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ABSTRACT: The development of chiroptical molecular switches
for chiral sensing, data communication, optical displays, chiral logic
gates, and asymmetric catalysis is currently a vibrant frontier of
science and technology. Herein, we report a practical artificial
dynamic system based on a 1,2-diaxial atropisomer. Organocatalytic
parallel kinetic resolution allows the divergent synthesis of two sets
of stereoisomers with vicinal C−C and N−N axes from the same
racemic single-axis substrates. By simply varying the configuration of
the single catalyst, all four stereoisomers are accessible. The
successive conduction of covalent unlocking/locking and thermal-
isomerization processes enables sequential switching between all four atropisomeric states with electronic circular dichroism signal
reversal, providing an example of multistate chiroptical molecular switches.
KEYWORDS: molecular switch, chiroptical, 1, 2-diaxial atropisomer, parallel kinetic resolution, divergent synthesis

■ INTRODUCTION
Chiroptical molecular switches refer tomolecular systems whose
chiral optical signals, including electronic circular dichroism
(ECD), optical rotatory dispersion (ORD) and circularly
polarized luminescence (CPL) signals, can be reversibly
interchanged between two or more stable states under external
stimuli.1−4 Due to their unique nondestructive readout, fast
response times, reproducibility and fatigue resistance, chirop-
tical molecular switches offer fascinating prospects in the fields
of chiral sensing, optical displays, information storage, chiral
logic gates, asymmetric catalysis and so on.5 Therefore, the
development of innovative artificial dynamic systems to
fabricate efficient chiroptical molecular switches is a field of
continuous interest.6−15

Over the past decade, significant progress has been made in
the enantioselective synthesis of atropisomers, an important
class of chiral molecules arising from restricted rotation around a
single bond.16−29 Biaryl-type atropisomers are a typical basis of
molecular machines due to their rotatory mechanism (Figure
1A).30−34 Distinct interconversion by rotation of the atro-
pisomers, i.e., epimerization, is possible simply by chemical
modification (CM) of the ortho-substituents. A fascinating class
of monoaxial molecular machines, including switches, rotors and
motors, have been artificially manufactured, and convert
chemical energy into rotational motion around single
bonds.35−43 1,2-Diaxial atropisomers represent a particular
subtype with an intrinsic dynamic system of multiple states
(Figure 1B). The rotation of both axes can produce four possible
stereoisomers with individual chiroptical properties. At adjacent
positions, the two axes can interact with each other due to steric

effects, i.e., the stereochemistry of one axis can affect the rotation
of the other axis. Controlling the interconversion between
multiple states of a 1,2-diaxial system by external stimuli is
potentially useful for chiroptical molecular devices. However,
such fascinating applications have been greatly limited by the
lack of atroposelective synthesis.44,45 The difficulty of
assembling vicinal stereoaxes with simultaneous enantio- and
diastereocontrol poses a daunting challenge. To date, only a few
successful approaches have been reported, including [2 + 2 + 2]
cycloadditions of triynes,46,47 arene-forming aldol condensa-
tions,48,49 central-to-axial chirality conversions,50,51 organo-
catalytic annulations,52−54 and asymmetric C−H activa-
tions.55−57 However, these protocols can only stereoselectively
deliver the product of one of the four possible stereoisomers. In
2022, Moser and Sparr pioneered the stereodivergent synthesis
of atropisomeric two-axis systems with moderate stereo-
selectivity.58 Despite these achievements, the enantioselective
synthesis, especially in a divergent manner,59−63 of 1,2-diaxial
atropisomers is still in its infancy. The chiroptical switching
between conceivable stereoisomers of a 1,2-diaxial atropisomer
has not yet been reported.

Recently, we accomplished the catalytic asymmetric synthesis
of C−C and N−N atropisomers, and constructed a 1,2-diaxial
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hybrid via dynamic kinetic resolution (DKR).64−66 However,
the previous system contained a labile C−C axis that rotated
freely at ambient temperature and therefore did not exhibit the

characteristic stimulus response of a molecular machine. Herein,
we report the divergent synthesis of stable 1,2-diaxial
atropisomers via parallel kinetic resolution (PKR) (Figure

Figure 1. Divergent synthesis of 1,2-diaxial atropisomers as chiroptical molecular switches.

Table 1. Reaction Optimizationa

(S,S)-3 (R,S)-3

Entry Cat. Solvent R (3) Yield (%)b ee(%)c Yield (%)b ee(%)c

1 C1 CH2Cl2 tBu (3a) 91 (1.6:1) −60 91 (1.6:1) −98
2 C2 CH2Cl2 tBu (3a) 83 (1.2:1) 79 83 (1.2:1) 98
3 C3 CH2Cl2 tBu (3a) 93 (1.5:1) −65 93 (1.5:1) −98
4 C4 CH2Cl2 tBu (3a) 95 (1.2:1) 80 95 (1.2:1) 98
5 C5 CH2Cl2 tBu (3a) 80 (1:1) 60 80 (1:1) 94
6 C6 CH2Cl2 tBu (3a) 87 (1.8:1) −45 87 (1.8:1) −97
7 C4 toluene tBu (3a) 83 (1.5:1) 58 83 (1.5:1) 96
8 C4 CH3CN tBu (3a) 85 (1.4:1) 56 85 (1.4:1) 84
9 C4 THF tBu (3a) 80 (2.2:1) 26 80 (2.2:1) 74
10 C4 CH2Cl2 Me (3b) 98 (1.1:1) 90 98 (1.1:1) 98
11 C4 CH2Cl2 Et (3c) 97 (1.1:1) 88 97 (1.1:1) 96
12 C4 CH2Cl2 Bn (3d) 94 (1.3:1) 81 94 (1.3:1) 94
13 C4 CH2Cl2 nBu (3e) 92 (1.3:1) 81 92 (1.3:1) 96
14 C4 CH2Cl2 iBu (3f) 94 (1.3:1) 81 94 (1.3:1) 96

aReaction conditions: 1a (0.1 mmol), 2 (0.12 mmol), and Cat. (10 mol %) in the solvent specified (1 mL) at room temperature (r.t.) for 12 h.
bIsolated yields, dr was determined by crude 1H NMR. cDetermined by chiral HPLC analysis.
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1C).67−74 The reaction features simple operation, mild
conditions, broad scope, and good enantioselectivity. All four
possible stereoisomers with vicinal C−C and N−N axes are
accessible by simply varying the configuration of the single
catalyst. More importantly, the successive conduction of

covalent unlocking/locking and thermal-isomerization pro-

cesses allows sequential switching between the all four

atropisomeric states, providing a new example of multistate

chiroptical molecular switches.

Figure 2. Scope of the upper pyrrole motif. Reaction conditions: 1 (0.1 mmol), 2b (0.12 mmol), and C4 (10 mol %) in CH2Cl2 (1 mL) at r.t. for 6 h.
Isolated yields. The ee values were determined by HPLC analysis on a chiral stationary phase. a signifies nonseparable isomers.
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■ RESULTS AND DISCUSSION
We commenced this work by preparing enantioenriched 1,2-
diaxial atropisomers. We used the asymmetric N-allylation of 1a
with theMorita−Baylis−Hillman (MBH)75−77 adduct 2a in our
model study (Table 1). Under quinine catalysis, the PKR of

(±)-1a with 2a (1.2 equiv) occurred, affording two diaster-
eoisomers of 3a in 91% yield with a 1.6:1 ratio (entry 1). The ee
value of the major stereoisomer (R,R)-3a was moderate (60%),
while that of the minor one (S,R)-3a was excellent (98%).
Moreover, the use of the pseudo-enantiomer catalyst quinidine

Figure 3. Scope of the lower aromatic motif. Reaction conditions: 1 (0.1 mmol), 2b (0.12 mmol), andC4 (10 mol %) in CH2Cl2 (1 mL) at r.t. for 6 h.
Isolated yields. The ee values were determined by HPLC analysis on a chiral stationary phase. a signifies nonseparable isomers.
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enabled the divergent synthesis of the other two stereoisomers,
(S,S)-3a and (R,S)-3a (entry 2). Various cinchona bases were
then screened (entries 3−6), and the results indicated that
hydroquinidine C4 was the best choice (entry 4). We evaluated
the effect of the solvent and found that dichloromethane was the
optimal solvent (entry 4 vs 7−9). The screening of other
conditions, such as reaction temperature and additives, failed to
provide further improvement (see Supporting Information for
details). Considering that the ester group of MBH adducts may
have some influence on the enantioselectivity, various MBH
adducts were tested (entries 10−14). Although they were all
compatible, MBH adduct 2b with smaller methyl ester groups
provided the best results (entry 10).
With the best conditions, we examined the substrate

generality of this PKR reaction. As shown in Figure 2, this
PKR was applicable to a wide range of racemic atropisomers 1
with a substituted pyrrole motif. Considering the steric effect of
the ortho-substituent, the tolerance of the carbamate group
(−NCO2R1) was first evaluated. As expected, when sterically
hindered −NCO2

tBu (3b) was replaced with the less hindered
−NCO2Me (3g), −NCO2Et (3h), −NCO2Bn (3i), or −N-
Fmoc (3j), the enantioselectivity decreased. However, the ortho-
substituent R2 had a delicate influence. While the substituents
ethyl (3k), n-propyl (3l), and n-butyl (3m) were well tolerated,
benzyl (3n) was only beneficial for the formation of minor
isomer. Due to the long distance from both the C−C and N−N
axes, the ester group −CO2R3 had little influence on the
reaction. Therefore, products 3o−rwere obtained with excellent
enantioselectivities. With respect to the ester group −CO2R4,
the steric effect of the bulky groups facilitated high enantio-
control (3s−u).
Next, we focused on the lower aromatic motif (Figure 3). The

variation of the protecting groups R6 showed that the substituted
benzyl groups were all compatible (3v−z). Alkyl groups such as
methyl (3a′), ethyl (3b′), and allyl (3c′) groups were also well
tolerated, delivering the corresponding diastereoisomers in good
yields with excellent ee values. However, a sterically hindered
protecting group (3d′) was not suitable because it significantly
decreased the enantioselectivity. Moreover, the position of the
substituent on the naphthalene ring had some impact on the
enantioselectivity. For instance, bromo groups at the C4- (3i′)
or C6-position (3h′) afforded higher stereoselectivities than
those at the C7-position (3e′). However, the type of substituent
had no effect on this reaction. Electron-donating and electron-
withdrawing groups afforded the same good yields and excellent
enantioselectivities (3f′−i′). Notably, changing the naphthalene
ring to a benzene ring was also feasible. Under standard
conditions, the 1,2-diaxial atropisomers 3j′−m′ bearing a less
hindered C−C axis were obtained with consistently excellent
enantioselectivity.
To examine the practicality of this method, all four

stereoisomers of 3z were prepared. As shown in Figure 4,
standard PKR conditions with catalystC4 allowed the formation
of two stereoisomers (S,S)-3z and (R,S)-3z in good yields with
excellent enantioselectivities. In general, by using the
enantiomer of C4, the other two stereoisomers should be
obtained in similar excellent results. However, only the pseudo-
enantiomerC3, not its enantiomer, is readily available. With this
nonideal alternative, the other two stereoisomers were obtained,
despite the moderate enantioselectivity of (R,R)-3z. The
absolute configuration of the product (R,S)-3z was assigned
based on X-ray crystallographic analysis, and the absolute
configurations of the other products were assigned by analogy.78

In addition, derivatization and control experiments were
conducted to explore the synthetic utility and mechanism of
this protocol, respectively (see the SI for details).

In the design of a 1,2-diaxial chiroptical switch, we use
thermal-isomerization and chemical modification to program
the chirality of the two axes, and six distinct steps, as depicted in
Figure 5A. The switching cycle starts from the state 1. By the
unlocking/locking process of one axis (pink), we could facilitate
the movement of the 1,2-diaxial system from state 1 to state 3,
via the configurationally labile intermediates in state 2. The use
of an external chiral catalyst in the locking process will result in a
predominance of the kinetic atropdiastereomer (state 3), and
the thermal-isomerization of the other axis (blue) leads to a
more stable state 4 and a complete inversion of both axial
chiralities. Similarly, the remaining half cycle can be achieved
using the same sequence of steps, and the switch returns to its
initial conformation. There are two fundamental requirements
for achieving the switching cycle: (1) the blue axis of state 2 or
state 5 should have a sufficiently high rotational barrier to survive
in the locking process; (2) to prevent direct reversal and
racemization during thermal-isomerization, the rotation barrier
of the pink axis must be much greater than that of the blue axis.
Therefore, we studied the rotational barriers of several
representative compounds synthesized above to determine the
best 1,2-diaxial basis for chiroptical switching (Figure 5B). The
racemization experiments (see Supporting Information for
details) indicated that the barrier to conformer rotation around
the C−C axis in 1a and 1k’ is sufficiently high, but very low in 1j’.
We then investigated the 1,2-diaxial systems derived from 1a and
1k’. In naphthyl 3h’, the rotational barrier of the C−C axis is
much greater than that of the N−N axis, which will lead to direct
reverse switching of theN−N axis during thermal-isomerization.
This unfavorable effect was reversed for phenyl 3k’−m’, and as
the steric hindrance of the ortho-substituents on pyrrole
increased, the rotational barrier difference between the two
axes increased. With a sufficient barrier difference (≥4 kcal/
mol), 3l’ or 3m’ can be selected as the optimal 1,2-diaxial system.

Finally, the switching process was investigated (Figure 6A).
The first half cycle involves conformational inversion from
(S,S)-3l’ to (R,R)-3l’. Selective deprotection of the allyl group
with NaOH allowed the N−N axis to be “unlocked”, affording
(S)-1l’ in 93% yield. The slight decrease in the ee value is due to
racemization caused by the rotation of the C−C axis.
Asymmetric catalysis is a key step that ensures the formation
of a thermodynamically less favored (S,R)-isomer. Using the
organocatalytic PKR protocol developed above, the N−N axis
was chemically “locked” to give the reversal allylation product

Figure 4. Access to all four stereoisomers of 3z.
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(S,R)-3l’ and restore the enantioselectivity to an excellent level
(97% ee). Subsequent heating at 60 °C in isopropanol led to the
isomerization of the kinetic product to the thermodynamic
product (R,R)-3l’ through rotation of the N−N axis. The
remaining half cycle was accomplished following the same
principle. Through the above 6 steps, sequential switching
between the four atropisomers of 3l’ was achieved. Regarding
naphthyl system, the high rotational barrier of the C−C axis
caused a direct reverse rotation of the N−N axis during thermal-
isomerization, resulting in a switch between the two
atropisomers of 3b (Figure 6B). To probe the chiroptical
properties and further understand the different steps of the
cycles, we used ECD spectroscopy. As shown in Figure 6C, on
the corresponding ECDs each state was clearly distinguishable.
Consequently, the mode of write-in via covalent-modification
and readout by chiroptical made this 1,2-diaxial system a new
type of multistate chiroptical molecular switch.

■ CONCLUSION

In conclusion, we have developed a novel 1,2-diaxial system for
chiroptical molecular switches. Organocatalytic parallel kinetic
resolution allows simultaneous enantio-control over the vicinal
C−C axis and N−N axis. Under mild conditions, two sets of 1,2-
diaxial atropisomers with good to excellent enantioselectivities
were readily prepared from the same racemic single-axis
substrates. Notably, all four stereoisomers are accessible by
simply varying the configuration of the single catalyst. The
successive covalent unlocking/locking and thermal-isomer-
ization processes enable sequential switching between all four
atropisomeric states with electronic circular dichroism signal
reversal, providing a new example of multistate chiroptical
molecular switches. Further application of this 1,2-diaxial system
in molecular rotors is ongoing in our laboratory and will be
reported in due course.

Figure 5. Design of a diaxial molecular switch and study of rotational barrier.
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■ METHODS

General Procedure of PKR

Racemic axial chiral compounds 1 (0.10 mmol), MBH carbonic

esters 2 (0.12 mmol) were dissolved in CH2Cl2 (1 mL), and C4

(10 mol %) was added. The reaction mixture was stirred for 6 h

at room temperature. The solvent was removed in vacuo and the

crude product was separated by flash column chromatography

on silica gel (DCM/acetone = 50:1) to afford the products

(S,S)-3 and (R,S)-3.
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