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The Michael reaction, a cornerstone in organic chemistry, continues to revolutionize the field with its
unparalleled versatility in forming carbon-carbon, carbon—-oxygen, carbon-nitrogen, and carbon-sulfur
bonds, paving the way for groundbreaking advancements in complex molecule and macromolecule con-
struction. In this study, imide-yne reaction was employed at the macromolecular level for the first time to
prepare linear poly(imide ester)s. A wide range of bisimides and dipropiolates were reacted through
imide-yne click polymerization in the presence of 1,4-diazabicyclo[2.2.2] octane (DABCO) at room temp-
erature. The polymerizations proceed in an anti-Markovnikov fashion, yielding the E-isomer as the major
product. Polymers were obtained in high yields and their molecular weights were found to be in the
range of 5.64-12.67 kDa. The remaining unreacted double bonds in the linear polymers were found to
undergo further functionalization with thiols using a strong organocatalyst 1,5,7-triazabicyclo[4.4.0]dec-
5-ene (TBD), which was also supported by a model study. Post-polymerization modification study
prompted us to prepare imide-yne monomers that can react with dithiols to synthesize poly(imide
thioether)s through nucleophilic thiol-ene click reaction using TBD as the catalyst. The obtained poly-
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mers displayed a wide range of glass transition temperatures and thermal stability. Thus, it can be said that
the proposed method enables the synthesis of new polyimide-based structures with tailorable thermal
properties. It is believed that the proposed strategy will make a significant contribution to expanding the

rsc.li/polymers versatility of active alkyne chemistry at the macromolecular level.

either by high temperatures (160-350 °C)’™*" or through the
chemical imidization method (rt-160 °C), which requires an
excess quantity of the dehydrating reagent (Ac,O/

Introduction

A class of organic molecules known as imides exhibit remark-

able properties that make them valuable in various industrial,
commercial, and scientific research applications. The imide
functional group is highly resistant to thermal degradation,
even at very high temperatures, due to strong resonance stabi-
lization. Polyimides are used to produce high-performance
materials with many exceptional features, including high
solvent resistance, high mechanical and electrical properties,
and thermooxidative and thermal stability."® The majority of
poly(imide)s are insoluble and have rigid, planar aromatic,
and heteroaromatic structures. Polyimides are typically syn-
thesized by reacting aromatic diamines with dianhydrides to
produce poly(amic acid), which is subsequently dehydrated
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pyridine).">™** Alternatively, polyimides can be synthesized
directly by reacting dianhydrides with diisocyanates through a
process that releases carbon dioxide.'® Some studies utilized
the use of diester-diacid derivatives of tetracarboxylic dianhy-
drides, which are hydrolytically more stable and possess a
higher degree of solubility than the parent dianhydrides.'®"”
Nucleophilic substitution was also employed between dinitro-
substituted bisimide monomers and bisphenolates to obtain
polyetherimides."®?° The Diels-Alder reaction was also
studied as an alternative route.>' >

Michael addition reactions are well-known reactions and
have found tremendous applications in both synthetic organic
chemistry and polymer science.?*° This reaction is highly
compatible with several nucleophiles, reaction media, and con-
ditions. Moreover, the reaction mostly proceeds at ambient
temperature and affords the final products with high yields
and/or efficiencies, emphasizing operation simplicity and
energy-saving. All these features put Michael reactions in a
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special place in “click” chemistry, a term coined by Sharpless
and coworkers.*’ In Michael reactions, amine, thiol, and
oxygen-based nucleophiles are mostly studied compounds to
react with electron-deficient double and triple bonds.*> Among
them, the amine-based Michael reaction, namely the aza-
Michael reaction, has some privileges such as the reaction
taking place mostly without the use of any additives or
catalysts.”””**** Similarly, the addition of imide to a reactive
double or a triple bond is a typical aza-Michael addition reac-
tion and has been employed successfully in organic chemistry
to construct  various nitrogen-based heterocyclic
compounds.’®° Unlike amines, a catalyst is required to acti-
vate imide for the Michael addition reaction. Although the par-
ticipation of imide in a Michael addition reaction was first
examined in the late 1940s,*° this chemistry has rarely been
tested at the macromolecular level. Park et al., prepared poly
(imide-aramid-sulfone)s by reacting divinyl sulfone and bis(4-
(vinylsulfonyl)phenyl)terephthalamide ~ with  pyromellitic
diimide in the presence of tetrabutylammonium hydroxide;
moderate molecular weight polymers in good yields were
obtained in these polymerizations.*’

Although it has not been studied as much as reactive
double bonds, the chemistry of activated alkynes in Michael
addition reactions has been rejuvenated in the last two
decades and has attracted much attention from every disci-
pline of chemistry since the reactive triple bond has been
shown to undergo rapid and efficient reactions with the
nucleophiles. This chemistry, also known as nucleophile-yne
or X-yne, has become particularly important in polymer and
material science as it enables ultra-fast polymer synthesis,
functionalization, gelation, network preparation, etc.*>*"** In
this regard, thiol-yne,”*° amino-yne,***'” hydroxyl-
yne,****®! phospho-yne,** and finally imine-yne® reactions
have been proven to be robust and versatile strategies for the
preparation of the above-mentioned polymer-based structures.
As emphasized above, imides can also be added to the acti-
vated alkynes via aza-Michael reactions and this chemistry has
been used several times in organic studies.®*®® For instance,
in one of the early studies, the Trost group performed an
a-addition to the alkynoates using phthalimide and sulfona-
mide in the presence of phosphine catalysts. The reactions
proceeded at high temperatures and the target products were
obtained in good to high yields.** Later, Mola et al., reported
the preparations of lactams, imides, and nucleosides via
nucleophilic addition to activated triple bonds and 1,4-diazabi-
cyclo[2.2.2]octane (DABCO) and 4-(dimethylamino)-pyridine
(DMAP) were found to be the best catalysts for the synthesis of
imides.®® Shahraki et al. reported the N-vinylation of hetero-
cyclic compounds, including phthalimide, using ethyl and
methyl esters of acetylenedicarboxylic acid using an equimolar
amount of pyridine over 24 hours.®” Petit et al., used tosylace-
tylene as a protecting group for various N-H group-bearing
compounds, including imides, in the presence of a base or a
catalyst, and observed an excellent stereochemistry control
depending on the base or catalyst.®® Despite all these nice
organic examples, the imide-Michael reaction involving acti-
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vated alkynes has not been extensively implemented as an
alternative polymer synthesis method. Herein we offer a new
and versatile method to add to the toolkit of X-yne click
polymerization reactions and expand the library of activated
alkyne-based polymer synthesis. In this current study, we
demonstrate for the first time that imide-yne click polymeriz-
ation could be a new synthetic method and energy-efficient
approach for the preparation of a series of poly(imide ester)s
using various bisimides and dipropiolates as monomers at
room temperature, and in the presence of DABCO as a catalyst
(Scheme 1).

Experimental part
Materials

Propiolic acid (95%), ethylene glycol (99.8%), 1,4-cyclohexane-
dimethanol (mixture of cis and trans, 99%), bis(2-hydroxyethyl)
disulfide (technical grade), 1,6-hexanediol (99%), p-toluenesul-
fonic acid monohydrate (p-TsOH, 98%), 1,1,1-tris(hydroxy-
methyl)ethane (98%), carbon tetrachloride (CCl;, 99%),
sodium sulfate (Na,SO,), 4,4"-(hexafluoroisopropylidene)
diphthalic anhydride (6FDA, 99%), benzophenone-3,3',4,4'-tet-
racarboxylic dianhydride (BTDA, 98%), 4,4-oxydiphthalic
anhydride (ODPA, 97%), urea (98%), 1,6-hexanedithiol (HDT,
97%), 4,4'-thiobisbenzenethiol (98%), piperazine (99%), male-
imide (99%), methyl propiolate (99%), dimethyl acetylenedi-
carboxylate (DMAD, 99%), cis-1,2,3,6-tetrahydrophthalimide
(96%), 1-propanethiol (99%), triethylamine (TEA, 99.5%), 1,4-
diazabicyclo[2.2.2] octane (DABCO, 99%), 1,5,7-triazabicyclo
[4.4.0]dec-5-ene (TBD, 98%), 1,8-diazabicyclo[5.4.0]Jundec-7-ene
(DBU, 98%), 4-(dimethylamino)pyridine (DMAP, 99%),
benzene (99%), chloroform (CHCl;, 99.8%, amylene stabil-
ized), dichloromethane (DCM, 99%), ethanol (99%), tetra-
hydrofuran (THF, 99%) were all purchased from Aldrich and
used as received. Dimethyl sulfoxide (DMSO, 99.9%, Aldrich),
N,N-dimethylacetamide (DMAc, 99.8%, Aldrich), N,N-dimethyl-
formamide (DMF, 99.8%, Aldrich), N-methyl-2-pyrrolidone
(NMP, 99.5%, Aldrich) were anhydrous and high-performance
liquid chromatography (HPLC) quality and used without
further purification. Methanol and hexane were of reagent
grade and used as received. 9,10-Dihydro-9-oxa-10-phospha-
phenanthrene-10-oxide (DOPO) was purchased from TCI.

Instrumentation

'H NMR (500 MHz), *C NMR (125 MHz), "°F NMR (470 MHz),
and *'P NMR (202 MHz) spectra were recorded using an
Agilent VNMRS 500 instrument in CDCl; and de-DMSO. Gel
permeation chromatography (GPC) measurements were
carried out with an Agilent instrument (model 1100) with a
pump, refractive index and UV detectors, and four 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 were
2000-4000 000, 50-100 000, 500-30000, and 500-20000 g
mol ™, respectively. THF was used as an eluent at a flow rate of
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Scheme 1 Depiction of imide-yne click polymerization.

0.3 mL min~' at 30 °C, and 2,6-di-tert-butyl-4-methylphenol
(BHT) was used as an internal standard. The weight-average
molecular weights (M,,) and dispersities (P) of the polymers
were calculated based on linear polystyrene (PS) standards
(Polymer Laboratories). Thermogravimetric analyses (TGA) of
the synthesized polymers were performed by using a
PerkinElmer thermogravimetric analyzer (Pyris 1 TGA model).
Differential scanning calorimetry (DSC) measurements were
performed under a nitrogen atmosphere on the TA Q1000 DSC
apparatus. Synthesized polymers were heated to 250 °C with a
heating rate of 10 °C min~". After holding for 2 min at this
temperature, samples were cooled to 25 °C with a cooling rate
of 10 °C min~", followed by keeping at this temperature for

This journal is © The Royal Society of Chemistry 2024
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2 min. Finally, they were reheated to 250 °C with a heating rate
of 10 °C min~'. Data from the second heating cycle were
reported. Mass spectra were obtained using a Thermo Fisher
Scientific LC-HRMS spectrometer. Fourier transform infrared
(FT-IR) spectra were recorded on a Cary 630 FT-IR instrument
(Agilent Technologies) in the 4000-400 cm ™" range.

Synthetic procedures for monomers

Synthesis of bisimides. Bisimide monomers 1-3 were
obtained by heating commercially available dianhydrides
6FDA, BTDA, and ODPA, in the presence of urea in a solvent-
free environment, similar to previously known articles.’®”°

Bisimides 4-6 were synthesized through the Michael addition

Polym. Chem., 2024,15, 3991-4004 | 3993
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reaction using appropriate dithiols and piperazine with male-
imide. The experimental procedure of 4 is given below as
representative. Experimental procedures of other bisimide
monomers along with characterization details of all bisimide
compounds can be found in the ESL{

Synthesis of 3,3’-(hexane-1,6-diylbis(sulfanediyl))bis( pyrroli-
dine-2,5-dione) (4).

0
HSNASNNCSH O+ 1 NH
o)

To a 50 mL round bottom flask equipped with a magnetic stir
bar was added maleimide (1.5 g, 15.45 mmol) and dissolved in
30 mL of DCM. Upon dissolution of maleimide, HDT (945 pL,
6.18 mmol) and TEA (215 pL, 1.545 mmol) were added to the
flask, respectively, and the mixture was allowed to stir at room
temperature for 1 hour. As the reaction progressed, the reac-
tion medium turned into a suspension containing a solid pre-
cipitate. After the specified time, the solids were filtered with a
sintered glass filter and washed with DCM. The resultant
product was dried in a vacuum oven at 40 °C overnight, yield-
ing a white solid product (yield: 1.80 g, 85%). "H NMR (d-
DMSO, 6): 11.30 (s, 2H, NH), 3.87 (t, 2H, SCH), 3.12 (m, 2H,
C=O0CH,), 2.71-2.66 (m, 4H, SCH,), 2.44-2.40 (m, 2H,
C=OCH,), 1.54 (br, 4H, SCH,CH,), 1.34 (br, 4H,
SCH,CH,CH,). *C NMR (de-DMSO, §): 178.66, 177.08, 40.93,
37.70, 30.79, 28.86, 28.12. ESI-MS, m/z C,,;H,(,N,0,S, calcu-
lated: 344.086; found: 345.093 [M + H]".

Synthesis of dipropiolates. Dipropiolate monomers, a-d,
were achieved via an esterification reaction between various
diols and propiolic acid, similar to procedures described in
the literature.”"””® Dipropiolate monomer e was prepared in
two steps, details for this monomer can be found below. The
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details for the synthesis of all dipropiolates and their charac-
terization data are given in the ESL

Synthesis of 6-(3-hydroxy-2-(hydroxymethyl)-methylpropoxy)
dibenzo[c,e] [1,2]oxaphosphinine 6-oxide (DOPO-Diol).
To a 250 mL round bottom flask equipped with a magnetic stir
bar was added 1,1,1-tris(hydroxymethyl)ethane (6.67 g,
55.5 mmol) and partially dissolved in 60 mL of DCM. Then,

(o)

TEA NH
DCM S (o)
—_— \/\/\/\s

o

HN o 4

TEA (19.34 mL, 138.75 mmol) and DOPO (6.00 g, 27.76 mmol)
were added to the flask, respectively. Upon complete dis-
solution of DOPO, the mixture was cooled to 0 °C in an ice
bath. After that, CCl, (5.35 mL, 55.5 mmol) was added to the
reaction medium dropwise, then the flask was removed from
the ice bath and allowed to stir overnight at room temperature.
After the specified time, solid fragments were filtered and the
mixture was diluted with 40 mL of DCM and extracted with
100 mL of distilled water three times. The organic layers were
dried over Na,SO,, filtered, and evaporated to dryness to give
DOPO-Diol as a viscous brown liquid (yield: 5.85 g, 63%). *
NMR (CDCl;, &) 7.96-7.26 (m, 8H, Ar-H), 4.43 (t, 1H,
P=O0O0CH,), 4.08 (t, 1H, P=O0OCH,), 3.62-3.57 (m, 4H,
CCH,OH), 3.27 (br, 2H, -OH), 0.72 (s, 3H, CCH;). °C NMR
(CDCl;, &) 149.62, 137.07, 133.84, 130.66, 130.12, 128.47,
128.34 125.29, 124.97, 124.15, 122.48, 122.23, 120.78, 120.18,
68.63, 67.56, 67.17, 41.35, 15.65. *'P NMR (CDCl;, ) 13.27,
11.66. ESI-MS, m/z C;7H;405P calculated: 334.097; found:
335.104 [M + H]'.

Synthesis of 2-methyl-2-(((6-oxidodibenzo[c,e][1,2]oxapho-
sphinin-6-yl) oxy)methyl)propane-1,3-diyl dipropiolate
(DOPO-Dipropiolate) (e).

DCM "0

overnight

DOPO-Diol

Cl,

p-TsOH
benzene

/tj/»\

\\

DOPO-Dipropiolate (e)

105 °C

overnight
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To a 100 mL round bottom flask equipped with a magnetic stir
bar were added DOPO-Diol (3.50 g, 10.47 mmol) and 30 mL of
benzene. Propiolic acid (2.6 mL, 41.88 mmol) and p-TsOH
(0.2 g, 1.05 mmol) were then added to the flask, respectively,
and the mixture was allowed to stir under a reflux system
equipped with a Dean-Stark apparatus at 105 °C overnight.
After the specified time, the reaction mixture was concentrated
under reduced pressure, and the crude product was dissolved
in 100 mL of DCM and extracted with 100 mL of distilled water
three times. The organic layers were collected and dried over
Na,SO,, filtered, and evaporated to dryness to give compound
e (DOPO-Dipropiolate) as a viscous brown liquid (yield: 4.3 g,
93%). "H NMR (CDCl3, 6) 7.95-7.27 (m, 8H, Ar-H), 4.10 (s, 2H,
P=O0O0CH,), 3.94 (m, 4H, C=00CH,), 2.92 (s, 2H, C=CH),
0.93 (s, 3H, CCHj). *C NMR (CDClj, §): 152.07, 149.69, 137.13,
133.80, 130.72, 130.25, 128.47, 124.97, 124.15, 122.50, 122.24,
120.79, 120.12, 77.02, 75.59, 74.08, 66.92, 66.54, 38.98, 16.34.
3P NMR (CDCl3, 6) 10.64, 5.84. ESI-MS, m/z C,3H;,0,P calcu-
lated: 438.087; found: 439.093 [M + HJ".

General procedure for imide-yne click polymerization

To a 10 mL round bottom flask equipped with a magnetic stir
bar was added dipropiolate monomer (0.3 mmol, 1 equiv.) and
dissolved in DMAc (1.2 mL). Bisimide monomer (0.3 mmol, 1
equiv.) was then added and upon complete dissolution,
DABCO (0.03 mmol, 0.1 equiv.) was finally added to the flask.
After the addition of DABCO, a color change was observed. The
reaction was allowed to stir at room temperature for 4 hours.
After the specified time, the solution was precipitated into
acidified methanol and filtered. The dissolution-precipitation
procedure (CHCl;-acidified methanol) was repeated two times.
The resultant polymers were dried in a vacuum oven at 40 °C
for 24 hours. The linear poly(imide ester)s were named based
on the monomer codes. The synthetic procedures and charac-
terization details of obtained linear poly(imide ester)s can be
found in the ESL.}

Post-polymerization modification of P1a with 1-propanethiol

To a 10 mL round bottom flask equipped with a magnetic stir
bar was added Pla (182.5 mg, 0.3 mmol) and dissolved in
0.6 mL of DMAc. Then, 1-propanethiol (81.6 pL, 0.9 mmol)
and TBD (10.4 mg, 0.075 mmol) were added to the reaction
medium, respectively. Upon the addition of TBD, the pale
yellow solution turned to dark brown instantly. The flask was
allowed to stir at room temperature for 15 minutes. The solu-
tion was diluted with 1 mL of CHCI; and precipitated into
acidified methanol and filtered. The dissolution-precipitation
procedure (CHCl;-acidified methanol) was repeated two times.
The resultant polymer was obtained as a pale-yellow powder
and dried in a vacuum oven at 40 °C for 24 hours (yield:
223.5 mg, 89%). 'H NMR (de-DMSO, 6): 8.04-7.70 (m, 6H, Ar-
H), 5.56 (t, 2H, C—ONCH), 4.18 (br, 4H, C—OOCH,), 3.34 (t,
4H, SCH,), 3.13-2.57 (m, 4H, C=ONCHCH,), 1.52 (br, 4H,
SCH,CH,), 0.85 (t, 6H, SCH,CH,CHj3). ">*C NMR (d-DMSO, §):
169.47, 166.19, 137.90, 136.59, 132.81, 132.42, 124.68, 124.06,
64.96, 62.78, 50.88, 49.04, 37.79, 33.58, 22.59, 13.44.
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Synthesis of imide-yne monomer 1m

To a 10 mL round bottom flask equipped with a magnetic stir
bar was added compound 1 (774 mg, 1.75 mmol) and sus-
pended in 7 mL of CHCl;. DMAD (648.7 pL, 5.25 mmol) and
DABCO (49 mg, 0.44 mmol) were added to the reaction
medium, respectively, and the mixture was allowed to stir at
room temperature for 4 hours. After the specified time, the
solution was diluted with 30 mL of DCM and extracted with
30 mL of acidified water three times. The organic layers were
collected and dried over anhydrous Na,SO,, filtered and con-
centrated in vacuo. After that, the solution was precipitated
into hexane and filtered. The dissolution-precipitation
(CHCl3-hexane) procedure was repeated two times. The resul-
tant product (1m) was dried in a vacuum oven at 40 °C over-
night and obtained as an off-white solid (yield: 1.1 g, 86%). "H
NMR (CDCl;, 8): 8.01-7.77 (m, 6H, Ar-H), 7.22-6.72 (s, 2H,
NC=CH), 3.91-3.76 (m, 12H, OCH;). >C NMR (CDCl;, 6):
164.31, 163.04, 162.01, 139.22, 136.33, 132.93, 131.44, 129.19,
125.41, 124.44, 119.60, 65.20, 53.60, 52.57. °F NMR (CDCl,, 8):
—63.19. ESI-MS, m/z C3;H,FsN,0;, calculated: 726.092; found:
744.125 [M + NH,4]".

Imide-yne monomers 2m and 3m were prepared using the
same procedure described for 1m, and their experimental pro-
cedures and characterization data can be found in the ESI.{

General procedure for nucleophilic thiol-ene polymerization
of imide-yne monomers

To a 10 mL round bottom flask equipped with a magnetic stir
bar was added imide-yne monomer (1 mmol, 1 equiv.) and dis-
solved in CHCI; (1 mL). Upon complete dissolution of imide-
yne monomer, HDT (1 mmol, 1 equiv.) and TBD (0.25 mmol,
0.25 equiv.) were added to the flask in that order. After the
addition of TBD, a color change and an increase in viscosity
was observed. The reaction was allowed to stir at room temp-
erature for 5 minutes. After the specified time, the reaction
mixture was diluted with 1 mL of CHCI; and precipitated into
acidified methanol and filtered. The dissolution-precipitation
procedure (CHCl;-acidified methanol) was repeated two times.
The resultant polymers were dried in a vacuum oven at 40 °C
for 24 hours. The synthetic procedures and characterization
details of the polymers obtained linear poly(imide thioether)s
can be found in the ESL{

Results and discussion

The structures of monomers used in this study are depicted in
Scheme 1. Here, bisimide monomers 1-3 were prepared
according to published procedures.®*”° Due to the poor solubi-
lity of monomers 2 and 3, we also designed new bisimide
monomers 4-6, which were synthesized via thiol- and amine-
maleimide click reactions using commercially available
dithiols, piperazine, and maleimide. The Michael addition
reactions simply proceeded at room temperature in the pres-
ence of TEA as a catalyst. All imide compounds were obtained
as white solids in good to high yields and fully characterized
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by FT-IR, NMR and mass spectrometry. The experimental and
spectroscopic details regarding these compounds can be
found in the ESIL.{ Dipropiolate structures were synthesized by
conventional esterification reactions using Dean-Stark appar-
atus at high temperatures. While compounds a-d were pre-
pared in single-step reactions using commercially available
diols and excess of propiolic acid, compound e was prepared
in two steps; first, DOPO-Diol was synthesized via Atherton-
Todd reaction followed by an esterification reaction with
excess propiolic acid. The experimental and spectroscopic
details regarding dipropiolate structures are also provided in
the ESL.}

Next, the optimum conditions for the proposed imide-yne
polymerization were examined. For this purpose, bisimide 1,
chosen for its high solubility, and dipropiolate a, chosen for
its simplicity and easy monitoring by "H NMR, were used as
model monomers, and DABCO was used as the catalyst. Also,
monomer concentrations were set to 0.25 M, and the mole
ratios of bisimide: dipropiolate: DABCO was set to be
1:1:0.1. The results for the obtained polymer, namely Pla,
are located in Table 1. Initially, we kinetically screened the
effect of solvent on polymerization. Since monomer 1 and the
other imide monomers have apparent solubility issues, we
could have tested only NMP, DMSO, and DMAc together with
DMF as solvents (entries 1-4, Table 1). As seen in this table, all
solvents afforded polymer within 1 h, and a slight increase in
molecular weights was observed over time. Among them DMF
(entry 1, Table 1) and DMAc (entry 4, Table 1) gave little higher
molecular weights; the former produced M,, = 8.3 kDa in 1 h,
increased to 10.2 in 4 h and 10.8 in 24 h, and the latter gave
M,, = 8.04 kDa in 1 h, increased to 11.8 in 4 h and 12.6 in 24 h.
The other two solvents (i.e., NMP and DMSO) produced little
lower molecular weights compared to these solvents (entries 2
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and 3, Table 1). According to the results obtained from the
solvent trials, we decided to use DMAc as the polymerization
solvent, and since no distinct change was observed in the
molecular weights after 4 h, the polymerization duration was
fixed as 4 h for other experiments. Temperature effect on
polymerization was next examined; however, increasing the
reaction temperature to 40 °C and 80 °C did not improve mole-
cular weights (entries 5 and 6, Table 1). As expected, lowering
monomer concentrations to 0.1 M yielded a low molecular
weight polymer (entry 7, Table 1); however, increasing
monomer concentrations to 0.5 M gave an insoluble polymer
(entry 8, Table 1). The same insoluble polymer was also
observed when the catalyst concentration was increased to 0.25
equivalent (per monomer) while keeping the monomer con-
centrations at 0.25 M (entry 9, Table 1). It is worth mentioning
here that either increasing the amount of dipropiolate or
DABCO leads to a black precipitate appearing in a gel-like
form, which might be attributed to a competitive enyne reac-
tion that can take place in the presence of dipropiolate and
DABCO.”* 1t should also be noted here that organocatalysts
other than DABCO, such as TEA, TBD, DBU, and DMAP, were
also tested in the optimum conditions but none of them
yielded polymer. As such, we did not change the catalyst (i.e.,
DABCO) or its equivalent (0.1 equivalent per monomer) or
increase the monomer concentrations, and kept the aforemen-
tioned optimum conditions for the rest of the studies.

Before performing other reactions to create a polymer
library, the obtained polymer, Pla, was analyzed by NMR
(Fig. 1). From the "H NMR spectra, it can be seen that the
alkyne proton of propiolate unit at § 2.96 ppm disappeared
and the integral ratio of the N-H proton of the imide structure
reduced to a large extent. Importantly, the characteristic
N-vinyl proton signals after the imide-yne reaction were

Table 1 Optimization of reaction conditions for imide-yne click polymerization?

o F;C CF; o) o fo) F3C CF3 o)
SO - Syody ;
’ e Syedy 2 e
=z ~N —
T N t Y 0 |
o o o o o
1 a P1a
M,, (kDa)’/p?

Entry Solvent 1h 2h 4h 6h 8h 24 h
1 DMF 8.3/2.47 9.6/2.36 10.2/2.37 10.5/2.39 10.6/2.40 10.8/2.00
2 NMP 6.92/2.25 9.02/2.33 9.66/2.44 10.3/2.43 10.1/2.39 10.53/1.85
3 DMSO 3.6/1.71 4.16/1.81 6.4/2.16 7.94/2.40 8.96/2.55 9.17/2.44
4 DMAc 8.04/2.28 10.04/2.52 11.8/2.48 12.3/2.59 12.4/2.77 12.6/2.13
5¢ DMAc 10.57/2.41
67 DMAc 9.19/2.06
7° DMAc 7.54/1.69
8/ DMAc Insoluble
9 DMAc Insoluble

“Reaction conditions: 0.3 mmol of bisimide (1), 0.3 mmol of dipropiolate (a) and 0.03 mmol of DABCO in 1.2 mL of solvent at room temperature.
b Determined by GPC calibrated based on linear PS standards in THF. © Reaction was carried out at 40 °C. ¢ Reaction was carried out at 80 °C.
°Reaction was carried out using monomer concentrations of 0.1 M./ Reaction was carried out using monomer concentrations of 0.5 M and upon
the addition of DABCO, an insoluble polymer was obtained. ¢ 0.25 equivalent of DABCO was utilized and an insoluble polymer was obtained.
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Fig. 1 Overlaid *H NMR spectra of bisimide 1 (top) in dg-DMSO (500 MHz), dipropiolate a (middle) in CDClz (500 MHz), and Pla (bottom) in de-

DMSO (500 MHz).

detected as doublets and found to resonate at around &
8.5-5.5 ppm with some of them overlapping with the aromatic
proton signals. Here, NCH=CH for the E- and the Z-isomers
were found to resonate at § 6.75-6.72 and 5.70-5.53 ppm, respect-
ively. Aromatic protons were also detected between &
8.16-7.59 ppm. When the integral ratios of the vinyl protons were
compared, the ratio for the E-isomer was found to be 91% for
Pla. The structure of P1a was further validated by >C NMR ana-
lysis (Fig. S55t). As seen in this figure, propiolate carbons reso-
nated at around § 75 ppm completely disappeared and new
vinylic carbons stemming from imide-yne addition were detected
at 6 160.71 and 100.38 ppm. NMR results show that the expected
product (i.e., P1la) was successfully prepared and the imide-yne
polymerization reaction proceeded smoothly.

This journal is © The Royal Society of Chemistry 2024

To diversify the poly(imide ester)s, different bisimide struc-
tures along with different dipropiolates given in Scheme 1
were reacted under the optimum conditions, and the obtained
results are collected in Table 2. Unfortunately, bisimides 2 and
3 were found to have limited solubility in DMAc, so they were
not utilized directly in imide-yne click polymerizations;
however, these two compounds were used in the preparation
of imide-yne monomers (see below). Bisimide 1 was combined
with all dipropiolates (entries 1-5, Table 2), and for dipropio-
late b, the reaction time was reduced to 1 h due to solubility
problems after that time (entry 2, Table 2). Low to moderate
molecular weight polymers ranging from M,, = 6.87-12.67 kDa
were obtained from these polymerizations in good to high
yields. Also, bisimides 4 and 5 that were synthesized by thiol-
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Table 2 Results of synthesized linear poly(imide ester)s?
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Entry Bismide Dipro-piolate Polymer M, " (kDa) pP Ty € (°C) Isolated yield? (%)
1 1 a Pla 12.43 2.48 199 90
2¢ 1 b P1b 12.67 1.96 193 82
3 1 ¢ Plc 7.82 1.95 121 72
4 1 d Pid 12.65 1.68 147 84
5 1 e Ple 6.87 1.88 162 80
6 4 a P4a 6.55 2.96 61 62
7 5 a P5a 5.64 2.83 130 70
8/ 6 a P6a — — 205 94

“Reaction conditions: 0.3 mmol of bisimide, 0.3 mmol of dipropiolate and 0.03 mmol of DABCO in 1.2 mL of DMAc at room temperature for
4 h. " Determined by GPC calibrated based on linear PS standards in THF. ° Determined by DSC from the second heating cycle. ¢ Gravimetric
yield obtained after first precipitation. ¢ Polymerization was carried out for 1 h./The resulting polymer was observed to be insoluble in THF and

therefore GPC data could not be obtained.

maleimide reactions were found to yield lower molecular
weight polymers (entries 6 and 7, Table 2) and were less reac-
tive towards imide-yne click reaction which could be due to
the limited resonance stabilization of the imide anion.
Moreover, bisimide 6 synthesized by amino-maleimide reac-
tion yielded THF insoluble polymer so GPC data is not avail-
able for this polymer (entry 8, Table 2).

The poly(imide ester)s were also characterized via FT-IR
spectroscopy (Fig. S60, S67, S74, S81, S89, S95, S101, and
S10671). The FT-IR spectra of the poly(imide ester)s displayed
the absence of the vibration bands for propiolate triple bonds
(-C=C-) at around 2100 cm™" and the presence of the charac-
teristic imide carbonyl stretching vibration bands at around
1775 ecm™" and 1710 cm™'. Besides, a new band appeared at
around 1640 cm™" which was attributed to the newly formed
double bonds (-N-CH=CH-C=O0).

The T, values of the synthesized poly(imide ester)s are col-
lected in Table 2. It can be seen that the polyimides syn-
thesized via imide-yne click polymerization displayed a wide
range of T, values ranging from 61 °C to 205 °C. This shows
that the T, values; ie., the processability and flexibility of the
resulting polyimides can be tuned, highlighting the modular-
ity of the proposed method. Among the polyimides based on
1, Pl1a and P1b displayed the highest T, values. P1la and P1b
contain short chains between their propiolate end groups,
respectively. When these short chains were replaced with a
relatively long flexible hexanediol the T, value decreased (P1d).
When the propiolate was changed to a more flexible disulfide
bond-containing one (P1c), the molecular weight was found to
be lower and the T, value decreased significantly. Ple which
has rigid DOPO units, displayed a lower T, value than expected
which could be ascribed to its lower molecular weight com-
pared to Pla.

Pla, P4a, and P5a polymers are produced from the reaction
of the same dipropiolate but using different bisimides. When
the T, values of the homologous P1a, P4a, and P5a are com-
pared, the T, values were found to decrease in the following
order: Pla > P5a > P4a. Bisimides 4 and 5 have flexible
thioether linkages in their structures and therefore they dis-
played significantly lower T, values than Pla which is com-

3998 | Polym. Chem., 2024, 15, 3991-4004

posed of a rigid aromatic bisimide (1). Finally, the highest T,
value was obtained for the polymer P6a which has a rigid
piperazine core. The nitrogen groups in these piperazine units
create additional dipolar interactions which increase the intra-
molecular interactions and thus limit the degree of rotation
and lead to reduced free volumes.

Since reactive double bonds are still present in the resulting
imide-yne polymers, we hypothesized that these bonds can be
further functionalized by thiol-ene click chemistry. To test this
foresight, we designed a model study as depicted in
Scheme 2a. In this experiment, cis-1,2,3,6-tetrahydrophthali-
mide was reacted with methyl propiolate in the presence of
DABCO, resulting in N-vinylated product, which was character-
ized by "H NMR. Fig. S471 indicates the full disappearance of
alkyne signal 6 2.98 ppm and the appearance of vinyl signals
between § 7.68-5.65 ppm, full agreement with the integral
ratios confirms the expected product. This product was then
reacted with 1-propanethiol in CHCI; at room temperature. It
is known that nucleophilic thiol-ene reactions require a suit-
able catalyst to drive the reaction. It has been shown previously
by our group’’ ™ and others®®’>7® that TBD is a robust
organocatalyst due to its stronger basicity and nucleophilicity
and can easily provoke a thiol compound to a reactive double
bond. Here, we implemented this catalyst in the second step
for further functionalization, and the reaction proceeded for
5 min at room temperature. After purification, the modified
compound was characterized by NMR. Full disappearance of
vinyl protons (Fig. S501) and carbons (Fig. S51f) and the
appearance of acetal signal (NCHS) at 6 5.48 ppm indicate that
nucleophilic thiol-ene click reaction occurred quantitatively.

The results obtained from model experiments indicate that
the main chain reactive double bonds of an imide-yne polymer
could be readily functionalized in the same way described in
the model reaction. To examine this, a post-polymerization
modification reaction was employed on Pla and the reactive
double bonds on the main chain were further reacted with 1.5
equiv. of 1-propanethiol (per alkene unit) in the presence of
0.25 equiv. of TBD for 15 min (Scheme 2b). According to the
"H NMR spectrum of modified P1a (Fig. 2), the addition was
found to be quantitative. N-Vinyl proton peaks were dimin-

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 'H NMR spectrum of modified P1a in dg-DMSO (500 MHz).

ished and a new peak emerged at § 5.56 ppm corresponding to
the acetal proton. Also, the expected signals arising from 1-pro-
panethiol were detected at § 3.30 (SCH,), partially overlapping
with the H,O peak at 3.33 ppm as well as at § 1.52 (SCH,CH,)
and 0.85 (SCH,CH,CH;) ppm. Finally, aromatic protons
appeared as singlets at § 8.04, 7.85 & 7.70 ppm. >C NMR spec-
trum also displayed the full disappearance of main chain
double bond carbons and the formation of corresponding
acetal carbon at around 6 50 ppm after the reaction
(Fig. S1257). Collectively, the NMR results indicate a successful

This journal is © The Royal Society of Chemistry 2024

post-modification reaction. It should also be noted that modi-
fied P1a exhibited a lower T, value, decreasing from 199 °C to
118 °C (see Fig. S126 and S128%). This decrease can be attribu-
ted to the increased flexibility and free volume after
modification.

It is worth mentioning here that we found that we could
only add the imide groups to the propiolate’s carbon once,
using DABCO as the catalyst. We also attempted a second
imide addition but failed; however, we were able to achieve a
second addition using thiols in the presence of TBD.

Polym. Chem., 2024,15, 3991-4004 | 3999
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Following this observation, we decided that the selective mono
addition of imides to the triple bonds could be utilized for the
preparation of imide-yne monomers and these monomers can
undergo further thiol-Michael addition reactions to produce
poly(imide thioether)s. In our previous publications, we
demonstrated that when activated alkynes are reacted with
dithiol compounds, the outcomes of the reactions are typical
polythioethers that proceed via double thiol-Michael
addition.*”™*° We also indicated in these studies that dialkyl
acetylenedicarboxylates are more reactive and offer better
results than dipropiolates in terms of molecular weight and

View Article Online
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yield, as the alkyne unit is connected to two carbonyl groups,
making the alkyne more electron-deficient and therefore more
reactive towards thiols. As such, in this study, when preparing
imide-yne monomers, we purposely reacted the imide com-
pounds with DMAD. Scheme 3 depicts the synthesis of imide-yne
monomers and the following poly(imide thioether)s. In the first
step, bisimide compounds 1-3 were reacted with excess DMAD in
CHCl; at room temperature using DABCO as the catalyst. All
three monomers were isolated by precipitation in hexane. It
should be noted here that bisimide monomers 2 and 3 are not
highly soluble in organic solvents and therefore are not used in

+ HN
(0]
1-3
DABCO | rt
CHCI; | 4h
( (o) 0]
R ;
—N N— . HS/\/\/\/SH
o o JN0)
1m-3m
TBD rt
CHCI; | 5 min

O~y o 0O
R
(0] (o}

P1m-P3m

’SM
3 n

Scheme 3 Depiction of the reactions between bisimides 1-3 and DMAD using DABCO as the catalyst. The scheme also illustrates the polymeriz-
ation of imide-yne monomers 1Im-3m with HDT in the presence of TBD via nucleophilic thiol-ene polymerization.
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Fig. 3 Overlaid 'H NMR spectra of 3m (a) and P3m (b) in CDCls (500 MHz)

imide-yne polymerizations as mentioned previously. The same
solubility issue is also valid in the preparation of monomers
using CHCl; as the reaction solvent. Moreover, when compounds
2 and 3 were mixed with CHCl;, a suspension was formed, and
we observed that this situation did not change when DMAD and
DABCO were added to the reaction medium. However, a clear
solution started to form when stirring was continued, indicating
the expected monomer formation.

The obtained monomers could be easily characterized by
NMR, Fig. 3a shows the "H NMR spectrum of representative
monomer 3m. As seen in this figure, both E- (§ 7.18 ppm) and
Z-isomer (5 6.72 ppm) products are formed simultaneously,
with the E-isomer in excess (~90%). Next, nucleophilic thiol-
ene step-growth polymerization was performed using 3m and

This journal is © The Royal Society of Chemistry 2024

HDT. The polymerization proceeded for 5 min at room temp-
erature in CHCl; and low molecular weight polymer (M, =
7.44 kDa) was obtained in high yield, almost the same results
were found for the other two monomers (Table 3). Notably,
increasing polymerization duration did not improve molecular
weight or yield (data not shown). Fig. 3b displays the corres-
ponding '"H NMR spectrum of polymer (P3m). As can be seen
in this figure, vinyl signals completely disappeared and new
peaks regarding the polymeric structure could be detected.
Here, NCH protons appear at 6 5.36 ppm, SCH protons at 6
4.21 ppm, and SCH, protons at § 2.50 ppm, respectively, con-
firming poly(imide thioether) formation.

The T, values of the synthesized poly(imide thioether)s
were found to be similar (Table 3) and no significant change

Polym. Chem., 2024,15, 3991-4004 | 4001
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Table 3 Results obtained from the polymerization of imide-yne
monomers?

Entry Polymer M,” (kba) B? T,°(°C)  Isolated yield” (%)
1 Plm 8.24 1.80 97 81
2 P2m 8.73 1.81 98 88
3 P3m 7.44 193 91 85

“Reaction conditions: 1 mmol of imide-yne monomer, 1 mmol of
HDT, and 0.25 mmol of TBD in 1 mL of CHCIl; at room temperature
for 5 minutes. ® Determined by GPC calibrated based on linear PS stan-
dards in THF. ‘Determined by DSC from the second heating cycle.
4 Gravimetric yield obtained after first precipitation.

was observed regarding their structures. As noted above for
polymers Plc, P4a, and P5a which contain sulfur linkages, the
poly(imide thioether)s exhibited lower T, values compared to
poly(imide ester)s.

Traditional polyimides are thermally stable and display
exceptional thermal properties. The TGA thermograms of all
polyimides synthesized herein are given in the ESIf and the
results are collected in Table 4. All poly(imide ester)s based on
bisimide 1, displayed similar TGA spectra. The 10% weight
loss temperatures (T3,) were above 310 °C for all samples (P1a,
P1b, Pic, P1d, and P1e). The presence of the disulfide linkages
led to a remarkable decrease in Ty, temperatures (P1c). This
early decomposition in Pic is also reflected in the T, temp-
eratures. While the T,,.. values were over 400 °C in Pla, P1b,
P1d, and Ple, in Plc, the Ty, value was shifted to lower temp-
eratures and besides, instead of one Ty,.x temperature, two
maximum weight loss temperatures were observed for Plc.
Nevertheless, the early decomposition positively affected the
char yield of Pic, and a high char yield of 15.8% was obtained
at 750 °C under a nitrogen atmosphere. As expected, the
highest char yield (21.4%) was obtained for the P-containing
poly(imide ester), i.e., Ple, among the poly(imide ester)s syn-
thesized by using the bismide 1. P4a, which contains thioether
bonds-containing bisimide, displayed lower Tj, and Tpax
temperatures but a significant amount of char similar to Plc
compared to other poly(imide ester)s based on bisimide 1.

Table 4 Thermal gravimetric analysis results of all polymers

Entry Ty ® (°C) Trmax” (°C) Char® (%)
Pla 399 457 15.2
P1b 392 442 10.5
Plc 311 324/387 15.8
pid 367 434 14.8
Ple 391 426 21.4
P4a 314 361 17.6
P5a 258 384 25.4
P6a 163 273/423 24.0
P1m 195 353/405 7.4
P2m 295 346/408 11.5
P3m 304 344/407 8.8

% Ty is the 10% weight loss temperature. b Tmax Values were obtained
from the derivative weight loss curves. ¢ Char value at 750 °C under a
nitrogen atmosphere.

4002 | Polym. Chem., 2024, 15, 3991-4004
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Again, in this case, the presence of thiol groups led to early
degradation but in turn, produced a remarkable char yield.
P5a displayed a higher char yield compared to P4a due to the
presence of the aromatic groups in its structure. P6a displayed
the lowest Tj, temperature among the studied poly(imide
ester)s which could be ascribed to the presence of unreacted
monomers and solvent. Nevertheless, P6a produced a high
amount of char yield due to the additional thermal stability
brought by piperazine rings.

Moreover, poly(imide thioether)s displayed relatively lower Ty,
and Ty temperatures due to the flexible and thermally weak
thioether linkages and displayed two-step degradation profiles.
The first maximum weight loss temperature was attributed to the
decomposition of the thiol linkages while the second maximum
weight loss temperature was ascribed to the degradation of the
imide groups. The Thax temperatures of the synthesized poly
(imide thioether)s were found to be similar regardless of their
structures but P2m produced relatively higher char yield com-
pared to P1m and P3m, which could be ascribed to the presence
of thermally stable benzophenone units in P2m.

Conclusions

In summary, the imide-yne reaction was demonstrated to be a
new and robust tool for activated alkyne-based click polymeriz-
ation methods and proved to expand the toolkit of X-yne click
polymerization. Using this strategy, a wide range of poly(imide
ester)s were synthesized by reacting a variety of bisimide struc-
tures with various dipropiolates under benign conditions
using a mild catalyst DABCO. Polymerizations provided low to
moderate molecular weight polymers in high yields. Post-
polymerization modification was shown to be possible, and for
this purpose, the main chain double bonds of a representative
imide-yne polymer (P1la) were modified using 1-propanethiol
by switching the catalyst to a stronger base, TBD, and quanti-
tative yield was obtained within 15 minutes of reaction time.
The selective mono-addition nature of imides to activated
alkynes further enabled us to develop imide-yne monomers
and their nucleophilic thiol-ene step-growth polymerizations
were carried out with HDT in the presence of TBD within
5 minutes. According to DSC and TGA analysis results, it was
revealed that the obtained polymers have tunable T, values
and thermal stability. Collectively, in this study, a facile time-
and energy-saving strategy for polyimide synthesis was demon-
strated. We believe the imide-yne polymerization routes intro-
duced herein will be greeted with interest by the polymer com-
munity and will be utilized for the synthesis of novel polymers
for a wide range of applications in the future.
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