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The acrolein monomer is one of the most important vinyl monomers due
to the intrinsic reactivity owing to aldehyde moieties, thereby enabling
a feasible post-polymerizationmodication of polymers featuring acrolein
units. Despite its importance, the use of acrolein would face severe
problems in modern chemistry due to its high toxicity and high volatility.
Furthermore, we have installed bio-derived cinnamic acid via by-product
In this research, chemo-selective partial reduction of polyacrylates

was feasible by using the state-of-the-art reducing agent, lithium

diisobutyl-t-butoxyaluminum hydride (LDBBA), to afford polymers

featuring acrolein segments without the direct use of the acrolein

monomer. Furthermore, the obtained polymers featuring acrolein

segments were subjected to Passerini-3CR post-polymerization

modification to demonstrate the synthetic benefits.
free Passerini three component reaction. This work is aligned with the
UN's Sustainable Development Goal 12 regarding the sustainable
consumption and production of chemical products.
Introduction

As illuminated by the importance of functionalized polymers,
polymers featuring high reactivity have been spotlighted. In this
context, the integration of click reactions has accelerated the
production of functionalized polymers based on the state-of-
the-art chemical tools.1–6 For this purpose, the key lies in the
employment of highly reactive functional groups that would
allow the chemical conversion of polymers. Among reactive
functional units, aldehydes should be one of the most impor-
tant functionalities due to their high reactivity for a wide range
of organic transformation reactions. Considering that the
aldehyde group is the smallest carbonyl unit, a vinyl-conjugated
aldehyde, namely acrolein, would be a promising building
block in polymer science because acrolein can be polymerized
under standard vinyl polymerization conditions. As such,
acrolein-containing polymers have found their way in a range of
material applications due to the inherent reactivity of the
aldehyde moieties.7–9 Despite the potential importance of
acrolein in modern polymer chemistry, the use of acrolein
ience and Technology, Gunma University,
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would not be straightforward due to its chemical nature.10 First,
acrolein shows high toxicity and thus its commercial access and
lab use have been limited to avoid unnecessary contact. Second,
acrolein shows multiple reactive sites owing to its conjugated
structure, which suppresses the direct use of acrolein in
a modern chemical conversion. Third, polymers featuring
acrolein units oen suffer from insolubility in common organic
solvents, thereby increasing the difficulty in handling and
chemical synthesis.10 Unfortunately, the protection–depro-
tection strategy would not be helpful in the case of acrolein
because standard aldehyde protection, such as acetalization,
would inevitably result in the loss of vinyl polymerizability by
diminishing the efficient conjugation between vinyl and
carbonyl groups. These considerations encouraged us to
propose a novel synthetic strategy that would allow the instal-
lation of acrolein units into polymer structures.

Considering the above-mentioned background, the employ-
ment of the post-polymerization modication protocol should
provide a promising alternative synthetic pathway to polymers
featuring acrolein units. In cases where conventional reducing
agents are used for the poly(meth)acrylate reductions, polymers
featuring ester units are reduced directly to alcohol derivatives
since the aldehyde intermediates are in situ reduced with the
same reducing agents.11,12 Furthermore, polymers featuring
esters are converted into alkyl units via the decarboxylation
pathway in recent contributions.13–15 However, the direct and
selective chemical conversion of polymers featuring esters into
RSC Sustainability, 2023, 1, 439–445 | 439
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Scheme 1 Schematic overview of this work.
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those with aldehydes has been scarcely developed. In this
context, we have turned our attention to the recent develop-
ments in chemo-selective partial reduction of esters.16–19

Provided that esters can be used as a precursor, polyacrylates
can be considered as a starting polymer for acrolein-featuring
polymers. This would be crucially important because poly-
acrylates are commercially available and numerous living/
controlled polymerization techniques are available for poly-
acrylate synthesis.20–22 Though the partial reduction of esters is
difficult with conventional reducing agents, An and co-workers
have reported lithium diisobutyl-t-butoxyaluminum hydride
(LDBBA) as a new class of chemo-selective reducing agent and
LDBBA was discovered to promote the reduction of ester
compounds into the corresponding aldehydes without notice-
able over-reduction of aldehydes into alcohols.19 To the best of
our knowledge, no study has focused on the preparation of
polymers featuring acrolein units via the partial reduction of
common polyacrylates with LDBBA being the reducing agent.

All in all, in this study, we provide an insight into the post-
polymerization modication reaction of polyacrylates with
LDBBA, thereby affording the corresponding polymers
featuring acrolein units (Scheme 1).
Results and discussion

As discussed in the introduction, we design and validate
a streamlined synthetic protocol for polymers featuring acrolein
segments via the partial reduction of precursor polyacrylates
with LDBBA being the reducing agent. To verify the process, the
employed polymers and the corresponding product polymer
featuring acrolein units need to be well-solubilized in a stan-
dard solvent. In particular, the product polymer might suffer
from limited solubility in standard organic solvents because
acrolein units are well-known to largely decrease the polymer
440 | RSC Sustainability, 2023, 1, 439–445
solubility. Accordingly, we selected radically prepared poly
[poly(ethylene glycol) monomethyl ether acrylate] (poly-mPEGA)
as a precursor polymer because the poly(ethylene glycol) units
are well-known to increase the solubility in most common
solvents. Therefore, we performed the post-polymerization
modication reaction of poly-mPEGA with LDBBA being the
reducing agent. The LDBBA partial reduction of poly-mPEGA
was carried out in THF at 0 °C according to the report by An
and co-workers and the initial [mPEGA]0/[LDBBA]0 ratio was
adjusted to be 1/2, where [mPEGA]0 refers to the concentration
of the monomeric units. Aer the reaction was terminated, the
reaction mixture became turbid, indicating that polymer solu-
bility was decreased by the feasible construction of acrolein
segments in the poly-mPEGA via the partial reduction. The
[mPEGA]0/[LDBBA]0 ratio was reduced to 1/1 and 1/0.75, which
still provided turbid products. Therefore, in order to secure the
polymer solubility, the LDBBA partial reduction of poly-mPEGA
was carried out with a [mPEGA]0/[LDBBA]0 ratio of 1/0.5. The
progress of the partial reduction reaction was provided by the
ATR-mode FT-IR measurements of the polymers before and
aer the partial reduction as depicted in Fig. S1 (ESI†). In
Fig. S1,† the measured IR spectra of the polymers before and
aer the reduction are depicted, showing that C]O peaks were
observed for both samples in the range of 1710–1750 cm−1.
Unfortunately, the ester peak and the aldehyde one were
severely overlapped and thus a precise discussion over the
aldehyde development was very difficult. Therefore, the spec-
trum was deconvoluted to afford two series of peaks, namely
a peak owing to the esters at 1740 cm−1 and one due to aldehyde
at 1730 cm−1. In order to provide clear evidence of aldehyde
generation, 1H NMRmeasurements were carried out. According
to the NMR result of the obtained polymer depicted in Fig. 1, the
post-polymerization partial reduction with LDBBA proceeded in
the presence of excess LDBBA, and the ester conversion reached
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 1H NMR spectra measured in DMSO-d6 of poly-mPEGA (a), the obtained polymer after the post-polymerization partial reduction with
LDBBA (b), and the obtained polymer after the Passerini-3CR with 2-thiophenecarboxylic acid and 1,1,3,3-tetramethyl butyl isocyanide (c) (the
symbol * refers to peaks owing to grease at 1.0 ppm and CH2Cl2 at 5.7 ppm).
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9.1%, as evidenced by the obvious development of aldehyde
protons at 9.3–9.7 ppm. Since the post-polymerization modi-
cation with LDBBA proceeded in the standard reaction manner,
the acrolein monomer was thus expected to be randomly
distributed along the polymer chains. In addition to the 1H
NMR measurements, SEC traces of poly-mPEGA before and
aer the post-polymerization partial reduction of esters sup-
ported that the partial ester reduction is free from side reactions
Fig. 2 Size-exclusion chromatography traces of poly-mPEGA (a), the
obtained polymer after the post-polymerization partial reduction with
LDBBA (b), and the obtained polymer after the Passerini-3CR with 2-
thiophenecarboxylic acid and 1,1,3,3-tetramethyl butyl isocyanide (c).

© 2023 The Author(s). Published by the Royal Society of Chemistry
(Fig. 2). All in all, the combined results of FT-IR, 1H NMR, and
SEC measurements showed that the target co-polymer poly(-
mPEGA-co-acrolein) was obtained via the feasible partial
reduction of polyacrylates within the measurement sensitivity,
thereby providing a facile synthetic approach that would allow
the synthesis of polymers featuring acrolein segments without
the use of acrolein and structural defects in the target polymer
backbones. Of note here again, radical polymerization of acro-
lein usually involves concurrent side reactions and the obtained
polymer structures are usually heterogeneous.

As demonstrated, the post-polymerization partial reduction
with LDBBA proceeded to afford poly(mPEGA-co-acrolein).
Though the aldehyde concentration could be further reduced by
using less amount of LDBBA (∼3% aldehyde generation for the
[mPEGA]0/[LDBBA]0 = 1/0.3), the above-obtained polymer was
used in the following discussions due to the measurement
simplicity. In order to showcase the synthetic benets of the
obtained copolymer, we have turned our attention to the recent
developments in polymer chemistry based on multi-component
reactions (MCRs) because most MCRs employ aldehydes as
a reactant partner.23,24 For this, poly(mPEGA-co-acrolein) was
subjected to Passerini three component reaction (Passerini-
3CR) in CHCl3 in the presence of excess amounts of iso-
cyanide and carboxylic acid.25,26 Specically, we selected 2-thi-
ophenecarboxylic acid and 1,1,3,3-tetramethyl butyl isocyanide
as model reactants and set the following reaction conditions:
50 °C temperature, 8 h reaction time. According to the NMR
result depicted in Fig. 1, the Passerini-3CR post-modication
proceeded swily, and the aldehyde conversion reached prac-
tically quantitative aldehyde conversions. In the 1H NMR
spectra of poly(mPEGA-co-acrolein) before and aer the
Passerini-3CR post-modication as depicted in Fig. 1, the
presence of 1,1,3,3-tetramethyl butyl isocyanide and the 2-thi-
ophenecarboxylic acid residue was evidenced by the appearance
RSC Sustainability, 2023, 1, 439–445 | 441
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Fig. 3 (a) Photographs of cross-linked poly-mPEGA-CA by UV irradiation; (b) dispersion in DMSO; (c) FT-IR spectra of polymers obtained by the
Passerini-3CR of poly-mPEGA-CA before and after the photo-triggered cross-linking at 300–600 nm.
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of a new alkyl peak at 1.0 ppm attributable to the former and
a set of peaks at 5.8–6.2 ppm due to the latter, whereas the
aldehyde peak at 9.3–9.7 ppm practically disappeared. These
experimental data proved that the employed Passerini-3CR
post-modication proceeded with >95% reaction conversion.
To be precise, the integration ratio of the peaks at 1.0 ppm, that
at 5.0 ppm, and those ranging from 7.0 to 8.0 ppm was calcu-
lated to be 10.4/1/4.3, providing a good agreement with the
target structures within the measurement sensitivities. In
addition to the 1H NMR measurements, SEC traces of poly(-
mPEGA-co-acrolein) before and aer the Passerini-3CR post-
modication supported that the Passerini post-modication is
free from side reactions (Fig. 2). As demonstrated above, the
LDBBA-based post-polymerization modication paved a facile
way to polymers featuring acrolein units that showed high
compatibility with Passerini-3CR. In order to demonstrate the
synthetic benets arising from the combination of LDBBA
partial reduction and the subsequent Passerini-3CR post-
polymerization modication reaction, a direct installation of
vinyl compounds was designed because vinyl compounds are
not compatible with radical polymerization due to the intrinsic
reactivity of the carbon–carbon double bonds. For this, cin-
namic acid was selected as the reaction partner for the
442 | RSC Sustainability, 2023, 1, 439–445
Passerini-3CR due to the photo-responsive property arising
from the [2 + 2] cycloaddition reaction.27–32 As such, poly(-
mPEGA-co-acrolein) was subjected to the Passerini-3CR with
cinnamic acid and 1,1,3,3-tetramethyl butyl isocyanide, thereby
affording polymers poly-mPEGA featuring cinnamate units in
their pendants (poly-mPEGA-CA). The obtained poly-mPEGA-CA
was thus subjected to photo-crosslinking based on the photo-
induced [2 + 2] cycloaddition reaction of cinnamate carbon–
carbon double bonds. For this, poly-mPEGA-CA was placed on
a glass matrix and exposed to 50 mW cm−2 UV irradiation at
300–600 nm. Building on the polymer design, the long pendant
oligoethyleneglycol segments provided the starting poly-
mPEGA-CA with viscous nature and high solubility in
common organic solvents. Upon the photo irradiation, the
viscous starting poly-mPEGA-CA gradually transformed into the
solid state and concurrently lost its solubility in organic
solvents such as DMF and DMSO. The photo-induced cycload-
dition reaction was monitored by the FT-IR measurements,
where the peak at around 1640 cm−1 due to the vinyl group
disappeared aer the photo-irradiation process, thereby giving
a good agreement with the mechanical changes of the polymer
(Fig. 3).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In this research, polyacrylates were found be a feasible
precursor for polymers featuring acrolein segments via the
chemo-selective partial reduction of esters mediated by LDBBA.
In addition, polymers featuring acrolein units were feasibly
subjected to the Passerini-3CR, thereby taking advantage of the
aldehyde groups embedded in polymer structures. The thus
generated aldehyde side groups were conrmed to be reactive
sites, which was visually proved by emerging photo-crosslinked
gels from the viscous polymer with cinnamoyl pendants
attached to acrolein units. All in all, the present research paved
a new synthetic pathway to polymers featuring acrolein units
without the direct use of acrolein as a monomer.
Experimental
Materials

Lithium diisobutyl-tert-butoxyaluminum hydride solution
(LDBBA, 0.25 M in THF/hexane) was purchased from Sigma-
Aldrich Co. LLC. The mPEGA (polyethylene glycol monomethyl
ether acrylate (repeating unit = ∼9)) was purchased from Tokyo
Chemical Industry Co., Ltd. and passed through basic aluminum
oxide to remove the inhibitors. AIBN was purchased from FUJI-
FILM Wako Pure Chemical Co., Ltd. and used aer recrystalli-
zation using MeOH. trans-Cinnamic acid was purchased from
Tokyo Chemical Industry Co. For the dialysis purications,
Spectra/Por 7 (MWCO 1000) was used as received. The starting
poly(mPEGA) was prepared via standard free-radical polymeri-
zation. The procedure is briey documented here. A 1,4-dioxane
(2.1mL) solution of mPEGA (3.0 g, 6.2 mmol) and AIBN (10.2 mg,
0.06 mmol) was degassed under an argon atmosphere for
30 min, and then stirred at 70 °C for 24 hours. Aer the reaction
completion, the crude product was puried by dialysis in MeOH
to afford the target polymer poly(mPEGA) as a viscous trans-
parent product in 82.8% yield. Mn (SEC, DMF): 122 kg mol−1; Đ:
2.6. All other chemicals were commercially available and used
without further purication unless otherwise stated.
Instruments

All NMR spectra in deuterated solvents were recorded on
a Bruker 500 MHz FT-NMR spectrometer, and the chemical
shis (d) are given in ppm with either the solvent peak or tet-
ramethylsilane as the internal standard. The SEC measure-
ments were performed at 40 °C and a ow rate of 1.0 mL min−1

in dimethylformamide (DMF) containing 10 mmol per L LiCl on
a Waters gel permeation chromatography e2695 system
embedded with two columns (7.8× 300 mm Styragel HR 4E and
5E columns). The Mn and Đ values of the polymers were
calculated with polystyrene calibration. The standard IR spectra
were recorded using an Agilent Cary 630 spectrometer equipped
with an ATR unit. The photoreaction of the obtained polymers
was performed by UV irradiation at l = 300–600 nm. The
polymer samples which were cast on a glass plate were irradi-
ated with a focused UV beam from a xenon lamp (MAX-303,
Asahi Spector Co., Ltd.).
© 2023 The Author(s). Published by the Royal Society of Chemistry
Syntheses

Typical procedure for the partial reduction reaction of pol-
y(mPEGA). To a dry THF solution (4.5 mL) of poly(mPEGA)
(547.7 mg, 1.1 mmol), LDBBA solution (2.3 mL, 0.25 M in THF/
hexane) was then added under an argon atmosphere at 0 °C.
Aer 3 h, the reactionmixture was hydrolyzed with 4.5mL of 1 N
HCl (aq) and the product was extracted with dichloromethane.
The obtained organic layer was dried over anhydrous magne-
sium sulfate. The crude product was puried by dialysis in
acetone to afford the target polymer poly(mPEGA-co-CHO) as
a viscous pale-yellow product.

Yield: 350 mg (64.0%); ester conversion (aldehyde generation
ratio): 9.1 mol%; Mn (SEC, DMF): 141 kg mol−1; Đ: 2.5.

Typical procedure for the Passerini-3CR of poly(mPEGA-co-
CHO). Under an open condition, a CHCl3 (1.0 mL) solution of
poly(mPEGA-co-CHO) (120 mg), 2-thiophenecarboxylic acid
(32.0 mg, 0.25 mmol), and 1,1,3,3-tetramethyl butyl isocyanide
(44.0 mL, 0.25 mmol) was stirred at 50 °C for 8 hours. Aer 8 h,
the solution was puried by dialysis in acetone to afford the
target as a viscous pale-yellow product.

Yield: 102 mg (84.8%); Mn (SEC, DMF): 121 kg mol−1; Đ: 1.9.
Typical procedure for the photo-induced cross-linking of

poly-mPEGA-CA. Poly-mPEGA-CA was directly cast onto a glass
plate and irradiated with UV light for 24 hours from upside. The
thickness of the resulting lm was approximately 250 mm. For
photo-reactions, photo-irradiation was performed with
a focused UV beam from a xenon lamp (MAX-303, Asahi Spector
Co., Ltd.; distance from sample, 5 cm; illuminance at 350 nm,
50 mW cm−2).
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