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Metacyclophanes are a type of macrocyclic cyclophanes with the ansa chain linked to the aryl rings at the two
meta positions, which have been widely found in natural products and bioactive small molecules. However, due
to the stringent requirements for maintaining planar chirality and a crowded environment for macrocyclization,
the catalytic enantioselective synthesis of planar-chiral metacyclophanes has received significantly less attention
compared to their paracyclophane counterparts. Herein, we present an efficient method for enantioselective
synthesis of planar-chiral metacyclophanes through an organocatalyzed desymmetrization strategy. By
utilizing the chiral phosphoric acid (CPA)-catalyzed asymmetric aromatic amination reaction between
arylamines and azodicarboxylates, we successfully broke the mirror symmetry of prochiral m-
phenylenediamine-derived metacyclophanes, which yielded various planar-chiral metacyclophanes with good
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substituents, chiral cyclophanes with both planar chirality and C-N axial chirality could be generated in
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Introduction

Macrocycles, including cyclic peptides and oligonucleotides, have
garnered substantial research interest in drug discovery due to
their functional diversity and stereochemical complexity within
a relatively rigid, preorganized structure." These characteristics
enable them to bind with higher affinity and selectivity to targets
that are challenging to engage using their acyclic counterparts.
Macrocyclic cyclophanes are a class of macrocycles that feature
one or more aromatic rings integrated into their cyclic framework.
These macrocyclic cyclophanes can be further categorized into
three classes based on the position of the connection between the
ansa chain and the aryl rings: paracyclophanes, metacyclophanes,
and orthocyclophanes (Fig. 1a).> Planar chirality is one of the most
intriguing characteristics of cyclophanes, arising from the
restricted flipping of the aryl ring by the ansa chain and arene
substitutions, which is typically found in paracyclophanes and
metacyclophanes. However, due to their distinct connecting
geometry, the asymmetric synthesis of planar-chiral para-
cyclophanes has received significantly more attention than
planar-chiral metacyclophanes.® Specifically, the smaller angle
(120°) between the exit vectors on the arene of metacyclophanes,
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and the potential for diverse derivatizations, which underscored the value of this method.

compared to the larger angle in paracyclophanes (180°), resulted
in increased tendency for ring flipping, thereby necessitating
a steric group at the C-2 position to ensure configurational
stability. On the other hand, the introduction of a sterically
hindered group at the C2-position presents challenges for effi-
cient macrocyclization in metacyclophanes (Fig. 1b). Conse-
quently, although metacyclophane structures have been found in
numerous natural products and pharmaceutics (Fig. 1c),* planar-
chiral metacyclophane moieties remain relatively scarce, likely
due to the challenges associated with their formation.
Compared to the extensive studies on the catalytic asym-
metric synthesis of planar-chiral paracyclophanes utilizing
strategies such as asymmetric macrocyclization,” (dynamic)
kinetic resolution® and others,” only a limited number of
methods have been reported for the asymmetric synthesis of
planar-chiral metacyclophanes. In 2007, Tanaka and co-workers
reported the first catalytic enantioselective synthesis of planar-
chiral metacyclophanes through construction of the arene
moiety via Rh-catalyzed intramolecular [2 + 2 + 2] cycloadditions
of triynes, albeit with modest yields (Fig. 1d).® It was not until
2023 that Li and co-workers presented another example of
enantioselective synthesis of planar-chiral metacyclophanes
featuring trisubstituted pyridines, achieved through macro-
cyclization via Pd-catalyzed C-O cross-coupling® (Fig. 1e).
Recently, both the Wang group'® and the Zhou group'* disclosed
the asymmetric synthesis of planar-chiral indole-derived cyclo-
phanes via organocatalyzed macrocyclizations, in which the
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metacyclophanes via aromatic amination-enabled desymmetrization.

ansa chain was connected in a meta-disubstituted manner
(Fig. 1f). Interestingly, despite these elegant asymmetric
macrocyclization methods, to the best of our knowledge, the
application of this strategy to the asymmetric synthesis of
planar-chiral metacyclophanes incorporating a substituted
phenyl ring remains unexplored. Notably, during the prepara-
tion of this manuscript, Li and co-workers reported an alter-
native tactic for the asymmetric synthesis of planar-chiral
metacyclophanes, in which they desymmetrized the prochiral
metacyclophanes' arene moiety through a sequential asym-
metric Povarov reaction and aromatization** (Fig. 1g).

With our continuous interest in the asymmetric synthesis of
planar-chiral molecules,****** we herein disclose the enantio-
selective synthesis of planar-chiral metacyclophanes via an
organocatalyzed desymmetrization method."* By utilizing the

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

chiral phosphoric acid®® (CPA)-catalyzed asymmetric aromatic
amination reaction with azodicarboxylates,'® we efficiently
broke the mirror symmetry of prochiral m-phenylenediamine-
derived metacyclophanes, yielding various planar-chiral meta-
cyclophanes with good to high enantioselectivities (Fig. 1h).
Notably, with metacyclophane substrates featuring additional
meta-substitutions, chiral cyclophanes with both planar
chirality and C-N axial chirality’” could be generated with high
enantio- and diastereoselectivity.

Results and discussion

We began our study by selecting the prochiral 15-membered
metacyclophane 1a as the model substrate (Table 1). Promis-
ingly, the asymmetric aromatic amination of 1a with dibenzyl
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Table 1 Optimization of reaction conditions®
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Entry CPA Sol. Temp (°C) Yield” (%) er’

1 Al Tol. 20 89 86:14

2 A2 Tol. 20 82 83.5:16.5
3 A3 Tol. 20 68 64.5:35.5
4 A4 Tol. 20 81 80:20

5 A5 Tol. 20 75 52.5:47.5
6 A6 Tol. 20 95 85:15

7 A7 Tol. 20 94 82:18

8 A8 Tol. 20 86 84.5:15.5
9 A9 Tol. 20 82 74.5:25.5
10 A10 Tol. 20 89 87.5:12.5
11 Al1 Tol. 20 99 89:11

12 A11 DCM 20 90 55:45

13 Al1 CHCl, 20 69 68.5:31.5
14 A1l Et,O 20 91 81.5:18.5
15 Al1 EtOAc 20 81 62.5:37.5
16 A1l CCl, 20 91 92:8
deq7 Al1 ccl, 0 92 96:4
deqg A11 ccl, —20 91 97:3

% Reactions were performed with 1a (0.05 mmol), 2a (0.05 mmol), and
the CPA catalyst (0.005 mmol, 10 mol%) in solvent (1.0 mL) at 20 °C
for 12 h. ” Isolated yield. © The er values were determined by HPLC
analysis on a chiral stationary phase. ¢ The reaction time was 48 h. ¢ 3
A MS (35 mg) was added.

azodicarboxylate (2a) in toluene, catalyzed by CPA A1 (10 mol%),
yielded the desymmetrized planar-chiral metacyclophane 3a in
89% yield with 86 : 14 enantiomeric ratio (er) at 20 °C (entry 1).
Subsequently, a range of BINOL- and H8-BINOL-derived CPA
catalysts were screened for this reaction (entries 2-11), which
indicated that the sterically hindered CPA catalysts exhibited
notably poor enantioselectivity control (entry 3 and entry 5).
Moreover, with the same substitutions, the BINOL-derived CPA
displayed better enantioselectivity compared to the corre-
sponding H8-BINOL-derived catalyst (entries 8 and 9). Encour-
agingly, the perfluorobiphenyl-substituted BINOL-derived CPA
A11 provided the highest yield and enantioselectivity, resulting
in the formation of 3a in 99% yield with 89:11 er (entry 11).
Utilizing the optimal CPA catalyst A11, we investigated a series
of solvents, which suggested that more polar solvents resulted
in decreased enantioselectivities (entries 12-15). In contrast,
the nonpolar CCl, emerged as the optimal choice, delivering
product 3a with 92: 8 er (entry 16). Finally, reducing the reac-
tion temperature was explored to enhance the enantioselectivity
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(entries 17 and 18). We were pleased to find that conducting the
reaction at —20 °C resulted in the formation of chiral meta-
cyclophane 3a in 91% yield with 97:3 er, although a longer
reaction time (48 h) was required (entry 18).

With the optimal conditions established, we embarked on
exploring the scope of this method for enantioselective
synthesis of planar-chiral metacyclophanes (Scheme 1). Modi-
fications of the azodicarboxylate to another commercially
available di-(p-Cl-benzyl) azodicarboxylate yielded the corre-
sponding desymmetrized metacyclophane 3b in 81% yield with
95.5:4.5 er. Moreover, a series of para-substituted phenyl
groups were examined at the C-2 position of metacyclophane
substrates. Notably, various substituents with varying electronic
properties were well tolerated, including the electron-neutral
(3¢ and 3d), electron-donating (3h) and electron-withdrawing
(3i) groups, as well as various functional halides (3e-3g),
although some exhibited slightly diminished enantio-
selectivities. Additionally, the meta-substituted phenyl group
was also examined, which produced product 3j with a reduced
er value, indicating the method's sensitivity toward the C-2
group. Two types of heteroaryl groups were found to be
compatible with this method, leading to the formation of
planar-chiral metacyclophanes with excellent enantioselectivies
of up to 99:1 er (3k-3l). Furthermore, an examination of the
ansa chain length of the metacyclophanes was conducted. Both
the reduction to a 14-membered macrocycle (3m) and expan-
sion to up to a 17-membered macrocycle (3n-3p) were feasible,
producing the planar-chiral metacyclophanes with high
enantioselectivities. Notably, replacing the alkyl ansa chain with
a polyethylene glycol-type ansa chain did not compromise the
high stereoselectivity control of this method (30). However,
extending the macrocycle to an 18-membered structure led to
a decrease in the enantioselectivity of the product (3q).

The modification of the pivotal C-2 groups of the meta-
cyclophanes from (hetero)aryl groups to an alkyl group was
investigated (Scheme 2). Given the reduced steric hindrance
offered by the methyl group, the substrate's macrocycle was
downsized to a 13-membered structure (4a) to ensure configu-
rational stability of the chiral product (Scheme 2a). Applying the
previous optimal conditions for the C-2 aryl-substituted
substrate on substrate 4a resulted in the corresponding
product ent-5a with an unsatisfactory enantioselectivity (11 : 89
er), underscoring the sensitivity of the C-2 group to the stereo-
selectivity of this method. A brief optimization of the reaction
conditions revealed that the reaction between 4a and azodi-
carboxylate 2a, catalyzed by a sterically hindered CPA A12 in
toluene at —40 °C, furnished product 5a in 86% yield with 95.5 :
4.5 er (see Table S1 in the SI for details). Surprisingly, despite
CPA A11 and A12 sharing the same absolute configuration (R),
the products obtained under these two conditions displayed
opposite enantiomeric senses, suggesting completely distinct
induction models for these two CPA catalysts in this reaction.
With these conditions in hand, the scope for the asymmetric
synthesis of C-2 alkyl-substituted planar-chiral meta-
cyclophanes was investigated (Scheme 2b). The substitution of
the azodicarboxylate with di-(p-Cl-benzyl) azodicarboxylate
resulted in 5b with high enantioselectivity, whereas a switch to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Scope for asymmetric synthesis of planar-chiral metacyclophanes with C-2 aryl groups. Conditions: reactions were performed with 1
(0.2 mmol), 2 (0.1 mmol), CPA (R)-A11 (0.01 mmol, 10 mol%), and 3 A MS (70 mg) in CCls (2.0 mL) at —20 °C for 48-72 h. Yields refer to isolated
yields. The er values were determined by HPLC analysis on a chiral stationary phase.

diethyl azodicarboxylate led to the product 5¢ with reduced
enantioselectivity. Moreover, increasing the size of the macro-
cycle to a 14-membered structure led to notably decreased
enantioselectivity (5d), highlighting the significant differences
between the C-2 alkyl-substituted and aryl-substituted meta-
cyclophanes. Remarkably, the prochiral metacyclophane with
2,5-disubstitutions was also feasible with this method, which
yielded product 5e, featuring both planar chirality and C-N axial
chirality, in 76% yield with 97 : 3 er and >20: 1 dr. The absolute
configuration of 5e was determined as (R, S,) through X-ray
crystallography analysis. Furthermore, modifications of the C-
5 groups were explored. Notably, reducing the sizes of the
halide substitutions led to reduced diastereoselectivities (14 :1
dr for Cl-substituted 5i and 1.8:1 dr for F-substituted 5g),
probably due to the reduced steric hindrance restricting the
rotation of the C-N bond. Moreover, the C-5 aryl- and alkyl-
substituted metacyclophane substrates also yielded products
with both planar and axial chirality (5h and 5i), indicating that

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

steric hindrance, rather than potential hydrogen bonding with
the halogen atoms, restricts the rotation of the C-N bond.
Notably, while the C-5 aryl-substituted metacyclophane
substrate produced product 5h with poor diastereoselectivity,
both diastereomers were generated with excellent enantio-
selectivities (=99: 1 er).

The configurational stability of planar-chiral cyclophanes is
essential for their further applications; however, the stereo-
chemical properties of metacyclophanes have received less
attention compared to those of paracyclophanes. Consequently,
a thorough investigation was conducted on the synthesized
chiral metacyclophane products (Fig. 2a). Notably, the thermal
racemization experiment on the C-2 phenyl-substituted 15-
membered metacyclophane 3a revealed its excellent configura-
tional stability, with no notable decrease in enantiopurity
observed at 120 °C in diphenyl ether after 5 hours, suggesting
an estimated racemization barrier exceeding 37 kcal mol .
Additionally, the 18-membered metacyclophane 3q also

Chem. Sci., 2026, 17, 7582-7589 | 7585
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Scheme 2
metacyclophanes with C-2 alkyl groups.

demonstrated good configurational stability, showing no loss of
enantiopurity at 100 °C after 5 hours. This result suggested that
the relatively modest enantioselectivity of 3q cannot be attrib-
uted to its racemization, but rather to the inferior stereo-
selectivity control of the asymmetric reaction resulting from the
enlarged ring size. Moreover, the configurational stabilities of
the C-2 methyl-substituted metacyclophanes 5 were investi-
gated. The thermal racemization experiment of the 14-
membered metacyclophane 5d suggested a racemization
barrier of 29.2 kecal mol . In sharp contrast, the 15-membered
metacyclophane 51 only exhibited a single peak in HPLC anal-
ysis using various chiral stationary phases, indicating its achiral
nature. These results clearly underscored the critical role of the
size of the C-2 group in the configurational stability of planar-
chiral metacyclophanes. Moreover, the stereochemical charac-
teristics of metacyclophane 5e, containing both axial and planar
chirality, was studied. Placing 5e in diphenyl ether at 50 °C
revealed a notable decrease in the diastereomeric ratio over
time, indicating an epimerization half-life of 11.6 hours at 50 °C
and an epimerization barrier of 25.9 kcal mol™". On the other
hand, the enantiopurity of 5e could be effectively maintained at
this temperature.

7586 | Chem. Sci, 2026, 17, 7582-7589
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(a) Enantiodivergent asymmetric synthesis of planar-chiral metacyclophane 5a. (b) Scope for asymmetric synthesis of planar-chiral

To elucidate the mechanism of this reaction, several control
experiments were conducted using a series of electrophilic
diazo reagents (Fig. 2b). In contrast to the high enantio-
selectivity obtained with the dibenzyl azodicarboxylate 2a, the
use of diethyl azodicarboxylate 2¢ resulted in significantly
reduced enantioselectivity, highlighting the critical role of the
benzyl groups within azodicarboxylate in controlling enantio-
selectivity. Additionally, di-tert-butyl azodicarboxylate 2d failed
to yield the corresponding amination product, likely due to the
high steric hindrance of the N-Boc group. Although the cyclic
diazo reagent 2e reacted effectively to give the desymmetrized
planar-chiral metacyclophane 3ae, the enantioselectivity was
low. Moreover, control experiments on the N-substitutions of
the macrocyclic substrate were conducted (Fig. 2c). Methylation
of both N-atoms of the substrate (1a’) resulted in no formation
of the corresponding aromatic amination product 3a’, high-
lighting the importance of potential hydrogen bonding inter-
actions. Surprisingly, the racemic mono-N-Me-substituted
substrate 1a” also did not undergo the amination reaction
under standard conditions, which may be attributed to the
sterically crowded environment around the reactive site caused
by the rigid conformation of the substrate.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2
Proposed reaction mechanism.

Building upon previous studies,””** a plausible reaction

mechanism is proposed (Fig. 2d). With the dual hydrogen-
bonding activation of both the arylamine wunit and
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when Ar = 2,6-('Pr),-CgHy,
replusion interaction
unfavored transition state (TS)
leading to (R,)-5a

(a) Studies on configurational stability. (b) Control experiments with various diazo reagents. (c) Control experiments on N-substitution. (d)

azodicarboxylate by the CPA catalyst, the para-selective addition
of the phenyl ring to azodicarboxylate from the opposite face of
the ansa chain afforded the corresponding dearomatized
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amination intermediate INT-A. This step was believed to be the
enantiodetermining step of this reaction, which was followed by
a facile rearrangement aromatization to yield the final aminated
planar-chiral metacyclophane products. Given the intriguing
results where the use of CPA A11 and CPA A12, both with the
same (R)-configuration, resulted in the formation of meta-
cyclophane with opposite enantiomeric senses, we propose two
potential transition states to rationalize this outcome.” When
employing CPA (R)-A11, the favorable noncovalent interaction
between the CH; group and the fluorinated aryl ring reduced
the activation energy of this transition state, leading to the
formation of (Sp)-5a. Conversely, with CPA (R)-A12, the analo-
gous transition state revealed significant steric repulsion
between the bulky 2,6-disubstituted aryl group and the CHj,
group, leading to an energetically unfavorable transition state
and consequently promoting the formation of the opposite
enantiomer, (Rp)-5a.

To showcase the utilities of this method, the derivatizations
of the planar-chiral metacyclophane products were explored
(Scheme 3). Electrophilic aromatic bromination of meta-
cyclophane 3a produced the brominated product 6a, which,
upon treatment under strong basic conditions, resulted in the
dehydrazinylation product 7a, enabling further derivatizations
(Scheme 3a). Moreover, the catalytic hydrogenation of 3a
provided the primary amine-containing metacyclophane 8a,
which displayed limited stability under an air atmosphere
owing to its susceptibility to oxidation (Scheme 3b). Conse-
quently, protection of the NH, group with the Boc group led to

3 NBS m KOH 15
—_— B
Ph
o HN Ph
HN NH DCM NH EtOH NN N
,Cbz
,Cbz Br N
N NH Br
Chz” Cbz
3, 95545 er 6a 7a, 87%, 93.5:6.5 er
b)
15 15
Ph
Ph
HN N
HN NH
= = o
9a, 85%, 95:5 er NHBoc N
Boc,0, 10a, 77%, 93.5:6.5 er
Et;N col

15

Hy, Pd/IC 15 triphosgene

Ph
Ph B —— —>5 N N
HN NH Ph o
= gl Sy

CNH NH, 11a, 70%, 95:5 er

8a
3a, 95.5:4.5er J Hl

1) NaNO,, HOAc
15 [
Ph )

2) Zn, MeOH
S g

N

12a, 68%, 93:7 er

X-ray structure of (+)-11a
Scheme 3 (a) Bromination-based derivatization of planar-chiral

metacyclophane 3a. (b) Diverse derivatizations of planar-chiral meta-
cyclophane via cyclization reactions.
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the formation of 9a in 85% yield with 95:5 er. In addition,
treatment of 8a with 1,1’-carbonyldiimidazole (CDI) yielded the
imidazolone-containing metacyclophane 10a. Interestingly,
utilizing triphosgene as the condensation reagent resulted in
the formation of metacyclophane 11a with an additional N-
chlorocarbonyl group in 70% yield with 95 : 5 er, which could be
further employed in coupling reactions. The structure of 11a
was unambiguously determined through X-ray crystallography
analysis. Furthermore, diazotization of the NH, group using
NaNO, was followed by a subsequent cyclization to yield the
benzotriazole-containing metacyclophane 12a in 68% yield.

Conclusions

In conclusion, we have developed an efficient catalytic
enantioselective desymmetrization method for the asymmetric
synthesis of planar-chiral metacyclophanes, a class of struc-
turally distinct cyclophanes that have received considerably less
attention compared to the paracyclophane counterparts.”® By
utilizing the CPA-catalyzed asymmetric aromatic amination
reaction with azodicarboxylates, we successfully broke the
mirror symmetry of prochiral m-phenylenediamine-derived
metacyclophanes, which produced a variety of planar-chiral
metacyclophanes with diverse substitutions and ring sizes
with good to high enantioselectivities. Moreover, a series of
metacyclophanes featuring both planar chirality and C-N axial
chirality were generated in a single step when the prochiral
metacyclophanes included an additional meta-substitution.
Thermal racemization experiments were conducted to investi-
gate the configurational stabilities of these novel meta-
cyclophanes, and various control experiments were performed
to elucidate the origin of stereoselectivity. Notably, the synthe-
sized planar-chiral metacyclophanes could undergo various
derivatizations to produce diverse planar-chiral products,
including those incorporating heterocycles, thereby under-
scoring the potential of this method.
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