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Chiral coordination molecular cages/capsules with discrete nanoconfined chiral cavities demonstrate sig-
nificant potential applications across various fields. In this study, we utilized Troger’s base as the building
block to design and synthesize two pairs of enantiopure ligands. These ligands were then self-assembled
with Pd(II) ions through chiral self-sorting coordination, resulting in the formation of two pairs of ho-
mochiral M,L,4-type coordination molecular capsules. Notably, due to differences in the substitution po-
sitions on the Troger’s base, these two pairs of enantiomeric coordination molecular capsules exhibited
distinct levels of cavity closures, cavity sizes, and host-guest recognition properties. This research offers
valuable insights into the construction of novel chiral molecular capsules and the regulation of confined

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Metal-organic cages/capsules (MOCs) based on coordination in-
teractions have long been a focal point in supramolecular chem-
istry and related fields due to their modular constructions, ther-
modynamically driven quantitative self-assembly and confined cav-
ity environments [1-10]. The introduction of chiral ligands enables
the preparation of chiral MOCs, whose chiral cavity environments
are useful for applications like chiral molecule recognition [11-14],
chiral separation [15,16], and asymmetric catalysis [17-19]. Conse-
quently, the construction and study of chiral MOCs have garnered
increasing attention [20-22]. However, challenges in building chi-
ral MOCs and functional research persist considering limited types
of chiral building blocks and difficulties in obtaining enantiopure
ligands.

As a chiral organic base, Troger's base (TB) can be syn-
thesized via a one-step condensation between aromatic amines
and formaldehyde [23]. Notably, Belowich et al. have demon-
strated that enantiopure TB derivatives can be conveniently ob-
tained through crystallization-induced asymmetric transformation
(CIAT) utilizing dibenzoyl-tartaric acid (DBTA) [24]. Moreover,
TB’s V-shaped, inward-bending conformation make it particularly
suited for constructing MOCs with aromatic shells. In contrast to
MOCs with wirelike frameworks [25], MOCs featuring aromatic
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shells [26-33] offer more favorable noncovalent interactions and
a stronger solvophobic effect, thereby providing advantages for
guest-encapsulation. Thus, we believe TB is an ideal molecular
building block for constructing chiral MOCs, a potential that has,
however, been rarely explored [34].

Herein, we used enantiopure TB as the building block and syn-
thesized two TB-based pyridine ligands, L1 and L2, through substi-
tution at different positions on TB. Inspired by Clever et al. [35,36],
L1 and L2 were further coordinated with Pd(Il) to form two ho-
mochiral M,L4-type MOCs, namely, MOC-1 and MOC-2 (Fig. 1). It
is noteworthy that self-sorting assembly occurred with racemic lig-
ands RR-L1 and SS-L1, forming homochiral capsules Rg-MOC-1 and
Sg-MOC-1, while a mixture of two different ligands also leaded to
narcissistic self-sorting, producing MOC-1 and MOC-2, respectively.
Crystallographic analysis revealed that the substitution differences
on TB resulted in MOCs with varied cavity sizes and closure ex-
tents. Significantly, the fully enclosed cavity of MOC-1 was capa-
ble of encapsulating one [2.2]paracyclophane (PCP) guest to form
a stable 1:1 complex with slow exchange kinetics on the TH NMR
timescale. These findings provide insights for the establishment of
novel chiral molecular capsules and the control of confined cavi-
ties.

Troger’s base ligands L1 and L2 were synthesized through one-
step Suzuki coupling, initiated from their enantiopure precursors 1
and 2, along with pyridine derivatives (Scheme 1). The synthetic
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Fig. 1. The design of chiral metal organic capsules using Troger's base ligands.

routes for precursors 1 and 2 and their chiral resolutions based
on CIAT strategy are elaborated in Schemes S1 and S2 (Support-
ing information). L1 is characterized by a methoxy group at po-
sitions 2 and 8 in the Troger's base skeleton, while L2 features
modification on the pyridine ring with a pendant methoxyethoxy
chain to enhance the solubility. Upon reacting enantiopure L1 or
L2 with Pd(CH3CN)4(BF4), at a molar ratio of 1:0.6 in CD;CN at
80°C for 3 h, a clear and colorless solution was obtained, followed
by the precipitation of the corresponding chiral MOC-1 or MOC-2
as a white powder after the addition of diethyl ether. Significant
shifts of several resonances in the 'H NMR spectrum of Sg-MOC-1,
were observed when compared to ligand L1 (Figs. 2a and b), sug-
gesting the coordination of pyridine to Pd(II). The proton 1 asso-
ciated with pyridine units displayed an upfield shift due to shield-
ing effect within the capsule’s cavity. The other protons, influenced
by the electron-withdrawing effect of Pd(II), exhibited downfield
shifts. Similar spectral characteristics were observed for Sg-MOC-
2 (Figs. 2d and e), suggesting the quantitative formation of a sin-
gle compound with high symmetry derived from the complexation
of the ligand with Pd(II). Consistently, diffusion-ordered "H NMR
spectroscopy (DOSY) corroborated this by showing uniform diffu-
sion coefficients D=5.248x1071° m2/s for all protons in Sg-MOC-1,
which, according to the Stocks-Einstein equation, indicated a radius
size of 11.53 A (Fig. 2c, Figs. S39 and S40 in Supporting informa-
tion). Similarly, the DOSY spectrum of Sg-MOC-2 showed a single
band with a diffusion coefficient D =4.898x10710 m?/s, yielding a
calculated radius of 12.33 A in line with the ligand length (Fig. 2f,
Figs. S41 and S42 in Supporting information).

Additionally, the enantiomers of both homochiral capsules were
characterized using circular dichroism (CD) spectroscopy, exhibit-
ing perfect mirror-image CD signals (Fig. 3). Comprehensive anal-
ysis of the CD and UV-vis spectra revealed strong Cotton effects
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for Rg-MOC-1 at 290 nm (positive) and 340 nm (positive), while the
enantiomer Sg-MOC-1 demonstrates opposite Cotton effects at the
same wavelengths. Similarly, the enantiomers of MOC-2 exhibited
strong Cotton effects at 254, 266, 290 and 333 nm.

Conclusive evidence for the formation of M,L4 homochiral cap-
sules was obtained from their single-crystal structures. By slow
evaporation of diisopropyl ether into acetonitrile solutions of the
capsules, single crystals of Sg-MOC-1 (Fig. 4a) and Sg-MOC-2
(Fig. 4b) were obtained. Both crystal structures contained two Pd?*
ions respectively, each in a square planar N4 coordination envi-
ronment, bridged by four ligands with electron-rich aromatic rings
forming the capsule shells. In Sg-MOC-1, the distance between two
Pd2+ jons was 11.05A, slightly shorter than that (11.12A) in Sg-
MOC-2. This difference can be attributed to varied substitution
sites on the TB skeletons. The directional nature of the Troger's
base backbone leaded to twisted capsule shells, yet maintained an
overall orientation around a C4-symmetry axel. While the struc-
tures were expected to display high symmetry, their symmetry was
slightly reduced on account of substitution effect. Sg-MOC-1 be-
longed to tetragonal 1422 chiral space group, while Sg-MOC-2 was
assigned to P1 space group, influenced by its more flexible pendant
hydrophilic chain. Notably, the pyridine segment at different con-
necting sites on TB resulted in two ligands exhibiting different tilt
angles when coordinating with Pd(II), leading to the formation of
two MOCs with distinct cavity sizes and different closure degrees
for the confined spaces. As indicated by MoloVol software calcu-
lations [37], Sg-MOC-1 and Sg-MOC-2 displayed cavity volumes of
280 A3 and 382 A3, respectively. Besides, Sg-MOC-1’s cavity was
devoid of counterions, whereas Sg-MOC-2's cavity encapsulated a
counterion (BF4~) and several solvent molecules (Fig. S44 in Sup-
porting information). Moreover, due to the larger tilt angle of the
ligands and the presence of methoxy groups, Sg-MOC-1 formed a
fully enclosed capsule as depicted in surface overlay images, while
Sg-MOC-2 displayed four narrow open windows with widths of ca.
3.5A.

We subsequently explored the chiral self-sorting assembly be-
haviors using racemic ligands RR-L1 and SS-L1 to coordinate with
Pd(I). The 'H NMR spectra only displayed a single set of sig-
nals, indicating that enantiomeric ligands undergo self-recognition
to form homochiral capsules Rg-MOC-1 and Sg-MOC-1 (Figs. S46-
S48 in Supporting information), instead of the occurrence of so-
cial or comprehensive self-sorting. To evaluate the influence of
non-covalent interactions on ligand bending angles, additional self-

/ N-—@ 4+ N.@c—N \ 4%
Pd(CH3CN)4(BF4), N
-_—

LM=108
CD:CN/80°C/3h

Meo 4BF i oMl 4BF
4 ,N"@\ r@\u\ )

Sg-MOC-1

_PACHONNEBF, ]
LM=1:06 NN

CD4CN/80°C/3h

Scheme 1. The synthetic routes of homochiral Troger's base metal-organic capsules MOC-1 and MOC-2.
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Fig. 2. "H NMR spectra (400 MHz, CD3CN, 298K) of (a) SS-L1 and (b) its self-assembly product Sg-MOC-1. (c) DOSY spectrum of Sg-MOC-1. '"H NMR spectra (400 MHz,
CD3CN, 298K) of (d) SS-L2 and (e) Sg-MOC-2. (f) DOSY spectrum of Sg-MOC-2.
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Fig. 3. Circular dichroism (CH5CN, 0.10 mmol/L for MOC-1, 50 pmol/L for MOC-2, 298 K) and UV-vis spectra (CH3;CN, 10 pmol/L, 298 K) of (a) MOC-1 and (b) MOC-2.
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Fig. 4. Single-crystal structures and cavity volume calculations of (a) Sg-MOC-1 and (b) Sg-MOC-2. The figures present, from left to right, side-on and top-down views
of capsules illustrated as stick representations, side-on views of the cavity conformation as calculated by MoloVol software, and the surface representation superimposed.
Hydrogen atoms, BF,~ counterions and solvent molecules have been omitted for the sake of clarity.
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Fig. 5. (a) Narcissistic self-sorting of Sg-MOC-1 and Sg-MOC-2 capsules from mixed ligands. '"H NMR spectra (400 MHz, CD3CN, 298 K) of (b) Sg-MOC-1 and (d) Sg-MOC-2.
(c) "H NMR spectra and (e) DOSY spectra (400 MHz, CD3CN, 298 K) illustrating the self-sorting outcomes with a mixture of Sg-MOC-1 and Sg-MOC-2 species.

sorting studies involving different ligands were also conducted.
Theoretical analysis suggested that two Tréger’s base ligands with
similar backbones might achieve similar bending angles, poten-
tially leading to heteroleptic structures containing both L1 and L2
[38,39]. However, the formation of heteroleptic capsule was found
to be unfavorable when an equimolar SS-L1 and SS-L2 were mixed
with Pd(CH3CN)4(BF,), in CD3CN (Fig. 5a). The 'TH NMR spectra
revealed two clear sets of signals corresponding to compounds Sg-
MOC-1 and Sg-MOC-2 (Figs. 5b-d). Additionally, the DOSY spec-
tra also showed two distinct bands corresponding to the smaller-
radius MOC-1 and the larger-radius MOC-2, despite being closely
spaced (Fig. 5e). Comparable results were observed using ligands
RR-L1 and SS-L2 with opposite chirality (Figs. S52-S54 in Support-
ing information). These results demonstrated that narcissistic self-
sorting had occurred.

The variances in sizes and closure extents of the cavities in
MOC-1 and MOC-2 also resulted in distinct host-guest recogni-
tion properties. MOC-1 was capable of recognizing a size-matched
guest, [2.2]paracyclophane (PCP, molecular volume: 198 A3), while
MOC-2 was not. Upon suspending PCP (0.70 equiv. relative to Sg-
MOC-1) in a 2.0mmol/L CD3CN solution of Sg-MOC-1 at 80°C
overnight, a white suspension was obtained. In the 'H NMR spec-
trum (Fig. 6b), there were four distinct sets of peaks. Two sets of
resonances corresponded unequivocally to the unbound Sg-MOC-
1 (Fig. 6a, blue circles) and the free guest PCP (Fig. 6¢, red tri-
angles), while the other two were notably shifted compared with
those associated with the free host and guest, suggesting the for-
mation of host-guest complexes. These results indicated that the
unbound capsule, free guest, and host-guest complexes coexisted
in the solution, with the host-guest binding process featuring slow
exchange kinetics on the 'TH NMR timescale. Compared to free PCP,
the protons in the encapsulated guest displayed considerable up-
field shift (Ad > 1.4 ppm) due to shielding effect inside the cavity,
with methylene protons b separated into two sets of peaks. Fur-
ther, the calculation of integral area determined 1:1 binding be-
tween the host and guest (Fig. S55 in Supporting information), re-
vealing a binding constant of 5.0 x 103 L/mol. The formation of the

host-guest complex was further substantiated by the DOSY spec-
tra (Fig. S56 in Supporting information). Spatial correlation sig-
nals were observed between the aromatic peak (H,) of the bound
guest and the pyridine proton peak (H;) that was oriented towards
the interior of the cavity, as evidenced in the ROESY spectrum
(Fig. S57 in Supporting information). Furthermore, the structure of
the host-guest complex was optimized using the GFN2-XTB calcu-
lation method (Fig. S58 in Supporting information) [40]. Rebek’s
investigations elucidate that optimal binding is attained when the
guest molecule’s dimensions match precisely with the inner cav-
ity of the capsule, with the packing coefficient reaching an ideal
value of approximately 55%. Despite the substantial volume of PCP,
which poses a theoretical encapsulation challenge within Sg-MOC-
1, we observed a remarkable 1:1 binding efficiency, accompanied
by a packing coefficient of 71%. This intriguing outcome is presum-
ably facilitated by intermolecular forces, including [C-H.--r] and
[mr---] interactions, during the encapsulation process. These forces
impart enhanced stability to the host-guest complex, thereby ac-
commodating the encapsulation of guest molecules with larger
volumes.

In summary, two enantiopure Troger’s base ligands have been
designed and self-assembled with Pd(Il) to form two M,L4-type
chiral metal-organic capsules. Differences in substitution sites on
the TB’s backbone resulted in varied sizes and closure degrees of
the confined cavities in MOC-1 and MOC-2. Single crystal X-ray
analysis of the two S-configured homochiral capsules revealed cav-
ity volumes of 280 A3 and 382 A3 for MOC-1 and MOC-2, respec-
tively. Narcissistic chiral self-sorting occurred when mixing two
racemic chiral ligands for coordination. The fully enclosed capsule
MOC-1 was able to encapsulate one [2.2]paracyclophane guest to
form a stable 1:1 host-guest complex with slow exchange kinetics
on the 'H NMR timescale, while MOC-2, featuring a larger cavity
and open windows, was incapable of encapsulating this guest. This
research offers valuable insight into the construction of novel chi-
ral molecular capsules and the control of confined cavities. More
comprehensive investigation of the host-guest recognition capabil-
ities for both MOCs, particularly regarding the potential application
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Fig. 6. "H NMR spectra (400 MHz, CD3CN, 298 K) of (a) Sg-MOC-1 (5.00 mmol/L). (b) A mixture of Sg-MOC-1 (2.22 mmol/L) and [2.2]paracyclophane (PCP) (1.56 mmol/L) with

a molar ratio of 1.0:0.70, (c) free PCP (10.0 mmol/L).

of the chiral cavities in differentiation [41] and separation [42] of
chiral guests, is a promising avenue for future exploration.
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