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A straightforward and rapid synthesis of
polydithioacetals in the presence of

) chlorodimethylsilanet

Serter Luleburgaz, Emre Akar, Umit Tunca

and Hakan Durmaz &' *

We focused on the synthesis of polydithioacetals (PDTAs) using chlorodimethylsilane (CDMS). In one of
our previous studies, thioacetal formation was observed when CDMS was used to perform the reductive
etherification reaction (RER) on a pendant aldehyde polymer platform along with thiols. This result was
not surprising since CDMS has both Lewis acid and reducing agent characteristics, yet it was strikingly
unexpected. Inspired by this study, PDTA synthesis using CDMS was proposed. Optimization of polymeriz-
ation conditions was first carried out by comparing traditional acid sources with CDMS. The progress of
polymerizations was kinetically monitored, and CDMS was found to perform best. Various parameters,
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such as the equivalent of reactants, solvent, and polymerization time, were then examined. A library of
PDTAs with moderate to high molecular weights was created using a variety of aldehydes and dithiols. A
mechanistic approach for the polymerization was proposed, and finally, a model degradation study on a
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Introduction

Click reactions coined by Sharpless” have been simply categor-
ized as reactions providing high yields in common organic sol-
vents at mild temperatures. Moreover, click reactions should
display tolerance to various functional groups without compli-
cated purification methods to recover the main product.
Therefore, in synthetic polymer chemistry, it is always desir-
able to synthesize polymers via the click chemistry method-
ology under mild conditions, with readily available starting
materials, and with high yield and efficiency.>®> Without a
doubt, thiol-based reactions, such as radical thiol-ene*”*%23/-
yne'®'1? or nucleophile-based thiol-Michael,” %72 thiol-
epoxy,">"* thiol-bromo,'® thiol-p-fluoro etc.,"*"> have made tre-
mendous contributions to polymer science, as they meet most
of the aforementioned requirements not only for polymer syn-
thesis but also for polymer-polymer>®®?* and/or polymer-bio-

molecule conjugation,*>%1%20,23 polymer
modification,* ®87101415:17:1920.23 holymer-based material syn-
thesis, etc.***

On the other hand, thiol chemistry should not be restricted
by the above-mentioned reactions at the macromolecular level.
For instance, the reaction of thiols with the carbonyl group of
aldehydes and ketones, triggered by an acid catalyst, is funda-
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representative PDTA was performed in the presence of hydrogen peroxide.

mental in organic chemistry and yields a compound called
thioacetal, one of the renowned functional groups in organic
chemistry.>* Polydithioacetals (PDTAs), the polymeric analogs
of dithioacetal, on the other hand, can be simply synthesized
by reacting an aldehyde or a ketone with a dithiol in the pres-
ence of an acid catalyst,*” indicating another practical appli-
cability of thiol-based reactions at the macromolecular level.
Historically, the first example of PDTA was achieved by the
reaction of the tetramercaptan derived from pentaerythritol
(2,2-bis(mercaptomethyl)propane-1,3-dithiol) and 1,4-cyclohex-
adione to yield a spiran type of polymer by Fisher and Wiley.?®
Next, linear PDTA synthesis was employed by Marvel and co-
workers, using various carbonyl compounds and dithiols in
the presence of dry HCl,).>>** Horvath et al. prepared sugar
PDTAs using sugar and dithiols in dioxane catalyzed by HF for
various polymerization times. The PDTAs showed low inherent
viscosities in the range of 0.03-0.24 dL g”*.*" In the following
work carried out by Imai, aromatic PDTAs with inherent viscos-
ities of 0.12-0.24 dL g™* were achieved from solution polycon-
densation of 4,4"-oxydibenzenethiol with aromatic aldehydes
at 40-80 °C for 6 h through polyphosphoric acid trimethylsilyl
ester as a condensing agent.*” After these preliminary studies,
PDTA synthesis has been overlooked for a long time, but it has
started to attract attention again in the last decade in parallel
with the developments in polymer science.***® More recently,
Yang and coworkers reported monomer-polymer recycling of
PDTA.*® The authors prepared PDTA from 3,4,5-trimethoxyben-
zaldehyde and a variety of alkyl dithiols in acetonitrile cata-
lyzed by p-toluenesulfonic acid (PTSA) at 50 °C for 24 h. Next,
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the authors described that the PDTA showed depolymerizabil-
ity via ring-closing depolymerization into macrocycles, fol-
lowed by entropy-driven ring-opening polymerization to
reassemble the pristine PDTAs. In the meantime, Xu and Yuan
synthesized PDTAs from aldehyde functionalized bio-based
phenols and dithiols (or polymercaptans) under trifluoroacetic
acid (CF;COOH) or ZrCl, catalysis in methanol (MeOH) or
tetrahydrofuran (THF) at room temperature for 30 min.*® The
produced phenolic polymers showed vitrimer-like properties,
and the associative dynamic exchange was found to promote
reprocessing. The reactions of disulfide and thioester dynamic
sulfur-based bonds employed in dynamic covalent chemistry
were comprehensively reviewed by Orillo and Furlan.*'

Moreover, the dithioacetal bond is labile in the presence of
reactive oxygen species (ROS), while robust against acidic and
basic conditions.**** Therefore, PDTAs have found extensive
applications in bio-related fields where controlled degradation
is desired, such as targeted drug delivery and tissue
engineering.’*?”**° In particular, all these recent studies
indicate the huge potential and the increasing importance of
PDTA in terms of synthetic polymer chemistry.

The reductive etherification reaction (RER) is a straight-
forward method to obtain symmetric and unsymmetric ethers
in the presence of a silane-based reducing agent and an acid
catalyst.>' 7 After the pioneering studies of Doyle on the RER,
this strategy has been successfully employed at the macromol-
ecular level by successive studies of the Yokozawa group®®®
and the recently published studies by our group.®> ®” Notably,
our studies have shown that chlorodimethylsilane (CDMS),
which has both reducing agent and Lewis acid characteristics,
introduced by Lee and Morandi,’® is an effective silane com-
pound for obtaining polyethers as well as alkoxy pendant
polymers.®**** More recently, we showed that when a polymer
possessing pendant aldehyde units was subjected to a CDMS-
mediated RER using thiols, thioacetal and thioether structures
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were obtained in the side chain of the polymer.®® Inspired by
this study, we envisioned using CDMS for linear PDTA syn-
thesis and innovating a new synthesis method for this polymer
structure. Hence, this paper aims to provide an in-depth over-
view of CDMS-mediated PDTA synthesis. The polymerization
was optimized in many aspects to reveal the ideal conditions.
Subsequently, a wide range of aldehydes and dithiols were
used to create a polymer library (Scheme 1). Additionally, a
mechanistic approach is also highlighted for polymerization.

Experimental part

Materials

Benzaldehyde (BA, purified by redistillation, >99.5%, Sigma-
Aldrich), 3-nitrobenzaldehyde (99%, Sigma-Aldrich), 4-cyano-
benzaldehyde (95%, Sigma-Aldrich), 4-formylbenzoic acid
(97%, Sigma-Aldrich), p-anisaldehyde (98%, Sigma-Aldrich),
4-hydroxybenzaldehyde (98%, Sigma-Aldrich), 4-chlorobenzal-
dehyde (98%, Sigma-Aldrich), 2-thiophenecarboxaldehyde
(98%,  Sigma-Aldrich),  4-hydroxy-3-methoxybenzaldehyde
(vanillin, 99%, Sigma-Aldrich), 1-pyrenecarboxaldehyde (99%,
Sigma-Aldrich), 4-(1,2,2-triphenylethenyl)benzaldehyde
(Sigma-Aldrich), ferrocenecarboxaldehyde (98%, Sigma-
Aldrich), 1,4-butanedithiol (98%, Sigma-Aldrich), 1,6-hexane-
dithiol (HDT, 96%, Sigma-Aldrich), 1,8-octanedithiol (97%,
Sigma-Aldrich), ethylene glycol bismercaptoacetate (>95.0%,
Sigma-Aldrich), 2,2'-(ethylenedioxy) diethanethiol (95%,
Sigma-Aldrich), sulfuric acid (H,SO,, 99.99%, Sigma-Aldrich),
p-toluenesulfonic acid monohydrate (PTSA, ACS reagent,
>98.5%, Sigma-Aldrich), methanesulfonic acid (MSA, >99.0%,
Sigma-Aldrich), chlorodimethylsilane (CDMS, 98%, Aldrich),

H,0, (35%, Sigma-Aldrich), and trimethylsilyl chloride
(>98.0%, Sigma-Aldrich) were used as received.
Tetrahydrofuran (THF, 99%, Sigma-Aldrich), chloroform
N

i H=Si—Cl: FeESsSESsERsasay

RZ. = ! ,es Sﬁ’ !

HS™ “SH THF, rt l 4 n,

5 min :L R H i
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Scheme 1 Synthetic route for the synthesis of PDTAs in the presence of CDMS.
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(CHCI3, 99%, Sigma-Aldrich), 1,2-dichloroethane (DCE, 99.8%,
Aldrich), 1,4-dioxane (for liquid chromatography LiChrosolv®,
Supleco), 2-methyltetrahydrofuran (2-MeTHF, >99%, Sigma-
Aldrich), N,N-dimethylformamide (DMF, 99.8%, Sigma-
Aldrich), 1-methyl-2-pyrrolidinone (NMP, for liquid chromato-
graphy LiChrosolv®, Supleco) and N,N-dimethylacetamide
(DMAc, 99.8%, Aldrich) were anhydrous and were of HPLC
quality and used without further purification. Methanol
(MeOH) was of reagent grade and used as received.

Instrumentation

"H NMR (500 MHz) and *C NMR (125 MHz) spectra were
recorded using an Agilent VNMRS 500 instrument in CDCl;.
Gel permeation chromatography (GPC) measurements were
carried out with an Agilent instrument (series 1100) using a
refractive index detector loaded with Waters Styragel columns
(HR 5E, HR 4E, HR 3, HR 2, 4.6 mm internal diameter,
300 mm length, packed with 5 pm particles). The effective
molecular weight ranges of the columns are 2000-4 000 000,
50-100 000, 500-30 000, and 500-20 000 g mol ™", respectively.
THF was used as an eluent at a flow rate of 0.3 mL min~" at
30 °C, and 2,6-di-tert-butyl-4-methylphenol was used as an
internal standard. The number-average molecular weight (M,,)
and dispersity (P) of the polymers were calculated based on
narrow linear polystyrene (PS) standards (Polymer
Laboratories) ranging between 2300 and 3050000 g mol .
FT-IR spectra were recorded on an Agilent Technologies Cary
630 FT-IR instrument over the range of 4000-400 cm ™',
Differential scanning calorimetry (DSC) measurements were
carried out on a TA DSC Q10 instrument under a nitrogen
atmosphere in the temperature range from —50 °C to 150 °C at
a scanning rate of 20 °C min~"'. All data were collected from
the second heating cycle, and the glass transition temperatures
(Ty) were determined from the midpoint of calculated onset
and endset temperatures of the glass transition region of the
related DSC trace.

General procedure for the synthesis of linear polydithioacetal
(synthesis of P1, run 6 in Table 2)

BA (224 pL, 2.20 mmol) was added to a 10 mL round-bottom
flask and dissolved in 500 pL of THF. HDT (305 pL,
2.00 mmol) and CDMS (111 pL, 1.00 mmol) were then added
to this solution, respectively, with continuous stirring at room
temperature. Upon the addition of CDMS to the mixture, an
exothermic reaction occurred, and the reaction medium
turned into a slurry within 2 min. The reaction was allowed to
stir for 5 min, then diluted with an additional 2 mL of THF
and precipitated into 50 mL of MeOH. The dissolution-pre-
cipitation procedure (THF-MeOH) was repeated two times.
Finally, the obtained polymer, P1, was dissolved in 5 mL of
CHCI; and transferred to a glass vial, and the solvent was evap-
orated to yield a white sticky solid (yield = 466 mg, 98%). 'H
NMR (500 MHz, CDCl;): § 7.41-7.25 (5H, ArH), 4.85 (1H,
ArCHS), 2.49 (4H, SCH,(CH,),CH,S), 1.50-1.29 (8H,
SCH,(CH,),CH,S); "*C NMR (125 MHz, CDCl,): 140.52, 128.52,
127.82, 127.68, 53.29, 32.16, 28.95, 28.38.

This journal is © The Royal Society of Chemistry 2024
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Degradation of P1 in the presence of H,0,

P1 (run 6, Table 2) (200 mg) was dissolved in 10 mL of THF at
room temperature. H,O, (4 mL, 1 mL per 50 mg of P1) was
added to the polymer solution. The heterogeneous mixture
formed by the addition of H,O, was stirred at 40 °C and ali-
quots of 50 pL were withdrawn from the reaction medium at
different time intervals and precipitated in 1 mL of MeOH.
The M, values of the polymers were measured by GPC up to
8 h. After 24 h, the remaining solution was evaporated, and
the crude product was dissolved in 10 mL of CHCIl; and
extracted two times with water. Combined organic phases were
dried over anhydrous Na,SO,, the solvent was evaporated, and
the resulting crude product was analyzed by "H NMR and GPC.

Results and discussion

Optimization of the polymerization conditions for linear poly-
dithioacetal PDTA (P1) synthesis was carried out in multiple
aspects. For this purpose, benzaldehyde (BA) and 1,6-hexane-
dithiol (HDT) were chosen as model monomers, and the reac-
tions were performed in THF at room temperature. It is well-
known that PDTA synthesis can be carried out in the presence
of Bregnsted acids. Thus, the effect of traditional Brensted
acids, such as H,SO,, p-toluenesulfonic acid monohydrate
(PTSA), and methanesulfonic acid (MSA), and Lewis acid
chlorodimethylsilane (CDMS) on the polymerization was
initially examined, and the obtained results are provided in
Table 1. Polymerization reactions were carried out by using
equimolar BA and HDT (2 mmol each) in the presence of
1 mol% of acid in 1 mL of THF at room temperature and moni-
tored for 72 h. In all cases, PDTAs having low number-average
molecular weights (M,s) were obtained in 1 h, and no distinct
change was observed over 72 h for all the studied acids (runs
1, 4, 7, and 10 in Table 1). When the acid ratios were increased
to 10 mol%, an improvement in the M,s of P1 (runs 2, 5, 8,
and 11 in Table 1) was observed over time, especially in the
presence of PTSA, MSA, and CDMS, for which the M;s
increased to 11, 12, and 13 kDa, respectively, in 72 h. Finally,
when the ratio of the acids was further increased to 25 mol%,
low to high molecular weight polymers were obtained through-
out the reactions (runs 3, 6, 9, and 12 in Table 1). Among
them, the results obtained from CDMS were significantly
higher than those from other acids; an M, of 22 kDa was
obtained after 8 h, which increased to 45 kDa at 72 h (run 12
in Table 1). Given the results obtained, CDMS was found to be
the better alternative as an acid source compared to other tra-
ditional Brensted acids, and thus, its performance was particu-
larly examined in this study. It should also be noted here that
with the addition of acid catalysts into the reactions, an
exothermic reaction occurred (except for 1 mol% catalyst
experiments), and the reaction media turned into a turbid
solution during the polymerizations.

First, the effects of BA, HDT, and CDMS molar concen-
trations on the polymerization were kinetically monitored by
taking samples from the reaction medium at regular intervals

Polym. Chem., 2024,15, 371-383 | 373
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Table 1 Effect of acid catalysts on polymerization?

[o]

Acid Catalyst S.
H *+ HS/A\¢/\\//\\/SH —_— %
THF, rt

BA HDT

s\/\/\/\)"\

M, (kDa)?

Run Acidcatalyst Equiv. 1h 4h 8h 24h 48h 72h

1 H,S0, 0.01 09 11 1.0 1.4 1.3 1.4
2 0.10 09 11 15 2.0 2.6 3.3
3 0.25 1.8 45 53 9.2 14 17
4 PTSA 0.01 0.8 1.0 11 1.2 1.1 1.3
5 0.10 1.1 14 3.0 5.7 11 11
6 0.25 2.2 4.7 14 20 25 24
7 MSA 0.01 06 0.7 0.8 0.9 1.2 1.3
8 0.10 09 13 26 5.0 8.5 12
9 0.25 1.3 21 3.8 6.1 5.5 6.4
10 CDMS 0.01 1.4 12 1.7 23 2.2 2.8
11 0.10 1.4 12 16 4.6 10 13
12 0.25 5.2 13 22 29 38 45

“All reactions were carried out using BA: HDT at a molar ratio of 1:1
in 1 mL of THF at room temperature. ” Determined by GPC, calibrated
based on linear PS standards in THF.

to determine the optimum polymerization conditions, and the
resulting data are given in Table 2. As shown in Table 2, when
25 mol% of CDMS (run 1, Table 2) was used, the M, of PDTA
attained was 3.2 kDa within 2 min, and it gradually increased
to 29 kDa over 24 h. When the CDMS amount was increased to
50 mol% (run 2, Table 2), a distinct increment was observed in
the obtained M,s: 7 kDa in 2 min and 43 kDa in 24 h. A
further increase in CDMS (100 mol%) showed a similar trend
to the 50 mol% case, yet the M, showed a little decline after
24 h compared to the 50 mol% case (run 3, Table 2). This

Table 2 Effect of different parameters on polymerization?
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result can be attributed to the increased acidity of the reaction
medium due to the high loading of CDMS, leading to chain
scission at longer durations in the resulting PDTA. As a result,
50 mol% of CDMS was chosen as the ideal equivalent (based
on monomers) for the acid source and used in the subsequent
experiments. Next, the effect of monomer concentration on the
polymerization was examined. When the monomer concen-
tration increased to 4 M based on HDT, the M,, of PDTA was
found to be 14 kDa in 2 min and it increased to 45 kDa over
24 h (run 4, Table 2). On the other hand, reducing the
monomer concentration to 1 M resulted in a dramatic decrease
in the M, of the resulting polymer: 2.3 kDa in 2 min and
4.1 kDa in 24 h (run 5, Table 2). It is worth noting here that, as
highlighted in our previous studies, CDMS can directly reduce
the aldehyde carbonyl to the corresponding alcohol, leading to
an equivalent imbalance within the reactants.®*®* For this
purpose, another iteration was made by increasing the BA
amount by 10%, which significantly increased the M, of P1.
Strikingly, the M, of the polymer was found to be 44 kDa in
2 min, which increased to 64 kDa in 5 min and somewhat

Table 3 Effect of solvent on polymerization®

Run Solvent M, ” (kDa) pb Yield® (%)
1 THF 64 1.53 98

2 CHCl; 43 1.74 89

3 DCE 54 1.50 90

4 1,4-Dioxane 60 1.46 90

5 2-MeTHF 62 1.54 96

6 DMF 1.4 3.64 54

7 NMP 1.8 3.32 52

8 DMAc No reaction

@ All reactions were carried out using BA: HDT : CDMS at a molar ratio
of 1.1:1:0.5 in 500 pL of solvent at room temperature for 5 min.
b Determined by GPC, calibrated based on linear PS standards in THF.
‘Isolated yields.

(o]

H O+ ps NS SSH . I o S\/W\),,\
THF, 1t
BA HDT
M.
n' (kDa)
Run BA : HDT: CDMS (equiv.) HDT [M] 2 min 5 min 15 min 30 min 60 min 240 min 480 min 1440 min
1 1:1:0.25 2 3.2 5.3 5.6 6.6 5.2 13 22 29
2 1:1:0.50 2 7.0 18 19 23 24 25 26 43
3 1:1:1 2 11 15 24 27 32 34 32 39
4 1:1:0.50 4 14 33 34 34 38 38 40 45
5 1:1:0.50 1 2.3 2.8 2.4 3.5 3.5 3.7 3.8 4.1
6 1.1:1:0.50 4 44 64 64 65 66 72 80 78
7 1.2:1:0.50 4 43 48 52 52 55 52 56 56
8° 1.1:1:0.50 4 6.0 11 24 35 38 39 44 48
o? 1:1:0.50 4 16 28 38 41 46 54 57 65
10¢ 1.1:1:0.50 4 25 34 35 39 43 45 44 45

@All reactions were carried out in THF at room temperature. ” Determined by GPC, calibrated based on linear PS standards in THF.
¢ Trimethylsilyl chloride was used instead of CDMS. ¢ Reactions were performed at 0 °C.
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slightly increased to 78 kDa in 24 h (run 6, Table 2). Yet,
further increment in the amount of BA resulted in a lower
molecular weight over 24 h (M,, = 56 kDa), which can be attrib-
uted to a new equivalent imbalance between BA and HDT
monomers (run 7, Table 2). Notably, satisfactory M, values
were also obtained when CDMS was replaced with trimethyl-

View Article Online
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silyl chloride under the conditions of run 6 (Table 2); M, =
6 kDa was obtained in 2 min, increasing to 38 kDa in 1 h and
48 kDa in 24 h (run 8, Table 2). The results of this experiment
show that trimethylsilyl chloride is also a suitable acid source
to proceed with the proposed polymerization system; however,
the M,, values obtained are still lower than those from CDMS,

Fig. 1 *H NMR spectrum (A) in CDCls (500 MHz), **C NMR spectrum (B) in CDCls (125 MHz), FT-IR spectrum (C), and GPC chromatogram (D) of P1.

Table 4 Reactant scope and the obtained PDTA results?

Polymer  Aldehyde Dithiol M," (kpa) P’ T,°(°C)  Yield? (%)
P1 BA HDT 64 1.53 —29.6 98
P2 3-Nitrobenzaldehyde HDT 18 2.00 —26.8 84
P3 4-Cyanobenzaldehyde HDT 9 2.16 -0.2 76
P4 4-Formylbenzoic acid HDT 9 3.17 64.6 81
P5 p-Anisaldehyde HDT 15 1.58 —24.2 82
P6 4-Hydroxybenzaldehyde HDT 8 2.57 6.1 80
P7 4-Chlorobenzaldehyde HDT 6 2.07 —15.3 75
] Vanillin HDT 16 1.71 7.9 87
P9 1-Pyrenecarboxaldehyde HDT 16 1.97 54.3 90
P10 4-(1,2,2-Triphenylethenyl)benzaldehyde HDT 47 2.09 56.5 94
P11 2-Thiophenecarboxaldehyde HDT 30 1.62 nd/ 89
P12 Ferrocenecarboxaldehyde HDT 14 1.62 -0.6 92
P13 BA 1,4-Butanedithiol 66 1.69 -17.3 98
P14 BA 1,8-Octanedithiol 58 1.88 -35.0 97
P15 BA 2,2'-(Ethylenedioxy)diethanethiol 59 1.65 —28.7 95
P16 BA 1,4-Benzenedimethanethiol 14 1.67 45.5 88
P17 BA Ethylene glycol bis-mercaptoacetate 14 2.25 0.9 89
P18° BA/2-Thiophenecarboxyaldehyde HDT 49 1.63 -32.8 92

% All reactions were carried out using aldehyde : dithiol : CDMS at a molar ratio of 1.1:1:0.5 in 500 pL of THF at room temperature for 5 min.
b Determined by GPC, calibrated based on linear PS standards in THF. Ty values were determined by DSC from the second heating cycle.
9 Isolated yields. ¢ Equal moles (1.10 mmol each) of aldehydes were used.” Not detected.

This journal is © The Royal Society of Chemistry 2024
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which might be attributed to the sterically hindered structure
of trimethylsilyl chloride, and therefore, it might slow down
the polymerization (see the polymerization mechanism in
Fig. 5A).

On the other hand, as discussed above, since the reaction is
exothermic at room temperature, it was thought that this
might be the reason for the equivalent imbalance that facili-
tates the conversion of aldehyde to alcohol. As such, the
model monomers were reacted at 0 °C under the same con-
ditions described in run 4 (Table 2) to examine the role of
temperature in polymerization. Here, a gradual increase in M,

——==-T=======
|
|

:3 3\/\/\/\)::,(’3 s\/\/\/\t:
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values was observed; for instance, the M, of the polymer was
found to be 16 kDa in 2 min, which increased to 46 kDa in 1 h
and continued to increase, reaching 65 kDa in 24 h (run 9,
Table 2). It should be noted here that these results are higher
than the values obtained at room temperature (run 4, Table 2).
In addition, when the same reaction was repeated under the
conditions of run 6 (Table 2) (i.e., BA equivalent was increased
to 1.1), the M, values were higher than those for the 1:1 case
in the first 5 min (M, = 25 kDa in 2 min and 34 kDa in 5 min),
then remained below them and were almost constant over
time (M, = 43 kDa in 1 h and 45 kDa in 24 h) (run 10, Table 2).

I
| I NO,
I i . I I
Lo Yield=98% || Yield = 84% || Yield =76%)1 " "*"_Yield=81% |
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T ;. SN . S——
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Fig. 2 Final structures of the resulting polymers.
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These results highlight that a better end-group control for BA
and, thus, a stoichiometric balance between the reactants
could be achieved at 0 °C. However, the M, values obtained
under the conditions of 1.1:1:0.5 (BA: HDT: CDMS) at room
temperature (run 6, Table 2) are still higher than the values at
0 °C, implying that room temperature is still required to
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promote the proposed polymerization system to reach higher
molecular weights in shorter durations, although a slight
excess of BA needs to be used due to some loss in the polymer-
ization. Given these results, it was decided that the ideal
equivalents for BA: HDT : CDMS were 1.1:1:0.5, the optimum
monomer concentration was 4 M (based on HDT), and the
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Fig. 3 IH NMR spectra of representative polymers in CDClz (500 MHz).
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polymerization temperature was room temperature. In
addition, since no dramatic increase in the M, of the resulting
polymer was observed after 5 min, the polymerization time
was set to be 5 min and used in the next experiments with the
above-mentioned conditions.

Finally, we also examined the effect of solvent on polymeriz-
ation. Among the solvents tested for polymerization, THF
afforded PDTA with high M, and yield (run 1, Table 3). When
chlorinated solvents, such as CHCIl; and DCE, were used in the
polymerizations, relatively high M,s of 43 and 54 kDa and
high yields of 89 and 90%, respectively, were achieved (runs 2
and 3, Table 3). In addition, different etheric solvents, such as
1,4-dioxane and 2-MeTHF, were also found to be as effective as
THEF, leading to very similar results in terms of both M,s (60
and 62 kDa) and yields (runs 4 and 5, Table 3). However, the
solvents containing carbonyl units such as DMF, NMP, and

744
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1
8
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251
153
133

A)
C
sa S\/\/\/‘)’% ~ /\/\/\/)’
/(, b d 35:5 0.48
Ar
c,d

20 25 30 35 40
Retention Time (min)

Fig. 4 H NMR spectrum (A) in CDCls (500 MHz) and GPC chromato-
gram (B) of P18.

L HS A~~~ CDMS
H SH
: THF, 5 min

Scheme 2 Synthetic route for copolymer PDTA (P18) synthesis.
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DMAc were found to be not an ideal choice for the synthesis of
PDTA. When DMF and NMP (runs 6 and 7, Table 3) were used,
the molecular weights were found to be quite low (M, = 1.4
and 1.8 kDa) compared to those when using the aforemen-
tioned solvents, and even no polymerization was observed in
the presence of DMAc (run 8, Table 3). These results could be
attributed to the affinity of CDMS towards carbonyl units in
these solvents, inhibiting the evolution of polymerizations. As
a result, THF was still a better choice for the proposed strategy
and was used in conjunction with the above-mentioned con-
ditions in the rest of this study.

Before examining the scope of reactants, P1 was character-
ized in detail by various spectroscopic measurements. Here,
when "H NMR of P1 is examined, the characteristic backbone
methine proton (ArCHS) of PDTA can be seen at 4.85 ppm. In
addition, the signals between 7.41 and 7.25 ppm can be
assigned as the aromatic protons of BA, and the signals that
appear at 2.49, 1.50, and 1.29 ppm are the methylene protons
of HDT (Fig. 1A). From the "*C NMR spectrum of P1, it was
detected that signals at 53.29 and 140-128 ppm could be
assigned as the methine carbon (ArCHS) and aromatic carbons
of the PDTA backbone, respectively (Fig. 1B). Furthermore,
from the FT-IR spectrum of P1, a strong C-S thioether stretch-
ing peak of the PDTA backbone was detected at around
750 cm™ ' (Fig. 1C). Finally, the GPC chromatogram of P1
showed a monomodal distribution trace with a D of 1.53, indi-
cating smooth polymerization (Fig. 1D).

With the optimized conditions in hand, various aldehydes
and dithiols were then reacted to generate a PDTA library, and
the results are shown in Table 4. The final structures of the
obtained polymers and the "H NMR spectra of some selected
polymers confirming the chemical structure of precursor
monomers that are used in polymerizations can be seen in
Fig. 2 and 3 (relevant data for the remaining polymers are pro-
vided in the ESIt). While examining the aldehyde scope, HDT
was used as the model dithiol. First, the electronic effects of
different substituents on the aldehydes were examined in the
polymerization. When electron-withdrawing-group-containing
aldehydes were used, PDTAs were achieved with high yields
and low to moderate M,s, such as for 3-nitrobenzaldehyde (P2,
M, = 18 kDa), 4-cyanobenzaldehyde (P3, M, = 9 kDa), and
4-formylbenzoic acid (P4, M,, = 9 kDa). PDTAs with low to mod-
erate M,s were again obtained when aldehydes containing
electron-donating substituents such as p-anisaldehyde,
4-hydroxybenzaldehyde, and 4-chlorobenzaldehyde were uti-
lized: P5 (M, = 15 kDa), P6 (M,, = 8 kDa), and P7 (M,, = 6 kDa),
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respectively. These results suggest that substituents on the
phenyl ring have no distinct effect on the proposed polymeriz-
ation system and, thus, on the obtained M,s of PDTAs.
Likewise, a natural aldehyde, namely vanillin, yielded a PDTA
with moderate M, in good yield (P8, M, = 16 kDa, 87%).
Notably, the M,;s of PDTA P6 and P8 were comparable to those
obtained from the recent work of Xu and Yuan.’® However,
they prepared these phenolic PDTAs from corresponding alde-
hydes and dithiols within 30 min catalyzed by CF;COOH in
MeOH at room temperature.

Different functionalities were also introduced into the
PDTA backbone as part of the aldehyde library. For instance, a

View Article Online
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PDTA with a relatively high M,, was obtained when 1-pyrenecar-
boxyaldehyde was used in polymerization (P9, M,, = 16 kDa). A
sterically congested aldehyde, 4-(1,2,2-triphenylethenyl)benz-
aldehyde, afforded the corresponding PDTA (P10) with high

Hs\/\/\/\SH
40°C
24h

s__s O _H
'(’ E \/\/vj: 1M H,0, in THF .
—_—

Scheme 3 Degradation of P1 (run 6, Table 2) in the presence of H,0,.

H
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Fig. 5 Proposed mechanism for CDMS-mediated PDTA synthesis: Lewis acid route (A) and Brensted acid route (B).
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M, = 47 kDa in high yield (94%). This result was particularly
striking since lower activity was expected from this aldehyde.
In addition, this protocol could be a useful tool to achieve
luminogenic materials starting from tetraphenylethene
building blocks since there is an increasing interest in two-
photon absorption and aggregation-induced emission.®® A
heteroatom-containing aromatic aldehyde 2-thiophenecarbox-
yaldehyde resulted in the corresponding PDTA (P11) with high
M, = 30 kDa in good yield (89%). In this study, ferrocenecar-
boxyaldehyde was also examined and it yielded the corres-
ponding PDTA (P12) with moderate M,, = 14 kDa. It should be
noted that this approach is believed to be promising as it
brings a new perspective to the synthesis of organometallic
polymers.”®

The dithiol toolbox was also examined to explore the scope
of the polymerization, and BA was used as the model aldehyde
in these studies. Similar to P1, PDTAs of high M,s were
observed when linear aliphatic dithiols such as 1,4-butane-

View Article Online

Polymer Chemistry

dithiol (P13, M, = 66 kDa) and 1,8-octanedithiol (P14, M, =
58 kDa) were used in the polymerization reactions. Moreover,
2,2'-(ethylenedioxy)diethanethiol gave the corresponding PDTA
(P15) with high M, = 59 kDa. However, when an aromatic
dithiol, 1,4-benzenedimethanethiol, was used to perform the
polymerization, the resulting PDTA (P16) was found to
have moderate M,, = 14 kDa. Similarly, ethylene glycol bis-mer-
captoacetate resulted in a PDTA (P17) with moderate M, =
14 kDa.

The thermal behavior of the resulting polymers was
revealed by DSC analysis, and the collected data are given in
Table 4. The table shows that most of the synthesized PDTAs
exhibit low T, values ranging from —-35 to 7.9 °C due to the
dithiols that impart flexibility to the polymer structures.
Among them, P4 exhibited the highest T, (64.6 °C); most
likely, the intra and/or intermolecular H-bonding ability of the
carboxylic acid units has a significant impact leading to the
relatively high T,. Moreover, PDTAs produced from sterically

A) @ t=0h %
t=24h
| NETUAR I N S UV S
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Fig. 6 'H NMR spectra (A) at t = 0 and after t = 24 h in CDCls (500 MHz) and overlaid GPC traces (B) obtained at different time intervals during the

degradation of P1.
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hindered aldehydes (P9 and P10) exhibited high T, values,
54.3 and 56.5 °C, respectively. Therefore, these results can
be attributed to the stiffness of the related polymers due to the
pyrene and triphenylethenyl units that restrict chain move-
ments. A relatively high T, = 45.5 °C was also observed
when 1,4-benzenedimethanethiol (P16) was used as a dithiol
source, which is related to the decrease in main chain flexi-
bility due to the replacement of aliphatic dithiols with an aro-
matic one.

A copolymerization study was also performed to extend the
scope of polymerization, as described in Scheme 2. For this
purpose, equal moles (1.10 mmol each) of BA and 2-thiophene-
carboxyaldehyde were reacted with HDT under the same
polymerization conditions to yield the corresponding copoly-
mer PDTA (P18) with high M, = 49 kDa (Fig. 4B). The '"H NMR
spectrum of P18 showed that the ratio of integral areas of the
CH methine protons resulted in a nearly equal distribution
(0.52/0.48) regarding the feeding ratio of BA:2-thiophenecar-
boxyaldehyde (Fig. 4A). The data indicate that different co-
polymeric backbones can be achieved by employing this proto-
col and the desired feed ratio of the starting materials.

Next, the CDMS-mediated PDTA synthesis described in this
study was examined in terms of mechanistic aspects. Fig. 5
shows the proposed mechanism for the polymerization proto-
col. Since CDMS acts as a Lewis acid but also generates HCI
in situ during the reaction, a Brensted acid character should
also be expected. To this end, we envisioned two mechanisms
working together during polymerization. For the Lewis acid
route (Fig. 5A), as explained in our previous studies,®*** the
reaction starts with the silylation of the aldehyde unit in the
presence of CDMS, where the chlorine ion acts as the leaving
group in order to form the silylated aldehyde (I). Then, I is
attacked by the dithiol, resulting in a hemithioacetal-type
intermediate II, followed by a protonation step to yield III, and
then silanol leaves the structure after the attack of another
dithiol to give IV. Finally, polymerization takes place through a
condensation reaction between III and IV.

Moreover, since in situ HC] formation was observed in the
Lewis acid route, it is also possible to expect the Bronsted acid
route during the reaction (Fig. 5B). Hence, aldehyde can also
be protonated with HCI to form a protonated aldehyde inter-
mediate (V). From there, the reaction is expected to follow the
traditional acid-catalyzed dithioacetal formation mechanism,
where V is then attacked by a dithiol to form VI, followed by a
protonation step to remove the water from this intermediate
(VII) and attack from another dithiol to form VIIIL Finally, the
condensation reaction between VII and VIII will result in the
formation of PDTA. Since polymerization takes place through
two possible mechanisms, it is most likely to expect that
CDMS resulted in the formation of PDTAs with much higher
M,s in short durations when compared to other acids that
were examined during this study.

As mentioned before, one of the most important features of
dithioacetal bonds is their ROS-sensitive character. In this
regard, P1 was subjected to degradation using H,O, as the
source of ROS, and the progress of the reaction was monitored

This journal is © The Royal Society of Chemistry 2024
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kinetically by taking samples from the reaction medium at
regular intervals and analyzing by GPC (Scheme 3). As seen in
Fig. 6B, the degradation of the polymer started within 1 h and
continued over time, and complete degradation was observed
in 24 h. The degradation of P1 was confirmed by "H NMR ana-
lysis. The CH methine signal of P1 at 4.85 ppm completely dis-
appeared, while the aldehyde proton at 10.05 ppm reappeared,
emphasizing the regeneration of the initial reactants (Fig. 6A).

Conclusions

We have successfully prepared a wide variety of PDTAs in the
presence of CDMS. Optimization studies performed between
BA and HDT revealed that 0.50 equiv. of CDMS and slightly
excess BA (1.1 equiv.) were required to obtain relatively high
molecular weight polymers. The proposed protocol proceeded
straightforwardly under mild conditions, resulting in PDTAs
with high isolated yields in just 5 minutes. Although PDTA syn-
thesis is known in the polymer chemistry literature, compre-
hensive work was performed to investigate various polymeriz-
ation parameters. The PDTA backbone was tailored by select-
ing different aldehydes and dithiols, forming a huge polymer
library with M,;s ranging from 6 to 66 kDa. A degradation study
on a model PDTA (P1) was also performed, and a complete
degradation was observed in 24 h.

Collectively, a straightforward and rapid PDTA synthesis
method has been revealed in this study, which promises to cir-
cumvent the harsh conditions required in a classical PDTA syn-
thesis. We believe that this work will pave a new way for PDTA
synthesis, and we aim to inspire further research in this field
and facilitate the development of PDTA-based materials with
tailored properties for diverse applications.
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