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Abstract: This work investigates the support of organocatalysts in polyesters, a class of polymers
seldom used for this purpose. The proposal is to use the hydroxyl groups present in the structure
of the chosen chiral compounds to promote the polymerization of e-caprolactone, generating the
support and anchoring the organocatalyst in a single step. A very simple method, with acid catalysis,
was employed, that showed versatility in generating supported catalysts with different structures
and functional groups and modulating the mass of the materials to generate specific solubility
characteristics. In this way, the catalysts can be solubilized in some organic solvents, such as
dichloromethane, but at the end of the reaction, they can be recovered in a heterogeneous way,
through precipitation in more apolar solvents. The materials were applied as organocatalysts on
an aldol addition test reaction and the product could be obtained in excellent yields and good
stereoselectivity. The polymer did not show signs of degradation after the reaction, proving to be
robust and suitable for use in catalysis; however, a recycling process appears to be necessary for

its reuse.
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Poly(e-caprolactones) Initiated by

Chiral Compounds: A New Protocol 1. Introduction

to Support Organocatalysts. Catalysts Among the existing methodologies to prepare enantiopure chiral compounds,
2023, 13, 164. https://doi.org/ organocatalysis has become one of the most important. With catalytic amounts of chi-
10.3390/ catal13010164 ral compounds, it is already possible to effectively form C-H, C-C, C-O and C-N bonds in
Academic Editor: Adriana Maria an asymmetric way, using one of the many methods discovered in recent decades [1-3].

da Silva Nevertheless, although organocatalysts are known to be of low cost and easily prepared,
there is a concern over the large charge frequently needed to carry out the reactions. Fur-
thermore, from an industrial point of view, separation of the homogeneous catalyst is a
drawback that has been distancing organocatalysis from its application in more indus-
trial synthesis [4]. The use of amino acids in organocatalysis is already well-established,
as they are good sources of chirality and are readily available. Among them, L-Proline

and its analogue (R)-thiazolidine-4-carboxylic acid have been used as chiral platforms for
the synthesis of organocatalysts, as well as being used in metal-mediated catalysis [5-9].
We have also contributed to this area with the synthesis of a series of ligands for the ef-
ficient enantioselective addition of alkylzinc, alkynylzinc and arylzinc to aldehydes, as
well as in palladium-catalyzed asymmetric allylations and enantioselective direct aldol
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environmentally attractive [20-23]. Polymeric heterogeneous supports, usually those that
are commercially available, are the most employed in immobilizations, but they frequently
do not reproduce the results expected from solution studies because the environment of
the catalysis completely changes.

To overcome these issues, there is increasing interest in supports that are soluble in the
reaction medium but can be easily removed in the work-up of the reaction. Non-reticulated
polymers such as polystyrene (PS) or polyethylene glycol (PEG) are widely used, along
with polymers specifically synthesized for this purpose [17-19,24-27]. In all cases, the
catalyst is inserted as part of the monomer or in a further modification of the material. To
be able to do this, a more complex catalyst derivative frequently must be used and several
synthetic steps may be necessary for its immobilization, making the process laborious
and expensive.

Polyesters are not commonly utilized as catalyst supports, despite their great poten-
tial [28,29]. This class of polymers is soluble in the solvents most used in organocatalysis,
such as dichloromethane, and can be readily precipitated with the addition of a non-
solvent such as methanol at the end of the reaction. Furthermore, the preparation of
polyesters has already been highly studied, so there are many available methods to ob-
tain the desired structure. Poly(e-caprolactones) (PCL) are good representatives of this
group because they present interesting properties and can be easily obtained through
ring-opening polymerization (ROP) of e-caprolactones, which are derived from renewable
sources [30]. Many different methods were explored to obtain this polymer, including an-
ionic, cationic, monomer-activated, and coordination—insertion ROP mechanisms. Among
these, monomer-activated ROP catalyzed by organic acids can be highlighted by its nar-
row dispersity and low cost, and by producing polymers free of metal residues, which is
essential in organocatalysis applications [31-33].

Therefore, poly(e-caprolactones) appear to have great potential as organocatalyst
supports, since the polymerization can be initiated by any compound containing a good
nucleophilic group (such as alcohols or amines). Despite this, to the best of our knowledge,
there are no reports of the use of PCL to immobilize or support organocatalysts through the
initiation of ring-opening polymerization. Therefore, the use of monomer-activated ROP
catalyzed by organic acids could be an effective way to immobilize a wide range of chiral
compounds, the only requirement for which would be to have a nucleophilic group in their
structure that could be attached to the polymer without jeopardizing their catalytic activity.

In this work, we show a protocol carefully optimized to immobilize organocatalysts
containing different groups in their structures, obtaining a material with modulated molec-
ular weights to offer a good ratio of catalyst per gram of polymer and yet presenting the
best properties of solubility in the catalytic reactions. In this way, it is possible to implement
a homogeneous catalytic process, maintaining a proper environment for the reaction to
occur and yet allowing the heterogeneous recovery of the material at the end.

2. Results and Discussion
2.1. Synthesis and Characterization of Polymers

Eight chiral compounds (Figure 1) derived from natural amino acids were selected
to develop the methodology of support and synthesized with the established methods of
protection, cyclization, coupling or reduction [10-16,34,35]. The compounds were designed
to contain hydroxyl groups, which can act as initiators in the polymerization reaction, as
well as chiral portions already known for their catalytic performance. In order to increase
the range of employment of these materials, as well as to explore the versatility of the
support method, the chosen compounds contained different heterocycles and lateral groups
in their structures.
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Figure 1. Structure of the different compounds used as initiators for e-caprolactone polymerization.

For the polymer synthesis, catalysis via organic acid was chosen for its operational
simplicity and for not generating metallic residues in the final product, an important point
as the materials will be applied in organocatalysis [36,37]. First, compound 6 was chosen
as the initiator to optimize the polymerization conditions, in order to obtain materials with
adequate properties for the catalytic process (Table 1). Once supported, it is extremely
important that the polymeric catalyst presents specific characteristics that guarantee its
functioning and structural stability in the catalytic medium. As the idea is to use it in
homogeneous catalysis, it is desirable for the polymer to be soluble in some organic solvents,
as well as being able to be precipitated at the end of the catalytic reaction, in order to be
recovered and easily separated from the product formed. Furthermore, it should have good
thermal stability to withstand different reaction conditions without undergoing processes
of deactivation of the active site or structural degradation. Thus, good control of the molar
masses and size distribution of the chains is essential because these characteristics have the
role of modulating both the solubility and the thermal stability of the material.

Table 1. Optimization of the polymerization conditions using compound 6 as initiator.

Entry 2 [e-CLI1o/[T]g [Acidlg/[lly Temp.(°C)  Time (h)  Yield (%)? My, M, rmnN ¢ pe
1 20 2 90 24 94 2400 1900 1.45
2 100 2 90 24 84 9850 2400 1.74
3 20 2 90 48 71 1900 1500 1.89
4 50 2.5 90 24 95 5700 2200 1.32
5 50 5 90 24 98 5850 2400 1.22
6 50 10 90 24 98 5850 2000 1.17
7 50 10 110 24 98 5850 1750 2.00

2 Reaction was carried out with e-caprolactone, initiator and fumaric acid under an inert atmosphere; ° yield
calculated by the mass recovered after precipitation in hexane; © theoretical molar mass (g mol~!) calculated from
the initial mass of the reactants and the yield obtained; ¢ molar mass (g mol™!) calculated from 'H NMR integrals;
¢ dispersity obtained by GPC (polystyrene standard) in THE.

The first condition tested (Table 1, Entry 1) already showed polymer formation with
satisfactory results: a mass around 2000 g mol ! and dispersity of 1.45. However, with this
dispersity, solubility tests showed that the chains of lower mass were easily solubilized
in the precipitation step, jeopardizing material recovery. Therefore, higher masses and
lower dispersities were pursued in the next steps. Higher amounts of monomer (Table 1,
Entry 2) caused an increase in dispersity, probably due to the higher viscosity generated
in the medium. When the reaction time was doubled (Table 1, Entry 3), there was a
decrease in molar mass and a growth in dispersity, probably due to transesterification and
degradation reactions, common processes at longer reaction times, when the monomer
concentration decreased.

When both monomer and acid amounts were increased in relation to the initiator
(Table 1, Entries 4-6), more controlled dispersities were obtained because the higher concen-
tration of activated monomers does not favor parallel reactions. A better condition was then
established, as indicated in Entry 5, leading to a molar mass that presents good solubility
and has a more homogeneous size distribution suitable for the target application. Finally, a
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test at higher temperature (Table 1, Entry 7) was performed to optimize the experimental
conditions but this resulted in polymers with lower molar masses. It is possible that the
increase in temperature led to lower control of chain growth, probably caused by the occur-
rence of transesterification and degradation reactions, reflected in the high dispersity. In
order to prove that the chiral initiators were effectively initiating polymerization and thus
were covalently linked to the polymer chain, two blank studies were carried out. In these re-
actions, all the optimized conditions were reproduced but without the presence of a catalyst
or initiator. At the end of 24 h, the contents of the reactions were poured into hexane and
no solid was precipitated, showing that chains of substantial molar mass were not formed.
The first hours of the model reaction were also tracked by HRMS (ESI-QTOF) analysis,
to verify if the chiral initiator was covalently linked to the polymer chain (Figure S82, SI).
After 1 h of reaction, it was possible to observe that all the most relevant peaks referred
to the masses of the polymeric chain initiated by the chiral compound ([M + Na]*). After
2 h, m/z up to 1533 could be observed, corresponding to polymers with 11 repeating units.
Small peaks referring to the hydrogen-terminated polymer (which can be originated by
initiation with the residual water or by the hydrolysis of already-formed chains) could also
be observed, but their intensity did not seem to increase during the reaction.

Once the optimal polymerization conditions were defined, they were applied to
compounds 1-8 to obtain the different supported organocatalysts (Table 2). In general, all
the chiral initiators were able to promote the polymerization, with molar masses around
2000 g mol~! obtained for all reactions, corresponding to 11-19 repeat units (1n). The
materials obtained have the ability to easily solubilize in organic media traditionally
used in organocatalysis, as well as precipitate in other organic solvents such as hexane
and diethyl ether. Thus, we can conclude that the methodology is versatile, as it can be
applied for different chiral compounds even in the presence of amide groups and different
heterocycles.

Table 2. Application of the optimized conditions for polymerization of e-caprolactone initiated by
compounds 1-8.

(0]
o _I1=RToH _ Q
(e}
Fumaric acid RAOPJ\/\/\/ ];1H
24 h, 90 °C
PCL-01P-08P
Entry Polymer 2 Initiator Yield (%) P My RMN €
S/>—\
1 PCL-01P LN\ OH 85 2500
Boc 1
2 PCL-02P El\}_\OH 85 1750
Boc 2
03—\
3 PCL-03P LN OH 79 1800
Boc 3
o
4 PCL-04P L 77 1600
N OH
Boc 4
5 PCL-05P l\ 79 2000
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(0]
o _I=RTOH _ Q
(@)
Fumaric acid R/\OPJ\/\/\/ lBH
24 h,90°C
PCL-01P-08P
Entry Polymer ? Initiator Yield (%) P M, RMN ©
<
6 PCL-06P N  HN 98 2400
éoc _\—OH 6
o O
7 PCL-07P LN HN—\_ 76 1900
Boc OH 7
8 PCL-08P I\N HN 71 2400
Boc —\—OH 8

@ Reaction conducted with 25 mmol (2.77 mL) of e-caprolactone, 0.5 mmol of initiator and 2.5 mmol (0.29 g) of
fumaric acid and under inert atmosphere; b yield calculated by the mass recovered after precipitation in hexane
and reprecipitation in diethyl ether; ¢ molar mass (g mol~!) calculated from 'H NMR integrals.

To obtain free cyclic amines capable of performing the catalysis, it was necessary to
remove the Boc-protecting group at the end of the polymerization process. A procedure
already established for this type of deprotection was applied, using trifluoroacetic acid in
dichloromethane (Scheme 1).

X)YO ]\nH )ﬁ/\OPJ\/\/\/O}\H
N o X fH i
ha PCL-01P-04P
o PCL-01: X=S; Y=H (69%)
7L PCL-02: X=CH,; Y=H (73%)
TFA PCL-03: X=0; Y=H (71%)
or CH,Chy PCL-04: X=0; Y=CH; (73%)
15h,rt or
Y (0] Y (0]

XMH/\/OWOJ%H Ny MNNOWO i

\—N o (6] \—NH

o]
PCL-05: X=S; Y=H (71%)

PCL-06: X=CHy; Y=H (78%)
PCL-07: X=0; Y=H (77%)
PCL-08: X=0; Y=CHj (70%)

07L PCL-05P-08P

Scheme 1. Deprotection of compounds PCL-01P-08P.

In order to obtain the mildest conditions, leading to complete deprotection of the
amine without changing the polymer structure, a ratio of 1:2 TFA/CH,Cl, with a reaction
time of 1.5 h proved to be the most efficient for all synthesized polymers. Finally, a
neutralization/precipitation methodology with aqueous NayCOj3, isopropanol and diethyl
ether was established for the reaction workup in order to facilitate precipitation of the
polymer, since the addition of water tends to lead to partial swelling of the PCL chains in
acidic medium, preventing its total recovery. It should also be noted that the deprotection
reaction occurred quantitatively, as no signs of the Boc group were detected in the final
polymer analysis. Yields of around 70% are probably explained by the incomplete removal
of the polymer from the aqueous solution, despite the optimized system.
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The 'H NMR analysis (Figure 2) showed the signals of the polymer in greater propor-
tion, and the polymer chain mass (M, nvr) Was determined by the integral ratio between
the triplets observed at 3.65 ppm and 4.06 ppm. These signals refer to the hydrogens in
the carbon neighboring the terminal hydroxyl group and those closer to the internal ether
bond. The chiral initiator signals are partially overlapped by the polymer chain signals, but
their presence can be more evident in the characteristic coupling patterns observed in the
two-dimensional NMR analysis (Figure 2c).

121 g

T T : T T . . T . .
3.5 8.0 7.5 7.0 6.5 6.0 55 5.0 45 4.0
f1 (ppm)

g
f1 (ppm)

T
3.6 3.4 3.2
fL (ppm)

44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10
2 (ppm)

[(

Figure 2. NMR analysis of compound PCL-06: (a) 'H NMR showing the proportion between polymer
and initiator signals; (b) magnification of the spectrum in (a) to better evidence the initiator signals;
(c) magnification of "H-"H NMR COSY to exhibit the coupling between polymer chain signals and
the characteristic coupling patterns of the pyrrolidine derivatives.

To verify whether the 'H NMR spectroscopy was providing reliable measurements
of polymer mass and the catalyst load present in the materials, elemental analysis of
PCL-06P polymer was carried out. Through the percentage of nitrogen, it is possible
to obtain the number of moles of compound per gram of polymer, which can then be
compared to the value obtained from the calculating M, Nvr. The examined material
showed an average nitrogen percentage of 0.9%, which would correspond to a catalyst
load of 0.32 mmol g~!. 'H NMR analysis of the same sample showed a catalyst loading of
0.35 mmol g~ ! of polymer, proving the efficiency of the spectroscopic analysis for catalyst
amount determination.

The thermal stability of the supports was evaluated through thermogravimetric anal-
ysis (TGA). It is possible to observe through the thermograms (Figures S83 and 584, SI)
that all products had high thermal stability, as thermal degradation processes began only
at temperatures above 250 °C. Depending on the type of heterocycle used as initiator,
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thermal stabilities above 350 °C (PCL-02, PCL-07 and PCL-08) were obtained, proving the
robustness of the structures, which have sufficient stability to be applied even in reactions
involving high temperatures.

Regarding the thermal behavior, differential scanning calorimetry (DSC) analysis
(Figures S85 and S86, SI) indicated that all compounds presented typical semi-crystalline
thermal transitions, with crystallinity contents varying between 30% and 60% (see Equation
(1) on Section 4.1 General Information), depending on the type of initiator used in the
synthesis of the organocatalyst. This information can be important for the application
of polymers, as the more crystalline the sample, the lower its solubility tends to be. In
addition, if the materials are applied in solid phase, crystallinity can make it difficult to
access the active sites of the catalyst due to the greater packing of the chains.

2.2. Application of Polymers in Organocatalysis

After the preparation and characterization of the supported chiral compounds, they
were evaluated for their catalytic efficiency and asymmetric induction potential. The
asymmetric direct aldol addition reaction between cyclohexanone and p-nitrobenzaldehyde
was chosen, as this reaction is widely used to evaluate potential organocatalysts [6,38,39].
In order to determine the best conditions to carry out the asymmetric aldol addition,
we investigated the effect of several parameters on the yields and selectivities obtained,
using the supported catalyst PCL-06 and cyclohexanone 9 and p-nitrobenzaldehyde 10 as
reactants in the model reaction (Table 3).

Table 3. Optimization of reaction conditions for application of the supported catalyst PCL-06 in
asymmetric aldol addition 2.

0]

O/U\N/\/O\.
O OH
0 0 NH o
PCL-06
+ H
é /©)J\ Solvent, Additive é)\@\
O,N 72h,0°C NO
9 10

2

1"
Entry Solvent Catalyst  Benzoic Acid  Yield? ee.© dr.d
(mol %) (mol %) (%) (%) (anti:syn)

1 Cyclohexanone 5 5 76 87 6:1
2 Cyclohexanone 10 10 98 93 8:1
3 Cyclohexanone 15 15 90 86 6:1
4 H,O 10 10 88 89 71
5 THF 10 10 87 92 71
6 CH,Cl, 10 10 98 96 7.5:1
7 CH,Cl, 10 20 68 91 7:1
8 CH,Cl, 10 - 76 93 7:1

@ Reactions performed using 0.5 mmol (0.076 g) of p-nitrobenzaldehyde, 5 mmol (0.52 mL) of cyclohexanone,
PCL-06 as the organocatalyst, benzoic acid as an additive and 0.5 mL of solvent; b jsolated yield; ¢ determined
by HPLC using Chiralcel AD-H chiral column (regarding the major diastereoisomer); ¢ determined by 'H NMR
spectroscopy of the crude product.

Initially, we investigated the effect of catalyst loading using cyclohexanone as the
reaction solvent (Table 3, Entries 1-3). In the case of 5 mol % of catalyst PCL-06, a decrease
in yield as well as stereoselectivity was observed. On the other hand, an increase to
15 mol % loading did not generate any significant improvement in the yield; however,
the stereoselectivity was affected. Thus, the best result was obtained with the addition
of 10 mol % of catalyst that afforded the expected product 11 in excellent yield and good
e.e. (Table 3, Entry 2). The other parameter investigated was the reaction medium; the
reaction was performed in different solvents commonly used in the aldol addition reaction,
focusing attention on solubilization or swelling of the polymer (Table 3, Entries 4-6).
Using cyclohexanone and dichloromethane, the results were very similar in terms of yield,
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enantiomeric excess (e.e.) and diastereoisomeric ratio (d.r.) (Table 3, Entry 2 vs. Entry 6).
In water, the results were almost the same as those obtained in THF (Table 3, Entry 4 vs.
Entry 6). However, among these solvents the use of CH,Cl, proved to be more interesting,
as purification of the product was facilitated and the yield and stereoselectivity were
improved (Table 3, Entry 2).

Finally, the use of benzoic acid as an additive was investigated because it is well-
established in the literature that it could help during the catalytic cycle for the formation
of the enamine, as well as in the hydrolysis of the final iminium. Thus, the benzoic acid
charge used was varied while keeping the catalyst charge fixed. However, increasing or
decreasing the amount of additive did not improve the stereoselectivity and, at the same
time, a significant drop in yield was observed (Table 3, Entry 7 vs. Entry 8). Thus, the
best reaction conditions for application of supported catalyst PCL-06 in asymmetric aldol
addition are described in Entry 6, where product 11 was obtained in 98% yield with an
enantiomeric excess of 96% and a diastereoisomeric ratio of 7.5:1.

Having established the optimized conditions, the synthesized supported organocata-
lysts PCL-01 to PCL-08 were applied in our standard reaction in order to investigate how
the different electronic and steric characteristics of the organocatalysts could influence their
catalytic potential and asymmetric induction capacity (Table 4). My, rvn measurements
were used to determine the load of catalyst present in each polymer, and thus the molar
amount to be used in the reaction was determined. Organocatalysts containing the amide
group in their structure (Table 4, Entries 5 and 6) furnished the aldol product in higher
stereoselectivity compared to organocatalysts that only contained the ester group (Table 4,
Entries 1-4). This occurs because the presence of hydrogen bond donor groups, in addition
to activating the reaction electrophile, also guides its approach. This makes one of the pos-
sible transition states of the reaction more favored, leading to the predominant formation
of one of the stereoisomers. In addition, the catalysts that contain the amide moiety in
their structure are more widely spaced from the polymer than the esters, which may also
contribute to the greater efficiency of these compounds. Within the same group of catalysts
(Table 4, Entries 1-4 and 5-8) it can be seen that pyrrolidine derivatives led to product
formation in much higher yields than their heteroatom-containing analogues, probably
because they have a faster catalytic cycle. In the case of these catalysts, the conformation
adopted by the cycle facilitates the formation of the enamine intermediate.

Table 4. Aldol addition reaction between cyclohexanone and p-nitrobenzaldehyde catalyzed by
supported compounds PCL-01 to PCL-08 2.

o) 0}
Benzoic acid (10 mol %)
+ H
CH,Cl,
OyN 72h,0°C NO
9 10

Cat. (10 mol %) O OH

2

1"
Ent Catalyst Yield ® (%) oo o
ry atalys ie o (%) (anti:syn)

1 ﬁ/\o s ’ 11

\—NH
PCL-01

) O/\ (0) 74 35 31

NH

PCL-02
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o o) Cat. (10 mol %) O OH
/©)L Benzoic acid (10 mol %) m
+ H
CH,Cl,
O,N 72h,0°C NO,
9 10 1
. 1 1b (o ee. drd
Entry Catalyst Yield ® (%) (%) (antizsyn)
3 /ﬁ/\o Traces - -
\_—NH
PCL-03
@
4 JY\ Traces - -
\_—NH
PCL-04
0
N0
5 S N 19 82 31
\—NH
PCL-05
(0]
(0]
6 H/\/ \. 98 9% 7.5:1
NH
PCL-06
0
N>
7 N 26 28 1:1
\NH
PCL-07
0
NP
8 0 H 28 83 4:1

\—NH

PCL-08

@ Reactions performed using 0.5 mmol (0.076 g) of p-nitrobenzaldehyde, 5 mmol (0.52 mL) of cyclohexanone,
10 mol% of catalyst, 0.05 mmol (0.006 g) of benzoic acid as additive and 0.5 mL of CH,Cl,; b jsolated yield;
¢ determined by HPLC using a Chiralcel AD-H chiral column (regarding the major diastereoisomer); ¢ determined
by 'H NMR spectroscopy of the crude product.

Removal of the catalyst after the end of the reaction was also studied. The best results
were obtained using diethyl ether and from cooling the reaction to 0 °C. Despite using
the optimized solvent, only 70% of the polymer mass used could be recovered. 'H NMR
analysis was performed and no sign of polymer chain degradation was observed, showing
the polymer’s robustness. Thus, the non-complete recovery of the material is probably a
consequence of the precipitation process used and operational losses in filtration.

Thus, for the PCL-06 polymer reuse test, the amount recovered was combined with an
additional 30% of polymer not yet used. A new reaction under the same previous reaction
conditions was carried out and it was possible to obtain the aldol addition product again
but with a drop in yield and stereoselectivity (Table 5). This decrease is possibly due to
deactivation of the catalyst by interaction with a compound in the medium. Thus, for reuse
of the material to be more efficient, a recycling process may be necessary.
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Table 5. Reuse of polymer PCL-06 in asymmetric aldol addition reaction.
O
L@
o) Q T o  OH
’ PCL-06 (10 mol %)
+
Benzoic acid (10 mol %)
O,N CH,Cl, NO,
9 10 72h,0°C 1
Cycle ? Yield ? (%) e.e. € (%) d.r. 4 (anti:syn)
1 98 96 7.5:1
2 84 75 4:1
3 79 70 4:1

@ Reactions performed using 0.5 mmol (0.076 g) of p-nitrobenzaldehyde, 5 mmol (0.52 mL) of cyclohexanone,
0.122 g of catalyst PCL-06, 0.05 mmol (0.006 g) benzoic acid and 0.5 mL CH,Cly; ? isolated yield; ¢ determined by
HPLC using a Chiralcel AD-H chiral column (regarding the major diastereoisomer); d determined by TH NMR
spectroscopy of the crude product.

3. Conclusions

Eight new PCL-supported organocatalysts were synthesized through ring-opening
polymerization using different compounds derived from natural amino acids as initiators.
The polymerization and the covalent link of the chiral compound with the polymer were
obtained in a single step, leading to pure materials without contamination by metals,
making them very suitable for organocatalysis. With adaptations in the polymerization
conditions, the developed method delivered adequate mass and dispersity ranges for
the application, as the products present selective solubility in some organic solvents and
excellent thermal resistance. The new polymeric organocatalysts were successfully applied
to aldol addition reactions, with the best reaction condition leading to the product with
a 98% yield, an enantiomeric excess of 96%, and a diastereoisomeric ratio of 7:5:1. In
the preliminary recyclability studies, the polymer could be recovered through simple
precipitation and filtration processes, but further investigations are needed to understand
the drop in results in subsequent reactions and to optimize the material reuse process.

4. Materials and Methods
4.1. General Information

The NMR spectra were recorded on Varian Inova 400 MHz and Bruker Avance
400 MHz spectrometers. Chemical shifts (8) are given in parts per million from the peak
of tetramethylsilane (5 = 0.00 ppm) as internal standard in 'H NMR or from the solvent
peak of CDCl3 (5 = 77.23 ppm) in '*C NMR. Data are reported as follows: chemical shift
(8), multiplicity, coupling constant (J) in Hertz and integrated intensity. Elemental analy-
sis of carbon, hydrogen and nitrogen (CHN) was performed using a 2400 Perkin-Elmer
CHN Elemental Analyzer. Optical rotations were obtained in a Jasco P-2000 polarimeter.
Infrared spectra (ATR mode) were obtained in a Bruker Alpha-P and FTIR Nicolet 6700
spectrometer. High-resolution mass spectra (HMRS) were recorded on a Micromass Q-TOF
spectrometer, using electrospray ionization (ESI) with the mass analyzer time-of-flight
(TOF). All enantiomeric excesses were obtained from HPLC using chiral stationary phase
(Chiralcel AD-H) in a Shimadzu LC-20AT chromatograph. The thermogravimetric analyses
(TGA) were recorded on TA Instruments Q50 equipment. The samples were heated from
25 °C to 700 °C at a heating rate of 20 °C min~! under a nitrogen flow of 60 mL min~!.
The differential scanning calorimetry (DSC) was performed on a TA Instruments DSC Q20
instrument. The samples were analyzed at 10 °C to 70 °C with a heating and cooling rate
of 10 °C min~! under nitrogen flow of 50 mL min~!. The measurements were made in the
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first cooling and the second heating scan. The degree of crystallinity (X;) of the samples
was determined by Equation (1):

AH
. = 142"; x 100 (1)

where AH,, is the melting enthalpy of the compound (J g~ ') and 142.4 is the melting
enthalpy of pure crystalline PCL [40]. Melting points were determined on a Stuart Scientific
Melting Point Apparatus SMP3. Column chromatography was performed using silica
gel (230400 mesh). Solvents were purified by usual methods [41]. Other reagents were
obtained from commercial sources and used without further purification.

4.2. Synthetic Procedures and Characterization Data
4.2.1. General Procedure and Characterization Data for the Preparation of Compounds 1 to
8, [16,42] and PCL-01P to PCL-08P

The compounds 1 to 8 and PCL-01P to PCL-08P were synthesized according to the
procedures reported in the Supplementary Materials. The characterization data are also
reported in the Supplementary Materials.

4.2.2. General Procedure for the Preparation of PCL-01 to PCL-08

Trifluoroacetic acid (2 mL) was added dropwise to a solution of the respective polymer
(PCL-01P-PCL-08P) (2g) in dichloromethane (4 mL). The mixture was stirred for 1.5 h at
room temperature and the resulting polymer was precipitated in 100 mL of a 2% aqueous
solution of Na,COj3. The precipitate was filtered and washed with water. Subsequently,
100 mL of isopropanol was added to remove the water retained in the polymer. After 24 h,
the solid was filtered again, washed with isopropanol and diethyl ether, and dried under
vacuum.

4.2.3. Characterization Data of PCL-01 to PCL-08

PCL-01: The title compound was obtained as a white solid in 69% yield. (Mp NMR =
1650 g/mol). IR (ATR): 3680-3160 (v O-H), 2944, 2863 (v Csp3-H), 1722 (v C=0), 1292, 1240,
1181 (v C-O). TH NMR (400 MHz, CDCl3): 5 4.20-3.90 (m, 29H), 3.64 (t, | = 6.5 Hz, 2H), 2.31
(t, ] = 7.5 Hz, 27H), 1.72-1.57 (m, 54H), 1.44-1.32 (m, 27H). 13C NMR (100 MHz, CDCl3) 5
173.6; 64.1; 34.1; 28.3; 25.5; 24.6.

PCL-02: The title compound was obtained as a white solid in 73% yield. (Mp NMR =
1900 g/mol). IR (ATR): 3840-3240 (v O-H), 2944, 2865 (v Csp3-H), 1723 (v C=0), 1293, 1241,
1186 (v C-0). TH NMR (400 MHz, CDCly): & 4.38-4.32 (m, 1H), 4.23-4.17 (m, 1H), 4.26-3.98
(m, 32H), 3.65 (t, | = 6.5 Hz, 2H), 3.32-3.24 (m, 1H), 2.31 (t, ] = 7.5 Hz, 34H), 2.20-2.10 (m,
2H), 2.10-1.98 (m, 2H), 1.85-1.53 (m, 68H), 1.53-1.28 (m, 34H). 13C NMR (100 MHz, CDCl5)
5173.5;64.1;34.1; 28.3; 25.5; 24.6.

PCL-03: The title compound was obtained as a white solid in 71% yield. (M NMR =
1700 g/mol). IR (ATR): 3670-3150 (v O-H), 2945, 2863 (v Csp3-H), 1723 (v C=0), 1295, 1242,
1185 (v C-O). TH NMR (400 MHz, CDCl3):  4.30-3.95 (m, 31H), 3.65 (t, ] = 6.5 Hz, 2H),
3.54-3.31 (m, 3H), 2.31 (t, ] = 7.5 Hz, 28H), 1.72-1.54 (m, 56H), 1.44-1.32 (m, 28H). 13C NMR
(100 MHz, CDCl3) 6 173.5; 64.2; 34.2; 28.4; 25.6; 24.6.

PCL-04: The title compound was obtained as a white solid in 73% yield. (M NMR =
1350 g/mol). IR (ATR): 3740-3120 (v O-H), 2944, 2865 (v Csp3-H), 1724 (v C=0), 1294, 1241,
1184 (v C-O). TH NMR (400 MHz, CDCl3): 6 4.15-3.84 (m, 25H), 3.64 (t, ] = 6.5 Hz, 2H), 2.31
(t, ] =7.5 Hz, 44H), 1.76-1.50 (m, 44H), 1.49-1.23 (m, 25H). 13C NMR (100 MHz, CDCl3) 5
173.6; 64.1; 34.1; 28.3; 25.5; 24.5.

PCL-05: The title compound was obtained as a white solid in 71% yield. (Mp NMR =
1800 g/mol). IR (ATR): 3670-3150 (v O-H), 2943, 2863 (v Csp3-H), 1723 (v C=0), 1293, 1238,
1184 (v C-O). TH NMR (400 MHz, CDCl5): & 7.33 (brs, 1H), 4.24-3.95 (m, 33H), 3.93 (d, ] =
9.9 Hz, 1H), 3.62 (t, ] = 6.5 Hz, 2H), 3.56-3.43 (m, 2H), 3.41 (dd, | = 10.9; 4.3 Hz, 1H), 3.09



Catalysts 2023, 13, 164

12 of 14

(dd, ] =10.9; 7.7 Hz, 1H), 2.29 (t, ] = 7.5 Hz, 30H), 1.70-1.54 (m, 60H), 1.44-1.30 (m, 30H).
13C NMR (100 MHz, CDCl3) § 173.5; 64.1; 34.1; 28.3; 25.5; 24.6.

PCL-06: The title compound was obtained as a white solid in 78% yield. (M NMR =
2400 g/mol). IR (ATR): 3710-3220 (v O-H), 2945, 2863 (v Csp3-H), 1723 (v C=0), 1294, 1241,
1182 (v C-O). TH NMR (400 MHz, CDCls): & 7.84 (brs, 1H), 4.20-4.10 (m, 2H), 4.10-3.95
(m, 38H), 3.77 (dd, ] =9.1; 5.2 Hz, 1H), 3.64 (t, ] = 6.5 Hz, 2H), 3.55-3.40 (m, 2H), 3.07-2.97
(m, 1H), 2.94-2.85 (m, 1H), 2.31 (t, ] = 7.5 Hz, 40H), 2.20-2.10 (m, 2H), 1.90-1.50 (m, 82H),
1.45-1.30 (m, 40H). 3C NMR (100 MHz, CDCl3) § 173.5; 64.1; 34.1; 28.3; 25.5; 24.5.

PCL-07: The title compound was obtained as a white solid in 77% yield. (Mp NMR =
1900 g/mol). IR (ATR): 3680-3190 (v O-H), 2946, 2865 (v Csp3-H), 1721 (v C=0), 1292, 1242,
1187 (v C-0). TH NMR (400 MHz, CDCl3): 6 7.70 (brs, 1H), 4.50-4.27 (m, 2H), 4.25-3.85 (m,
33H), 3.73-3.65 (m, 1H), 3.61 (t, ] = 6.5 Hz, 2H), 3.55-3.42 (m, 2H), 2.27 (t, ] = 7.5 Hz, 31H),
1.80-1.45 (m, 62H), 1.45-1.22 (m, 32H). 13C NMR (100 MHz, CDCl3) & 173.6; 64.1; 34.1; 28.5;
25.5; 24.6.

PCL-08: The title compound was obtained as a white solid in 70% yield. (MpNMR
= 2400 g/mol). IR (ATR): 3700-3150 (v O-H), 2946, 2862 (v Csp3-H), 1724 (v C=0), 1294,
1242, 1182 (v C-O). TH NMR (400 MHz, CDCl3): 5 4.66 (d, ] = 6.5 Hz, 1H), 4.59 (dd, ] = 10.1;
6.6 Hz 1H), 4.18-4.12 (m, 2H), 4.12-3.96 (m, 39H), 3.87-3.80 (m, 1H), 3.62 (t, | = 6.5 Hz, 2H),
3.57-3.45 (m, 2H), 2.28 (t, ] = 7.5 Hz, 40H), 1.82-1.50 (m, 80H), 1.50-1.29 (m, 43H). 13C NMR
(100 MHz, CDCl3) & 173.5; 64.1; 34.1; 28.3; 25.5; 24.5.

4.2.4. General Procedure for Organocatalytic Asymmetric Direct Aldol Addition

To a mixture of cyclohexanone (0.52 mL, 5 mmol) and dichloromethane (0.5 mL),
the catalyst and the additive (when used) were added. This system was stirred at room
temperature for 0.5 h. Afterwards, the system was cooled to 0 °C and p-nitrobenzaldehyde
(0.076 g, 0.5 mmol) was added. After 120 h, the reaction was returned to room temperature
and poured into 50 mL of ethyl ether in order to precipitate the polymer. The system
was cooled and the polymer was filtered and washed with the same solvent several times.
The organic phases were combined, dried over Nap;SO4, and evaporated. Purification was
carried out via flash column chromatography using a gradient from hexane to hexane/ethyl
acetate = 80:20.

21.2.)5[. C}’laracterization Data of (5)-2-((R)-hydroxy(4-nitrophenyl)methyl)cyclohexanone
11) [43

(5)-2-((R)-hydroxy(4-nitrophenyl)methyl)cyclohexanone (11): the title compound was
obtained as a white solid in 98% yield. Optical purity was determined by HPLC using Chi-
ralcel AD-H column, 90:10 hexane/2-propanol, 1.0 mL/min and 254 nm:
tR(major) = 39-4 min (S,R); tR(minor) = 28.9 min (R,S). TH NMR (400 MHz, CDCl3): § 8.21 (d,
J = 8.3 Hz, 2H, H-3' and H-5'), 7.51 (d, ] = 8.3 Hz, 2H, H-2" and H-6'), 4.90 (d, ] = 8.3 Hz,
1H), 3.13 (brs, 1H, OH), 2.65-2.25 (m, 3H), 2.18-2.03 (m, 1H), 1.90-1.45 (m, 5H).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal13010164/s1, general procedure and characterization data
for the preparation of compounds 1 to 8 and PCL-01P to PCL-08P, NMR and IR-ATR spectra, ESI-
QTOF mass spectra, TGA and DSC thermograms and chiral HPLC chromatogram.
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