Journal Pre-proof

CCL o

Chinese Chemical Letters (PEfS2RE)

Rhodium-catalyzed enantioselective in situ C(sp®)—H heteroarylation
by a desymmetrization approach

Yujia Shi, Yan Qiao, Pengfei Xie, Miaomiao Tian, Xingwei Li,
Junbiao Chang, Bingxian Liu

Pl S1001-8417(24)00064-0

DOl: https://doi.org/10.1016/j.cclet.2024.109544
Reference: CCLET 109544

To appear in: Chinese Chemical Letters

Received date: 9 October 2023

Revised date: 8 January 2024

Accepted date: 15 January 2024

Please cite this article as: Yujia Shi, Yan Qiao, Pengfei Xie, Miaomiao Tian, Xingwei Li,
Junbiao Chang, Bingxian Liu, Rhodium-catalyzed enantioselective in situ C(sp®)—H het-
eroarylation by a desymmetrization approach, Chinese Chemical Letters (2024), doi:
https://doi.org/10.1016/j.cclet.2024.109544

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

(©) 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.


https://doi.org/10.1016/j.cclet.2024.109544
https://doi.org/10.1016/j.cclet.2024.109544

Journal Pre-proof

Chinese Chemical Letters

journal homepage: www.elsevier.com

Communication

Rhodium-catalyzed enantioselective in situ C(sp*)—H heteroarylation by a

desymmetrization approach

Yujia Shi,? Yan Qiao,” Pengfei Xie,® Miaomiao Tian,® Xingwei Li,? Junbiao Chang,? Bingxian Liu®*

2 State Key Laboratory of Antiviral Drugs, NMPA Key Laboratory for Research and Evaluation of Innovative Drug, School of Chemistry and Chemical
Engineering, Henan Normal University, Pingyuan Laboratory, Xinxiang 453007, China
® Department of Pathophysiology, School of Basic Medical Sciences, Zhengzhou University, Zhengzhou 450001, China

ARTICLE INFO ABSTRACT

Article history:

Received

Received in revised form
Accepted

Available online

Keywords:
heteroarylation
C(sp®)—H activation
Enantioselective
Desymmetrization
7 Interactions

A rhodium-catalyzed desymmetrization reaction for enantioselective methyl C—H arylation is
achieved by utilizing an in situ arylating reagent via nucleophilic cyclization of o-aminoaryl
alkyne. The reaction results in chiral indoles containing all-carbon quaternary stereocenters under
atmospheric conditions, with a wide range of substrates exhibiting good enantioselectivity (44
examples). Mechnism and DFT studies show that the stereocontrol is reasonably achieved through
the collaborative control of a large silicon substituted chiral ligand and C-H---z, LP---z
interactions between aryl rings of the carboxylate group and the substrate. Control experiments
demonstrate that Rh-aryl bond formation via in situ nucleophilic cyclization is more critical for
reaction efficiency than via C-H activation of the nucleophilic cyclization byproduct.

Asymmetric C(sp®)-H arylations have made significant progress in
the past decade, enabling chemo- and enantio-selective C(sp®)-
C(sp?) connections in both intermolecular and intramolecular ways
[1-8]. This approach helps in developing versatile building blocks
with central chiral carbon stereocenters. Moreover, intermolecular
C(sp®)-H arylation also adds the introduction of aromatic groups
into molecules, modifying their original properties and broadening
new possibilities for drug research [9-13]. The key to achieving
good stereocontrol lies in the enantioselective C(sp®)-H activation
process, which primarily involves recognizing enantiotopic
methylene C-H bonds or desymmetrizing alkyl groups to create an
organometallic species with chiral information. Although
enantioselective methylene C-H arylations have been well studied
using Pd [4,8,14-22], Rh [23,24], Ni [25,26], and Cu [27] catalysts,
C-H arylations of methyl groups still have some limitations. In this
context, Yu et al. recently described a breakthrough in a-chiral
center formation by asymmetric S-C(sp®)-H arylation through
desymmetrization of two methyl groups even for challenging
isopropyl substrates (Scheme 1A) [28]. After that, Yu’s group
[29,30], Gong’s group [31], and Jiao’s group [32] independently
reported a few Pd-catalyzed asymmetric C—H arylation reactions
using the desymmetrition strategy with prefunctionalized arylating
reagents (Scheme 1A). However, the process is currently
constrained to palladium catalysts and arylating reagents of
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arylboronic compounds or aryl halides. On the other hand, while
chiral rhodium(lil)-catalyzed C(sp®-H activation is still under
development [33-37], Matsunaga [34,36] and our group [37] have
independently reported representative work on enantioselective
amidation through desymmetrization of gem-dimethyl groups. In
our previous work, we utilized bulky directing groups (DG) and
substituents (R group) to induce steric bias and bring gem-
dimethyl groups close to the chiral ligand, resulting in the
desymmetrization (Scheme 1B). However, discrimination of the
unbiased gem-dimethyl groups with small DGs like a prydine ring
is challenging due to the methyl groups' inability to approach the
ligand side arm [38]. To overcome this issue, we speculate that a
large chiral ligand may offer help to improve stereocontrol.
Additionally, the introduction of noncovalent interaction [39-45]
would also provide significant assistance. We herein report a
rhodium(lll)-catalyzed  in  situ  asymmetric ~ C(sp®)-H
heteroarylation system using a small prydine as the directing group
and o-aminoaryl alkynes [46-50] as arylating reagents (Scheme
1C). In this system, collaborative control of a large silicon
substituted chiral ligand and C-H- -z, LP---x interactions between
aryl rings of the substrate and a preferred additive facilitated the
good stereoselectivity, leading to the construction of chiral indoles
containing all-carbon quaternary stereocenters.



Journal Pre-proof

(A) enantioselective C-H arylation via desymmetrization of methyl gourps

Me_ Me
DG R

lArl Arll AFB(OH)zl Arl

+  Pd/L*

o s o
PhthN
Ar/ﬁ)LNHR /\1)1\ Ar/ﬁ)LNRz Ar/\‘)LNWR2
Me Me Me Me

Yu/2017 Yu/2018 Gong/2020 Jiao/2023

(B) our previous design for discrimination of gem-dimethyl groups

(R)-Cp* ligand

6 h’OA high reactive amidating reagent NHR
O0—DbG) <%----- bulky (tunable)
eJ_/
A (R
steric bias —>‘X <t (R)-product

----- bulky R: distal to chial ligand

pIBIYS

(C) in situ arylation via enantioselective methyl C-H activation by Rh catalysis (This work)

NHR'
7N [Rh*/[Ag] ,
— Yo * [0}, solvent, air * =—R

desymmetrization/ nucleophilic cyc/ization/

Cligan! . large side arm Cligan! R?
M M
y— 2 )\‘ distal Py£ \;
Me discrimination A
Me
p interactions

Q collaborative control of large chiral ligand and p interactions beats distal discrimination
Q in situ arylating intermidiate enhances reactivity

Q rhodium catalysis gives new choices for asymmetric sp® C-H heteroarylation

Q construction of all-carbon quaternary stereocenters

Scheme 1. Enantioselective intermolecular methyl C(sp®)—H arylations.

We initiated our investigation by using pyridine derivative la
and NHTSs substituted diarylalkyne 2a as the starting materials in
the presence of chiral rhodium catalyst and silver salts [51]. Under
the optimal reaction conditions, the model reaction produced the
corresponding product 3 in 75% yield and 91% ee, using the chiral
rhodium catalyst containing OTDPS (tert-butyldiphenylsilyloxy)
substitution (Table 1, entry 1). Reducing the equivalent of the
silver carboxylate additive which acts as both the oxidant and the
active base for the C-H activation process, the product was
obtained with a high ee but a slightly lower yield (entry 2). Other
catalysts with different chiral ligands were tested, but only Rh2
with a similar large ligand arm showed increased yield while
slightly decreased enantioselectivity (entries 3-5). This indicates
that the large steric resistance of the silicon substituents played a
vital role in enantioselective control. The change in substrate ratio
(1a:2a) resulted in a lower reaction efficiency while maintaining
the enantioselectivity (entry 6, 47% yield, 91% ee). Solvent
screening revealed that PhCF; is optimal for the reaction system
(entries 7-10). Lower reaction temperature reduced the reaction
efficiency while higher temperature had a negative effect on both
selectivity and reaction efficiency (entries 11 and 12). Reducing
the reaction concentration had little effect on the reaction while
still giving a considerable result (entry 13).

Table 1
Verifications of the optimal conditions.?

N NHTs Cat. (R)-Rh1 (5 mol%)
AgSbFg (20 mol%
= additive (3 equiv.)

PhCFj, air, 0 °C

1a 2a

(R)-Rh1 (R = OTBDPS)

= Me

(RO gatve= r-lcoORs
(R)-Rh4 (R = OiPr) Ph

Entry  Verifications of the optimal conditions  ee Yield (%)

1 no changes 91 75

2 additive (2 equiv.) 91 69

3 Rh2 instead of Rh1, additive (2 equiv.) 87 88

4 Rh3 instead of Rh1, additive (2 equiv.) 43 45

5 Rh4 instead of Rh1, additive (2 equiv.) 63 47

6 la:2a = 2:1, additive (2 equiv.) 91 47

7 PhCl instead of PhCF; 91 75

8 DCE instead of PhCF; 85 51

9 i-PrOH instead of PhCF; trace -

10 THF instead of PhCF3 70 27

11 -10°C 91 60

12 25°C 79 54

13 0.5 mL 91 74

@1a (0.05 mmol), 2a (0.1 mmol), Rh1 (5 mol%), AgSbFs (20 mol%),
additive (0.15 mmol), PhCFs (0.25 mL), 0 °C, 3 d, under air, isolated
yield. OTIPS = triisopropylsilyloxy, OTBDPS = tert-
butyldiphenylsilyloxy.

With the optimal conditions in hand, we then investigated the
tolerance of functional groups (Scheme 2). We found that phenyl
group, heterocyclic group, or alkyl group in the alkynyl unit of o-
aminoaryl alkynes all gave moderate to good yields and high
enantioselectivity (3-6, 54%-75% yields, 88%-92% ee). However,
the presence of bulky iso-propyl and tert-butyl substituents
inhibited the formation of desired products. Nucleophilic
cyclization is impeded by both bulky substituted alkynes and bulky
catalysts, and does not occur readily. Likewise, heterocyclic rings
with a heteroatom at the ortho-position was also not suitable for
this reaction. The heteroatom can act as a coordination site,
forming a stable intermediate during nucleophilic cyclization and
inhibiting the intended C-H coupling. Interestingly, good
enantioselectivity was only achieved when using pyridine
substrates that containedan aryl ring substitution (3, 7-9, 30%-75%
yields, 9%-92% ee). However, substrates containing an alkyl
group (8 and 9) showed low enantioselectivity. The observation
could be explained by the possible z interactions between the
substrate and carboxylate's aryl rings, considering the phenyl
substitution of the silver additive. Other hetero functional groups
like OMe, Pht, and ester were found to be unsuitable for the
reaction system. These groups could serve as coordination sites
that compete with the C—H bond activation process, hindering the
delivery of a rhodacycle. We then screened the substrate scopes in
detail. Pyridine derivatives with different substitutions in the
phenyl ring were tested using Rh1 and Rh2 as catalysts. Better
enantioselectivity was achieved in the presence of Rh1 and better
efficiency was obtained in the presence of Rh2 in most cases (10-
21, 42%-90% vyields and 66%-92% ee for Rh1; 51%-99% vyield
and 74%-92% ee for Rh2). The occupations at 2-, 3-, 4-postion of
the phenyl ring by halogen, alkyl group, trifluoromethyl and
methoxy all allowed the coupling to give the C(sp®-H
heteroarylation  products. The introduction of various
functionalities in the phenyl rings of o-aminoaryl alkynes did not
affect enantioselectivity and provided the corresponding products
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with moderate to good yields (22-46, 40%-85% vyields, 88%-92%
ee). The absolute configuration of compounds 30 and 31 was
determined by X-ray single crystal diffraction (CCDC: 2243748

and 2222589). 2-(Phenylethynyl)phenol that can undergo
nucleophilic cyclization to afford benzofurans was also tested, but
no desired product was obtained.

R3
NHSO,R? Cat. (R)-Rh1 (5 mol%) R20,S~ R
/N AgSbFy (20 mol%) NS Me
R+ 7 \_= — - Me Py additive = Ph—|—COOAg
= == additive (3 equiv.) Ph
R’ PhCF3, air, 0 °C o
1 2 (R)-10-46
s r
\ Ph unsuccessful substituents
] e
r t Y ?
3,75%, 91% ee 4,70%, 92% ee 5,70%, 88% ee 6, 54%, 92% ee L
p
‘ Me unsuccessful substituents
O vy ;@
e
>\<Ol\/\e \(COOMB \(
3,75%, 91% ee 7,37%, 86% ee 8, 43%, 9% ee 9, 30%, 34% ee

comp. R yield (%) ee (%) comp. R yield/% ee/%
22 4-Me 85 92 R 0 34 4-OMe 48 92
23 4-Cl 74 92 N/S‘io 35  4F 50 91
comp. with Rh1 with Rh2 24 4CF, o o B 3 e o o
vield (%)ee (%)  vield (%) ee (%) 25 4.COOMe 48 90 Ve, 37 H 53 89
10 2-F 90 88 99 87 Py” an 38  Mes 42 88
" 2-Br 77 87 88 85 comp- R vield (%), ee (%) -
12 2CR 51 66 73 84 26 CeHs 53 92 3 '\‘_‘r’ >
13 3-Me 52 92 51 92 27 4-OMeCgH, 53 92 \ )/'\)." g 2
14 3-F 72 89 88 75 28 4-FCgH,4 47 92 I,,A /g f ‘l \ /\
15 3-CF3 77 90 79 83 29  4-0FsCe¢Hs 65 91 = I )
16 4-Me 76 91 73 84 30 2-OMeCgH; 40 91 J '\(
17 4-Bu 72 90 96 80 31 2-CFaCgHa 80 89 X-ray crystal structure of 30, CCDC:2243748
18 4-F 85 89 83 81 22 Methyl 58 o1
19 4-Cl 84 88 85 74 5 e " o ?
p
20 4-Br 74 86 85 76
21 2-Br-5-OMe 42 85 58 81 }
f (
‘»
Ph comp- R vield (%) “ee (%) comp. R vield (%) ee (%) X-ray crystal structure of 31, CCDC: 2222589
39 5-Me 69 91 43 5-F 68 90 Failed substrates
40 5-Cl 78 91 44 5-Cl 44 90 NHR OH
41 6-Me 55 89 45 6-Me 63 91 < >_: Ph < /> — pp
42 6-Cl 82 88 46 6-F 49 91

R =H, Tfor Boc

Scheme 2. Substrate scopes. Reaction conditions: 1a (0.05 mmol), 2a (0.1 mmol), Rh1 (5 mol%), AgSbFs (20 mol%), additive (0.15 mmol),

PhCF; (0.25 mL), 0 °C, 3 d, under air.

The scale-up synthesis of compound 3 was carried out using
both catalyst Rh1 and Rh2 (Scheme 3). The results showed a slight
decrease in reaction efficiency and enantioselectivity, though still
acceptable. However, when the reaction was performed on a 0.2
mmol scale, compound 3 was generated in 73% yield and 90% ee.
The Ts group in compound 3 can be easily eliminated with ‘BuOK
in DMSO, affording the free indole product 47 with a good yield.
Subsequent oxidation of Compound 47 led to the formation of a
ring-opening product 48, which introduced a carbonyl group and
an amide group.

To gain a better understanding of the reaction mechanism, some
experiments were carried out (Scheme 4). The H/D exchange
experiment in the absence of D,O gave both the final product and

the recovered pyridine substrate without any deuteration,
indicating the irreversibility of the C(sp®)—H activation process
(Scheme 4A, i). The kinetic isotope effect experiment by
comparing the initial rates of two parallel reactions resulted in a
KIE value of 4.7, confirming the involvement of the C(sp®-H
activation process in the rate- determining step (Scheme 4A, ii).
Control experiments were performed to clarify the reaction
pathway. The reaction system was easy to generate a Ts-indole
compound as a byproduct catalyzed by the silver ion (Scheme 4B,
iii). The Ts-indole byproduct can also produce the corresponding
product via a potential C-H/C-H coupling progress. Thus, the Ts-
indole was synthesized and applied to the system under the
standard conditions, showing lower reaction efficiency and
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enantioselectivity (Scheme 4B, iv). To further rule out the
possibility of this intermediate, a competition experiment was
conducted between deuterated o-aminoaryl alkyne and the Ts-
indole, resulting in the deuterated product as the main product
(Scheme 4B, v, 3:3-Ds = 1:4). The results indicate that the pathway
through the Ts-indole intermediate is not as effective. A better
approach is to form the Rh-aryl bond through in situ nucleophilic
cyclization, which improves the reaction efficiency. To confirm
the importance of aromatic ring substitution, three more silver
carboxylate oxidants with varying amounts of methyl or phenyl
substitutions were tested. The result shows that phenyl
substitutions in the additives is also crucial to achieve high
enantioselectivity (Scheme 4C). Considering that benzene rings
both in the pyridine substrates and the additive are necessary to
gain high stereoselectivity, a transition state model with =
interactions which preferred to deliver the major rhodacycle
intermediate and afforded the final (R)-3 product was assumed
(Scheme 4D, TS1R).

(A) Deuterium labelling experiments

e . N
modified conditions
) 1a + 2a 73 Bn + 3
D,0 (20 equiv.), 11 h —
no deuteration detected
modified conditions
ii) 1aor1a-Dg + 2a ———— > 3or3-D; kn/kp = 4.7

Ph

conditions Ts <N

2a

scale yield ee

with Rh1 0.5 mmol 45%  90%

with Rh1 0.2 mmol 73%  90%

with Rh2 0.5 mmol

65%

85%

t-BuOK (3.0 equiv.)
—_—
DMSO, r.t., N,

47, 84%, 86% ee

3,86% ee

Q Bn Py

NHBz

48, 79%, 86% ee

H,0, (5.0 equiv.)
—_—

HFIP, 40 °C, N,

Scheme 3. Scale-up synthesis and derivatization of 3.

f (C) Verification of z interaction

(B) Intermediate verification experiments

conditions

yield

NHTs

PhCF3, 0 °C tradg

16h

iii)) =—Ph

standard conditions 3, 14% yield, 87% ee

NHTs Ts

v) 1a +

Scheme 4. Mechanism studies.

To gain deeper insights into the origin of enantioselectivity,
theoretical studies at the DFT levels have been conducted (see
Supporting information for details). The calculated results suggest
that the C-H activation event is only slightly endergonic (AG =2.8
kcal/mol) with a calculated activation barrier of 19.3 kcal/mol,
which seems in line with the 0 °C reaction temperature (Fig. S5
and Table S3 in Supporting information). The C-H activation is
likely enantio-determining as indicated by the DFT studies. The
two transition states of C-H activation that correspond to formation
of the R- and S-products have been evaluated. To ensure the lowest
energies of these two transition states, eight conformers of TS1R

N s 3+3.D;
= ph-D; * @%Ph —CONCTONS 47% yield, 90% ee
33D;=14 !

: Ph
H NHTs Ts~
. i N standard conditions NN 5 Ph
) <;>—<Bn + — e, Mé Py
Me Me Ph Me
Ph—|—COOAg Ph—|—c00Ag Ph—|—c00Ag Me—|—c00Ag
Ph Me Ph Me
additive additive-Ph additive-Ph, additive-Phy

75% yield, 91% ee 51% yield, 86% ee 57% yield, 91% ee 9% yield, 1% ee

(R)-Cp* ligand

pIBIyS

major intermediate

too long distance for r interactions
TS1S

possible r interactions
TS1R

and TS1S were constructed and optimized, and the comparative
results are provided in Table S4 (Supporting information), with the
most stable ones given in Fig. 1. The TS1R is more stable than
TS1S by 1.8 kcal/mol. To rationalize the origin of the
stereoselectivity, atom-in-molecule (AIM) analysis [52] was per-
formed on both TS1R and TS1S. The results indicate that in the
TS1R the more favorable C-H---z and the LP---z interactions
between an enantiotropic phenyl ring of the carboxylate group and
the phenyl ring in the pyridine substrate account for the observed
stereoselectivity.
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Fig. 1. AIM analyses of the transition states TSIR and TS1S (bond distances (A) and Laplace electron density (e4~) are shown).

Based on the above results and literature reports [47,53-55], a
possible reaction pathway has been proposed (Supporting
information). The carboxylate assisted C(sp*)—H activation of the
pyridine substrate occurred to give a rhodacycle. The transition
state with more favorable C-H---z interactions and LP---zw
eventually delivered the major rhodacyclic

Subsequently, the intermediate undergoes
coordination of an incoming o-aminoaryl alkyne, and a Rh-aryl
species was formed by nucleophilic cyclization. The reductive
elimination of the Rh(IIl)-aryl species gave the final product and
released the rhodium(I) catalyst. And the oxidation-induced
reductive elimination process via Rh(IV) intermediate to Rh(II)
species cannot be ruled out.

In summary, asymmetric synthesis of indole skeleton containing
all-carbon quaternary stereocenter was achieved via chiral
rhodium catalyzed C(sp*)—H heteroarylation reactions by using an
in situ generated arylating reagent. The use of a chiral ligand with
a highly hindered silicon substitution and the C-H: - -z interactions
and LP---r interactions between the aryl rings of the carboxylate
group and the substrate played crucial roles in achieving
stereocontrol. Mechanism studies provided evidence for the
proposed catalytic cycle, with in sifu nucleophilic cyclization
leading to the formation of the Rh-aryl bond and the construction
of the final product.

interactions
intermediate.
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