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Enantioselective assembly and recognition of
heterochiral porous organic cages deduced from
binary chiral componentsf

Chao Liu, 2 Yucheng Jin, Dongdong Qi, Xu Ding, Huimin Ren, Hailong Wang (2 *
and Jianzhuang Jiang

Chiral recognition and discrimination is not only of significance in biological processes but also a powerful
method to fabricate functional supramolecular materials. Herein, a pair of heterochiral porous organic
cages (HPOC-1), out of four possible enantiomeric products, with mirror stereoisomeric crystal
structures were cleanly prepared by condensation occurring in the exclusive combination of
cyclohexanediamine and binaphthol-based tetraaldehyde enantiomers. Nuclear magnetic resonance and
luminescence spectroscopy have been employed to monitor the assembly process of HPOC-1, revealing
the clean formation of heterochiral organic cages due to the enantioselective recognition of (S,5)-
binaphthol towards (R,R)-cyclohexanediamine derivatives and vice versa. Interestingly, HPOC-1 exhibits
circularly polarized luminescence and enantioselective recognition of chiral substrates according to the
circular dichroism spectral change. Theoretical simulations have been carried out, rationalizing both the
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Introduction

Porous organic cages (POCs) are newly emerging attractive
crystalline molecular materials with great application potential
in the fields of storage and separation,* sensing,> and catalysis.*
Their advantages originate from the intrinsic and extrinsic
voids together with the functional groups attached on POCs.
Thus far, molecular POCs are mainly formed from the self-
assembly of discrete reactive building blocks driven by
dynamic covalent chemistry (DCC) including the reactions of
boronic acid condensation,* imine condensation,® and alkyne/
alkene metathesis.® In particular, various amine- and
aldehyde-decorated building blocks are available to assemble
POC molecules with different cavities, dimensions, and topol-
ogies.” These discrete cage-like molecules obtained are engi-
neered crystallographically to form porous assemblies (called
POCs) through efficient supramolecular interactions, exhibiting
huge adsorption capacity. In addition, the new application of
POCs as a kind of unique synthon has been initiated by
accommodating fine nanoparticles® and being fabricated into
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enantioselective assembly and recognition of HPOC-1.

reticular frameworks® with the help of metal-coordination,
covalent and hydrogen-bonding interactions.

Chirality is vital to biological processes and widely exists in
various biological structures at the molecular level, including
polysaccharides, proteins and DNA.' Incorporation of chirality
into artificial functional materials provides new objectives
towards chiral separation," stereospecific catalysis,’* chiral
recognition,” and unique chiroptical properties.** Self-
assembly depending on chiral recognition and discrimination
has been used to prepare chiral functional supramolecular
materials through noncovalent interactions such as electro-
static interactions,' m-7 interactions,'® hydrogen bonding,"”
and metal-coordination bonds.'® In quite recent years, DCC-
based self-sorting of POCs has been achieved using the
racemic mixtures of enantiomers as building blocks, generating
a few homochiral and heterochiral cages." It is worth noting
that all the thus far obtained heterochiral POCs are made up of
enantiomers from only one component. More complicated
heterochiral systems derived from the enantiomers of two or
more components still remain unreported, to the best of our
knowledge. As a consequence, investigation of complicated
heterochiral cages and the corresponding applications is surely
of significance for developing POCs and chirality chemistry.

Herein, we present the clean synthesis of heterochiral
porous organic cages (HPOC-1) by enantioselective assembly of
the enantiomer of a binaphthol-based tetraaldehyde with
specific enantiopure cyclohexanediamine (CA). The corre-
sponding self-assembly reaction kinetics has been tracked
using luminescence and nuclear magnetic resonance (NMR)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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spectroscopy, revealing the clean formation of heterochiral
porous organic cages due to the enantioselective recognition of
the CA enantiomer towards the enantiomeric binaphthol-
derived building block 5,5'<(6,6'-dichloro-2,2'-diethoxy-[1,1'-
binaphthalene]-4,4’-diyl)diisophthalaldehyde =~ (DBD).  The
crystal structures of the pair of heterochiral HPOC-1 enantio-
mers show precise sorting of two kinds of chiral building
blocks. Interestingly, HPOC-1 displays circularly polarized
luminescence (CPL). Furthermore, heterochiral HPOC-1 is able
to enantioselectively recognize chiral substrates through
circular dichroism (CD) spectral change due to the host-guest
supramolecular interactions.

Results and discussion

The synthetic route to POCs from tetraaldehydes and CA created
by Cooper's group has provided diverse [3 + 6] tubular organic
cages.”® Towards synthesizing more complex heterochiral POCs
with two different kinds of enantiomers from more than one
component, pure chiral binaphthol-bearing building blocks
(DBD) shown in Scheme 1 were prepared to react with cyclo-
hexanediamine (CA). Four sets of combination for these enan-
tiomeric building blocks of two compounds, namely [(S,S)-DBD
+ (8,5)-CA], [(S,S)-DBD + (R,R)-CA], [(R,R)-DBD + (R,R)-CA] and
[(R,R)-DBD + (S,S)-CA], are expected to generate four hetero-
chiral organic cages. Unfortunately, only the reaction between
(S,S)-DBD and (R,R)-CA or (R,R)-DBD and (S,S)-CA was able to
deliver clean (S,R)- and (R,S)-HPOC-1, respectively, on the basis
of MS and NMR spectroscopic data, Table S1 and Fig. S1-S11.}

In order to understand the assembly process, time-
dependent NMR spectra were collected for the system of (S,S)-
DBD in 2.0 mL CDCI; containing 1.0 L TFA with the addition of
2.0 equiv. of (R,R)-CA and (S,S)-CA, respectively, Fig. S12.} (S,S)-
DBD showed one typical singlet peak at 6 10.26 ppm due to the
aldehyde protons. In addition, methyl and methylene protons
displayed peaks at ¢ 1.16 and 4.15 ppm, respectively. Following
the addition of (R,R)-CA for 1.0 min, the proton signal of the
aldehyde quickly disappeared. Instead, a doublet peak started

‘«\
:*‘NHZ

(S,S)-CA

(S,5)-DBD

R=-OC,H;

Scheme 1 Synthesis of heterochiral porous organic cage HPOC-1.
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to appear at 6 8.38 ppm due to the formation of imine bonds.
After 20.0 min, the methyl proton signals moved towards high
field of 6 0.27 ppm and methylene proton signals migrated to
0 3.00 and 3.28 ppm. The larger high-field movement indicates
an increase in the density of the electron cloud around the
methyl group, which further illustrates the location of ethoxy
groups inside the cage molecule rather than outside the cage.
After the proceeding of the reaction for 24.0 h, the "H NMR
spectrum of the reaction mixture is overall consistent with that
of the as-synthesized (S,R)-HPOC-1, implying the clean genera-
tion of the heterochiral POC. This is verified by MALDI-TOF MS
data with the observation of only one cage molecular ion peak at
m/z = 2495.6, Fig. S13.1 In contrast, introduction of (S,S)-CA led
to complicated '"H NMR signals under the same reaction
conditions, which are seriously different from those of (S,R)-
HPOC, Fig. S14.1 The assemblies in the reaction solution of
(S,S)-DBD and (S,S)-CA have been analyzed using the MS result.
Four molecular ion peaks at 2495.6, 3327.1, 4159.8 and 4992.2
are consistent with the molecular weight of [3 + 6], [4 + 8], [5 +
10] and [6 + 12] POCs, respectively, Fig. S13.7 In addition,
a complicated "H NMR spectrum was obtained for the solid
yielded from the reaction of four kinds of starting materials
including (S,S)-DBD, (R,R)-DBD, (S,S)-CA, and (R,R)-CA
(Fig. S157), precluding the presence of pure self-sorting POCs. It
is worth noting that the synthetic dynamics for the present
POCs with both chiral aldehyde and chiral amine as the
building blocks should be due to the enantioselective assembly
mechanism, namely an enantiomer to enantioselectively
recognize different kinds of chiral modules. This is different
from that of self-sorting POCs with solely one kind of racemic
molecule involving the chiral self-discrimination or self-
recognition mechanism.*»***4f

In addition, fluorescence spectroscopy was used to trace the
reaction dynamics of (S,S)-DBD with (R,R)-CA and (S,S)-CA,
respectively, with a molar ratio of 1:2 in CH,Cl,, Fig. 1a-c.
There is a slight emission band of DBD at ca. 502 nm. After the
introduction of (R,R)-CA for 5.0 min, an obvious emission band
was observed at ca. 418 nm. As time went on, the maximum

(R,R)-DBD

R=-OC,H;
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Fig. 1

(@ and b) Fluorescence spectral changes of (S5,5)-DBD (0.7 mM) in CH,Cl, upon introduction of 2.0 equiv. of (R,R)-CA or (5,5)-CA. (c)

Fluorescence intensity at 406 nm vs. reaction time of (S,5)-DBD with (R,R)-CA (black line) and (S,S)-CA (gray line). (d and e) Fluorescence spectral
changes of (5,5)-DBD (0.7 mM) in CH,Cl, upon introduction of 2.0 equiv. of (R,R)-DPA or (S,S)-DPA. (f) Fluorescence intensity at 406 nm vs.
reaction time of (S,5)-DBD with (R,R)-DPA (black line) and (S,5)-DPA (gray line).

position of the emission band with gradually increased inten-
sity slightly moved to 406 nm. After 60.0 min, the intensity
remained constant. Such a phenomenon is also observed in the
reaction system of (S,5)-DBD and (S,S)-CA, Fig. 1d-f. Differently,
a shorter time of 30.0 min enabled a constant emission inten-
sity at 406 nm maximum for the latter system. It is worth noting
that the emission intensity at maximum for the former system
was almost twice as big as that of the latter one. An enantio-
meric fluorescence ratio (ef) value of 1.62 was therefore deter-
mined based on the division of maximum intensity of the
former system by that of the latter one, confirming the higher
enantioselectivity of (S,S)-DBD towards (R,R)-CA, rather than
(8,S)-CA, to form pure [3 + 6] POC. When (R,R)-DBD was used,
a similar phenomenon was found upon the addition of (S,5)-CA
and (R,R)-CA, respectively, and the ef is calculated as 1.82,
Fig. S16.1 This value is similar to the ef of (S,5)-DBD. These
results demonstrate the moderate enantioselectivity between
these two chiral building blocks during the reaction.'***
Density functional theory (DFT) calculations were performed
on (S,R)-HPOC-1 and (S,S)-HPOC-1 (assembled from (S,S)-DBD +
(S,8)-CA) towards understanding the clean generation of the
former heterochiral POC associated with enantioselective
recognition between two kinds of enantiomeric building blocks.
The simulated formation energy for (S,R)}-HPOC-1 is
—132.4 keal mol !, much smaller than that for the latter species
(~71.5 keal mol ™), hinting at the more favorable formation of
the former cage from a thermodynamics perspective. In the
present case, the optimized structure of (S,R)-HPOC-1 exhibits
less variation in bond length for the cyclohexanediimine moiety
than that of ($,S)-HPOC-1 (Fig. S17 and Table S27), indicating
the more stable structure of the former POC. To further confirm

7016 | Chem. Sci, 2022, 13, 7014-7020

this point, theoretical simulation was also carried out on
another heterochiral POC, HPOC-2 derived from the reaction
between DBD and 1,2-diphenylethylamine (DPA) enantiomers.
The formation energy of (S,R)-HPOC-2 (—137.3 kcal mol ),
derived from (S,S)-DBD and (R,R)-DPA, was revealed to be
smaller than that of (S,S)-HPOC-2 (—131.7 kcal mol '), assem-
bled from (S,5)-DBD and (S,S)-DPA, further supporting the
present clean generation of heterochiral POCs due to the
enantioselective assembly mechanism. These results agree well
with the experimental findings that [3 + 6] topological (S,R)-
HPOC-2 has been cleanly generated according to NMR and MS
data, Fig. S18 and S19.f However, the small enantiomeric
fluorescence ratio of 1.17 for (S,S)-DBD toward (R,R)-DPA and
(S,S)-DPA, Fig. 1f, indicates the weak selectivity of the enantio-
selective recognition process occurring in the generation of the
latter heterochiral POCs in comparison with HPOC-1.

To detect the structural information of the heterochiral
cages, colourless single crystal enantiomers of HPOC-1 were
surveyed using a single crystal X-ray diffraction instrument,
Fig. 2a and Table S3.f Both enantiomers crystallize in the
monoclinic system with a chiral P2, space group, and each unit
cell is made up of two cage molecules. The detailed structures of
these two compounds were described with (S,R)-HPOC-1
assembled from (S,S)-DBD and (R,R)-CA as a typical represen-
tative. As expected, it inherits the [3 + 6] cage structural char-
acteristics, possessing three binaphthol segments and six chiral
diamines via imine connection. The length of this cage is about
24.4 A, Fig. 2a. Although the cage cavity is crowded due to the
ethoxy side chains, the solvent-accessible surface is computed
to be 32.4% using Platon software.** The Flack parameters for
the resolved single crystal structures of (S,R)-HPOC-1 and (R,S)-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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HPOC-1 are 0.049(13) and 0.035(7), respectively, illustrating the
enantiopurity of these two newly obtained POCs. As a result, the
CD spectra were comparatively studied with reference to those
of DBD, Fig. 2b and S20.} (S,S)-DBD shows a positive CD band
from 240 to 260 nm and a negative band from 260 to 360 nm.
The enantiomer exhibits mirror CD bands due to the completely
inverse Cotton effect. After the formation of (S,R)-HPOC-1, three
CD bands, namely a positive band in the range of 240-260 nm
and two negative bands at 260-280 nm and 280-360 nm,
respectively, were observed. The newly observed negative band
at 260-280 nm might be the consequence of imine band
formation from (R,R)-CA reacting with the (S,5)-DBD moiety.
This is consistent with similar [3 + 6] POC analogues.?»*2°
HPOC-1 in tetrahydrofuran (THF) displayed absorption
bands at 295 and 357 nm, similar to those of DBD, Fig. S21.7
The molar absorption coefficient of 3.9 x 10* L mol ' em ™" at
357 nm for the cage is bigger than that of DBD (2.0 x 10* L
mol™" em™"). Upon excitation at 357 nm for DBD, a broad
emission band with the maximum at 408 and 430 nm appears,
Fig. S22,7 corresponding to a low fluorescence quantum yield of
1.6% (calculated with quinine sulfate as the standard). In
contrast, a strong emission band at 403 nm was observed for
HPOC-1 under the same excitation conditions with the fluo-
rescence quantum yield as high as 63.4% due to the formation
of an imine bond,"”"* exceeding that of most organic cage
compounds.***** Additionally, transient fluorescence spectra
showed that HPOC-1 has a higher fluorescence lifetime (1.67 ns)
than DBD (1.09 ns), Fig. $23.7 Since few POCs were revealed to
show circularly polarized luminescence (CPL), a typical char-
acteristic of the excited states of chiral systems with application
potential in 3D display technology, optoelectronic devices and
chiral sensing,**#' the present fluorescence heterochiral HPOC-
1 enantiomers composed of the binaphthol moiety therefore
inspire us to investigate their CPL properties. As shown in

a) (S,R)-HPOC-1

(R,S)-HPOC-1

b) c) 4
120 ——(S,R)-HPOC-1
80/ )l - (R,S)-HPOC-1
§ 4 k4
£
E o0 Eo
|
o
S -40- o
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A
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Wavelength (nm) Wavelength (nm)

Fig. 2 (a) Single crystal structures of HPOC-1. Hydrogen atoms and
ethoxy groups are omitted for clarity. (b) The CD spectra of (S,R)-
HPOC-1 (solid line) and (R,S)-HPOC-1 (dotted line) with the concen-
trations of 2.0-10.0 uM in THF. (c) The CPL spectra of HPOC-1 (100.0
pM) in THF.
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Fig. 2c, (S,R)-HPOC-1 in THF exhibited a broad positive emis-
sion in the range of 380-500 nm with the maximum at 425 nm.
However, the CPL profile of (R,S)-HPOC-1 shows a mirror-image
with that of (S,R)-HPOC-1. The CPL dissymmetry factor (gjum)
was calculated to be £3.3 x 10~ *. This value is similar to that of
analogous POCs such as 6M-2 and T-FRP 1.4**

Incorporation of two kinds of chiral building blocks into
HPOC-1 provides a new heterochiral host for enantioselective
recognition of chiral molecules in solution. Herein, CD spec-
troscopy was employed to monitor the potential interaction
between heterochiral HPOC-1 and chiral small molecules since
this technique is able to directly discriminate molecules with
different absolute configurations and ee quantitation according
to visual signals, superior to fluorescence and NMR techni-
ques.**»¥ In the present case, a series of chiral small mole-
cules, including carvone, 1-phenylethanol, limonene, tartaric
acid and pinene, were screened to probe the chiral recognition
potential of HPOC-1. Gradual introduction of p-carvone resulted
in the continuous decrease of the CD signal of (S,R)-HPOC-1 at
250 nm, Fig. 3a. In good contrast, a tiny CD change was found
upon the introduction of 1-carvone, Fig. 3b and c. These results
imply the existence of specific interaction between (S,R)-HPOC-
1 and p-carvone rather than i-carvone. In addition, upon
increasing the p-carvone concentration from 0 to 240.0 uM, the
CD signal at 250 nm for (S,R)-HPOC-1 solution decreased in
a much faster manner than that of the control without POC
molecules, supporting the presence of enantioselective recog-
nition of this cage toward bp-carvone, Fig. S24.f Such
a phenomenon was also observed in the chiral recognition test
using (R,S)-HPOC-1 towards r-carvone, Fig. 3d-3f. For the other
four chiral substrates including 1-phenylethanol, tartaric acid,
limonene and pinene, Fig. S25 and Table S4,7 almost no
obvious CD change was observed for (S,R)-HPOC-1, indicating
the specificity of the chiral recognition of this POC towards p-
carvone. These results imply the existence of specific interaction
between (S,R)-HPOC-1 and p-carvone rather than r-carvone. In
addition, a titration experiment of carvone with (S,5)-DBD at
three-times the concentration of (S,R)-HPOC-1 was carried out.
As shown in Fig. $26,1 the CD signal changes for the solution of
monomer (S,5)-DBD upon adding p- and r-carvone are similar to
those of the cage, indicating that this monomer can also
enantioselectively recognize p-carvone rather than r-carvone.
Similar enantioselective recognition phenomena of the cage
and monomer towards carvone are due possibly to the presence
of 1,1’-binaphthalene moieties. However, at the same concen-
tration of 1,1’-binaphthalene moieties for the solution of (S,R)-
HPOC-1 and (S,S)-DBD, the slope absolute value of the fitting
line between the CD signal intensity and the concentration of
chiral p-carvone for the cage (—0.124) is much bigger than that
of the monomer (—0.075), indicating the better enantiose-
lectivity of the former species. This most probably originates
from the superiority of the cage-like molecular structure which
provides stronger interaction with the chiral substrate. Similar
to (S,R)-HPOC-1, no obvious CD change is observed for (S,S)-
DBD upon adding 1-phenylethanol enantiomers (as a represen-
tative of the used chiral substrates except carvone), Fig. S27.F
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Fig. 3 CD spectra of (S,R)-HPOC-1 (2.0 uM) with different concentrations of b-carvone (a) and L-carvone (b). (c) The CD intensity at A = 250 nm
vs. the p-carvone concentration (0-240.0 pM). The CD spectra of (R,S)-HPOC-1 (2.0 uM) with different concentrations of (d) L-carvone and -
carvone (e). (f) The CD intensity at 2 = 250 nm vs. the L-carvone concentration (0-240.0 puM).

These results indicate that cage (S,R)-HPOC-1 has better chiral
recognition properties than monomer (S,S)-DBD.

To elucidate the monitored enantioselective recognition
mechanism, molecular simulations were conducted on the
(S,R)-HPOC-1 host and two enantiomeric analytes using DFT
calculations. The optimized molecular structure of (S,R)-HPOC-
1 bound with p-carvone shows that protons on the p-carvone
point toward the face of the binaphthol moiety with atom-to-
plane distances of 2.620 and 3.046 A (Fig. S287), respectively,
indicating the presence of CH:- -7 interactions between the cage
and guest. This point was further supported by the observation
of a proton signal shift in the "H NMR spectrum of a mixture of
(S,R)-HPOC-1 and p-carvone in comparison with that of the
control, Fig. $29.1 The CH-7 interaction may affect the 7 — 7*
transitions of the binaphthol moieties, leading to the change of
the intensity of the CD peak at 250 nm. Furthermore, the
binding energy of (S,R)-HPOC-1 and the p-carvone molecule is
—102.5 keal mol ™, indicating the presence of binding interac-
tion. Instead, a unstable state between (S,R)-HPOC-1 and the -
carvone molecule is suggested by the high value of binding
energy (807.3 kcal mol™'). In contrast to the obvious CD
response of (S,R)-HPOC-1 towards p-carvone, we hypothesize
that the non-enantioselective recognition effect of POC for r-
carvone might be attributed to the much weaker interaction
strength between the host and chiral guest, as indicated by the
absence of an optimized structure for (S,R)-HPOC-1 in the
presence of L-carvone in a 1 : 1 ratio. However, the exact reason
is still not clear at this stage.

At the end of this section, it is worth noting that a series of
CD spectra of (S,R)-HPOC-1 with the addition of a mixture of
rac-carvone with different ee values were collected, Fig. S30a.t A

7018 | Chem. Sci, 2022, 13, 7014-7020

good linear relationship between CD signal intensity at 250 nm
and ee value was observed, Fig. S30b.{ According to this stan-
dard working curve, it is easy to determine the enantiomeric
excess of carvone. This point is further supported by the fact
that the experimental results for three rac-carvone samples are
consistent with the theoretical values, Table S5.+

Conclusions

In summary, enantioselective assembly of new heterochiral
functional materials from two kinds of enantiomeric building
blocks has been clearly established. The enantioselective
recognition mechanism involved in the self-assembly of
building blocks has guaranteed the clean formation of a pair of
heterochiral porous organic cage enantiomers with circularly
polarized luminescence property. This new POC possesses
enantioselective  recognition capability towards chiral
substrates according to the circular dichroism data. This work
no doubt provides a new perspective towards constructing
heterochiral POCs and therefore should benefit the chemistry of
chiral self-assemblies.
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