ee, 53% RSM
7b, R = Me 8b, R = Me, 30%, >99% e, 27% RSM

The polyfunctional nature of the C-N axially chiral
products can be leveraged in various downstream
derivatizations (Scheme 6). With representative 2-imidazolone
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C-H alkenylated product 2ca, the alkene of the newly installed
acrylate was reduced with H2 over Pd/C in MeOH. Under these
conditions, a separable mixture of acetal (9a, 56%), aldehyde
(9b, 8%), and benzyl alcohol (9c, 33%) was obtained.
Compounds 9a and 9c could be transformed to 9b via routine
functional group interconversions. The olefin-like character of
2-imidazolone heterocycles enables 2ca to react as a diene in
Diels—Alder cycloaddition, despite bearing an electron-
withdrawing ester group. Upon treatment with N-Ph maleimide,
[4+2] cycloaddition occurred under mild conditions, affording
cycloadduct 10 with excellent yield and diastereoselectivity.?%]
The substituents on the aryl ring that flank the C-N axis
dramatically influence the stereochemical course of the
reaction, with the cycloaddition taking place exclusively on the
same face of the diene as the aldehyde and opposite to the
chloride.

Scheme 6. Product derivatization
Me Me

N
»’Buo,c’\/(/_N/Eo Pd/C

9a, R = CH(OMe),, 56%

N )
BuO. ,c/\/(l—ko 81% o

H, (balloon) ° N
Cl CHO ———————> cl R 9b,R=CHO, 8%
MeOH (0.2 M) w78
rt,4h [ii]
9c¢, R = CH,OH, 33%
Me Me
2ca
Ph
o]
N‘Me o=" o
; 4 Hy—X H Me
Buogc/\/(N/EO Ph PhMe (0.1 M) . K L
cl cHo *+ o= N0 ———> BuOC N7 O
rt., 5h
\© v cl CHO
3.0 equiv;
Me (3.0 equiv)
2ca Me

10, 80%, >20:1 dr
[X-ray]

[i] TsOH+H20 (0.94 equiv), Acetone/H20 (v/v = 3/1, 0.2 M), r.t. [ii] DMP
(1.2 equiv), DCM (0.1 M), 0 °C —r.t.

In conclusion, we utilize chiral transient directing group
(cTDG) strategy to realize atroposelective C-H activation to
construct C—N axial chirality with various heteroarenes,
including 2-imidazolones, indoles, pyrroles and 2-pyridones.
The reaction has good enantiocontrol and can tolerate several
useful functional groups. The products are also versatile
towards different subsequent transformations such as Diels—
Alder reaction or hydrogenation to gain access to molecules
containing high complexity. This study advances the state-of-
the-art in cTDG-enabled atroposelective C—H activation and
establishes a foundation for further selective C-H
functionalization reactions in the future.
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» C-N axial chirality
« C(Heteroaryl)-H activation
* Diverse heterocycle compatibility

The combined action of tert-leucine as a chiral transient directing group and Pd" as catalyst enables C—H activation of diverse N-aryl
azaheterocycles to establish chiral C-N axes. The synthetically versatile products participate in downstream [4+2] cycloaddition to

form densely functionalized C—N axially chiral products.
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