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Inspired by the highly efficient and enantioselective reactions catalyzed by biomacromolecules, the devel-
opment of artificial helical polymer-supported catalysts is an attractive and meaningful field. In this work,
a series of helical polymers, poly-1,s, with controlled molecular mass (M,s) and narrow molecular mass
distribution (M,,/M,s) bearing cinchona alkaloid pendants were obtained by asymmetric polymerization of
the corresponding monomer. The poly-1,s exhibited an intense positive Cotton effect at 364 nm, indicat-
ing that a preferred right-handed helix was formed in their backbone. Due to the catalytic groups on the
pendants and helix in the backbone, the poly-1,s exhibited satisfactory catalytic efficiency in the asym-
metric Henry reaction. Compared to small molecule (1) with a similar structure, the enantioselectivity of
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the Henry reaction was significantly enhanced using poly-1,, as catalyst. The enantiomeric excess (ee)
value of the Henry reaction could be up to 75%. Furthermore, the helical polyisocyanide catalyst could be
recovered and reused facilely for at least five cycles without apparent significant loss of its
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Introduction

Chiral biomacromolecules such as DNA, enzymes and proteins
play extremely important roles in living organisms due to their
unique helical structures.” Inspired by their unique struc-
tures and functions, many chemists have devoted efforts to the
field of design and synthesis of artificial helical polymers.*®
Therefore, various applications of helical polymers in different
fields including chiral separation, chiral recognition, asym-
metric catalysis, circularly polarized luminescence (CPL), etc.
have been demonstrated in the past few decades.’™
Introducing organic catalytic groups on the side chains of
chiral helical polymers is an important strategy for obtaining a
new generation of chiral catalysts.">™"” There are obvious
advantages of these polymer catalysts. For example, it is con-
venient to separate and recover these catalysts due to their
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high molecular mass.'® Importantly, unique advantages are
exhibited when organocatalysts are immobilizing onto helical
polymers compared to polymer supports like PS and PMMA.
The helical sense of the polymer backbone can not only serve
as a scaffold but also provide an additional asymmetric
environment, which may amplify the stereoselectivity of asym-
metric reactions because of the synergistic effect between the
catalytic groups and helix backbone.®"

Because of the chirality transfer and amplification of
helical polymers, a wide range of chiral catalysts with diverse
structures and functions can be constructed.**”>

Asymmetric catalysis, as one of the most active research
areas in chemistry, has attracted ever increasing interest since
it provides an inexpensive and convenient approach to yield
enantiomerically pure compounds.’*>® Over the past few
decades, organocatalysts have emerged as an important
branch in the field of asymmetric catalysis due to their mild
reaction conditions and efficiency.>*> Many chemists are
dedicated to investigating the applications of organocatalysts
such as proline, thiourea, cinchona alkaloids, and organopho-
sphorus compounds, and have achieved a series of excellent
works.**® However, there are still some inherent shortcom-
ings in these small molecule organocatalysts, such as large
usage amount, difficulty in recovery, and possible contami-
nation. Meanwhile, artificial helical polymer catalysts possess
excellent catalytic performance, similar to enzymes, and can
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be recovered and reused conveniently. The works reported by
the groups of Suginome, Yashima, Wu, Wan, etc. demon-
strated the outstanding catalytic ability of helical polymer
catalysts.””*° Nevertheless, designing and preparing single-
handed helical catalysts with specific structures is still a chal-
lenge. Polyisocyanides, as representatives of static helical poly-
mers, have attracted the wide interest of chemical
researchers.*’*® The main chain of polyisocyanides consists of
carbon-carbon single bonds, and each carbon atom carries a
substituent. Due to the steric effects of the pendants, the main
chain adopts a rod-like structure and twists into a helical
conformation.*®*” Therefore, helical polyisocyanide is one of
the desirable supporting materials for organocatalysts.

The asymmetric Henry reaction, as an important C-C bond-
forming reaction, plays an important role in synthetic organic
chemistry and the pharmaceutical industry.*®*° However,
there still remain some challenges regarding the catalyst of the
Henry reaction, such as tedious synthesis and difficult recov-
ery, which limits its application in industry.>>>! Therefore, it is
urgent to develop a new generation of catalysts for the asym-
metric Henry reaction. In this work, single-handed helical
polyisocyanides bearing cinchona alkaloid pendants were pre-
pared through the living polymerization of the corresponding
chiral isocyanide monomers using a Pd(n)-catalyst. During the
polymerization, the chirality of the monomer was transferred
to the helical backbone and was greatly amplified. All of the
isolated poly-1,s showed high optical activity. Interestingly,
they could catalyze the asymmetric Henry reaction successfully
and afford satisfactory yields and enantiomeric excess (ee)
values. The ee of the product could be up to 75% under the
optimal experimental conditions, which was much higher
than that achieved when catalyzed by monomer 1.
Furthermore, the polymer catalysts exhibited good tolerance to
a broad substrate scope and could be recycled and reused at
least 5 times without apparent decrease of the efficiency and
enantioselectivity.

Results and discussion

First, compound 2 bearing an NH, group was synthesized
from quinine according to the literature with a slight modifi-
cation.>® Its structure was confirmed by 'H NMR (Fig. S1,
ESIt). Then, monomer 1 bearing cinchona alkaloid pendants
was generated through the ester exchange reaction between
pentafluorophenyl (PFP) ester-functionalized phenyl isocya-
nide (3) and 2 according to the reported works as outlined in
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Scheme 1 The route for the synthesis of the monomer 1 and poly-1,s.
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Scheme 1 (see details in the ESI{).”* The structure of
monomer 1 was characterized by "H NMR, *C NMR, HRMS,
FT-IR and elemental analysis (Fig. S2-S5, ESIT). A Pd(u) catalyst
was applied to initiate the polymerization of monomer 1 suc-
cessfully. Because of the living nature of the Pd(u)-initiated
polymerization of isocyanide, a series of poly-1,s (the subscript
number indicates the initial feed ratio of monomer to catalyst
throughout) with controlled molecular masses (M,s) and
narrow molecular mass distributions (M,,/M,s) were generated
in >92% yields (Table 1). The structure of poly-1,5, was con-
firmed by "H NMR and FT-IR (Fig. S5 and S6, ESI{). It was
demonstrated that symmetric and single model elution peaks
of poly-1,s could be distinguished using size exclusion chrom-
atography (SEC) (Fig. 1a). All of the results for the polymeriz-
ation are summarized in Table 1. It could be concluded that
the M,s of the poly-1,s increased monotonically with the
degree of polymerization (Fig. 1a and Table 1). Due to the
asymmetric induction of chiral monomer 1 during the process

Table 1 Polymerization results for poly-1,s?

Run  Polymer M," (kDa) My /M,?  Yield® 655, (x10°)?
1 Poly-13, 14.6 1.22 93 9.4
2 Poly-16, 27.1 1.17 92 14.3
3 Poly-14, 39.7 1.18 94 18.2
4 Poly-1,,0  57.3 1.21 92 20.9
5 Poly-1,5,  66.9 1.22 95 22.4
6 Poly-1,  88.4 1.21 92 22.6

“The polymers were synthesized according to Scheme 1. ? The M,, and
M, /M, values were determined by SEC with polystyrene standards
using THF as an eluent at 40 °C. “Isolated yields. 9 The CD intensity at
364 nm at 25 °C of poly-1, measured in THF.
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Fig.1 (a) SEC curves of poly-1,s initiated by a Pd(i) catalyst with
various initial feed ratios of monomer 1 to Pd(u). (b) Plots of M,, and M,,/
M,, values of poly-1,s as a function of the initial 1-to-Pd(n) ratio. The
values of M,, and M,,/M,, were recorded by SEC with polystyrene stan-
dards using tetrahydrofuran (THF) as an eluent at 40 °C. (c) CD and UV-
vis spectra of poly-1,s measured in THF at 25 °C (c = 0.2 mg mL™). (d)
CD and UV-vis spectra of poly-1;50 measured in THF at 25 °C at different
concentrations.
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of the polymerization, an apparent intense Cotton effect could
be observed in the circular dichroism (CD) spectra of poly-1,s
in the absorption region of the polymer backbone. The posi-
tive Cotton effect corresponding to the n-rn transition of C=N
at 364 nm in Fig. 1c indicated an excess of right-handed
helical helix formation.

Further studies indicated that the CD intensities of the
poly-1,s were closely related to their M,s. The CD value of
poly-1,s at 364 nm increased linearly with the increase of M,s
until the M,s reached 66.9 kDa (Fig. 1c). It could be seen that
there was a linear relationship between the molar ellipticity at
364 nm (0364) and M,s of poly-1,s within the M, range of 14.6 to
66.9 kDa. The 655, had a maximum value of 22.4 when the M,
reached 66.9 kDa, and then essentially remained on a plateau
(Fig. S7a, ESI}). Moreover, the diluting experiment indicated
that the CD and absorption intensities of poly-1,5, decreased
linearly with the diluted concentration, while the 655, was con-
stant (Fig. S7b, ESI}). It could be concluded that the helix of the
main chain was maintained during the dilution. These results
further demonstrated that the optical activity of poly-1,5, origi-
nated from itself rather than intermolecular self-assembly or
aggregation. In addition, the helicity of the isolated poly-1;5,
was also investigated with different temperatures and solvents.
The results revealed that the CD values of poly-1,50 did not
change significantly, indicating that the helical structure of the
main chain could remain stable with different temperatures and
solvents (Fig. S8, ESIT).

With the polymer catalyst in hand, we attempted to investi-
gate the catalytic efficiency of poly-1,s for the asymmetric
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Paper

Henry reaction using p-nitrobenzaldehyde (4a) and nitro-
methane (5) as model substrates. As anticipated, the Henry
reaction catalyzed by poly-1,s could proceed smoothly and the
results are summarized in Table 2. At first, the Henry reaction
was conducted tentatively in toluene at room temperature with
a 20% (with respect to repeating units) loading of poly-1;5.
The target product 6a was isolated with 89% yield and 20%
enantiomeric excess (ee) (run 1, Table 2). Then, different sol-
vents such as CF;CH,OH, THF, CHCl3, methyl tert-butyl ether
(MTBE), etc. were screened to investigate their influences on
the stereoselectivity of the reaction. It could be demonstrated
that the ee values were not satisfactory (run 2-5, Table 2). We
found that using a mixed solution of toluene and CF;CH,OH
(3.0 eq.) as the solvent resulted in a slightly higher ee value
compared to using toluene or CF;CH,OH separately as the
solvent (run 1, 2 and 6, Table 2). Subsequently, various types
of additives such as (CF;),CHOH, CF;SO;H, (CF;3);COH,
phenol, etc. were screened carefully and the results are sum-
marized in Table 2 and Table S1 in ESL.{ Interestingly, using
(CF;),CHOH as an additive, the ee value and yield of the
product were 53% and 84%, respectively, which were higher
than those obtained under identical conditions except with
the additive CF;CH,OH (run 6 and 7, Table 2). Subsequently,
the ee value was further improved to 57% with 87% yield after
replacing the additive with (CF;);COH (run 8, Table 2). The
effect of the amount of the additive (CF;);COH was also care-
fully studied. Initially, the ee value increased upon increasing
the equivalents of (CF;);COH from 0.2 to 3.0. The ee value
increased from 36% to 57%. Unfortunately, upon further

Table 2 Optimization of the reaction conditions for the asymmetric Henry reaction?

cHo Cat. (X mol%) 4 NO
O v —— Q)V ?
O.N Sol., Add., Temp.
4a 5 O2N 6a
Run Catalyst Solvent Additive X (mol%) Temp. (°C) Yield® (%) ee (%)
1 Poly-145, Toluene — 20 25 89 20
2 Poly-1,50 CF,CH,OH — 20 25 80 14
3 Poly-1,5, THF — 20 25 84 17
4 Poly-1,5, CHCl, — 20 25 87 18
5 Poly-1,5, MTBE — 20 25 75 16
6 Poly-1,50 Toluene CF,CH,OH 20 25 87 40
7 Poly-1,5, Toluene (CF;),CHOH 20 25 84 53
8 Poly-145 Toluene (CF;);COH 20 25 87 57
9 Poly-1,5 Toluene (CF;);COH 15 25 84 55
10 Poly-1,50 Toluene (CF;);COH 10 25 80 53
11 Poly-1,5, Toluene (CF;);COH 30 25 88 57
12 Poly-145 Toluene (CF;);COH 20 0 84 62
13 Poly-1,5 Toluene (CF;);COH 20 -10 82 69
14 Poly-1,5 Toluene (CF5);COH 20 -20 80 75
15 Poly-1,5, Toluene (CF;);COH 20 -25 75 76
16 Poly-13, Toluene (CF;);COH 20 -20 81 45
17 Poly-1¢ Toluene (CF;);COH 20 -20 79 47
18 Poly-14, Toluene (CF;);COH 20 —-20 80 60
19 Poly-1,5 Toluene (CF;),COH 20 —-20 78 64
20 Poly-1,4 Toluene (CF;);COH 20 -20 81 75
21 Monomer 1 Toluene (CF;);COH 20 —20 84 40

“Unless otherwise indicated, all reactions were carried out with 4a (0.20 mmol) and 5 (2.0 mmol) in a specific solvent (0.5 mL). ” Isolated yield.
“The ee values were determined by HPLC analysis using a chiral stationary phase.

This journal is © The Royal Society of Chemistry 2025
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increasing the equivalents of (CF;3);COH from 3.0 to 10.0, the
ee value of the products decreased to 44% (Table S2, ESIT).
The effect of the content of (CF;);COH on the enantio-
selectivity may be attributed to the hydrogen bonds formed
between the appropriate amount of (CF;);COH and the inter-
mediates. The hydrogen bonds are beneficial to improving the
stability of the intermediates.>*>> Therefore, the optimal
choice for the additive amount was fixed at 3.0 eq. The catalyst
loading also had an impact on the yield and ee of the product.
It could be demonstrated that upon decreasing the catalyst
loading from 20% to 15%, the yield and ee of 6a decreased
slightly to 84% and 55% (run 9, Table 2). Further reducing the
amount of catalyst to 10% led to a further decrease in both
yield and ee (run 10, Table 2). However, upon increasing the
catalyst loading to 30%, the yield and ee of the product were
88% and 57%, respectively, which were almost the same as
those with 20% loading (run 11, Table 2). The results of experi-
ments at various temperature also indicated that lower temp-
eratures were more favourable for improving the stereo-
selectivity of the reaction. When the temperature was
decreased from 25 to 0 °C, the ee value for the model reaction
increased from 57% to 62% (run 8 and 12, Table 2). As the
temperature continued to decrease, the ee value of the product
gradually increased. The ee of 6a reached its maximum value
of 75% at —20 °C (run 12-14, Table 2). Further reduction in
temperature did not lead to a significant increase in the ee
value while the yield also decreased to some extent (run 15,
Table 2). In summary, the optimized conditions for the Henry
reaction were using 20 wt% catalyst loading in toluene with
the additive (CF;3);COH (3.0 eq.) at —20 °C.

Then, poly-1,s were applied to the catalysis of the model
Henry reaction. As summarized in Table 2, it could be found
that the higher the M, of the poly-1,s, the higher the ee of 6a
that could be achieved. For example, the ee of 6a was up to
45% using poly-13, while it was increased to 47%, 60%, 64%,
and 75% when poly-144, poly-199, poly-1,59 and poly-1,5, were
used as catalysts, respectively (run 14 and 16-19, Table 2). A
further increase in the M, of the catalyst did not result in the
ee of the product showing a significant further increase. The
ee and yield of the product catalyzed by poly-1,,, were almost
identical to those of poly-1,5, (run 20, Table 2). Meanwhile,
the same reaction was also conducted using monomer 1 under
identical experimental conditions and the ee of the product
was 40%, which was lower than those of poly-1,s (run 21,
Table 2). These results were consistent with the M,-dependent
helix of the poly-1,s backbone (Fig. 1c), and it was further con-
firmed that the improved enantioselectivity came from the
synergistic interaction between the catalytic groups and helix
of the polymer catalysts.

With these results in hand, the substrate scope of the
Henry reaction catalyzed by poly-1;5, in toluene with
(CF5);COH as an additive at —20 °C was examined in detail. It
was demonstrated that the position of the substituents exhibi-
ted apparent influence on the ee of the product. A nitro group
substituted at the para-position gave acceptable results with
75% ee and 80% yield (run 1, Table 3). Unfortunately, the
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Table 3 Substrate scope for the Henry reaction catalyzed by poly-1;5¢ ?
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“Unless otherwise indicated, all reactions were carried out with alde-
hyde (4) (0.20 mmol) and nitromethane (5) (2.0 mmol) in toluene
(0.5 mL) using (CF5);COH (3.0 eq.) as an additive at —20 °C. ?Isolated
yield. “ The ee values were determined by HPLC analysis using a chiral
stationary phase.

meta- and ortho-substituted nitrobenzaldehyde gave a relatively
low ee of the product (run 2 and 3, Table 3). We also con-
cluded that the high steric hindrance of substituents was not
conducive to the improvement of stereoselectivity, and the ee
value of the product was slightly reduced (run 1-3, Table 3).
The para-substituted benzaldehydes with a cyano group could
also afford acceptable ee of the product. The ee and yield of 6d
could be up to 65% and 78% (run 4, Table 3). The substrate 4e
with two nitro groups at the meta- and para-position afforded
6e in 85% yield and 50% ee (run 5, Table 3). The benzal-
dehydes bearing para-substituted nitro groups with halogen
atoms such as F, Cl and Br substituted in the meta-position

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) The CD and UV-vis spectra of the recycled poly-1;59
measured in THF at 20 °C (c = 0.2 mg mL™). (b) Yield and ee values of
the reaction between 4a (0.20 mmol) and 5 (2.0 mmol) in toluene
(0.5 mL) with (CF3)sCOH (3.0 eq.) at —20 °C catalyzed by recycled poly-
150 (with 20% loading).

could successfully undergo the Henry reaction. The ee values
of 6f, 6g and 6h were 69%, 57% and 45%, respectively (run
6-8, Table 3). The Henry reaction could also proceed with
para-nitrobenzaldehyde with electron-donating groups. The
isolated products generated from benzaldehyde bearing CHj;
and OCHj; had 57% and 47% ee, respectively (run 9 and 10,
Table 3). It could be concluded that electron-donating groups
such as CH; or OCH; on substrate 4 were not beneficial to the
ee value of the product, and the stronger the electron-donating
ability of the substituent, the lower the ee value of the product
that was obtained (run 9 and 10). An aromatic aldehyde con-
taining heterocycles, 2-pyridinecarboxaldehyde (4k), was also
used as a substrate for the Henry reaction, affording 76% yield
and 50% ee (run 11, Table 3).

Finally, we attempted to investigate the recovery and reuse
of the polymer catalyst bearing cinchona alkaloid for the
Henry reaction using p-nitrobenzaldehyde (4a) and CH3NO,
(5). After almost completing conversion of the substrates, a
poor solvent, Et,O, for poly-1,5, was added to the reaction
mixture. Then, the poly-1,5, could be precipitated and recov-
ered by centrifugation in almost quantitative yield because of
its high M,,. The CD spectra showed that the CD pattern of the
recovered poly-1,5, was the same as that of the fresh one, indi-
cating that the helicity of the recovered poly-1,5, backbone
remained (Fig. 2a). As expected, the recovered poly-1,5, exhibi-
ted excellent catalytic activity. The ee and yield of the isolated
product using the fourth cycle recovered poly-1,5, were 74%
and 81%, respectively. After the catalyst was recycled and used
four times, there was a slight decrease in the yield of the
product. However, through extending the reaction time, a satis-
factory yield could be achieved while maintaining the ee of the
product with no significant decrease. Thus, it could be con-
cluded that the helical polyisocyanide organocatalyst could be
reused at least five times in the Henry reaction without signifi-
cant loss of its enantioselectivity and efficiency.

Conclusions

In summary, a family of polyisocyanides bearing cinchona alka-
loid pendants was designed and synthesized successfully. The
isolated poly-1,s exhibited high optical activity because of the

This journal is © The Royal Society of Chemistry 2025
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chiral transformation and amplification of the chiral monomer
during the polymerization. The asymmetric Henry reaction
could be catalyzed successfully by poly-1,s and satisfactory
yields and ee values could be achieved. Under the optimal
experimental conditions, the ee values of 6a catalyzed by poly-
1,50 and monomer 1 were 75% and 40%, respectively, indicating
that the helix of the main chain of poly-1,5, improved the
enantioselectivity of the Henry reaction. Meanwhile, the poly-
1,50 catalyst demonstrated good tolerance to a broad substrate
scope and could be reused five times with high efficiency and
enantioselectivity. We believe that this study not only develops a
novel polymer organocatalyst for the asymmetric Henry reaction,
but also provides a direction for constructing novel polymer-sup-
ported chiral organocatalysts in the future.
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