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arbene-catalyzed
enantioselective (dynamic) kinetic resolution for
the assembly of inherently chiral macrocycles†

Zhipeng Li,‡ Jingyang Zhang,‡ Wanmeng Zhu, Tianyi Wang, Yefeng Tang
and Jian Wang *

Heterocalixaromatics play a significant role in supramolecular chemistry and materials science. However,

the absence of robust enantioselective synthetic methods has constrained their broader applications. In

contrast, the construction of inherently chiral macrocycles via N-heterocyclic carbene (NHC) remains

underexplored to date. We herein report an NHC-catalyzed approach for the rapid assembly of

inherently chiral macrocycles. This transformation proceeds via a dynamic kinetic resolution (DKR) or

kinetic resolution (KR) process, enabling the conversion of racemic substrates into inherently chiral

heterocalixaromatics with good to high yields and high to excellent enantioselectivities. DFT calculations

were carried out to clarify the chirality control in the related DKR process.
NHCs have advanced signicantly to accelerate asymmetric
transformations and are capable of assembling a variety of
skeletons that are biologically important or medically useful.1

The in-depth promotion of NHC catalysis is attributed to its
bench-stable NHC precursors derived from natural sources,
multiple activation modes, and mild reaction environments.1c,2

Meanwhile, macrocycles (i.e. rings containing 12 or more
atoms) have unique structural properties that distinguish them
from their acyclic small molecule counterparts because they
offer a compromise between structural pre-organization and
sufficient conformational exibility,3 and to which much of
their remarkable biological activities is attributed.4 Compared
with the plethora of reports on the creation of central and axial
chirality, the asymmetric construction of chiral macrocycles
using NHCs as a tool has only been reported in recent years.5

One of the current focuses in this scenario is the asymmetric
preparation of [2,2]-paracyclophanes (Fig. 1a, le). Of note,
suchcontributions were pioneered by Chi, Jin and Veselý via
kinetic resolution,5a parallel kinetic resolution5b and a desym-
metrization strategy,6 respectively. Most recently, NHC catalysis
has moved its attention to the generation of planar-chiral
macrocycles (Fig. 1a, middle). In this context, our group
uncovered the rst atroposelective synthesis of indole-based
planar-chiral macrocycles via NHC-catalyzed
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ry of Education, Tsinghua University,
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the Royal Society of Chemistry
macrocyclization.5c Meanwhile, the Chi and Zhao groups dis-
closed the examples of NHC-catalyzed asymmetric synthesis for
the preparation of planar-chiral cyclophanes.5e–g
Fig. 1 Background and our design. (a) Overview of the NHC-catalyzed
enantioselective synthesis of chiral macrocycles. (b) Background of the
synthesis of inherently chiral macrocycles. (c) Our design.
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Table 1 Optimization of the reaction conditionsa

Entrya Conditions Yield [%]b e.r.c

1 NHC A, K2CO3, THF, rt 43 82 : 18
2 NHC B, K2CO3, THF, rt 53 93 : 7
3 NHC C, K2CO3, THF, rt 45 92 : 8
4 NHC D, K2CO3, THF, rt 51 86 : 14
5 NHC E, K2CO3, THF, rt 55 94 : 8
6 NHC F, K2CO3, THF, rt 45 13 : 87
7 NHC E, K2CO3, DCM, rt 61 94.5 : 5.5
8 NHC E, K2CO3, 1,4-dioxane, rt 38 94 : 6
9 NHC E, K2CO3, toluene, rt Trace ND
10 NHC E, Cs2CO3, DCM, rt 68 89.5 : 10.5
11 NHC E, NaHCO3, DCM, rt 37 85 : 15
12 NHC E, DIPEA, DCM, rt 73 84.5 : 15.5
13d NHC E, K2CO3, DCM, rt 86 85.5 : 14.5
14e NHC E, K2CO3, DCM, rt 85 75 : 25
15d NHC E, K2CO3, DCM, 0 °C 70 77 : 23
16d NHC E, K2CO3, DCM, 50 °C 88 93 : 7
17d,f NHC E, K2CO3, DCM/Hex. (1 : 1), 50 °C 91 96 : 4
18 d,f,g NHC E, K2CO3, DCM/Hex. (1 : 1), 50 °C 72 96 : 4

a Reaction conditions: 1a (0.033 mmol), 2a (0.04 mmol), DQ (0.04
mmol), NHC pre-cat. A–E (20 mol%), base (1.2 equiv), solvent (0.6 mL)
at room temperature for 24 h under a N2 atmosphere. b Isolated
yields. c The e.r. values were determined via chiral phase HPLC
analysis. d 2a (0.1 mmol), DQ (0.1 mmol). e 2a (0.16 mmol), DQ (0.16
mmol). f DCM (0.6 mL) + Hex. (0.6 mL). g 5 mol% of NHC pre-cat. E,
48 h.
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In fact, NHC catalysis has gained mature experience for the
synthesis of atropisomeric compounds, including planar-chiral
macrocyclic atropisomeres.1j,7 Despite these signicant
advancements, NHC-mediated reactions have not yet been
utilized in the generation of inherently chiral macrocycles.
Unlike conventional molecules that possess central, axial,
planar, or helical chirality elements, inherently chiral molecules
lack explicit chiral elements. In contrast, this class of molecules
is given chirality by the rigid conformation of whole structures.8

Therefore, it would be very interesting for us to investigate
whether NHCs can exhibit similar potential in building central,
axial, and planar chirality when establishing inherently chiral
macrocycles, and to gain insight into the mechanisms by which
this chiral control occurs.

In recent years, the advancement in asymmetric catalytic
methodologies has led to the emergence of diverse enantiose-
lective approaches for building inherently chiral macrocycles.9

The distinctive properties of inherently chiral compounds make
it feasible to construct themselves through a desymmetric
functionalization strategy mediated by directional groups
within these molecules (Fig. 1b, le). Recently, chiral phos-
phoric acid (CPA)-catalyzed Povarov reaction,9a,b metal-catalyzed
annulation,9c–g and sulde-catalyzed sulfenylation9h have been
reported. De novo synthesis represents a robust and versatile
strategy for constructing inherently chiral macrocycles, specif-
ically ABCD-type macrocycles (Fig. 1b, middle). The incorpora-
tion of metal-catalyzed intramolecular coupling reactions9i,k and
CPA-catalyzed SNAr reactions9j further enhances the utilization
of this strategy. DKR appears to be a versatile strategy for con-
structing various types of chirality. However, only one case has
been reported to synthesize the inherently chiral macrocycles
using this approach successfully so far.9l There is no doubt that
the racemization of inherently chiral macrocycles just by ring
inversion poses a signicant challenge to distinguish between
the two enantiomers.

Herein, we disclose an NHC-catalyzed DKR or KR approach
to afford the inherently chiral macrocycles in good to high
yields and with high to excellent enantioselectivities (Fig. 1c).
Despite the advancements in the carbene-catalyzed DKR
process, the “conformational capture” of nucleophiles exhibit-
ing distinct congurational changes just through benzene ring
ipping to acyl azolium intermediates remains a topic of
signicant interest.

In recent years, the types of inherently chiral macrocycles
achieved through asymmetric catalysis have primarily focused
on calix[4]arenes. Owing to differences in bridging atoms,
nitrogen- and oxygen-bridged calixaromatics exhibit distinct
spatial conformations compared to calix[4]arenes, as well as
offering varied application potentials in supramolecular
chemistry.10 So our study was focused on heteroatom-bridged
calix[4](het)arenes. Diazadioxacalix[2]-arene[2]quinazoline (1a)
and 4-bromobenzaldehyde (2a) were selected as model
substrates to verify whether the DKR process can occur.
Preliminary studies (Table 1) have shown that N-penta-
uorophenyl substituted NHC pre-cat. A provided the corre-
sponding product 3a in moderate yield but only 82 : 18 e.r.
under conditions of K2CO3 as base, tetra-tert-
11022 | Chem. Sci., 2025, 16, 11021–11026
butyldiphenylquinone (DQ) as oxidant, tetrahydrofuran (THF)
as solvent, and room temperature (entry 1). Gratifyingly, N-
1,3,5-trichlorophenyl substituted NHC pre-cat. B, N-1,3,5-tri-
bromophenyl substituted NHC pre-cat. C and N-mesityl
substituted NHC pre-cat. D all contributed to different degrees
of e.r. value, but not a signicant increase in yield (entries 2–4).
A small increase in the e.r. value was achieved by introducing an
additional bromide functional group on the NHC pre-cat. B
(entry 5, NHC pre-cat. E). The conversion of the NHC scaffold to
a chiral morpholine skeleton did not result in a substantial
enhancement in e.r. or yield (entry 6, NHC pre-cat. F). In addi-
tion, a solvent survey (entries 7–9) indicates that the yield was
slightly improved in dichloromethane (DCM) (entry 7, 61%).
Inorganic and organic bases other than K2CO3 that we evaluated
failed to improve the reaction outcomes (entries 10–12). By
adjusting the amount of substrate 2a to 3.0 equivalents, the
yield was enhanced to 86%, albeit with a concomitant decrease
in the e.r. value (entries 13 and 14). We subsequently
© 2025 The Author(s). Published by the Royal Society of Chemistry
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investigated the impact of temperature and discovered that
elevating the temperature resulted in an increased e.r. value of
3a (entries 15 and 16). This phenomenon may be attributed to
the enhanced racemization rate of 1a. When the reaction
proceeds at 50 °C, 88% yield and 93 : 7 e.r. were achieved (entry
16). Finally, we introduced an equal volume of n-hexane to DCM
into the reaction system to dilute the reactants, thereby
reducing the reaction concentration. Ultimately, this approach
enabled us to complete the screening with an optimal result of
91% yield and 96 : 4 e.r. (entry 17) Furthermore, 20 mol% of
NHC pre-cat. E was essential. (entry 18)

The scope of this DKR process was systematically investi-
gated. Aromatic (hetero)aldehydes, specically including
Fig. 2 Scope of aldehydes and heterocalix[2]arene[2]quinazolines.
aReaction conditions: 1a (0.033 mmol), 2a (0.1 mmol), DQ (0.1 mmol),
NHC pre-cat. E (20mol%), K2CO3 (1.2 equiv.), DCM (0.6mL) +Hex. (0.6
mL) at 50 °C for 36 h under a N2 atmosphere; isolated yields; the e.r.
values were determined via chiral-phase HPLC analysis. bNHC D
instead of E.

© 2025 The Author(s). Published by the Royal Society of Chemistry
quinoline-4-carbaldehyde, 2-naphthaldehyde, 1-methyl-1H-
pyrrole-2-carbaldehyde, and benzofuran-2-carbaldehyde, were
evaluated as esterication reagents. These substrates afforded
their corresponding desired products in excellent yields and
enantioselectivities (3a–3f). Anthracene-9-carbaldehyde, despite
its signicant steric hindrance, was also found to be compatible
(Fig. 2, 3g). It is noteworthy that N-mesityl substituted NHC pre-
cat.D exhibits superior reactivity with alkyl aldehyde substrates.
Asymmetric esterication reactions of various alkyl aldehydes,
including cyclohexanecarbaldehyde, 3-phenylpropanal, (Z)-dec-
4-enal, isobutyraldehyde, 3,3-dimethylbutanal, and cyclo-
pentanecarbaldehyde, consistently yielded the corresponding
products (3h–3m) with high e.r. values across all examined
examples. The absolute conguration of compound 3l was
determined by X-ray crystallography (Fig. 2), and the congu-
rations of other products were deduced by analogy.11 Subse-
quently, the DKR of heterocalix[2]arene[2]quinazolines bearing
ethyl and allyl substituents on the bridging nitrogen atom
afforded the products in excellent yields and with high e.r.
values (3n–3p). In general, alkyl aldehydes exhibit superior
compatibility in this reaction. The involvement of aromatic
Fig. 3 Kinetic resolution of racemic calix[4](het)arene 4. aReaction
conditions: 4 (0.1 mmol), 2 (0.08 mmol), DQ (0.055 mmol), NHC pre-
cat. E (20 mol%), K2CO3 (0.7 equiv.), DCM (2.0 mL) for 12–24 h under
a N2 atmosphere; isolated yields; the e.r. values were determined via
chiral-phase HPLC analysis; selectivity factor (s)= ln[(1−C)(1− ee1)]/ln
[(1 − C)(1 + ee1)], C = ee1/(ee1 + ee2).

Chem. Sci., 2025, 16, 11021–11026 | 11023
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aldehydes with varying degrees of steric hindrance results in
minor variations in the efficacy of chirality control.

To build more structurally diversied calix[4](het)arene
structures, we prepared a series of multifunctional substituted
calix[4](het)arenes (Fig. 3, 4a–4d) as starting materials. These
molecules do not undergo racemization at room temperature
and can be effectively separated by high performance liquid
chromatography (HPLC). It is expected that they will only be
able to participate in asymmetric transformations through
kinetic resolution. When phenylpropanal was used as the
reaction partner, rac-4a was converted to enantioenriched
Fig. 4 Follow-up chemistry.

Fig. 5 Calculated energy profile of TS-(Sp)-1a and TS-(Rp)-1a and key d

11024 | Chem. Sci., 2025, 16, 11021–11026
corresponding product 5a (97 : 3 e.r., 42%) and recovered the
ent-4a (96 : 4 e.r., 38%), respectively. When long-chained alde-
hydes or rigid aldehydes were employed, the reaction still pro-
ceeded smoothly and afforded moderate to good yields and
high e.r. values (5b–5e). Interestingly, the utilization of tert-
butyl 4-formylpiperidine-1-carboxylate led to a decrease in e.r.
(5f), suggesting that the KR process exhibits a greater sensitivity
to the steric substituents compared to the DKR process. Finally,
the KR of calix[4](het)arenes bearing ethyl, allyl and benzyl
substituents on the oxygen atom afforded the products in good
yields and with high e.r. values (5g, 5h, and 5i).
istances between atoms (in angstrom).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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To further demonstrate the synthetic utility of this protocol,
it was successfully applied to the 1 mmol-scale synthesis of
product 3o, yielding 3o in an isolated yield of 86% and with
excellent enantioselectivity (99 : 1 e.r.). To enhance the potential
utility of this process, we further modied the inherently chiral
macrocycles (Fig. 4). The recovered compound 4a yielded the
inherently chiral O-alkylated product 6a (85% yield and 97 : 3
e.r.). Moreover, the enantiomerically enriched acetylene 6b was
efficiently obtained from 3a via Sonogashira cross-coupling
directly, and retained an excellent e.r. value (96 : 4). Further-
more, to validate the broad-spectrum applicability of this
asymmetric esterication strategy, we successfully synthesized
tetraoxacalix[2]arene[2]pyridines 1d. Preliminary studies have
shown that N-1,3,5-tricyclohexyl substituted NHC pre-cat. G
provided the corresponding product 6c in moderate yield and
91 : 9 e.r. This result demonstrates that the NHC-catalytic
system remains applicable to the DKR process of other types
of heterocalixaromatics.

For an in-depth understanding of the chirality control mode
in the DKR process, we conducted a DFT analysis of TS-(Sp)-1a
and TS-(Rp)-1a at the level of SMD(DCM)-M06-2X/def2-TZVP.
The three-dimensional structures and key atomic distances of
these two transition states are specically investigated. As
illustrated in Fig. 5, the energy barrier of the addition of
a hydroxyl group to acyl azolium in TS-(Sp)-1a is 9.2 kcal mol−1

lower than that in TS-(Rp)-1a. Thus, the formation of S-cong-
uration products is kinetically favoured, which aligns with our
experimental observations. Furthermore, the analysis of atomic
distances and angles indicates that TS-(Sp)-1a occurs at an
earlier stage and exhibits lesser deformation. To further vividly
demonstrate the difference in non-bonding interactions in
transition states, we conducted a brief reduced density gradient
analysis (Fig. 5), which showed that it had more weak interac-
tions in TS-(Sp)-1a, especially in the region near tri-
chlorobenzene of the catalyst. In summary, we have successfully
achieved the highly enantioselective synthesis of inherently
chiral macrocycles through NHC-catalyzed asymmetric esteri-
cation of heterocalixaromatics. The steric hindrance imposed
by the aromatic ring substituents enables the reaction to
proceed via kinetic resolution or dynamic kinetic resolution (28
examples, up to 99 : 1 e.r.). Applications of these inherently
chiral scaffolds in library inclusion and asymmetric catalysis are
currently under investigation in our laboratory.
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