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Development of new metal-free heterogeneous catalysts has long been the focus of intense research in-
terest. The integration of multifunctional monomers into the skeletons of porous organic polymers (POPs)
provides an efficient pathway to achieve this goal. Herein, we rationally designed and successfully pre-
pared a new Troger's base (TB)-derived POPs by insertion of pillar[5]arene macrocycle as a positively
auxiliary group. Combined the both merits of pillar[5]arene macrocycle and TB moiety, the as-prepared
polymer was further explored as an effective metal-free heterogeneous catalyst and exhibited promoted
catalytic performance in Knoevenagel condensation and CO, conversion. This work provides a new strat-
egy to fabricate metal-free heterogeneous catalysts based on macrocyclic POPs.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Heterogeneous catalysts based on various porous materials, in-
cluding zeolites, silicas, activated carbon, and metal-organic frame-
works (MOFs) [1-3], offer a promising recyclable platform for ex-
ploring abundant new organic transformations. Specifically, metal-
free heterogeneous catalysts have garnered considerable attention
from both the academic and the industrial communities due to
their elemental sustainability and lost cost compared with their
metal-containing counterparts. In recent years, porous organic
polymers (POPs) have emerged as a versatile platform for the de-
velopment of new metal-free heterogeneous catalysts, because of
their structural diversity, tunable pore size, designability, and ex-
cellent thermal and chemical stability, etc. [4-10]. Catalytic-active
POPs can be fabricated via both pre-synthetic and post-synthetic
approaches by cooperative insertion of different functional groups
into the skeletons of POPs, and the resultant catalytic performance
is largely influenced by those adjustable chemical functionalities
[11-15]. Accordingly, the development of diverse combination of
functional groups in POPs for enhanced catalytic performance is
highly desired and continuously attracting growing research inter-
ests.

Troger’s base (TB) and its analogues have long been the focus of
intense research interest in broad applications, including molecular
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recognition, bioorganic chemistry, functional materials, and specif-
ically metal-free catalysis [16-21]. Featuring the unique structural
properties of rigidity, V-shaped geometry, chiral C, symmetry, and
multiple alkaline nitrogen atoms, the incorporation of TB group
into POPs skeletons affords an attractive pathway to construct new
metal-free heterogeneous catalyst. In particular, combining vari-
ous other chemical functionalities with TB-derived POPs delivers
further win-win merits and enhanced the corresponding perfor-
mance. For example, Yu and Dai developed two porous TB poly-
mers with tetraphenylethene and triazine units, respectively. Both
of them showed enhanced CO, adsorption, heterogeneous catalysis,
and sensing properties, demonstrating the vital role of cooperative
chemical struts in TB-derived POPs [22,23].

More recently, macrocyclic cavitands, such as cyclodextrins,
calix[n]arenes and pillar[n]arenes, with intrinsic cavity structure
and excellent host-guest abilities, have been widely explored as
appealing functional monomers to construct a new generation of
macrocyclic POPs [24-28]. Those macrocycle-derived POPs have
shown promising applications in broad fields of environmental
remediation, gas adsorption, heterogeneous catalysis, fluorescence
sensing and ionic conduction. Among all these macrocyclic cav-
itands investigated, pillar[n]arenes exhibit privileged advantages
over others due to their rigid cylinder architectures and diverse
modifiable rims, making them attractive building blocks to be
equipped into POPs for promoted performance [29-33]. For in-
stance, Yang fabricated several kinds of pillar[n]arene-inserted con-
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jugated macrocycle polymers and all of them exhibited impres-
sive catalytic, adsorptive, and sensing properties [34-38]. In our
previous work [39], we successfully constructed pillar[5]arene-
based COF for the first time and it showed enhanced host-guest
interactions in solid state. Despite increasing attention that has
been paid to developing new pillar[n]arene-based POPs with multi-
functionalities, studies on their metal-free heterogeneous catalysis
are still largely unexplored.

Herewith, we rationally integrated pillar[5]arene macrocycle
and TB moiety for the first time into one system to fabricate a new
functional macrocyclic POPs (denoted as P5-TB) as the metal-free
heterogeneous catalyst and explored its catalytic properties in two
classic organic transformations, including Knoevenagel condensa-
tion between benzaldehyde derivatives with malonic acid and the
cycloaddition of CO, with various epoxides. To clarify the posi-
tive role of the inserted pillar[5]arene macrocycle, a control TB-
based polymer without pillar[5]arene, named as DA-TB, was also
prepared. Combined both merits of pillar[5]arene macrocycle and
TB moiety, as expected, P5-TB exhibited promoted catalytic perfor-
mance for these two conversions compared with DA-TB. Especially,
the apparent host-guest interactions between pillar[5]arene macro-
cycle and malonic acid was observed, which might be a favorable
factor to promote the catalytic performance. We believe this work
would provide a new insight for developing new metal-free het-
erogeneous catalysts from macrocyclic POPs.

The synthetic routes towards TB-based polymers P5-TB and DA-
TB were shown in Scheme 1. A trifluoroacetic acid-catalyzed one-
pot polymerization reaction was performed between APP5/DA and
dimethoxymethane at room temperature under an N, atmosphere.
The infrared analysis confirmed the bonding and structural fea-
tures of P5-TB and DA-TB. The absorption bands for amine at
3360 cm~! and 3450 cm~! disappeared, whereas the peak appear-
ing around 1128 cm~! was attributed to the -C-N- stretching vi-
brations of the P5-TB and DA-TB (Fig. 1a and Fig. S3 in Supporting
information). Meanwhile, 13CP-MAS NMR spectra displayed broad
signals between 114 and 152 ppm, which were attributed to the
carbon atom of the phenyl groups. The peak at 30 ppm was as-
signed to the methoxy carbon and benzyl carbon of pillar[5]arene.
The signals that appeared at 67 and 55.8 ppm corresponded to
the methylene carbon atoms of TB, clearly indicating the forma-
tion of TB linkages (Fig. 1b and Fig. S4 in Supporting information)
[18,23,40].

TGA results under the nitrogen atmosphere indicated that the
TB polymers possessed relatively high thermal stability with de-
composition temperatures of approximately 350°C for P5-TB and
390°C for DA-TB, respectively (Figs. S5a and b in Supporting in-
formation). The analysis of the powder XRD pattern of P5-TB and
DA-TB at room temperature showed the existence of a broad peak
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Fig. 1. (a) FT-IR spectra of P5-TB. (b) '*CP-MAS NMR spectra of P5-TB. (c) Isotherm
and (d) pore size distribution of P5-TB.

in the region from 16° to 26° (20) suggesting that the two poly-
mers are amorphous (Figs. S5¢ and d in Supporting information).
Further, SEM images revealed that both P5-TB and DA-TB consist
of submicrometer-sized flakes (Fig. S6 in Supporting information).
The porosity of P5-TB and DA-TB were evaluated by a nitrogen
adsorption isotherm measured at 77K. As shown in Fig. 1c and
Fig. S7a (Supporting information), the adsorption isotherm of P5-TB
and DA-TB exhibited a pattern closely related to a Type IV isotherm
according to the IUPAC classification. From the BET isotherms of
DA-TB, the surface area was found to be 66 m2/g. However, the
surface area of P5-TB was found to be 26 m?/g due to the extra
space occupied by the pillar[5]arene (Fig. S8 in Supporting infor-
mation). The pore size distribution plot of P5-TB and DA-TB dis-
played a mean pore width of 2.15nm and 16.5nm, respectively,
further validating the mesopore nature of P5-TB and DA-TB (Fig. 1d
and Fig. S7b in Supporting information). Meanwhile, the pore vol-
ume of P5-TB and DA-TB was determined to be 0.040 cm3/g and
0.085 cm?3/g, respectively, which is consistent with the fact that
pillar[5]arene occupies a specific space (Table S1 in Supporting in-
formation).

Considering the presence of TB within both POPs, these two
polymers might be used as heterogeneous catalysts for base-
catalyzed reactions. In this respect, the base-catalyzed Knoevenagel
condensation between benzaldehyde and malonic acid was initially
chosen as the model reaction to evaluate the catalytic activity of
both POPs. As shown in Fig. S9a (Supporting information), the dif-
ferent catalyst amounts have been tested to verify the effect of
loading. It is noteworthy that 1.5 mol% catalyst loading was found
to be the optimum. In addition, the reaction time is another pa-
rameter that needs to be optimized. Fig. S9b (Supporting informa-
tion) shows that the conversion of benzaldehyde was maximum at
8h.

Furthermore, we explored the reactions of malonic acid with
various aromatic aldehydes under this standard condition. The
yields of the substrates in the Knoevenagel condensation reaction
were summarized in Table 1. It was clear that the reaction exhib-
ited a certain degree of substituent effect and the aldehydes with
electron-withdrawing groups gave higher yields compared with
those counterparts with electron-rich groups (entries 2-8). How-
ever, when 9-anthraldehyde was selected as the substrate, no reac-
tion was observed, which might be due to the steric effect (Table 1,
entry 9). This result indicated the presence of pillar[5]arene macro-
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Table 1
Catalytic activity of the polymer for the heterogeneous Knoevenagel reaction.?
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Table 2
Substrate scope of the cycloaddition of CO, catalyzed by P5-TB.2
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cycle in P5-TB could endow the catalyst potential shape selectivity.
Importantly, compared to DA-TB, P5-TB was found to improve the
conversion yield significantly (Table 1, entry 1), which further im-
plied the essential role of pillar[5]arene macrocycle played in the
reaction.

To verify the role of pillar[5]arene in this reaction, the host-
guest properties of pillar[5]arene with malonic acid, and benzalde-
hyde were tested. The "H NMR experiment of host P5 in the ab-
sence and presence of guest malonic acid in DMSO-dg were ex-
plored and the spectra are shown in Fig. S10 (Supporting informa-
tion). The carboxylate proton of malonic acid (H1) showed a sub-
stantial downfield shift (A§ =0.40) and broadening effects in the
presence of P5. Meanwhile, the aromatic (Ha) and methoxy proton
(Hb) signals of P5 displayed upfield displacement. This result indi-
cated that proton H1 resides in the cavity of P5, resulting from an
inclusion complex. However, the 'H NMR signals of benzaldehyde
did not show a similar shift in the presence of P5 in DMSO-dg
(Figs. S11-513 in Supporting information). Therefore, we speculated
that a plurality of weakly interacting sites provided by the cavity
of P5, is preferable to facilitate anchoring of the malonic acid after
entering the cavity, to reduce the molecular motion, and generate
the confinement effect to activate the substrates.

On the other hand, there is an increasing research interest for
the development of efficient catalyst to convert CO, into valu-
able products. In previous work, pillar[5]arene macrocycle exhib-
ited high-adsorption affinity towards CO, enabled by its proper
cavity size [41,42]; however, the pillar[5]arene-based catalyst for
CO, conversion has not yet to be explored.

With the aim to investigate the catalytic performance of P5-
TB for CO, conversion, the isosteric heat of adsorption (Qs;) plot
of CO, was first calculated from isotherms recorded at 273K and
298K using the Clausius-Clapeyron equation for above TB-based
polymers (Figs. S14c and d in Supporting information). As ex-
pected, P5-TB showed higher isotherms than DA-TB, indicating its
stronger interaction affinity with CO,. Then, the catalytic activity
of P5-TB and DA-TB was examined in which propylene oxide was
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chosen to react with CO,. As shown in Table S2 (Supporting in-
formation), the optimal reaction conditions were determined to be
as follows: Catalyst amount of 2.0 mol% (20 mg), reaction time of
48 h, reaction temperature of 80°C, and pressure of 1 MPa. We fur-
ther investigated the catalytic performance of P5-TB towards dif-
ferent epoxides under the optimum reaction conditions. As shown
in Table 2, the small-sized linear epoxides (entries 1-4, propylene
oxide, epichlorohydrin, 1,2-epoxybutane, and allyl glycidyl ether)
could be smoothly converted to corresponding cyclic carbonates
in high yields. However, for large-sized cyclic substrates, such as
cyclohexene oxide, only a 51.3% yield could be achieved (Table 2,
entry 5). This might be ascribed to the steric effect of cyclohexene
substituent which limited the ring-opening reaction of the epoxy
substrate. Furthermore, DA-TB exhibited relatively lower yield in
CO, conversion compared to that of P5-TB (Table 2, entry 1), in-
dicating the positive role of pillar[5]arene macrocycle played in
this reaction through the enrichment of CO, owing to the matched
pore size [25].

To evaluate the reusability of P5-TB, the used photocatalyst was
collected and washed with DMF, EtOH and dried in vacuum for
24h before the subsequent cycle. As presented in Fig. S15 (Sup-
porting information), the Knoevenagel condensation and the CO,
conversion can still reach a yield of 85% and 90%, respectively. This
result suggested that P5-TB has the potential as a robust sustain-
able catalyst in some heterogeneous transformations.

In summary, two TB-derived POPs with and without pil-
lar[5]arene macrocycle, named P5-TB and DA-TB, respectively, were
successfully fabricated by one-pot reaction from APP5/DA and
dimethoxymethane in TFA solution at room temperature. The cat-
alytic performance of P5-TB and DA-TB in Knoevenagel condensa-
tion and CO, conversion were explored. Combining both merits of
pillar[5]arene macrocycle and TB moiety, as expected, P5-TB ex-
hibited promoted catalytic performance for these two conversions
compared with DA-TB. In particular, the apparent host-guest inter-
actions between pillar[5]arene macrocycle and malonic acid were
observed, which might be a favorable factor in promoting the cat-
alytic performance. This work would provide an insight into de-
veloping new metal-free heterogeneous catalysts from macrocyclic
POPs.
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