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ABSTRACT: Chiral covalent organic frameworks (COFs) hold
considerable promise in the realm of heterogeneous asymmet-
ric catalysis. However, fine-tuning the pore environment to en-
hance both the activity and stereoselectivity of chiral COFs in
such applications remains a formidable challenge. In this study,
we have successfully designed and synthesized a series of clo-
ver-shaped, hydrazone-linked chiral COFs, each with a varying
number of accessible chiral pyrrolidine catalytic sites. Remark-
ably, the catalytic efficiencies of these COFs in the asymmetric
aldol reaction between cyclohexanone and 4-nitrobenzalde-
hyde correlate well with the number of accessible pyrrolidine
sites within the frameworks. The COF featuring nearly one pyr-
rolidine moiety at each nodal point demonstrated excellent re-
action yields and enantiomeric excess (ee) values, reaching up
to 97% and 83%, respectively. The findings not only under-
score the profound impact of a deliberately controlled chiral
pore environment on the catalytic efficiencies of COFs, but also
offer a new perspective for the design and synthesis of ad-
vanced chiral COFs for efficient asymmetric catalysis.

KEYWORDS: chiral covalent organic frameworks, asymmetric
catalysis, enhanced catalytic performance, pore environment
tuning, clover-like topology, hydrazone-linked COF

INTRODUCTION

Chiral enantiomers often exhibit divergent physiological activ-
ities and distinct chemical selectivity, rendering the synthesis
of compounds with specific chirality a critical undertaking.
Asymmetric catalysis, as an ideal way to directly produce enan-
tiomeric pure compounds, has garnered significant attention in
recent years. Notably, proline and its derivatives — a repre-
sentative class of chiral organocatalysts — exhibit excellent
catalytic performance and chiral selectivity across a range of
reactions, including Mannich reaction, Michael reaction,
Morita-Baylis-Hillman reaction and aldol addition reaction.!.2
To address challenges associated with catalyst recovery and
product purification in chiral catalysis, these organocatalysts
have been grafted onto solid supports to facilitate

heterogeneous catalytic transformations and subsequent cata-
lyst regeneration. For example, enantiomerically pure proline
moieties have been successfully incorporated into metal or-
ganic frameworks (MOFs) through amide condensation.34
However, the exposed pyrrolidine-NH active sites may engage
in the coordination with metal ions during the self-assembly
process, thereby compromising the catalyst’s activity.! When
protecting groups such as tert-butoxycarbonyl (Boc) were em-
ployed to mitigate such problems, the additional deprotection
step, such as the post-synthetic thermal cleavage of Boc groups
led to undesired racemization and severe attenuation of stere-
oselectivity.> Furthermore, the use of hazardous heavy metal
ions in some MOFs poses additional environmental concerns.
Therefore, the quest for metal-free, stable porous framework
materials that can serve as reliable supports for organocata-
lytic moieties is of paramount importance.

Since the first report of covalent organic frameworks (COFs)
in 2005,6 such crystalline polymers have aroused significant in-
terest due to their potential applications in various areas such
as gas storage,”9 drug delivery,10-12 chemical sensing,!3-16 pol-
lutant adsorption,!7-19 electrochemistry,20-22 chromatographic
separation23-25 and heterogeneous catalysis.26-28 In particular,
chiral COFs can be constructed by incorporating chiral struc-
tural moieties.2930 The outstanding properties of chiral COFs,
including highly ordered porous structures, large specific sur-
face area, excellent chemical stability and inherent chiral pore
channels, position them as promising materials for enantio-
meric separation,31-3¢ chiral optics,35-38 chiral recognition,39-41
and heterogeneous asymmetric catalysis.42-46 However, the ra-
tional design and construction of chiral COFs present consider-
able challenges and remain underexplored. These challenges
primarily stem from the difficulty in reconciling asymmetry
with the crystalline nature inherent to organic frameworks.
Concerning their utility in asymmetric catalysis, the literature
is limited mostly to imine-linked chiral COFs. For example, chi-
ral pyrrolidine-functionalized imine-linked COFs were synthe-
sized via covalent post-synthetic modification or de novo syn-
thesis, and subsequently employed in chiral catalysis.4447 To
the best of our knowledge, the application of chiral COFs fea-
turing robust hydrazone linkages in asymmetric catalysis



remains unexplored. Furthermore, while significant strides
have been made, a systematic study aimed at fine-tuning the
pore environments of chiral COFs to optimize both catalytic ac-
tivity and stereoselectivity is still an uncharted yet highly de-
sirable research avenue.

Herein, we designed and prepared a series of clover-like hy-
drazone-linked chiral COFs using nonlinear pyrrolidine-con-
taining

Scheme 1. Syntheses of chiral COFs L-HPP-TZ, L-HPP-TZ-NBoc, and L-HPP-TZ-NH.
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chiral linkers and explored their use as heterogeneous cata-
lysts for the asymmetric aldol reaction between cyclohexanone
and nitrobenzaldehydes. We have demonstrated that the den-
sity of NH active sites of pyrrolidine in the pore channels of chi-
ral COFs can be regulated by the introduction of Boc protecting
groups, which dictates the asymmetric catalytic efficiency of
the model aldol reaction, giving rise to excellent reaction yield
and ee value.

RESULTS AND DISCUSSION

Synthesis and Characterization. In our ligand design, the
chiral ligand L-HPP was obtained in high yield from the step-
wise reaction of dimethyl 5-aminoisophthalate with hydrazine
and L-proline (Scheme S1b). The two acylhydrazine units were
arranged with a bent angle of around 120 off the central 1,3-
disubstituted benzene core, from which a clover-type of COF
was expected when condensed with a C3 symmetric trialde-
hyde monomer TZ (Scheme 1). It is worth noting that this 1,3-
substitution pattern was adopted over the 1,4-substitution
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pattern where the two acylhydrazine units are linearly aligned,
to avoid the complications of spontaneous ring closure reaction
between one of the acylhyrazine units and the adjacent amino
group, as described previously (Scheme S1a).37

When L-HPP was subjected to the reaction with the trialde-
hyde monomer TZ in a molar ratio of 2:3 under solvothermal
conditions (in degassed aqueous acetic acid (6 M)/dimethyla-
cetamide/mesitylene (1:5:5, v/v/v), 110 °C, 3 days, see Sup-
porting Information), a semicrystalline COF powder was ob-
tained (Scheme 1), which, when employed in the asymmetric
aldol condensation reaction, exhibited very low chiral catalytic
activity (see details later). In order to verify if the proline cata-
lytic sites were intact and remained accessible in the resultant
COF, L-HPP was subjected to the reaction with the monovalent
benzaldehyde. During the experiment, an equal amount of ace-
tic acid was added as a catalyst, similar to the conditions em-
ployed for COF synthesis. Despite a starting molar ratio of 1:2
for L-HPP and benzaldehyde, two different condensation prod-
ucts, Model 1 and Model 2, were obtained (Scheme 2a) in a ratio
close to 1:1, as revealed by 1H NMR spectroscopy (Figure S1).



Single-crystal X-ray diffraction analysis clearly revealed that
Model 2 was an adduct of Model 1 with an additional benzalde-
hyde (Scheme 2a and Table S1), in which the active pyrrolidine-
NH group underwent a cyclization reaction with benzaldehyde
and the N atom of the amide unit. The tendency for ring-annu-
lation in Model 2 may account for the unexpected reactivity of
pyrrolidine towards aromatic aldehydes. Correspondingly, the
pyrrolidine units in L-HPP may have engaged in the reaction
with the aldehyde groups in TZ during the COF synthesis, re-
sulting in the formation of L-HPP-TZ with partially blocked pyr-
rolidine sites (Scheme 1).

The N-Boc protected L-HPP-Boc linker was then synthesized
and employed in the model reaction with benzaldehyde and the
COF synthesis with TZ (Scheme 1). From the model reaction
carried out under the same acidic reaction conditions, the Boc-
containing Model 3 was obtained as the sole product (Scheme
2b) with no sign of the ring-closure Model 2 product, verifying
that the Boc group was robust and remained intact under the
acidic conditions. From the solvothermal condensation reac-
tion between L-HPP-Boc and TZ, L-HPP-TZ-NBoc COF was suc-
cessfully obtained as a pale-yellow solid. Further deprotection
by treating L-HPP-TZ-NBoc with 4 M HCl/1,4-dioxane was suc-
cessfully implemented, giving rise to L-HPP-TZ-NH COF con-
taining exposed pyrrolidine-NH catalytic sites (Scheme 1).
When L-HPP-TZ-NH was used to catalyze the same asymmetric
aldol reaction, the catalytic ability and chiral selectivity were
significantly improved (described below).

Scheme 2. Syntheses of the model compounds (a) Model 1 and
Model 2, and (b) Model 3, the structures of which were verified by
their corresponding single-crystal structures shown on the right
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The crystallinity and framework structures of the obtained
chiral COFs were characterized by powder X-ray diffraction
(PXRD) analysis. As illustrated in Figure 1a, all the PXRD pat-
terns of L-HPP-TZ, L-HPP-TZ-NBoc, and L-HPP-TZ-NH exhib-
ited a relatively intense diffraction peak at about 5.0°, which
could be assigned to the reflection from the (110) facet. Addi-
tionally, the other two weak peaks at around 7.9° and 26.2° can
be attributed to the (300) and (003) facets, respectively. Struc-
tural simulations of L-HPP-TZ-NH considered three common
packing models including AA packing (Figure 1b, Table S6), AB
packing (Figure 1c, Table S7) and ABC packing (Figure 1d, Ta-
ble S8). The results indicated that the experimental PXRD pat-
tern of L-HPP-TZ-NH matched much better with the calculated
PXRD pattern generated from the ABC stacking mode than
those of the AA stacking and AB stacking modes (Figure 1a).
Such an ABC packing structure of L-HPP-TZ-NH was similar to
those of the other reported achiral clover-like imine-linked
COFs.4849 Thus, the suggested model with ABC packing struc-
ture was subsequently subjected to the Pawley refinement,
producing a PXRD pattern that was in good agreement with the
experiment (Figure S2). The Pawley refinement gave rise to cell
parameters of a = b =35.20 &, c=10.63 &, a = =900, y = 1200,
and reasonable final factors Rwp = 2.76% and Rp = 2.20%. The
PXRD patterns of L-HPP-TZ and L-HPP-TZ-NBoc were similar
to that of L-HPP-TZ-NH in terms of peak positions and intensi-
ties, indicating that all of these COFs possessed similar frame-
work structures with ABC packing modes (Figures 1d-1f). It is
worth noting that despite that different synthesis conditions
were attempted to enhance the crystallinity of these COFs, their
PXRD patterns could not be improved further, presumably due
to the existence of the bulky pendant proline-based chiral groups in
the COF structures, which might greatly affect the n-r stacking in-
teractions and thus resulting in the staggered alignment between the
neighboring layers.2% So far, only few achiral COFs with the in-
teresting clover-like topology have been reported.#8-50 To the
best of our knowledge, the hydrazone-linked COFs in this work
represent the first examples of clover-like chiral COFs.
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Figure 1. (a) Simulated PXRD patterns of L-HPP-TZ-NH: AA packing (blue), AB packing (black) and ABC packing (purple) structures; Exper-
imental PXRD patterns of L-HPP-TZ-NH (green), L-HPP-TZ-NBoc (red) and L-HPP-TZ (pink). (b) Simulated structure of L-HPP-TZ-NH with
AA packing. (c¢) Simulated structure of L-HPP-TZ-NH with AB packing. (d) Simulated structure of L-HPP-TZ-NH with ABC packing. (e) Simu-
lated structure of L-HPP-TZ-NBoc with ABC packing. (f) Illustration of partial structure of L-HPP-TZ with ABC packing. The active pyrroli-
dine-NH units were highlighted in green, while the blocked pyrrolidine-NH sites were highlighted in red.
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Figure 2. (a) Solid-state 13C CP-MAS NMR spectra of L-HPP-TZ, L-HPP-TZ-NBoc, and L-HPP-TZ-NH. (b) TGA curves of L-HPP-TZ (red), L-
HPP-TZ-NBoc (blue) and L-HPP-TZ-NH (black). The significant weight loss (14.8%) in the region of 145-273 °C in the TGA curve of L-HPP-
Boc-TZ (blue) corresponds to the cleavage of Boc groups (theoretical mass loss: 15.8%).

All three chiral COFs were characterized by Fourier trans-
form infrared spectroscopy (FT-IR), which were similar due to
their related framework structures (Figure S5). The spectra of
these COFs revealed the nearly complete absence of the char-
acteristic aldehyde stretching (1700 cm-1) of TZ and the weak
amino stretching (3400-3200 cm-1) of the starting chiral build-
ing blocks. The characteristic C=N (1600 cm) stretching
bands, which was also featured in the FT-IR spectra of the cor-
responding model compounds, were observed for the obtained
COFs, signifying the completion of the Schiff-base reaction (Fig-
ures S3 and S4). Further chemical information was revealed by
13C cross-polarization magic-angle spinning (CP-MAS) NMR
analysis (Figure 2a). The 13C CP-MAS NMR spectra showed the

characteristic peak for the imine carbon at 148 ppm for all the
chiral COFs, confirming the formation of C=N bonds. The chem-
ical shifts of other fragments were in good agreement with
those of the monomers. Notably, the emerging resonance at 72
ppm for L-HPP-TZ could be due to the formation of annulated
rings from the ring-closure reaction between pyrrolidine-NH
and TZ. The peaks at 61, 48, 30, and 25 ppm were assigned to
the carbon atoms attached to the chiral pyrrolidine group. Ad-
ditionally, the disappearance of the signals at 155, 80, and 28
ppm for L-HPP-TZ-NH, was indicative of the successful removal
of the Boc protecting groups.

Thermogravimetric analysis (TGA) revealed that these chiral
COFs presented good thermal stabilities up to ~335 oC (Figure



2b). In the case of L-HPP-TZ-NBoc, an additional weight loss of
~14.8% was observed in the region of 145-273 °C, accounting
for the cleavage of Boc groups (theoretical value: 15.8%). In ad-
dition, no apparent weight loss was observed for L-HPP-TZ-NH
at ~270 oC, further proving that the Boc groups were success-
fully removed.#44 Scanning electron microscopy (SEM) images
revealed that L-HPP-TZ exhibited a rod-shaped morphology
with some nanoparticles on the surface (Figure 3a), while both
L-HPP-TZ-NBoc and L-HPP-TZ-NH displayed rod-shaped mor-
phologies with much smoother surfaces (Figures 3b-3c). The
specific surface area and pore size distribution of the three
COFs were studied by N2 adsorption-desorption experiments
at 77 K. The adsorption curves of all three chiral COFs exhibited
the type-1V sorption isotherms, indicating their porous nature
(Figure 3d). The adsorption curve of L-HPP-TZ showed a rapid
increase at low relative pressure (P/Po<0.1), suggesting the
presence of micropores. A rise in the isotherm at higher rela-
tive pressures (0.8-0.99 P/Po) occurred, ascribed to the pres-
ence of textural mesopores caused by agglomeration of the COF
crystals.5! The Brunauer-Emmett-Teller (BET) surface areas
of L-HPP-TZ, L-HPP-TZ-NBoc and L-HPP-TZ-NH were found to
be 41.6,16.3, and 35.2 m2/g, respectively (Figures S6-S8). Such
limited BET surface areas might be attributable to the ABC
packing mode and relatively low crystallinity of the resulting
chiral COFs. The nonlocal density functional theory (NLDFT)
simulation indicated narrow aperture distributions, with the
average pore width of 1.42, 2.02 and 2.02 nm for L-HPP-TZ, L-
HPP-TZ-NBoc and L-HPP-TZ-NH, respectively (Figures S9-
S11). The decrease of average pore width for L-HPP-TZ was due
to blocked pore channels caused by the ring-closure reaction
between pyrrolidine group of L-HPP and aldehyde monomer.
To further study the chemical stability of the hydrazone-linked
COFs, L-HPP-TZ-NH was selected as an example and immersed
in common solvents for 7 days. As indicated by PXRD, L-HPP-
TZ-NH treated with different solvents including dimethyl sul-
foxide (DMSO), dichloromethane (DCM), tetrahydrofuran
(THF), methanol (MeOH), N,N-dimethylformamide (DMF), H20,
4 M NaOH (aq) and 4 M HCI (aq), still retained its crystallinity
after a one-week treatment (Figure S12). The high chemical
stability of L-HPP-TZ-NH was mainly attributed to the for-
mation of robust hydrazone linkage in the framework. Addi-
tionally, the circular dichroism (CD) spectra of L/D-HPP-TZ,
L/D-HPP-TZ-NBoc and L/D-HPP-TZ-NH chiral COFs synthe-
sized by L/D-HPP and L/D-HPP-Boc enantiomeric building
blocks showed mirror symmetric correlation, which indicated
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Figure 3. (a) The SEM image of L-HPP-TZ. (b) The SEM image of L-
HPP-TZ-NBoc. (c) The SEM image of L-HPP-TZ-NH. (d) The N2

sorption isotherms of L-HPP-TZ (red), L-HPP-TZ-NBoc (yellow), and
L-HPP-TZ-NH (blue).

Asymmetric Catalysis. The obtained chiral COFs exhibited
similar framework structures but different chiral pore channel
functionalities, which allowed us to investigate the impact of
the pore environments on the activities and stereoselectivities
of the resultant chiral COFs in asymmetric catalysis. The chiral
COFs were used as catalysts for asymmetric aldol reaction,
which is one of the most classical carbon-carbon bond forming
reactions in organic synthesis.5253 Since the solvent is a crucial
factor, we initially investigated the catalytic activity of L-HPP-
TZ-NH for the aldol reaction of cyclohexanone with 4-nitroben-
zaldehyde in various solvents. As displayed in Table S2, the al-
dol reactions catalyzed by L-HPP-TZ-NH for 4 days afforded the
products in extremely low yields when THF, EtOH or toluene
were utilized (entries 1-3 in Table S2). The use of DMF or H20
alone could only slightly increase the yields (entries 4 and 5 in
Table S2), while moderately high yield was achieved when us-
ing DMF/H20 as the cosolvent (entry 6 in Table S2). Next, the
impacts of acidic and basic additives on the asymmetric aldol
reactions were studied. When acetic acid was used as the aux-
iliary acid agent, the catalytic activity of L-HPP-TZ-NH for the
reaction of cyclohexanone with 4-nitrobenzaldehyde was the
highest at room temperature, and a 98% yield was obtained af-
ter 4 days of reaction, while the corresponding ee value and dr
value were 51% and 1:6.1, respectively (entry 7 in Table S2).
When benzoic acid and p-toluenesulfonic acid were employed
as auxiliary acid agents, the aldol reaction afforded the prod-
ucts in 97% and 61% yields, 61% and 74% ee values, and 1:4.8
and 1:13.5 dr values, respectively (entries 8 and 9 in Table S2).
When trifluoroacetic acid was used as an agent, the products
exhibited the highest ee and dr values up to 85% and 1:19.1,
respectively (entry 6 in Table S2), despite a relatively low yield
0of 49%. In case of the basic additives, the use of Ets3N and NaHCO3
could significantly improve the yield of the products, while negli-
gible ee values were detected (entries 10 and 11 in Table S2). When
pyridine was employed as a basic additive, moderate yield and ee
value of the aldol product were observed (entry 12 in Table S2).
Meanwhile, the effects of catalyst loading, temperature and reac-
tion time on the asymmetric aldol reactions were also explored.
With the increase of the catalyst loading from 10 to 20 mol%, the
yield of the aldol product increased notably from 26 to 42% (entries
1 and 2 in Table S3), while further increasing the catalyst loading
up to 30 mol% only led to the slight increase of the yield (entry 6
in Table S3). When raising the temperature from room temperature
to 45 and 60 °C, the reaction could be speeded up, but much lower
ee values were observed (entries 3-5 in Table S3). Besides, the
yield of the aldol product could be greatly improved with the in-
crease of the reaction time (entries 5-7 in Table S3).

Particularly, extending the reaction time to 7 days resulted in
an increased yield of 97%, while the ee value was well main-
tained (83%) and a dr value of 1:8.5 was achieved (entry 1 in
Table 1, Figures S17 and S18). Under the same optimized reac-
tion conditions, the catalytic activity and chiral selectivity of L-
HPP-TZ-NBoc were inferior, with a poor 21% yield and a 9% ee
value (entry 2 in Table 1, Figures S19 and S20), whereas the use
of L-HPP-TZ as the catalyst only afforded a slightly higher yield
of 39% and a 20% ee value (entry 3 in Table 1, Figures S21 and
S22). The above catalytic experimental results indicated that
the catalytic performances of the three chiral COFs were in the
order of L-HPP-TZ-NH > L-HPP-TZ > L-HPP-TZ-NBoc (Figure
4). Compared with the catalytic activity and chiral selectivity of
L-HPP-TZ-NBoc and L-HPP-TZ COFs, the catalytic activity of L-
HPP-TZ-NH COF was increased by 4.6 and 2.5 times, and the
chiral selectivity was increased by 9.2 and 4.2 times,



respectively. The worst catalytic ability of L-HPP-TZ-NBoc was
in accordance with its least accessible catalytic sites in the
framework due to Boc protection. The catalytic efficiency of L-
HPP-TZ COF was also low, due to the limited amount of exposed
pyrrolidine-NH active sites after ring annulation between am-
idopyrroline and aldehyde groups. In contrast, the

Table 1. Asymmetric Aldol Reactions Catalyzed by the Clover-Like
Hydrazone-Linked Chiral COFs and Model 1.

OH O

o
& @/CHO 30 mol% Cat,, TFA X
0 + By e——
& DMFH0.RT. ~ R _J |

entry? catalyst R yield/%P ee/%:¢ syn/antid
1 L-HPP-TZ-NH 4-NO2 97 83 1:8.5
2 L-HPP-TZ-NBoc 4-NO2 21 9 1:1.0
3 L-HPP-TZ 4-NO2 39 20 1:4.3
4 Model 1¢ 4-NO2 86 19 1.9.5
5 L-HPP-TZ-al 4-NO2 36 15 1:1.9
6 L-HPP-TZ-a2 4-NO2 33 9 1:1.6
7 L-HPP-TZ-NH 3-NO2 82 80 1:6.7
8 L-HPP-TZ-NBoc 3-NO2 17 13 1:1.4
9 L-HPP-TZ 3-NO: 29 19 1:2.0
10 L-HPP-TZ-NH 2-NO; 40 74 1:16.7

aReaction conditions: aldehyde (0.10 mmol), ketone (0.3 mL), chiral COFs (0.03 mmol),
TFA (0.03 mmol), and DMF/H0 (1 mL/0.3 mL) at R.T. for 7 days. bIsolated yield. <Deter-
mined by chiral HPLC. dDetermined by 'H NMR spectroscopy. Catalyzed by 0.03 mmol
Model 1 as the homogeneous counterpart.

catalytic efficiency of L-HPP-TZ-NH was the best since almost
all pyrrolidine-NH catalytic sites were well retained in the
framework structure. To further study the influence of the re-
duction of active sites on the catalytic performance, we in-
creased the molar ratio of TZ and L-HPP to 3:3 and 4:3, which
only resulted in the formation of corresponding amorphous L-
HPP-TZ-al and L-HPP-TZ-a2 (Figures S25 and S26). The lack of
crystallinity for L-HPP-TZ-al and L-HPP-TZ-a2 might be at-
tributed to extensive reaction of the pyrrolidine-NH sites with
the excess TZ aldehyde monomer, which hindered crystalliza-
tion. When L-HPP-TZ-al and L-HPP-TZ-a2 were used to cata-
lyze the reaction of 4-nitrobenzaldehyde with cyclohexanone,
the corresponding yields were further decreased to 36% and
33%, and the ee values were reduced to 15% and 9%, respec-
tively (entries 5 and 6 in Table 1). For comparison, we used
Model 1 as the homogeneous counterpart of COF catalysts and
examined its catalytic activity under the same conditions. The
results uncovered that Model 1 afforded a yield of 86% and an
ee value of 19% (entry 4 in Table 1, Figures S23 and S24). The
superior catalytic activity and enantioselectivity of L-HPP-TZ-
NH than Model 1 could be due to multiple chiral inductions in
the confined space of the COF heterogeneous catalyst. Indeed,
the reported COFs for asymmetric catalysis mainly focus on
imine-based chiral COFs, while the application of chiral COFs
containing robust hydrazone linkages in asymmetric catalysis
has never been documented. This work, to the best of our
knowledge, represents the first example of the construction of
hydrazone-linked chiral COFs for asymmetric catalysis. The
asymmetric catalytic ability of the pyrrolidine-containing chiral Z-
HPP-TZ-NH COF was compared with the other reported chiral pyr-
rolidine functionalized COFs and MOFs. As illustrated in Table S4,
the asymmetric catalytic performance of L-HPP-TZ-NH COF for
the aldol condensation reaction of cyclohexanone and 4-nitroben-
zaldehyde was comparable or even higher than those of the re-
ported DMTA-TPB1/n" COFs (n =2, 3, and 4) containing pyrroli-
dine units.43 Moreover, the asymmetric catalytic ability of L-HPP-
TZ-NH COF, especially the catalytic stereoselectivity, surpassed
most of the documented proline-MOFs such as S-Cd-MOF,5¢ RR-
DUT-136-amine,55 Ui0-66-LP-120,5¢ UIO-68-NHPro,57 Ap@3,58

Cd-TBT,59 and CMIL-1-Pro,50 rendering it a promising catalyst for
efficient asymmetric catalysis of aldol reactions.

To investigate the generality of these chiral COFs catalysts,
the scope of substrates was subsequently investigated. When
the substrate was replaced with 3-nitrobenzaldehyde, the
yield, ee value and dr value of the reactions catalyzed by L-HPP-
TZ were 82%, 80% and 1:6.7, respectively (entry 7 in Table 1,
Figures S28 and S29). However, L-HPP-TZ-NBoc and L-HPP-TZ
displayed only 17% and 29% yields, 13% and 19% ee values,
and 1:1.4 and 1:2 dr values (entries 8 and 9 in Table 1). While
the substrate was replaced with 2-nitrobenzaldehyde, the L-
HPP-TZ-NH catalyst could still afford the product with ee value
and dr value up to 74% and 1:16.7 (entry 10 in Table 1, Figures
S31 and S32), although the yield was only 40% due to the steric
hindrance of ortho nitro group. Recycling tests also proved the
heterogeneous nature of L-HPP-TZ-NH and its ability to be re-
used in asymmetric aldol reaction (>90% yield and 83%, 77%
and 70% ee for 1-3 cycles, respectively) (Table S5, Figures
S33-S35). After three repeated uses, PXRD measurements
showed that L-HPP-TZ-NH COF still maintained good crystal-
linity, indicating the high chemical stability of the chiral COF
owing to the robust hydrazone linkages in the framework (Fig-
ure S36).
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Figure 4. Improved asymmetric catalytic performance of L-HPP-
TZ, L-HPP-TZ-NBoc and L-HPP-TZ-NH chiral COFs for asymmetric
aldol reaction by tuning the pore environment.

CONCLUSIONS

In conclusion, we have designed and synthesized three clo-
ver-like hydrazone-linked chiral COFs containing various cop-
ies of exposed chiral pyrrolidine units. When used in catalytic
asymmetric aldol reactions, the catalytic activity and chiral se-
lectivity of these chiral COFs were closely related to their pore
environments. L-HPP-TZ-NH containing the largest number of
pyrrolidine-NH active sites in the pore channels exhibited the
highest catalytic activity (97% yield) and chiral selectivity
(83% ee and 1:8.5 dr) for catalyzing the reactions between cy-
clohexanone and nitrobenzaldehydes. L-HPP-TZ-NBoc and L-
HPP-TZ with completely and partially blocked pyrrolidine-NH
sites in the pores, respectively, showed poor chiral catalytic
performances. The results not only indicate that deliberately
controlled chiral pore environment in COFs can significantly at-
tenuate their asymmetric catalytic efficiencies, but also provide
a new perspective for the design and construction of novel chi-
ral COFs for efficient asymmetric catalysis.
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