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Existing strategies are typically limited to modifying a C—H site (o or B-position) of saturated cyclic amines,
but the asymmetric difunctionalization of vicinal C—H bonds remains a formidable challenge. To address
this challenge, this work introduces a synergistic catalytic system that merges visible-light photocatalysis

with asymmetric copper and chiral phosphoric acid catalysis. This system enables the enantioselective
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Accepted 4th December 2025 synthesis of ring-fused amine skeletons by activating vicina onds in straightforward saturate

cyclic amines. The reaction proceeds in good yields (up to 76%) and excellent enantioselectivity (up to

DOI: 10.1039/d55c06987d 92% ee). This work describes detailed mechanistic studies that identify the specific dual chiral catalytic
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Introduction

Nitrogen-containing heterocyclic rings are crucial structural
motifs in natural products and pharmaceuticals.”” The direct
conversion of readily available saturated cyclic amines into
high-value-added chiral compounds via C(sp®)-H functionali-
zation has attracted significant interest from both academic
and industrial researchers. Driven by its inherent atom- and
step-economy and facilitated by the abundant availability of
precursors, this approach represents a promising and trans-
formative strategy in synthetic chemistry. However, achieving
enantioselective C(sp®)-H functionalization of saturated cyclic
amines remains a long-standing challenge in asymmetric
catalysis. In recent years, several particularly attractive strate-
gies have emerged for the a-functionalization of these amines
with high enantioselectivity, including metal/chiral ligand
catalysis, chiral phosphoric acid (CPA) catalysis, and enzymatic
a-functionalization (Fig. 1b).** Despite the significant
advancements in this field, most methods primarily facilitate
the transformation of one C-H bond, while numerous synthetic
endeavors necessitate the installation of multiple functional
groups. Consequently, reactions capable of asymmetrically
functionalizing multiple C-H bonds remain less explored,
despite their potential to enable highly efficient and concise
synthetic routes.”®
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system that forms the basis for the enantioselectivity.

Among various aza-cycles, cyclic amines represent a funda-
mental scaffold.” Notably, ring-fused amine skeletons serve as
fundamental structures in numerous natural products and
pharmaceuticals.’®** For instance, compounds featuring this
skeleton have shown promise in the prevention and treatment
of Alzheimer's disease, as evidenced by a granted Chinese
patent (Fig. 1a)."*"” In addition, (S)-blebbistatin is a well-char-
acterized ATPase inhibitor that selectively targets myosin IL.'®
Due to their intriguing structure and potentially beneficial
biological properties, the synthesis of ring-fused amine skele-
tons has garnered significant interest within the synthetic
community.****

Despite the progress in the field, the synthesis of ring-fused
amine skeletons still largely relies on labor-intensive de novo
synthesis.”® We propose that constructing ring-fused amine
skeletons through activation of vicinal C-H bonds in simple
saturated cyclic amines would significantly streamline the
synthetic route. This approach inherently introduces chirality—
a critical factor for the pharmacological efficacy of drug mole-
cules. However, compared to the installation of a single
stereocenter, the difunctionalization of vicinal C-H bonds
poses significant challenges in controlling regioselectivity, di-
astereoselectivity, and enantioselectivity (Fig. 1c). When a single
chiral catalyst proves insufficient to address these issues, a dual
catalytic system becomes necessary. Herein, we report the first
enantioselective synthesis of ring-fused amine skeletons via
visible-light photocatalytic activation of vicinal C-H bonds in
saturated cyclic amines (Fig. 1d). Crucially, high enantio-
selectivity is achieved through a synergistic catalysis mecha-
nism involving hydrogen bonding between the chiral
phosphoric acid and the substrate, complemented by an addi-
tional counteranion interaction with the chiral copper cation.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Enantioselective vicinal C(sp®)—H difunctionalization of saturated cyclic amines. (a) Application of ring-fused amine skeletons in medicinal
chemistry and their presence in natural products. (b) Previous strategies to achieve stereocontrol of saturated cyclic amines by single chiral
catalysis. (c) Our design of synergistic photoredox, copper, and chiral phosphoric acid catalysis. (d) Development of enantioselective vicinal

C(sp®)—H difunctionalization of saturated cyclic amines.

Results and discussion
Reaction optimization

We initially investigated the asymmetric vicinal C-H bond
functionalization between N-phenyl pyrrolidine 1a and prop-
argylic carbamate 2a using a catalytic system comprising Cul
(10 mol%), chiral ligand L-1 (12 mol%), and ‘Bu-DCQ (1 mol%)
in the presence of pentafluoronitrobenzene (PFNB, 0.5 equiv.)
and NaHCO; (2.0 equiv.) in THF under white LED irradiation.
Under these conditions, the desired product 3a was obtained in
11% yield with 55% ee. Switching to other commonly employed
photocatalysts resulted in the formation of trace products. To
improve the enantioselectivity, we next examined several chiral
ligands with varying structural frameworks. After evaluation,
tridentate chiral PyBox ligands proved optimal. Among them,
ligand L-1 afforded the product in moderate yield and
enantioselectivity. Further modifications to the ligand revealed
that increasing the steric bulk from phenyl to naphthyl signif-
icantly enhanced enantioselectivity, demonstrating the impor-
tance of bulky substituents in stereochemical control.
Subsequent evaluation of BOX ligands with varying substituents

© 2026 The Author(s). Published by the Royal Society of Chemistry

identified L-16 as the optimal ligand, likely due to its favorable
bite angle (Table 1, see the SI for experimental details).
Unfortunately, systematic modification of the ligand struc-
ture did not lead to any significant improvement in either the
reaction yield or ee. When a single ligand fails to provide
sufficient stereochemical control, we propose introducing
a chiral catalyst that can interact with the substrate through
hydrogen bonds.** Additionally, the counteranion interaction
with the chiral copper cation could enhance enantioselective
control. Subsequent screening of various chiral hydrogen-
bonding catalysts revealed that a chiral phosphoric acid proved
to be effective. Guided by this insight, we tested combinations
of Cul-L-16 with various CPAs. The combination of (R)-L-16 and
(R)-CPA B-3 yielded the best results, delivering a product with
90% ee. The ee is sensitive to the substituents at the 2,4,6-
positions of BINOL. Under optimized conditions—using ‘Bu-
DCQ (1 mol%), Cul (10 mol%), L-16 (12 mol%), CPA B-3 (20
mol%) as catalysts, PFNB (0.35 equiv.), 2 equivalents of NaHCO3
as a base, and 4 A MS in 1 mL of THF under white LED irradi-
ation at room temperature for 21 hours under an argon atmo-
sphere—the desired product 3a was obtained in 76% yield with
92% ee with >20:1 dr. Notably, no ring-opening byproducts

Chem. Sci., 2026, 17, 3240-3247 | 3241
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Table 1 Optimization of the ligand and CPA?
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a) Condition optimization

PC (1 mol%), Cul (10 mol%),
Ligand (12 mol%), NaHCO3 (2.0 eq),

N
1
Ar
Ar=4-MeCgHy
1a

£y . 2

N™ ~0
Ts

2a

solvent (0.1 M), PFNB ,
hv, 25°C, Ny, 9 h

(" chiral ligands
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photocatalysts

2PF
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C O 2
o) O 0
a0 7 %
“Bi
- O T oe”
P
Ar NN Bu
B-15 Ar = CgHs V!
B-4 Ar = (2,4,6-iPr)CeH, “Bu
B-14 Ar = (2,4,6-Cy)CgH;

B-3 Ar = (2,4,6-Me)CgH
B-18 Ar = (2,4,6-Ph)CgH;

R
L1, R=Ph
L-4,R =Bu
L-16, R = 2-naphthyl
L-17, R = 1-naphthyl
L-18, R = 9-phenanthryl
L-19, R = 1-pyrenyl

PC-1 ‘Bu-DCQ

.

(7 NJ@ZN

PC-2 4CzIPN

~ PC-3 Ir(ppy),(dtbppy)PFg

PC-4 Ru(bpy)3(PFy);

b) Effect of the ligands,CPA and photocatalysts on the model reaction
r mYield () mee ()

J["LL

ligand L-12 a L-16° L-17° L-18° L-19° L-16°
CPA I / / I I I B-15
photocat PC-1 PC-1 PC-1 PC-1 PC-1 PC-1 PC-1

1l

i

L-16° L-16¢ L-16° L-16¢ L-162 L-162 L-162
B-4 B-14 B-3 B-18 B-3 B-3 B-3
PC-1 PC-1 PC-1 PC-1 PC-2 PC-3 PC-4

“ Reaction conditions: 1a (0.05 mmol), 2a, NaHCO; (2 equiv.), PC (1 mol%), PFNB, solvent (0.1 M), and N, atmosphere. Isolated yields. ee values
were based on chiral HPLC analysis, with >20 : 1 dr based on "H NMR analysis. “2a (1.0 equiv.), “Bu-DCQ (1 mol%), PFNB (0.5 equiv.), and DCM (0.1
M). 2a (1.6 equiv.), ‘Bu-DCQ (1 mol%), THF (0.1 M), and PFNB (0.5 equiv.). 2a (1.6 equiv.), ‘Bu-DCQ (1 mol%), PFNB (0.35 equiv.), L-16 (12 mol%), 4

A MS (5 mg), CPA (10 mol%), and ‘Bu-DCQ (1 mol%) in THF (1 mL).

were detected, highlighting the high chemoselectivity of the
reaction.

Substrate scope

With the optimized reaction conditions in hand, we explored
the substrate scope of enantioselective vicinal C(sp®)-H di-
functionalization (Table 2). A variety of saturated aza-heterocy-
cles bearing different para-substituents were evaluated (3a-3f).
Both electron-donating and electron-withdrawing substituents
performed well, yielding products with comparable efficiency,
although the substitution pattern significantly influenced
stereoselectivity. For instance, substrates with 2-naphthyl and 1-
naphthyl groups (3g and 3h, reaction conditions B) afforded the
desired products in moderate yields with 90-91% ee. Substrates
bearing ortho- and meta-substituents (3i-3l, reaction conditions
B and C) also underwent the reaction smoothly, although the
yields were significantly lower, indicating that para-substituents
favorably impact the reaction process. Additionally, the protocol
enabled access to polysubstituted products (e.g., 3m, 3n, 30, and
3p), albeit with moderate enantioselectivity. These results

3242 | Chem. Sci., 2026, 17, 3240-3247

demonstrate the broad applicability of the optimized condi-
tions while highlighting the importance of substituent posi-
tioning in achieving high efficiency and selectivity. Compared
with pyrrolidine substrates (with a 5-membered ring), the lack
of reactivity of piperidine substrates (with a 6-membered ring) is
mainly due to the significantly higher oxidation potential of the
piperidine nitrogen (see the SI for unsuccessful substrates). The
substrate scope was further explored with various ethynyl
benzoxazinanone derivatives (Table 2). Introducing substitu-
ents at different positions on the benzoxazinanone moiety
yielded excellent reaction partners, producing products with
high enantioselectivities ranging from 75% to 90% ee. Notably,
the stereoselectivity exhibited a subtle dependence on the
substituent pattern. For example, substrates 4b, 4e, and 4g,
bearing chloro-substituents at the 5-, 6-, and 7-positions,
respectively, participated in the reaction smoothly, delivering
products with moderate enantioselectivities of 76-83% ee.
Bromo-substituted derivatives 4f and 4h, with substituents at
the 6- and 7-positions, also demonstrated excellent reactivity
under the optimized conditions. Additionally, electron-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The substrate scope of saturated aza-heterocycles and propargylic carbamates
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PC (1 mol%), Cul (10 mol%),
L-16 (12 mol%), B-3 (20 mol%),
O NaHCOj3 (2.0 equiv.), THF (0.1 M),
04A MS (10 mg), PFNB (0.35 equiv.),
S hv, 25 °C, Ny, 21 h
2a (1.6 eq)

1a (0.1 mmol)

tBu
3d
68% Yield

76% Yield
92% ee, >20:1 dr

34% Yield
87% ee, >20:1dr

56% Yield?
89% ee, >20:1dr

59% Yield! 48% Yield?
90% ee, >20:1dr 84% ee, >20:1dr

51% Yield® 42% Yield®

45% Yield 70% Yield
75% ee, >20:1dr 90% ee, >20:1 dr

57% Yield
75% ee, >20:1dr

34% Yield

r
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The substrate scope of saturated aza-heterocycles

91% ee, >20:1dr

91% ee, >20:1dr 87% ee, >20:1dr

The substrate scope of ethynyl benzoxazinones (Ar = 4-MeCgH,)

83 % ee, >20:1dr

PC = 'Bu-DCQ (R) L-16

|

CF3

3e 3f
63% Yield 23% Yield?
88% ee, >20:1dr 789, ee >20:1 dr

56% Yield? 72% Yield?
91% ee, >20:1 dr 90% ee, >20:1 dr

p
56% Yield 30% Yield
90% ee, >20:1 dr 80% ee, >20:1 dr

55% Yield
86% ee, >20:1dr

51% Yield
89% ee, >20:1dr

g
51% Yield
82% ee, >20:1 dr

60% Yield
78 % ee, >20:1 dr

62% Yield
84% ee, >20:1dr

42% Yield
4% ee, >20:1 dr

¢ Reaction conditions A: 1a (0.10 mmol), 2a (0.16 mmol), ‘Bu-DCQ (1 mol%), Cul (10 mol%), L-17 (12 mol%), CPA B-3 (20 mol%), NaHCO; (2 equiv.),

PFNB (0.35 equiv.), THF (1 mL), 4 A MS (10 mg), N, atmosphere, and 21 h

Isolated yields.  ee values were based on chiral HPLC analysis.

4 Reaction conditions B: ‘Bu-DCQ (2 mol%), NaHCO; (4 equiv.), and 30 h. ° Reaction conditions C: ‘Bu-DCQ (2 mol%), NaHCOj; (4 equiv.), and

48 h.

donating substituents such as methyl group and methoxy
groups positioned at the same locations on the aromatic ring
(e.g., substrates 4c and 4d) were successfully employed in the
reaction. These derivatives afforded products in moderate yields
and good enantioselectivities, showcasing the method's
robustness with a range of substituent types. Furthermore,
using the substrate 6-ethynyl-3-tosyl-1,3-oxazinan-2-one did not
yield any observable formation of the desired product. For the
examples with low enantioselectivity shown in Table 2, we
specifically tested the reaction at 0 ©C. Regrettably, the
enantioselectivity remained largely unchanged, while the yield
significantly decreased. However, the 8-methyl-substituted
substrate 2i proved to be a poor substrate, affording 4i in only
moderate yield and with 4% ee, presumably due to steric effects.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Scale-up reaction and functional group transformations

To showcase the applicability of this method, reaction of 1a
with 2a was performed on a 1 mmol scale under the optimized
conditions. The reaction afforded cyclization product 3a in 45%
yield, with excellent stereoselectivity (dr > 20:1) and 92% ee
(Table 3a).

The resulting product was used for subsequent trans-
formations to highlight the method's versatility (Table 3b).
Treatment of 3a with Mg powder in MeOH at room temperature
cleaved the N-Ts bond, yielding compound 5 in moderate yield
without compromising the optical purity. The alkyne group in
3a was hydrogenated using Pd/C, furnishing compound 6 in
86% yield and 89% ee. A Sonogashira coupling reaction

Chem. Sci., 2026, 17, 3240-3247 | 3243
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Table 3 Scale-up reaction and functional group transformations of 3a
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a) Scale-Up Reaction

{Bu-DCQ (1 mol%), Cul (10 mol%),

” . o L-16 (12 mol%), B-3 (20 mol%),
I A NaHCO; (2.0 equiv.), THF (0.1 M), _
r N, O "4AWs (100 mg), PFNB (0.35 equiv.), |
Ar=4-MeCgH, hv, 25 °C, Ny, 48 h
1 mmol 2a (1.6 equiv.) 45% Yield
92% ee

b) Functional Group Transformations of 3a

a) Mg, MeOH
rt, 12 h,

42% yield
92% ee

b) Pd/C (10 mol%),
L H, (1atm)
- EtOAc, rt, 18 h

86% yield
89% ee

between 3a and iodobenzene afforded compound 7 in 72% yield
and 92% ee, demonstrating the product’s ability to participate
in palladium-catalyzed cross-coupling reactions. A copper-
catalyzed reaction between 3a and BnN; led to the formation of
1,2,3-triazole 8, obtained in 65% yield while retaining the
enantiopurity of the starting material. These transformations
highlight the potential of the cyclization product as a versatile
intermediate for further functionalization, showcasing its
utility in the synthesis of structurally and functionally diverse
molecules.

Mechanistic studies

To gain insights into the reaction pathway, a series of mecha-
nistic studies was conducted. Luminescence quenching exper-
iments were performed to verify the initial single-electron
transfer (SET) step in the photoredox catalytic cycle. Key find-
ings included: 1a, PFNB, and 2a were capable of quenching the
excited photocatalyst (‘Bu-DCQ); reductive quenching of ‘Bu-
DCQ by cyclic amine 1a proceeded at a faster rate than PFNB,
indicating that the reaction primarily follows a reductive
quenching mechanism (Fig. 2A). Moreover, we unraveled
a considerable positive non-linear effect (NLE) in the presence
of ligand L-16 under the optimized reaction conditions. This
result indicates that a dinuclear complex of copper salts and the

3244 | Chem. Sci, 2026, 17, 3240-3247

Ar=4-MeC6H4
92% ee

¢) Pd(PPh3),Cl, (0.1 eq),
Cul (0.2 eq), Phl (1.2 eq), -
EGN, DMF, i, 12h

72% yield
92% ee

d) BnN3 (1.2 eq),
CuTc (10 mol%),
toluene, rt, 12 h

65% yield
93% ee

chiral ligand may function as an active catalytic species to
promote this transformation, according to previous studies*
(Fig. 2B). To investigate the rate-limiting step of the trans-
formation, kinetic isotope effect (KIE) experiments were con-
ducted under standard conditions using deuterated substrates:
dy.-1a, dsg-1a, and dg-1a yielded KIE values of 1.94:1, 2.26:1,
and 2.47 : 1, respectively (Fig. 2C). The similar kinetic isotope
effect (KIE) values for the cleavage of the a- and B-C(sp’)-H
bonds (both ~2) are insufficient to conclusively determine the
rate-limiting step. DFT calculations have also been carried out
to provide evidence (detailed information is available in the SI).
We conducted in situ *'P NMR studies to identify chiral phos-
phoric acid (CPA-B-3) species participating in the asymmetric
catalytic cycle.”® Initial characterization of CPA in CDCl;
revealed single resonances at ¢ = 2.95 ppm. Subsequent
neutralization with NaHCO; induced the complete disappear-
ance of the CPA signal, concomitant with the emergence of
a new single resonance (6 = 1.53 ppm) corresponding to
phosphate formation. Intriguingly, further addition of Cul, L-
16, and 2a (in situ generating the Int-II complex as shown in
Fig. 2F) to the binary system of CPA and NaHCO; resulted in the
emergence of distinct *'P NMR resonances at § = 4.42 ppm and
5.64 ppm (no 2a). These observations collectively demonstrate
that (1) CPA undergoes base-mediated conversion to phosphate

© 2026 The Author(s). Published by the Royal Society of Chemistry
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A) Luminescence quenching experiments.
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B) Nonlinear relationship experiments
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Fig. 2 Mechanistic studies. (A) Luminescence quenching experiments. (B) Nonlinear relationship experiments. (C) Kinetic isotope effect
experiments. (D) 3P NMR studies. (E) Research on the configuration of catalysts. (F) Mass spectrometry studies: analysis of the reaction

intermediate.

species under catalytic conditions, and (2) synergistic coordi-
nation between the CPA-derived phosphate, 2a, and the Cu/L-16
complex generates a sterically defined chiral pocket (Fig. 2D).
HR-MS analysis of the copper, ligand, CPA, and 2a complex was
conducted to identify potential reaction intermediates. Analysis
of the collision-induced fragmentation of the reaction mixture
revealed the formation of two key copper complexes, Int-I and

© 2026 The Author(s). Published by the Royal Society of Chemistry

Int-II, which are integral to the reaction pathway (Fig. 2F). It was
envisioned that copper(1) coordinates with the chiral ligand and
CPA, forming a Cu-CPA ion pair. The enantioselectivity of the
reaction is facilitated by steric interactions between the copper
ligand and CPA in Int-II, highlighting their critical role in
stereochemical control. Intriguingly, cooperation between the
(R)-Box ligand (L-16) and (R)-CPA B-3 proved to be optimal for
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Fig. 3 Proposed reaction mechanism.

the enantiomeric ratio; however, an alternative combination of
the (R)-Box ligand and (S)-CPA or (S)-Box ligand and (R)-CPA
hampered the enantioselectivity in this migratory coupling
(Fig. 2E).>” Only when the configurations of the ligand and CPA
matched did the reaction exhibit enhanced stereoselectivity,
demonstrating the crucial interplay between these components.

Mechanism proposal

Based on experimental data, a dual catalytic cycle involving
visible light, copper catalysis, and CPA was proposed for this
asymmetric vicinal C(sp®)-H difunctionalization (Fig. 3). The
excited state of [‘Bu-DCQ] (II) is generated upon absorption of
photons from the white light source. This high-energy inter-
mediate (II) undergoes single-electron transfer (SET) with the
amine substrate 1a, producing a highly reducing [‘Bu-DCQ]
radical anion (III) and the amine radical cation (IV). PFNB acts
as an electron and hydrogen acceptor, regenerating ‘Bu-DCQ to
its ground state and forming a highly activated nitrobenzene
anion radical (VII). The interaction between VII and the amine
radical cation IV effectively transforms IV into the desired
enamine intermediate (VI). The copper catalyst, in the presence
of a base, coordinates with substrate 2a to form complex IX.
This intermediate undergoes decarboxylation, yielding a highly
reactive copper-allenylidene species (X). CPA interacts with
copper-allenylidene species via H bonds and ion pairing,
increasing enantioselectivity control. Cyclization of X and
enamine intermediate VI produces intermediate XII, which
undergoes copper elimination to furnish the final product 3a.

Conclusions

In conclusion, we have reported an unprecedented asymmetric
catalytic system employing a photoredox, Cu/chiral ligand and
CPA to achieve vicinal C-H bond difunctionalization of satu-
rated aza-heterocycles. This methodology offers efficient access
to chiral ring-fused amine skeletons with excellent control over
regioselectivity, diastereoselectivity, and enantioselectivity. The

3246 | Chem. Sci,, 2026, 17, 3240-3247
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success of this reaction is attributed to the synergistic catalysis
between the hydrogen bonding of the chiral phosphoric acid
with the substrate and the additional counteranion interaction
with the chiral copper cation. This approach effectively
addresses the longstanding challenge of achieving enantio-
selective vicinal C-H bond formation in saturated cyclic amines.
This work not only provides a powerful tool for synthesizing
complex chiral ring-fused amine skeletons but also provides
a solution to the problem that a single chiral catalyst cannot
offer sufficient stereocontrol.
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