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ABSTRACT

A new set of catalytic materials having a pyrrolidine moiety confined in microporous organic polymer
networks (POPs) has been attained. These catalytic polymers have been prepared by a straightforward
synthesis starting from microporous polymer networks made from isatin (or a mixture of isatin and
trifluoroacetophenone) and 1,3,5-triphenylbenzene. The polymers efficiently catalyzed the formation of
nitrones under very mild and sustainable conditions using green solvents through an iminium ion
activation mechanism. The reactions are scalable, and polymers are easily recycled. Special attention has
been paid to understanding all the factors that could affect the efficiency of the confined catalysts. The
electronic and conformational characteristics of the pyrrolidine moiety attached to the porous polymers,
as well as other features that could affect the transport through the network, such as molecular volume
and shape of reactants and products, and even hydrophilic or hydrophobic properties, have been sys-
tematically evaluated. In addition, the heterogeneous polymers are also useful in C=C bond formation
through both iminium ion and enamine activation.

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

One of the priorities of scientific research today, especially in the
chemical and pharmaceutical industries, is the search for technol-
ogies that are safer, highly selective, greener, and environmentally
friendlier. In this regard, high-performance catalysis, both in a
homogeneous and heterogeneous form, plays a fundamental role in
meeting these challenges [1—6]. In particular, the use of recyclable
catalysts for organic synthesis, with the intention of reducing waste
production and optimizing their efficiency, has been widely studied
in the last decades [7—11]. Moreover, important advances have
been made in heterogeneous catalysts by the confinement of cat-
alysts in microporous cavities, which has given rise to materials
that have high TON and TOF properties, excellent selectivity, and
high recyclability [12—18]. It has also been confirmed that the
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confinement of a catalytic center produces an enzyme-like envi-
ronment, which is translated to a variation in the energetic and
kinetic properties of the catalytic process, which should improve
the yield and selectivity of the chemical reaction [13,16,19—21].

Enormous progress has been witnessed in the area of homo-
geneous organocatalysis and particularly in the asymmetric version
[22—25], although, to a lesser extent, heterogeneous organo-
catalysis has also been studied in order to enable the separation and
recycling of the catalysts [26].

The simple and sustainable formation of the C=N bond is
important due to its application in the fields of chemistry and
biology, as well as precursors of the ubiquitous C—N moiety present
in nature and many important drugs. Applying the concept of
iminium activation followed by transamination reaction [27], we
have demonstrated that pyrrolidine is a very effective catalyst in
the preparation of all types of C=N bonds, such as imines [28],
nitrones [29], as well as oximes or hydrazones [30,31]. The devel-
opment of a robust and reactive pyrrolidine-based heterocatalyst
should provide a very powerful and sustainable tool to form C=N
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bonds. However, reaching this goal will require a different design
and requirements than those present in traditional proline de-
rivatives that have been created for the purpose of achieving ster-
eoselectivity in enantioselective C—C bond formation processes
[26].

Common polymeric (resins) substrates for heterogeneous cata-
lysts do not have well-defined pores. In addition, they have certain
disadvantages, such as limited diffusion or swelling of the polymer
in the solution used to make the reaction. Due to these drawbacks,
among the possible platforms to support pyrrolidine units, we have
focused on porous organic polymers (POPs). In general, POPs have
excellent efficiency as heterogeneous catalysts due to properties
such as high microporosity with high specific surface area and
adjustable pore volumes, and also the possibility of incorporating
high catalyst loads. Compared to high-ordered and crystalline
metal-organic frameworks (MOFs) or covalent organic frameworks
(COFs), POPs are amorphous materials, which means that, in theory,
their pore sizes have a wider distribution, which could present
certain disadvantages, especially for asymmetric catalysis. How-
ever, well-designed POPs, constructed from rigid and symmetric
monomers, have a well-regulated topological composition that can
be tailored, and they could give rise to advanced catalytic materials.
An additional advantage is that many POPs have high chemical
stability and are easy to prepare [20,31—37]. Regarding the prepa-
ration of catalytic POPs, we can distinguish three different strate-
gies: (1) POPs that are derived from monomers having the catalyst
attached to their structure, (2) POPs that undergo a process of
modification after synthesis to incorporate the catalytic center and
(3) POPs that merely encapsulate the catalyst inside their structure.

Several pyrrolidine-based COFs [38—40] and POPs [41] have
been described in the context of asymmetric catalysis. In all the
cases, the pyrrolidine moiety is anchored through an asymmetric
C2 position, close to the reactive center, searching for maximum
induction. Regarding our research, as no stereogenic centers are
created in the formation of C=N, the pyrrolidine moiety could be
anchored through the C3 position to the well-tailored POPs. This
type of linkage should improve the accessibility to the reactive
center and therefore increase the catalytic activity [26]. For the
preparation of the C3-linked pyrrolidine POPs, we decided to use
the more versatile option 2 mentioned above. This strategy implies
the synthesis of a scaffold where we can incorporate different
catalytic moieties. In addition, this methodology allows us to study
the effect of the nanohole without a catalytic center, before the
functionalization process, in order to evaluate the role of confine-
ment in the catalytic processes. Nevertheless, we are conscious that
this is a very difficult parameter to be evaluated independently as
other factors also compete with a confinement effect in the cata-
lytic process. For facilitating this assessment, simple non-polymeric
models have also been prepared and the confinement effect was
analyzed in some cases.

Regarding the relevance of C=N bond formation, we especially
consider the interesting formation of nitrones as they are valuable
intermediates in organic synthesis [42], and also the free radical
trapping agents that reduce damage in some biological systems
[43,44], and are thus very attractive potential therapeutic agents
[45].

We present herein the development of new pyrrolidine-based
heterogeneous POPs, which have exhibited a high efficiency and
recyclability using green solvents in the formation of nitrones in a
preparative way. Although the new polymer networks were pre-
pared to be effective in C=N bond formation, we have also shown
that they are useful in C=C bond-forming reactions such as
Knoevenagel or aldol reactions followed by dehydration. This high
efficiency in catalyzing the formation of C=N and C=C from
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carbonyl compounds via both iminium and enamine activation is
plausible due to an appropriate balance of catalyst loading and pore
size of the free volume elements. Additionally, we have performed
a thorough and systematic study mainly based on experimental
observation and theoretical calculations to analyze all the factors
affecting catalysis. Rationalizing all these aspects, as well as others
like hydrophobic/lipophilic balance and transport facility, would
help to understand the effect of confinement and will help to
progress in the design of other enzyme-like efficient and sustain-
able polymeric catalysts. The properties of these rigid pyrrolidine-
confined polymers should permit their use in flow-synthesis
employing high pressures.

2. Results and discussion
2.1. Synthesis of heterogeneous confined catalysts

The precursor porous polymer network (IB, I=Isatin, B = 1,3,5-tr
iphenylbenzene) was made by reaction of 1,3,5-triphenylbenzene
(1,3,5-TPB) and isatin using a stoichiometric ratio of functional
groups (2/3) and triflic acid as reaction promoter, as depicted in
Scheme 1. The polycondensation reaction proceeded with quanti-
tative yield and is related to the Zolotukhin-Klumpp methodology
[46—48] by reaction of ketones, having electron-withdrawing
groups (i.e.; isatin, trifluoroacetophenone, etc.), with rigid and
symmetric polyfunctional aromatic monomers (i.e.; triptycene,
1,3,5-triphenylbenzene, tetraphenyl methane, etc.) employing very
low pKj; acids, as the promoter media [49].

In the first stage, (R)-(—)-N-Boc-3-pyrrolidinol and N-Boc-3-
hydroxymethylpyrrolidine were easily converted to the mesylate
derivatives (see Supporting Information) to provide the compounds
Po and Pj, having or not a methylene spacer, respectively. These
pyrrolidine derivatives were anchored to the lactam of the porous
polymer through a straightforward and regioselective bimolecular
nucleophilic substitution to provide IBPg-Boc and IBP;-Boc,
respectively. Finally, TFA was used to deprotect the tert-butox-
ycarbonyl (Boc) group, and the corresponding trifluoroacetate salt
was liberated by washing the polymer with a pH > 10 carbonate
solution, affording the heterogeneous catalysts IBPg and IBP4, which
differ in the presence or not of a methylene group as the link be-
tween the pyrrolidine catalyst moiety and the POP support.

Moreover, in order to reduce the number of catalytic sites per
repeat unit, a microporous copolymer made by mixing an equi-
molecular amount of isatin and trifluoroacetophenone was pre-
pared by reaction with 1,3,5-TPB using the same methodology as for
IBPy and IBP; to form the catalytic copolymers, IBTPg and IBTP;.
Finally, a porous polymer network, IBMe, derived from IB, in which
the H of the lactam group was replaced by a methyl group, was
obtained to determine the importance of hydrogen of the lactam
moiety in the catalytic process.

For the sake of clarity, Fig. 1 gathers all the polymers that have
been used for the catalysis via iminium and enamine activation. The
prepared polymers IBPg, IBP;, IBTPy, IBTP4, were named according
to their initials: I = isatin, B = 1,3,5-triphenylbenzene,
P = pyrrolidine and T = trifluoroacetophenone (TFAP). The suffix {
has been added when the structure has a methylene bridge link
between the porous polymer lactam and the pyrrolidine moiety in
its structure. Therefore, IB and IBT correspond to the precursor
skeletons of the corresponding series of heterogeneous catalysts.
Moreover, the heterogeneous polymer IBMe, having an N-methyyl
lactam moiety, was tested to figure out the effect of confinement,
eliminating the possibility of any hydrogen bond catalysis. Finally,
in order to assess the catalytic activity of the structural unit without
the confinement effect, several homogeneous model catalysts (IM)
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Fig. 1. List of tested heterogeneous and homogeneous catalysts.

were prepared. The condensation of isatin (I) and toluene provided
the precursor IM that, by the incorporation of the pyrrolidine
moieties, provided compounds IMPg and IMP;, respectively.

2.1.1. Polymer characterization

The precursor polymers, IB and IBT, which were obtained with
almost quantitative yield, showed excellent thermal and chemical
stability. Additional details and characterization of the polymer
precursors have been described elsewhere and are also described in
the supporting information section [49].

The TGAs of the catalytic microporous polymer networks IBPy,
IBP4, IBTPy, and IBTP; are depicted in Fig. 2. It can be seen that their

thermal stability is high, starting the degradation of the supported
pyrrolidine group above 300 °C.

Also, the confined catalysts were extensively characterized in
order to confirm their functionalization, as it is discussed here. In
this regard, dynamic TGA has proven to be a very useful tool to
confirm pyrrolidine functionalization, as well as to quantify it. As
IBPy, IBP,, IBTPg, and IBTP; are thermally stable polymers, the Boc
groups can be thermally removed [50,51]. Thermal elimination of
Boc is observed in IBPg-Boc, IBP1-Boc, IBTPy-Boc, and IBTP;-Boc
polymers, as a differential weight loss centered at 200—250 °C
(Figs. S44, S50, S63, and S64, supporting information section),
confirming the presence of t-BOC protected pyrrolidine groups, and
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Fig. 2. Dynamic thermograms of IB catalyst polymers, IBPy and IBP; (top graph), and
IBT catalyst polymers, IBTPy and IBTP; (bottom graph).

therefore, confirming the functionalization of the precursor POPs.
The deprotected polymers no longer show this differential peak
(Fig. 2). Furthermore, the relative weight loss can be used to
calculate the degree of functionalization and its actual catalytic
loading. The functionalization results (catalytic loads) were those
seen in Table 1. A detailed description of the method employed for
determining the catalytic load is thoroughly described in the
supporting information section.

Analysis of CPMAS SS '3C NMR and IR spectra of IBPg and IBP;
(Figs. 3 and 4) have confirmed the functionalization. CPMAS SS 3C
NMR spectra show an aliphatic region that has to be assigned to
pyrrolidine (or in the case of IBP3, both to the pyrrolidine group and
the methylenic spacer). In the case of IBPy, inside this region, a peak
centered at 30 ppm may be assigned to the ring CH; not linked to N
(CH—CH>—CH3), while the group of peaks centered at around
50 ppm can be assigned to the ring CH; linked to N. Peak at 63 ppm
may be assigned to aliphatic —CH < groups. Besides the aromatic
region that exhibits three wide peaks in the region 105—150 ppm,
the peak at 179 ppm can be assigned to the lactam carbonyl group.
In the case of IBP;, the CPMAS SS >C NMR spectrum is similar to the
spectrum of IBPy, although some differences may be pointed out. In
the aliphatic region, the peak observed at the lower field (in this
case centered at 45 ppm) is more intense than in the case of IBPg (as
compared to the peak centered at 30 ppm), which agrees with the

Table 1
Degree of functionalization of the four catalytic-supported polymer networks.
Polymer network IBPg IBP; IBTPq IBTP,
Pyrrolidine Functionalization 64.2 68.5 48.4 67.3
degree (Pym%)
Catalytic load (mmolPy/g POP) 1.79 1.75 0.67 0.90
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inclusion of spacer N—CH,-Py to that peak centered at 45 ppm. The
peak centered at 80 ppm has been associated with CDCls. In this
case, the lactam C=O0 peak is less intense. It has to be noted that
these spectra agree with the 1>C NMR spectra of the related models
IMPy and IMP; (Figs. S38 and S41), which show the different
aliphatic, aromatic, and C=0 peaks indicated above. IR spectra also
exhibit aliphatic peaks between 2750 and 3000 cm ™!, which can be
assigned to the pyrrolidine ring and the methylene spacer. Again,
these results agreed with the IR spectra of the models IMPy and
IMP; (Figs. S39 and S42). IR spectra also show, in addition to the
fingerprint region below 1500 cm~, peaks assigned to the lactam
group (1650—1750 cm™') (see Figs. 3 and 4).

Analysis of the CPMAS SS >C NMR and IR spectra of IBTPg and
IBTP, (Figs. S55, S56, S59, and S60, supporting information section)
agrees with the above discussion both in determining the structural
features and in calculating the functionalization ratio. Since these
are copolymers, and there is less intrinsic pyrrolidine charge, the
aliphatic region signals in the CPMAS SS 13C NMR spectra appear
less intense.

The porosity of POPs was determined by measuring N5 adsorp-
tion conducted at the boiling temperature of nitrogen (77 K) (Fig. 5).
Thus, IB and IBT POP precursors showed a specific Brunauer-
Emmet-Teller (BET) surface area of 794 m?/g and 738 m?/g,
respectively.

The IBPn and IBTPn catalysts showed a high specific surface
area, with IBPn values being lower than those of IBTPn, but in any
case, all of them showed BET specific surface areas higher than
500 m?/g. In addition, they were microporous materials with
average pore sizes near 2 nm. Details of the porous properties are
included in the characterization section of this manuscript.

In addition, details of the pK, calculations are included in the
Electronic Supporting Information section.

2.2. Study of the catalytic activity

2.2.1. C=N bond formation via iminium activation. Synthesis of
nitrones

One of the most employed methods to prepare nitrones is based
on the condensation of aldehydes and the corresponding nitro-
genated derivatives. Because of the low stability of the free N-
monosubstituted hydroxylamines, the condensation strategies
generally start from the liberation of the corresponding hydro-
chloride salts by treatment with base. The method described by us
employs pyrrolidine both as base and catalysts, allowing the use of
stoichiometric amounts of reagents (aldehyde and hydroxylamine)
under very mild and simple conditions, avoiding purification steps
[29]. However, the use of the heterogeneous catalyst that would
allow a more environmentally friendly approach requires reop-
timization and the use of an additional base to liberate the hy-
drochloride salt. Therefore, we evaluated the performance of the
IBPy polymer using different solvents and bases and p-chlor-
obenzaldehyde 1a and N-tert-butylhydroxylamine hydrochloride
2a as model substrates. Table 2 gathers some results obtained in the
optimization process, which is thoroughly discussed in Table S4 of
the Supporting Information section.

The polymer not only efficiently catalyzed the formation of
nitrones in organic solvents (entry 1) but also in a green mixture of
solvents (water/alcohol) (entries 2,3,5). NaHCO3 turned into the
most efficient base when using the IBPg polymer providing high
yields (entry 2) even employing a low catalyst loading (entry 3).
The role of NaHCOs3 as a simple base and no as a catalyst was
demonstrated in entry 4. When EtOH was used instead of MeOH,
the reaction was faster and efficient (entry 5).

We proved that under conditions of entry 5 the reaction is scal-
able to more than 1 g of aldehyde using polymer IBPg (0.07 equiv) to
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Table 2
Reaction of p-chlorobenzaldehyde and N-tert-butylhydroxylamine hydrochloride.

Q
O\lﬁJ<

0 Base (lequiv)
solvent, rt, t(h)
e H
TOH  Catalyst
cl HCl atalys cl
1a (1 equiv) 2a (1 equiv) 3a
1 g scale
Entry Base Cat (equiv)® Solvent Time (h) Conv. %
(1 equiv) (yield %)
1 EtsN IBP, (0.15) DCM 45 98 (87)°
2 NaHCO3 IBP, (0.15) H,0/MeOH” 18 100 (79)¢
3 NaHCO,4 IBP, (0.07) H,0/MeOH" 18 98
4 NaHCO3 — HZO/MeOHb 18 0
5 NaHCO3 IBP, (0.07) H,0/EtOH® 5 98 (89)%¢

Reaction conditions: 1a (0.2 mmol), 2a (0.2 mmol), base (0.2 mmol), solvent (0.6 mL)
at 25 °C.

3 Considering the real pyrrolidine load according to the calculated effective mo-
lecular weight (MW_eff) of the polymer.

) A mixture of H,0/MeOH (1:1).

9 A mixture of H,O/EtOH (1:1).

9 Yield after column chromatography.

€) Reaction performed in 1 g scale afforded the same yield.

provide nitrone 3a after 7 h, a slightly longer reaction time than
when the reaction was performed in a lower scale (5 h). The polymer
was recovered by filtration, washing using ULTRA-TURRAX, followed
by filtration under vacuum. The comparison of the CPMAS SS 3C
NMR and FTIR of the recovered and pristine IBPg showed very small
changes demonstrating the integrity of the structure of the polymer
and the pyrrolidine moiety after catalysis (Figs. S8 and S9). The
comparison of BET also indicates that the porous features have not
been modified substantially (see Supporting information).

Once demonstrated the scalability of the IBPy polymer, the
catalytic activity of the rest of the polymers was tested (Table 3). We
evaluated the role of the substituents surrounding the pyrrolidine
moiety and the effect of the confinement. For that purpose, we
analyzed the mentioned polymers with different types of unions to
pyrrolidine and load of the pyrrolidine catalyst: IBP;, IBTPg, IBTP;
(entries 2—4), the precursor skeleton with no pyrrolidine IB and
IBT, as well as the corresponding N-methyl lactam network poly-
mer IBMe, which is not able, as commented above, to perform any
hydrogen bond catalysis (entries 5—7).

Moreover, all the corresponding homogeneous models IM,
IMPy, and IMP; were also studied (entries 8—10). It is important to
note that all the reactions were stopped at 30 min to avoid total
conversions and thus to be able to unequivocally evaluate the
performance of the different polymers.

The IBPy polymer having the methylene bridge between the
pyrrolidine unit and the lactam moiety of the porous polymer
provides higher conversions than the IBPg polymer (compare en-
tries 1 and 2). The IBT series, which has a lower pyrrolidine con-
centration, provided lower conversions than their IB counterparts
(compare IBPg with IBTPy in entries 1 and 3), as well as IBPy with
IBTP; (entries 2 and 4). Interestingly, the polymers that do not
contain pyrrolidine units, IB and IBT, showed some conversion to
nitrone 3a (entries 5 and 6). This catalytic effect is difficult to
explain, but it could be due to the existence of a confining effect of
the porous structure of the polymer and/or to the existence of
hydrogen bond catalysis exerted by the NH of the lactam moiety.
The lower conversion observed with IBMe (entry 7), which lacks
the possibility of an H-bond, suggests the existence of an H-bond
catalysis effect. The slightly higher conversion showed by IBMe
(entry 7) compared with the control experiment in the absence of

Materials Today Chemistry 24 (2022) 100966

Table 3
Reactions of p-chlorobenzaldehyde and N-tert-butylhydroxylamine hydrochloride.

©)
NaHCOj; 1 equiv O\(EJ<
|

0
Cat
H \‘/
/©)‘\ * NG, H
H,0:EtOH
cl Hel ?

1t, 0,33 M Cl

1a (1 equiv)  2a (1 equiv) 30 3a
Entry Catalyst Conversion
(%H,0/EtOH
EtOH¢

1 Pyrrolidine-Based IBPy? 52 65
2 Porous Polymers IBP;* 73 60
3 IBTP,” 29

4 IBTP,* 58

5 Porous-Polymers B¢ 38

6 without pyrrolidine IBT® 31

7 IBMe*© 21

8 Homogeneous models® IMPq* 78
9 IMP,¢ 72
10 IM© 38
11 - 12 11
12 Controls pyrrolidine® 86

Reaction conditions: 1a (0.2 mmol), 2a (0.2 mmol), base (0.2 mmol), H,O/EtOH (1:1)
(0.6 mL) at 25 °C for 30 min. For more detailed conditions, see SI. Considering the
real pyrrolidine load according to the calculated effective molecular weight
(MW._eff) of the polymer.

2 7 mol %.

) 5 mol %.

9 10 mol % and.

9 homogeneous catalysts were not soluble in the H,O/EtOH solvent mixture.

catalysts (entry 11) also could suggest some confinement effect. The
homogeneous models did not have enough solubility in the EtOH/
H,0 mixture, and therefore homogeneous, and the best heteroge-
neous catalysts had to be tested in pure ethanol (right column). As
can be seen in entries 8 and 9, the homogeneous models provided
slightly higher conversions (30 min reactions) than the polymers
IBPg and IBP;, which afforded similar results among them (entries
1 and 2, right column), but slightly different according to the sol-
vent (left and right columns). Therefore, although the result ob-
tained using pyrrolidine (entry 12) is superior, polymers IBPy, IBP4,
and IBTP; (entries 1, 2, and 4) are a useful and sustainable alter-
native. In fact, we demonstrated that polymer IBP was reusable for
at least 7 cycles without any decrease in efficiency (yields around
80—90%). We started from 50 mg of polymer, equivalent to
0.09 mmol of catalytic pyrrolidine polymer, and after 5 h of reac-
tion, to ensure complete consumption of the starting material, the
polymer was recovered. It is important to note that after each cycle,
the recovery of the polymer material by filtration involves an
inevitable loss of mass. The weight of employed reagents was
recalculated to the amount of recovered polymer (for a more
detailed information, see Table S5 of supporting information). As no
significant drop in the reaction yield is observed, we believe that
the catalyst is very stable and that these results could be extended
to reactions operating under flow conditions.

Once the value of the new sustainable heterogeneous catalysts
was established, we decided to systematically analyze all the fac-
tors that could affect their efficiency. These studies include the
evaluation of the electronic and conformational differences of the
pyrrolidine moiety attached to the porous polymers in comparison
with unsubstituted pyrrolidine. We also assessed other features
that could affect the transport through the free volume elements of
the networks, such as molecular volume and shape and even hy-
drophilic or hydrophobic properties of polymer networks, reagents,
and products.
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Fig. 6. HOMO energy values (eV) of modeled structures.

2.2.2. Theoretical calculations

In order to understand the effect of the isatin aromatic frame-
work on the features of the pyrrolidine moiety, we performed some
theoretical calculations paying attention to nucleophilicity, geom-
etry, and electrophilicity/stability of the iminium ion intermediate.
In the first stage, the electronic and energetic parameters of pyr-
rolidine (4), as well as of the pyrrolidine models represented in
Fig. 6 were determined. Specifically, all of these models are 3-
substituted pyrrolidine (5) moieties, and they were similar to the
polymeric structures without (6a-c) and with methylene group
(7a-c). In addition, modifications of the original models (R = H)
were also performed by changing the substitution of the 4-position
at the aromatic rings (R = CHs, F) in order to quantify the electronic
effects on the pyrrolidine moiety. It was observed that models with
and without the link CH, group (6) showed the highest HOMO
energy values, and therefore they should be more nucleophilic than
the rest of the studied derivatives (HOMO = —5.64—5.84 eV).

From the conformational point of view, some interesting fea-
tures were observed. In the model without the methylene linker
CH; (n = 0), the isatin framework moiety sets the conformation of
the pyrrolidine group (6a), forming a dihedral angle o (1,2,3,4,
Fig. 7a) of —36.19°, while that for the one with the CH; group, the
angle o value (1',2',3",4", Fig. 7b) was —46.88° (7a). Thus, it seems
that the attached pyrrolidine groups with CH; spacer possess a
more marked envelope shape, which, in turn, increases the

availability of the electron pair in the nucleophilic nitrogen.
Another interesting conformational data is that the model that does
not have the CH; link (6a) presents a stabilizing interaction be-
tween the nitrogen of the pyrrolidine moiety and the carbon of the
lactam group, which could decrease its nucleophilicity.

In addition, the electronic and Gibbs energies of electrophiles
(aldehydes and iminiums) were calculated. For the sake of
simplicity (to shorten the computational cost), a series of models of
iminium derivatives were modeled to determine how the C=N
bond varies with different substituents. The LUMO energy values
are collected in Table 4 and will be commented on below.
Furthermore, a simplified reactivity pathway of nitrone formation
was performed using a reactivity probe as shown in the Supporting
Information section.

2.2.3. Stereoelectronic and hydrophobic effects

The effect of the molecular volume and shape of the aldehydes,
as well as the nature of the substituents in the catalytic process, was
evaluated by varying the substituent at the para position of benz-
aldehyde using the polymers IBPp and IBP;. Regarding the effect of
every substituent in the conversions, several aspects should be
considered in order to rationalize the observed results. Thus, un-
derstanding all the parameters that determine the behavior of
these polymeric materials is fundamental to improving their
properties in future designs. Therefore, we also represent in Table 4

Fig. 7. (left graph) Molecular depiction of model 6a. (right graph) Molecular depiction of model 7a.
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Table 4
Formation of nitrones of different aromatic aldehydes using IPBy and IPB, as cata-
lysts.
0 \‘/ NaHCO; leq O(:)@)<
cat (7 mol %) N
H o+ HN_ —_— |
OH
R HCl H,0:EtOH (1:1), H
rt, 30 min
1 (1 equiv) 2a (1 equiv) R 3
Entry R 1 Iminium®  HLB HLB  Conv.*
Ewmo”  Erumo® 1 3 IBPo? 1BP,¢
1 Cl (a) -2,00 -6,51 414 2.84 52 73
2 H (b) -1,73 —6,42 5.48 3.39 65 93
3 F(c) -1,77 —-6,43 4.68 3.08 47 100
4 CH;(d) -1,61 —6,22 4.84 3.14 61 85
5 CF3(e) -2,24 -6,73 3.34 2.45 43 100
6 tBu (f) -1,59 —6,12 3.58 2.58 24 32
7 MeO(g) -140  -593 888 589 37 48
8 NO,(h) -3,12 -7,09 9.93 6.85 14 22
9 1-naph (i) -2,10 —625 372 264 11 32
10 2-naph (j) -1,89 —6,12 3.72 2.64 19 23

Reaction conditions: 1a (0.2 mmol), 2a (0.2 mmol), base (0.2 mmol), catalyst
(0.014 mmol), H,O/EtOH (1:1) (0.6 mL) at 25 °C for 30 min.

¢ Conversion after 24 h.

b (DFT B3LYP/6-31G(d,p), (eV).

¢ Iminium ion of pyrrolidine and.

4 Mol % calculated considering the real pyrrolidine load according to the effective
molecular weight (MW_eff) of the polymer.

several parameters that were systematically analyzed. The LUMO
energies of the aldehydes and pyrrolidine iminium calculated to
evaluate electrophilicities are collected in columns 3 and 4. The
hydrophilicity/lipophilicity balance of aldehydes 1 and 3 was also
calculated [52] and shown in columns 5 and 6. The size/shape of all
the starting materials and products is shown in the Supporting
Information section. As in the previous case, in order to clearly
analyze the trends before the reactions ended, the reactions were
stopped after 30 min. Control reactions in the absence of any
catalyst were accomplished for all the substrates and commented
in Supporting Information section. A general trend observed for all
the aldehydes is the higher conversions rendered with the IBPq
catalyst than with IBPg one (columns 7 and 8).

As shown in Table 4, experimental conversions of the pyrroli-
dine catalysts IBPg and IBPq did not follow the same pattern as the
expected electrophilicity according to the theoretical energy value
of the LUMO orbitals of the corresponding iminium ions. This
observation is especially remarkable in the case of the nitro group
(1h), which presents very low conversions (entry 8). Interestingly,
1h has a hydrophilic/lipophilic value close to 10, which is around
double the value of other aldehydes like 1a-e, which present much
higher conversions. For the naphthyl derivatives, the existence of
steric hindrance due to their higher molecular volume should be
considered. Furthermore, the experimental differences in the
reactivity between the 2-naphthyl (1j) and 1-naphthyl (1i)
substituents could be due to the different shapes of the corre-
sponding nitrones (2-naphthol 3j, being more linear) and the pore
structure of each network polymer (Table S10 included in the
Supporting Information section). According to this result, it is ex-
pected that ortho-substituted compounds should afford lower
conversions. To confirm this hypothesis, we performed the reaction
of formation of nitrones using o-, m- and p-toluenebenzaldehyde
assisted by the IBPg polymer. As we anticipated, using the same
conditions of Table 4, conversions were 35, 63, and 61%, respec-
tively. Thus, it is clear that the behavior of the aldehyde having a
methyl group in the ortho position has a reactive behavior similar
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to that observed with 1i (1-naphthyl aldehyde), which supports a
high steric effect.

According to Table 4, the difference in the HLB (hydrophobic/
lipophilic balance) [52] of substrates seems an important issue to
be considered. This can be clearly seen in Fig. 8 which represents
the HLB of both substrates and products with respect to polymeric
catalysts IBPg (in black) and IBP; (in red).

One of the conditions for efficient catalysis in heterogeneous
microporous systems is that the products flow easily out of the
internal pores of the catalytic material to the outside, but the for-
mation of very bulky molecules could hinder this process, leading
to clogging of the material. In addition, the transport of molecules
from the surface to the pores is the function of the hydrophilicity/
lipophilicity affinity features of the porous material, which could
cause some products to leave before others. This fact could deter-
mine that the hydrophilic aldehydes having even strong EWG
groups like NO,, provided the lowest conversions (1g and 1h).

It is important to point out that conversions in Table 4 refer to
reactions stopped at short reaction times, which was done for
mechanistic reasons. Nevertheless, the heterogeneous catalysts
were able to promote the reaction until completion, even in the
case of those aldehydes that provided low conversions at short
reaction times. Following this methodology, we proved that the
nitro derivative 1h afforded complete conversion to the

HLB of IBP_ and IBP,
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Fig. 8. (top graph) HLB (hydrophobic/lipophilic balance) of substrates. (Bottom graph)
HLB of products. Dashed lines correspond to the HLB of polymers.
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0 IBP,
0,7 mol%)
Ar)J\H v ey (@7 mol%e) :[[ )\(
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Scheme 2. Study of reactivity of malononitrile with different aromatic aldehydes
employing IBP;,

(1a) p-Cl

(1b) H

(2f) p-tBu

IBP1

(1d) 2-naph
(1e) 1-naph

0 10 20 30 40 50 60 70 80 90 100
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Reaction conditions: 1 (0.9 mmol), 8 (0.9 mmol), catalyst
(0.0065 mmol), EtOH (12 mL) at 25 °C for 30 min. The mmol of
the catalysts have been calculated considering the real
pyrrolidine load according to the effective molecular weight
(MW _eff) of the polymer.

corresponding nitrone 3h after 24 h reaction. Nevertheless, alde-
hyde 1i only gave a 47% conversion after 24 h, which could indicate
that the size/shape of reagents and products is the most deter-
mining fact in reaching (or leaving) the catalytic center.

2.2.4. C=C bond formation via iminium and enamine activation

Knoevenagel reaction is a useful reaction frequently chosen in
the literature as a standard and feasible model to figure out the
activity of heterogeneous catalysts [53]. Therefore, in order to
compare the catalytic activity of our IBP polymers with some
others described in the literature, we also studied the Knoevenagel
reaction. We proved that IBP; and IBPy catalyze the Knoevenagel
reaction of aldehydes having different electronic properties, mo-
lecular shapes, and molecular sizes with malononitrile (8) to pro-
vide compounds 9 and/or 10. Scheme 2 shows the conversions
observed when 1mol % of IBPy was used with various aldehydes,
and the reactions were stopped after 30 min. Slightly longer times
provided a synthetically useful method. Although our study pro-
vided insight into the intrinsic reactivity of each aldehyde, the
background reaction, which was evaluated sin all cases, compli-
cated the interpretation of some parameters that could affect the
catalysis and the comparison with other described polymers. All
this information is gathered in the Supporting Information section.

Finally, we proved that IBP polymers are also useful in enamine
catalysis in the aldol condensation. The most representative results
are collected in Table 5, which show the behavior of several alde-
hydes using the IBPg polymer as a catalyst, which presented more
facility to provide the dehydrated product.

Interestingly, the catalytic performance mainly depends on the
electronic properties and on the shape/size/hydrophilicity of alde-
hydes and products rather than on the LUMO energies. For example,
aldehyde 1f with the lowest electrophilicity provides higher con-
version than aldehyde 1b after 24 h, and the corresponding enone
13 isolated in very high yield (88%). It was also observed that the
nature of the aldehyde also affects the aldol 12/enone 13 ratios.
Thus, in the reactions with the bulky aldehydes 1f and 1i the
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Table 5
Reaction of acetone with different aromatic aldehydes.

OH O
o IBP, R
)]\ (7 mol%)
R H 12
1 0.30M,24 h + \
50°C 0
(0] /\)]\
)j\(solvent) R
13
p-Cl-phenyl Phenyl p-tBu-phenyl 1-Naphthyl 2-Naphthyl
1a 1b 1f 1i 1j
Conv* 100 74 100 11 83
Ratio (12:13) 13:87 75:25 0:100 0:100 56/44
Yield® 21/68 51/21 0/88 < 49/34
Erumo® —2,00 -1,73 -1.60 -1.89 —2.01

Reaction conditions: 1 (0.3 mmol), solvent (acetone; 1 mL), 50 °C for 24 h. The mol %
of the catalysts has been calculated considering the real pyrrolidine load according
to the effective molecular weight (MW_eff) of the polymer (1133.3 g/mol).

3 Conversions measured by 'H NMR.

b Yield after column chromatography, and.

¢ Not determined.

D (eV).

corresponding aldols 12 were not detected, which points out a
higher tendency to dehydration in the bulkier compounds that in-
crease the HLB (hydrophobic/lipophilic balance) favoring diffusion.

3. Conclusion

A series of well-tailored pyrrolidine-based porous polymers have
been easily attained in a straightforward synthetic procedure, which
has proven to be very efficient in the formation of C=N and C=C
bonds, using both iminium and enamine activation. In the context of
the synthesis of nitrones, we have developed an efficient, and
extremely simple sustainable method, metal and acid-free, scalable
and recyclable. The prepared polymers were also efficient in Knoe-
venagel reaction and aldol condensation to generate alkenes in a
simple way using green solvents. The effect of confinement and the
role of non-covalent catalysis through hydrogen bonding activation
in each reaction were analyzed by testing a wide battery of hetero-
geneous catalysts, opening access to the study of other processes.
The theoretical study pointed out the importance of the flexibility of
the pyrrolidine moiety in the microporous structure due to the ex-
istence or not of the methylene bridge, which seems to determine
the non-innocent role of the isatin moiety in iminium stabilization.

A set of experiments using different aldehydes allowed us to
determine that the size/shape and hydrophobic/hydrophilic bal-
ance of the reagents are more determinant factors than those
derived from electronic effects in the catalytic process.

The results reported in this work represent a clear novelty for
the type of porous materials employed (POP), as well as for the
catalytic process; C=N bond formation using iminium activation.
This systematic experimental and theoretical analysis has provided
us with a good understanding of the relationships between the
structure and properties of this type of porous polymer.

Currently, in our laboratories, thanks to the results obtained in
this work, we are designing and studying the second generation of
robust heterogeneous catalytic systems with better transport
properties but maintaining the clear advantage of these materials
over other polymeric structures due to their higher rigidity in the
presence of a large number of solvents, i.e. without undergoing
swelling phenomena.
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4. Experimental section
4.1. Synthesis of models and porous organic polymers, POPs

4.1.1. Isatin model (IM)

In an oven-dried Schlenk equipped with a magnetic stirrer and
blanketed by a nitrogen atmosphere, isatin (3.08 g, 20.6 mmol) and
toluene (6.56 mL, 61.8 mmol) were added. The solution was placed
into an ice bath, then TFSA (25 mL) was added dropwise for 30 min,
and the mixture was stirred at room temperature for 24 h. The dark
solution was poured into cold distilled water and the white
precipitated was collected and washed with warm distilled water. A
white powder was obtained in 71% yield. 'TH NMR (500 MHz, CDCl3)
0 7.25—7.20 (m, 2H), 718—7.14 (m, 4H), 7.12—7.08 (m, 4H), 7.05 (td,
J=76,1.0Hz, 1H), 6.93 (dt, ] = 7.7,0.8 Hz, 1H), 2.31 (s, 6H). 3C NMR
(126 MHz, CDCI3) § 21.01, 62.32, 76.75, 77.00, 77.26, 110.09, 122.76,
126.24,128.08, 128.26, 129.15, 133.93, 137.00, 138.76, 140.03, 179.91.
mp: 204—206 °C. MS (ESI*): m/z 336.1356 [M"Na]" (100), 314.1540
[MTH]* (17.6),352.1100, [MK] " (6.7), 627.3015 [2 M"H] " (4.8), 649
[2 M*Na]* (7.3), 962 [3 M*Na|* (1.8), 1275 [4 M*Na]* (9.7), 1589
[5M*Na]* (7.9). HRMS (ESI™): calculated for CopH19NNaO [M*Na]*:
336.1359; found: 336.1356. MS (ESI™"). Elemental Analysis: calcu-
lated (C22H19NO) C, 84.31; H, 6.11; N, 4.47; O, 5.10; found C, 84.48;
H, 6.24; N, 4.43; O, 5.10.

4.1.2. Methylisatin model (IMMe)

In an oven-dried Schlenk flask equipped with a magnetic stirrer
and blanketed by a nitrogen atmosphere, methylisatin (1.00 g,
6.80 mmol) and toluene (2.2 mL, 20.4 mmol) were added. The so-
lution was placed into an ice bath, then TFSA (20 mL) was added
dropwise for 30 min, and the mixture was stirred at room tem-
perature. After 24 h, the solution was poured into cold distilled
water, neutralized with NaHCO3 and extracted in ethyl acetate. The
crude product was purified by chromatographic column, using a
mixture of ethyl acetate and hexane in 1: 4 volumetric proportions
as eluent. A white powder was obtained with a 59% yield. 'H-RMN
(500 MHz, CDCl3) é: 7.30 (td, Jy.-y = 7.7, 1.2 Hz, 1H), 6.91 (dt, Ju-
n =78, 0.8 Hz, TH), 3.28 (s, 3H), 2.31 (s, 6H), 2.17 (s, 1H). >*C-RMN
(101 MHz, CDCl3) 6: 21.15, 26.77, 62.03, 108.55, 122.91, 126.08,
128.41, 129.23, 133.41, 137.35, 139.16, 143.19, 177.97. mp:
120—122 °C.

4.1.3. 135TPB-Isatin POP (IB)

An oven-dried three-neck 500 mL Schlenk flask, equipped with
a mechanical stirrer and blanketed by nitrogen 135TPB (5.55 g,
18.1 mmol), isatin (4.00 g, 27.2 mmol), and 10 mL of MSA were
mixed. The monomers mixture was stirred for 30 min. The mixture
was stirred at room temperature for 15 min and cooled at 0 °C.
Then, 40 mL of cold TFSA were added dropwise. After the TFSA
addition, the mixture was left to warm up to room temperature and
maintained with mechanical stirring for 96 h. The reaction mixture
was poured into distilled water, which was neutralized by the
addition of a NaHCOj3 solution, filtered, and washed sequentially
with warm distilled water, methanol, ethyl acetate, and acetone.
The product was dried at 180 °C under a 60 mbar dynamic vacuum
for 24 h. The material was obtained as a powder in quantitative
yield (99.8%). CPMAS SS 3C NMR (11 kHz): 6 179 (broad),142 ppm
(broad), 128 ppm (broad), 110 p.m. (broad), 62 ppm (broad). BET
Surface Area: 760 m?/g [49].

4.1.4. Synthesis of POP copolymer 135TPB-isatin-TFAP 4:3:3 (IBT).
An oven-dried three-necked Schlenk flask, 500 mL, equipped
with a mechanical stirrer and blanketed by nitrogen, was charged
with 135TPB (4.29 g, 14.0 mmol) and isatin (1.50 9 g, 10.4 mmol).
The solid monomers were mixed, and MSA (5 mL) was added. The
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mixture was stirred at room temperature for 15min and cooled at
0 °C. Then, 30 mL of cold TFSA were added dropwise. After the TFSA
addition, the mixture was left to warm up to room temperature and
maintained with mechanical stirring for 96 h. The reaction mixture
was poured into distilled water, neutralized by the addition of a
NaHCO3 solution, filtered, and washed sequentially with warm
distilled water, methanol, ethyl acetate, and acetone. The product
was dried at 180 °C under a 60 mbar dynamic vacuum for 24 h. The
material was obtained as a powder in quantitative yield (100%).
CPMAS SS 3C NMR (11 kHz): 6 178 (broad),142 ppm (broad),
128 ppm (broad), 109 p.m. (broad), 78 ppm (broad). BET Surface
Area: 738 m?[g [49].

4.1.5. 135TPB-Methylisatin POP (IBMe)

An oven-dried three-neck 500 mL Schlenk flask, equipped with
a mechanical stirrer and blanketed by nitrogen 135TPB (4.44 g,
14.5 mmol), methylisatin (3.50 g, 21.7 mmol), and 5 mL of MSA
were mixed. The monomers mixture was stirred for 30 min, and the
mixture was stirred at room temperature for 15 min and cooled at
0 °C. Then, 35 mL of cold TFSA were added dropwise. After the TFSA
addition, the mixture was left to warm up to room temperature and
maintained with mechanical stirring for 96 h. The reaction mixture
was poured into distilled water, which was neutralized by the
addition of a NaHCOs solution, filtered, and washed sequentially
with warm distilled water, methanol, 2-Me THF, ethyl acetate, and
acetone. The product was dried at 180 °C under a 60 mbar dynamic
vacuum for 24 h. The material was obtained as a powder in quan-
titative yield (99.6%). CPMAS SS 3C NMR (11 kHz): & 176
(broad),142 ppm (broad), 127 ppm (broad), 108 p.m. (broad),
61 ppm (broad). BET Surface Area: 835 m?/g.

4.1.6. Synthesis of 1-Boc-3-((methylsulfonyl)oxy )pyrrolidine (Pp)

In an oven-dried 100 mL Schlenk flask blanketed by nitrogen
and magnetically stirred, (R)-1-Boc-3-hydroxypyrrolidine (5.00 g,
26.7 mmol) and Cyrene (30 mL) were added. Then, triethylamine,
5 mL, was added to the Schlenk flask, and the mixture was stirred
for 2 h. The mixture was cooled to 0 °C, and methanesulfonyl
chloride (2.28 mL, 29.4 mmol) was added. The mixture was allowed
to warm up to room temperature and maintained with magnetic
stirring for 4 h. The product was poured into distilled water and
extracted with ethyl acetate. The organic phase was brought to
dryness in a rotary evaporator, and the product Pp was obtained as
an amber oily solid (88% yield). "H NMR (500 MHz, CDCl3) 3: 5.24
(m, 1H), 3.75—3.39 (m, 4H), 3.03 (s, 3H), 2.26 (m, 1H), 2.12 (m, 1H),
1.45 (s, 9H).>C NMR (101 MHz, CDCl5) 6 154.14, 79.90, 79.53, 51.91,
43.40, 38.74, 32.23, 28.43. mp: 43—45 °C.

4.1.7. Synthesis 1-Boc 3-(((methylsulfonyl)oxy)methyl) pyrrolidine
(P1)

Into an oven-dried 100 mL Schlenk flask blanketed by nitrogen
and magnetically stirred, 1-Boc-3-hydroxymethylpyrrolidine
(3.67 mL, 19.9 mmol) and Cyrene (30 mL) were added. Then, trie-
thylamine, 5 mL, was added to the Schlenk flask, and the mixture
was stirred for 2 h. The mixture was cooled to 0 °C, and meth-
anesulfonyl chloride (1.70 mL, 21.9 mmol) was slowly added. The
mixture was left to warm up to room temperature and maintained
with magnetic stirring for 4 h. The product was poured into
distilled water and extracted with ethyl acetate. The organic phase
was brought to dryness, and the product P; was obtained as an
amber foamy solid in a 91% yield. 'H NMR (500 MHz, CDCl3) é: 4.19
(m,1H), 4.14 (m, 1H), 3.66—3.40 (m, 2H), 3.35 (m, 1H), 3.21-3.07 (m,
1H), 3.02 (s, 3H), 2.62 (m, 1H), 2.03 (m, 1H), 1.82—1.62 (m, 1H), 1.45
(s, 9H). 3C NMR (101 MHz, CDCl3) § 154.38, 79.49, 70.25, 48.03,
44,80, 38.38, 37.43, 28.46, 27.59. mp:50—52 °C.
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4.1.8. Pyrrolidine functionalized model (IMPy)

In a 100 mL oven-dried Schlenk flask, under a nitrogen atmo-
sphere, the isatin-toluene model (IM) (0.500 g, 1.60 mmol) was
dissolved in 15 mL of Cyrene. Then, Cs;CO3 was added (0.520 g,
1.60 mmol) and the mixture was magnetically stirred for 2 h.
Subsequently,  1-Boc-3-((methylsulfonyl)oxy)pyrrolidine  (Pg)
(0.445 g, 1.70 mmol) was added; then, the mixture was warmed up
to 80 °C, and the reaction was stirred overnight. The product was
precipitated in cool distilled water, filtered, washed in distilled
water several times. The dried protected model (IMPy-Boc) was
obtained as a white foam. An oven-dried Schlenk flask equipped
with magnetic stirring was charged with the protected model
(0.700 g, 0.15 mmol) and CHCl3 (3 mL). An excess of TFA (2.0 mL,
2.61 mmol) was added into the flask and the mixture was warmed
up at 65 °C and stirred for 24 h. The mixture was left to cool down at
RT and neutralized with a NaHCO3 solution. The product dried at
60 °C, 60 mbar, 16 h (IMPg) was obtained in a 61% yield. "TH NMR
(500 MHz, CDCl3) 6 7.25 (m, 3H), 7.10 (m, 9H), 4.85 (m, 1H), 3.36 (m,
2H),3.13 (m, 1H), 2.9 (m, 1H), 2.31 (s, 6H), 2.13 (m, 2H), 1.99 (s broad,
1H). mp: 96—98 °C. MS (ESI*): m/z 383.2114 [M+H]+ (100), HRMS
(ESI™): calculated for CygHy7N>O [MTH]|'™: 383.2118; found:
383.2114 MS (ESI™).

4.1.9. Pyrrolidine model (IMP;)

In a 100 mL oven-dried Schlenk flask, under a nitrogen atmo-
sphere, the isatin-toluene model (IM) (0.500 g, 1.60 mmol) was
dissolved in 15 mL of Cyrene. Then, Cs;CO3s was added (0.520 g,
1.60 mmol) and the mixture was magnetically stirred for 2 h.
Subsequently, 1-Boc-3-(((methylsulfonyl)oxy)methyl) pyrrolidine
(P1) (0.468 g, 1.70 mmol) was added; then, the mixture was
warmed up to 80 °C and the reaction was stirred overnight. The
purified protected model (IMP-Boc) was obtained following the
same way as that in IMPy-Boc, as a white foamy solid. An oven-
dried Schlenk flask equipped with magnetic stirring was charged
with the protected model IMP{-Boc (0.605 g, 1.20 mmol) and CHCl3
(3 mL). An excess of TFA (2.0 mL, 2.61 mmol) was added to the flask
and the mixture was warmed up at 65 °C and stirred for 24 h. The
mixture was left to cool down at RT and neutralized with a NaHCO3
solution. The product dried at 60 °C, 60 mbar, 16 h (ITPCH2) was
obtained in a 63% yield. 'TH NMR (500 MHz, CDCl3) 6 7.27 (m, 2H),
7.10 (m, 9H), 6.96 (d, J = 7.8 Hz, 1H), 3.75 (m, 2H), 3.04 (m, 1H), 2.90
(m, 2H), 2.68 (m, 2H), 2.30 (s, 6H), 1.86 (m, 1H), 1.53 (m, 1H). mp:
105—107 °C. MS (ESI™): m/z 397.2268 [M'H]* (100), 360.3233
(28.4). HRMS (ESI™): calculated for Ca7H29N,0 [MTH|': 397.2274;
found: 397.2268 MS (ESI™).

4.1.10. Functionalization of IB POP (IBPy-Boc)

An oven-dried Schlenk 100 mL flask, equipped with magnetic
stirring and nitrogen blanketed was charged with IB (POP 135TPB-
isatin) (2.00 g, 6.00 mmol) and Cs;COs3 (2.39 g, 7.50 mmol). The
mixture of IB and Cs,CO3 was suspended in 25 mL Cyrene and was
let to react for 2 h at RT. Subsequently, Pp (1-Boc 3-((methyl-
sulfonyl)oxy)pyrrolidine) (1.67 g, 6.30 mmol) was added and the
mixture was warmed up to 80 °C, and maintained with stirring for
48 h. Afterward, the temperature bath was removed and when the
mixture reached RT, distilled water was added and the suspension
was filtered. The filtered product was washed sequentially with
distilled water, and a mixtur of HO/MeOH 1:1, MeOH and acetone.
The washed product IBPg-Boc was dried at 60 °C, under 60 mbar
vacuum for 16 h obtaining a light-yellow powder (99% yield).

4.1.11. IBP,

On an oven-dried Schlenk flask equipped with magnetic stirring,
blanketed by nitrogen, was charged with the functionalized IBPg-
Boc (3.00 g, 3.98 mmol) and a mixture of HO/MeOH 3:2 was added.
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An excess of TFA (1.2 mL, 15.92 mmol) was slowly added in the flask.
Temperature was raised to the boiling point of TFA and the mixture
was stirred for 4 h. Afterward, the mixture was cooled down at RT
and neutralized with a NaHCO3 solution. The product was filtered,
collected, and purified as the POP functionalized. IBPg was obtained
as a light-yellow powder in an 83% yield. CPMAS SS 3C NMR
(11 kHz): 6 178 (broad),142 ppm (broad), 128 ppm (broad), 110 pm
(broad), 62 ppm (broad), 46 ppm (broad). BET Surface Area: 647 m?/
g. Desorption average pore diameter (4V/A by BET): 2,1214 nm. Pore
size: BJH Adsorption average pore diameter (4V/A): 1,3892 nm. BJH
Desorption average pore diameter (4V/A): 1,5091 nm.

4.1.12. Functionalization of IB to IBP;-Boc POPs

An oven-dried Schlenk 100 mL flask, equipped with a magnetic
stirrer and nitrogen blanketed, was charged with IB (2.00 g,
6.00 mmol) and Cs;CO3 (2.39 g, 7.50 mmol). After adding 25 mL of
Cyrene, the mixture was put to react for 2 h at RT. Then, P1(1.76 g,
6.30 mmol) was added and the mixture was warmed up to 80 °C,
and stirred for 48 h. Temperature bath was removed and the
mixture was cooled at RT, distilled water was added, and the
formed solid was collected. The solid was washed sequentially with
distilled water, and a mixture of H,O/MeOH 1:1, MeOH and
acetone. The product IBP;-Boc was thoroughly washed and dried at
60 °C, 60 mbar vacuum for 16 h, obtaining a light-yellow powder in
a 99% yield.

4.1.13. IBP;

An oven-dried Schlenk flask equipped with magnetic stirring
was charged with IBP;-Boc (3.00 g, 5.81 mmol) and it was sus-
pended in a mixture of HoO/MeOH 3:2. An excess of TFA (1.8 mL,
23.23 mmol) was added in the flask. Temperature was raised to the
boiling point of TFA and the mixture was stirred for 4 h. The
mixture was left to cool at RT and neutralized with NaHCOs.
The product was washed and dried in the same way as for IBPg. The
product was obtained as a light-yellow powder in a 66% yield.
CPMAS SS '3C NMR (11 kHz): 3 177 (broad),143 ppm (broad),
128 ppm (broad), 109 pm (broad), 79 ppm (broad), 45 ppm (broad).
BET Surface Area: 511 m?/g. Adsorption average pore diameter (4V/
A by BET): 2.0416 nm. Desorption average pore diameter (4V/A by
BET): 1.9457 nm. Pore size: BJH Adsorption average pore diameter
(4V/A): 1,7690 nm. BJH Desorption average pore diameter (4V/A):
3.7247 nm.

4.1.14. Synthesis of IBTPp-Boc

An oven-dried Schlenk 100 mL flask equipped with magnetic
stirring and nitrogen blanketed was charged with IBT (1.50 g,
2.16 mmol) and CsCO3 (0.86 g, 2.64 mmol). The mixture of IBT and
Cs»C03 was suspended in 20 mL of Cyrene and was let reacting for
2 h at RT. Subsequently, Pg(1-Boc-3-((methylsulfonyl)oxy) pyrroli-
dine) (0.60 g, 2.27 mmol) was added and the mixture was warmed
up to 80 °C, and maintained with stirring for 48 h. Afterward, the
temperature bath was removed and when the mixture reached RT,
distilled water was added and the solid suspension was filtered. The
filtered product was washed sequentially with distilled water, and a
mixture of HO/MeOH 1:1, MeOH and acetone. The washed product
IBTPg-Boc was dried at 60 °C, under 60 mbar vacuum for 16 h,
obtaining a light-yellow powder (88% yield).

4.1.15. IBTPy

On an oven-dried Schlenk flask equipped with magnetic stir-
ring, blanketed by nitrogen, was charged with the functionalized
POP (IBTPg-Boc) (1.15 g, 1.31 mmol) and a mixture of H;O/MeOH
3:2 was added. Then, an excess of TFA (0.4 mL, 5.23 mmol) was
slowly added in the flask and the mixture was warmed at tem-
perature of TFA boiling point and stirred for 4 h. Afterward, the
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mixture was cooled down at RT and neutralized with a NaHCO3
solution. The product was filtered, collected, and purified as the
POP functionalized. IBTPg was obtained as a light-yellow powder in
a 99% yield. CPMAS SS 3C NMR (11 kHz): 6 177 (broad),141 ppm
(broad), 128 ppm (broad), 109 p.m. (broad), 77 ppm (broad),
64 ppm (broad). BET Surface Area: 794 m?/g. Pore size: Adsorption
average pore diameter (4V/A by BET): 2,2228 nm. BJH Adsorption
average pore diameter (4V/A): 1,4781 nm. BJH Desorption average
pore diameter (4V/A): 1,5374 nm.

4.1.16. Synthesis of IBTP;-Boc

An oven-dried Schlenk 100 mL flask, equipped with a magnetic
stirrer and nitrogen blanked, was charged with IBT (2.00 g,
6.00 mmol) and CsC0O3 (2.39 g, 7.50 mmol). After adding 25 mL of
Cyrene, the mixture was in reaction for 2 h at RT. Then, 1-Boc-3-
methylsulfonyl)oxy)methyl)pyrrolidine, P;, (1.76 g, 6.30 mmol)
was added and the dispersion was warmed up to 80 °C, and stirred
for 48 h. Temperature bath was removed and when the mixture
was at RT, distilled water was added and the formed solid was
collected. The solid was washed sequentially with distilled water,
and a mixture of HyO/MeOH 1:1, MeOH and acetone. The product
IBTP;-Boc was thoroughly washed with water and dried at 60 °C,
60 mbar vacuum for 16 h, obtaining a light-yellow powder in a 99%
yield.

4.1.17. IBTP;

An oven-dried Schlenk flask equipped with magnetic stirring
was charged with IBTP;-Boc (1.15 g, 1.31 mmol) and a mixture of
H,0/MeOH 3:2 was added. Then, an excess of TFA (0.4 mlL,
5.25 mmol) was added in the flask. Temperature was raised to the
boiling point of TFA and the mixed solution was stirred for 4 h. The
mixture was left to cool at RT and neutralized with NaHCOs. The
product was washed and dried as for IBP. The product was obtained
as alight-yellow powder in a 97% yield. CPMAS SS 13C NMR (11 kHz):
6 177 (broad),143 ppm (broad), 128 ppm (broad), 109 pm (broad),
79 ppm (broad), 45 ppm (broad). BET Surface Area: 941 m?/g. Pore
Size Desorption average pore diameter (4V/A by BET): 3,5619 nm.
BJH Adsorption average pore diameter (4V/A): 2,9315 nm. BJH
Desorption average pore diameter (4V/A): 29,5670 nm.

4.2. Catalytic study

4.2.1. Formation of nitrones

A solution of NaHCOs3 (1 equiv, 0.2 mmol) in EtOH: H,0 (1:1)
(0,6 mL) was placed in ultrasonic equipment for 5 min, then, N-
(tert-butyl)hydroxylamine-HCI (1 equiv, 0.2 mmol) was added. The
mixture was stirred at room temperature for 5 min. The corre-
sponding polymer weight, and the aldehyde (1 equiv, 0.2 mmol)
were added, and the mixture was stirred under the same conditions
for the indicated time. The pyrrolidone content of the polymer has
been indicated in Tables 2—4, which was calculated according to the
catalytic polymer loading (Table 1 and part 5 of the Supporting
Information). Afterward, the polymer was filtered, washed with
ethyl acetate, and the product was extracted with the same solvent.
The organic phase was dried with MgSO,4 and evaporated under
reduced pressure to obtain the final nitrones without any further
purification. The resultant solid was dissolved in CDCls3, and the
conversion was determined by NMR. The crude was purified by
flash column chromatography using a cyclohexane: acetate 4:1
mixture as eluent.

4.2.2. Polymer recycling procedure

Reaction was started from 50 mg of polymer (equivalent to
0,09 mmol of catalytic pyrrolidine polymer, IBPq). After the reaction
proceeded, the mass of employed reagents was recalculated to the
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amount of recovered polymer after filtration, washing and drying at
50 °C overnight. The washing of the polymer was thoroughly per-
formed by stirring a slurry of polymer and 10 mL MeOH/H,0 (9:1)
using an ULTRA-TURRAX device at 6000 rpm for 20 min followed
by filtration under vacuum. Table S5 shows the yield and mass of
reagents used in each cycle. There is no detrimental effect on the
reaction yield, and it is hoped that these results could be extended
to reactions operating under flow conditions.

Detailed characterization of nitrone synthesis is described in the
supporting information section. Also, all the experimental infor-
mation related to Knoevenagel reaction, and aldol condensation,
catalyzed by the prepared microporous organic polymer networks
is included in the Supporting Information.
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