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Amine functionalized polyglycerols obtained by clymoerization of cyclic

carbonate monomers

Pawet G. ParzuchowskileksandraSwiderska, Marlena Roguszewska,
Tomasz Faczkowski, Mariusz Tryznowski

Warsaw University of Technology, Faculty of Chemistry, Noakowskiego 3, 00-664 War saw,
Poland

ABSTRACT : Hyperbranched aliphatic polyethers containingrbygil and amine end groups
were produced from glycerol carbonate (4-hydroxymlel,3-dioxolan-2-one) and cyclic
carbonate bearing phthalimide moieties. The new ammr N-[(2-0x0-1,3-dioxolan-4-
yl)methyl]phthalimide was synthesized in a simple-step, one-pot process. The structure of
the monomer was proved by means of NMR, FTIR anday-techniques. Anionic
polymerization of cyclic carbonate monomers, whigtoceeds with simultaneous
decarboxylation, was performed using a simple gstal potassium carbonate and
trimethylolpropane (TMP) or glycerol carbonate as mitiator. The polymerization
conditions were investigated and optimized. Theyipelrs were characterized by means of
nuclear magnetic resonance, FTIR, MALDI-TOF, GP@ alemental analysis. It was shown
that during the process of polymerization an inttate - glycidol is formed and acts as

initiator or monomer.

Key words: glycerol carbonate; hyperbranched polyglycergtlic carbonate monomer;

amine groups

1. Introduction

Using biomass for the production of polymers caodpce both environmental and
economic benefits. In last decades it has beennadxs@ strong desire to replace polymers
from fossil fuels with more environmentally frieydpolymers generated from renewable
resources.

In one of our recent articles we proposed a simalg of synthesis of hyperbranched

polyglycerols based on an environmentally benigmaomeer cyclic glycerol carbonate.[1],
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Glycerol carbonate is easily available with quanitie yield from glycerol and dimethyl
carbonate. Since glycerol is produced in large ttles during the biodiesel production, it
becomes a non-expensive and easily available rejartiaterial for the synthesis of new
monomers and polymers.[2] Whereas cyclic carbohatetionality can be attained with the
use of carbon dioxide — a cheap, easily availabkeenvironmentally burdensome starting
material. Therefore glycerol carbonate can be cemed an environmentally friendly and
"green"chemical.[3],[4] Five-membered cyclic carates can be synthesized directly from
oxiranes and carbon dioxide, or indirectly in theagation of vicinal diols with ethylene
carbonate or dialkyl carbonates.[5] In combinatieith diamines bis(cyclic carbonates)
provide a convenient way to the formation of noveigmnate polyurethanes.[6] Moreover,
cyclic carbonates bearing substituents containiag hydroxyl groups can alone be a source
of many valuable compounds and polymers.

Hyperbranched polymers can be prepared from aptj monomers according to a
single step synthetic procedure.[7] To obtain paysncontaining hydroxyl terminal groups
glycidol [8], 3-(hydroxymethyl)-3-alkyl oxetanes][®r glycerol carbonate are typically used
in ring opening polymerization reactions. Glycercdrbonate belongs to the class of
monomers which is considered a latent,Afpe monomer since the release of the second B
functionality occurs as a result of reaction of gngroup.[10] The polymerization of glycerol
carbonate occurs with decarboxylation leading eyperbranched polyether.[1]

Hyperbranched polyglycerols (HBPGs) are struclyradefined, biocompatible
macromolecular scaffolds, that have an aliphatitygiber backbone, and possess multiple
hydroxyl terminal groups. The hydroxyl groups inlygbycerol not only increase the
hydrophilicity of this polymer but also allow fotsi modification, leading to polymers with
carboxyl, amine, and vinyl groups, as well as tdympers with bonded aliphatic and
perfluorated chains, sugar moieties, and covalemtisnobilized bioactive compounds in
particular proteins.[11] Cyclic carbonate derivasvof hyperbranched polyethers have also
been reported.[12]

Functional HBPGs have recently gained consideratikrest due to their potential in
biomedical applications.[13],[14],[15],[16],[17], aRicularly interesting are branched
polymers containing amine groups. A comprehensiewieww of amine containing
hyperbranched polyglycerols as gene carriers wasngby Fischeret al.[18] However,
hyperbranched polymers have also a high potergialdaitives and modifiers in engineering
materials.[19] The specific advantages of the hyrarched polymers and their influence on

mechanical properties in modification of thermosegin systems have been discussed in



detail by Mansoret al.[20] For such applications a simple, reliable arvironmentally
friendly synthetic procedure allowing polymerizatim a large scale is needed.

Currently, all of the literature reports concerniggnthesis of functional HBPGs,
particularly amine containing hyperbranched polggipl (A-HBPG) are based on the use of
epoxy monomers, mainly products of modification giycidol based polymers. Various
synthetic methodologies were used. The most popanway leading to A-HBPGs involves
the use of azide intermediates.[21],[22],[23],[24]this approach polyglycerols were surface
modified with amine groups in a three-step protorniolving: mesylation of hydroxyl
groups, a nucleophilic substitution with sodium azidand the final reaction with
triphenylphosphine.[21] Such architectures conteniamine groups showed ability to
complex DNA and functioned as cellular deliveryteyss of low cytotoxicity. AHBPGs
obtained in the same way were also used as coatorgsesistant to protein and bacteria
attachment polypropylene surfaces.[25] Oupiekyal. reported hyperbranched polyglycerol
modified with a polyamine shell by the reactiontogfdroxyl groups of HBPG activated with
phenyl chloroformate with large excess of norspearar N,N-bisethylnorspermine. [26] Another
way to attach amine-functional molecules to the BBPouter sphere involved oxidation of
hydroxyl groups with sodium periodate followed bg treaction with polyamine.[27]

Majority of literature reports concerning prepamt of A-HBPGs includes the
modification of existing HBPG macromolecules. Theamples of preparation of these
structures via copolymerization are particularlyerand based only on epoxy monomers.
Such approach was presented by Kinal.[13],[28] The Boc-protected alkylamine glycidyl
ether monomers were copolymerized with glycidol otlgh anionic ring-opening
multibranching polymerization. The copolymerizatimmd subsequent deprotection chemistry
allowed the incorporation of an adjustable fractaiprimary amine, hydroxyl and alkyl
moieties within the HBPG backbones.

Another method of obtaining HBPGs containing amiaectionalities which has just
emerged in the literature is the use of the Galsyeithesis. Phthalimide monofunctional
HBPGs were synthesized by applying a (phthalim{gejassium phthalimide) initiating
system for the anionic ring-opening multibranchipglymerization of glycidol.[29] The
phthalimide group was then quantitatively cleavgdhlgdrazinolysis to form a monoamine
functional HBPG. Phthalimide functional groups waltso introduced to the HBPG structure
by post-polymerization modification with N-hydroxhthalimide.[30] Similar, well-defined,
precisely monofunctional hyperbranched polyglycérased structures were reported by Frey



et al.[31] For the introduction of the amino functionglihe authors used a new initiator -
di(benzyl)aminoethanol obtained from ethanolamin@ laenzyl bromide.

The objective of this work was the synthesis okewa type of hyperbranched polyethers
by introduction of amine groups to the polyglycev@ copolymerization of environmentally
friendly monomer - glycerol carbonate with a cyadarbonate monomer bearing phthalimide
moiety. Moreover, we expected that the synthesiddcbe performed using cheap and safe in
use catalyst potassium carbonate, instead of bsodes metal alkoxide used in our previous
report.[1] We expect that the presence of two tyjpesine and hydroxyl) of functional groups
of different reactivity in the structure of hypeabched polymer will allow building larger
molecular systems with different types of substitgsenot only for biomedical applications
but also as modifiers of mechanical propertiestbéopolymeric materials.

2. Experimental

2.1 Materials

All the reagents were purchased from Sigma-Ald{lbzna, Poland) and used as received.
Solvents were purchased from POCh (Gliwice, Polaimé)F was distilled over potassium

benzophenone ketyle and immediately transferredth® reaction vessel under inert
atmosphere. DMF was dried using molecular sievesr{h) for at least 48h and used without
further purification.DMSO was dried by azeotropic distillation with toluensdastored over

molecular sieves (0.4 nm). Other solvents were usgubut further purification.

2.2 Instrumentation

FTIR spectra were recorded on a Nicolet iS5 Middrdd FT-IR Spectrometer equipped with
iD7 ATR Optical Base or Biorad FTS-165 FT-IR Spenteter.'H NMR and*C NMR
spectra were recorded on a Varian VXR 400 MHz oukBr AVANCE 500 MHz
spectrometers using tetramethylsilane as an iftstaadard and deuterated solvents (GDCI
DMSO-as). The average molecular masses of polymers weegrdimed based on integration
of signals in'H NMR spectra. The integral of the §igroup signal coming from the core
trimethylolpropane (TMP) molecule was used as a&regfce. MALDI-TOF spectra were
measured on a Bruker UltraFlex (Bremen, Germanggtspmeter using DCTBr@ns-2-[3-
(4-tert-butylphenyl)-2-methyl-2-propenylidene]malonongjilas a matrix and analyzed with
flexAnalysis v.3.3 (Bruker Daltonik GmbH) and Polgnx v. 2.0 (Sierra Analytics Inc.)

software. Rheological measurements were performgdMalvern Kinexus Pro rheometer in



the parallel plate geometryZ0 mm, spacing gap 0.5 mm) within the shear retel@O0 1/s.
Elemental analysis was performed with Elementand/BL 1ll CHNS analyzer. The molar
mass and molar mass distribution of acetylated k=snqf polymers were determined by a
GPC on a Viscotek system comprising GPCmax and BDA unit equipped with one guard
and two DVB Jordi gel columns (102-107, linear, roed) in CHCI, as an eluent at 35 °C at

a flow rate of 1.0 mL/min using the RI detector &8l calibration.

2.3 Syntheses
N-(2,3-dihydroxypropyl)phthalimide (1) was prepared according to modified patent
procedure.[32]

3-Chloro-1,2-propnediol (40 g, 0.362 mol) and psitas phthalimide (80 g, 0.430
mol) were heated to reflux in ethanol (400 ml) ¥ h in a nitrogen atmosphere. The
resulting mixture was cooled down and evaporatettyoess. Dichloromethane (400 ml) was
added to the residue. The solid salts were filteritdand the solution evaporated to dryness
yielding crude N-(2,3-dihydroxypropyl)phthalimidehat was used without further
purification.

Yield 80 g (99.9%), mp= 122-128; 'H NMR (400 MHz, CDC}, ): 7.90-7.84 (m,
2H, Hy), 7.78-7.71(m, 4H, k), 4.02-3.95 (m, 1H, CH¥CHCH,), 3.93 (dd, 1H, CkDH,
J=14.2 Hz, &5.9 Hz), 3.85 (dd, 1H, CIDH, J=14.2 Hz, 5.1 Hz), 3.67 (dd, 1H, Ci,
J=11.8 Hz, &4.1 Hz), 3.60 (dd, 1H, Ci, 3=11.8 Hz, 4.8 Hz), 2.24 (bs, 2H, OH}C
NMR (400 MHz, DMSO-¢, 8): 168.1 (C=0), 134.2 (&), 131.8 (G,), 122.9 (G,), 68.5
(CHOH), 64.2 (CHOH), 41.7 (CHN). FTIR (KBr): v (cm‘) = 3300, 2942, 1780, 1717, 1433,
1392, 1192, 719.

N-[(2-ox0-1,3-dioxolan-4-yl)methyl]phthalimide (2)

Crude N-(2,3-dihydroxypropyl)phthalimide)(80g, 0.361 mol), dimethyl carbonate
(DMC) (187 g, 200 ml, 2.075 mol) and potassium oadie (1.6 g, 11.6 mmol) were placed
in a 1000 ml round bottom flask equipped with duetondenser. The reaction mixture was
heated at reflux for 48h. The excess of DMC ancamth were removed on a rotary
evaporator. Addition of 10 ml of THF caused crystation of the residue. Crystals were
washed with water to remove the catalyst and diié@. product was purified by extraction

and crystallization with hot THF performed in a &tet apparatus.



Yield 59.8 g (66.9 %), mp= 178-1%®, *H NMR (DMSO, 500 MHzp): 7.93-7.89 (m,
2H, Ha), 7.89-7.84 (m, 2H, K), 5.06-4.99 (m, 1H, CH), 4.60 (dd, 1H, O¢H,=8.6 Hz,
J=8.0 Hz), 4.35 (dd, 1H, OCHJ}=8.6 Hz, 3=6.2 Hz), 3.97 (dd, 1H, NCH J=14.8 Hz,
J%=6.4 Hz), 3.92 (dd, 1H, NCH }=14.8 Hz, &£4.9 Hz);*C NMR (DMSO, 125 MHz):
167.8 (NC=0), 154.4 (C=0), 134.6 4§; 131.5 (G\), 123.3 (G,), 74.2 (OCH), 67.5 (OCH),
39.4 (NCH); FTIR (ATR): v (cm™) = 1775, 1705, 1390, 1310, 1169, 1046, 716; MALDI-
TOF (DCTB,m/2): [M + K] calcd for Go>HgNOsK, 286.012; found 286.015.

4-Hydroxymethyl-1,3-dioxolan-2-one(3) - Glycerol carbonate was synthesized according to
literature procedure.[1]

Determination of the catalyst amount needed for pnearation of glycerol carbonate

In a round bottom flask equipped with a reflux censer, a thermometer and a
magnetic stirrer 28,26 g (0.3 mol) of glycerol waaced followed by a certain amount of
catalyst - potassium carbonate. The mixture wagelleat 40°C. Then 81g (0.9 mol) of
dimethyl carbonate was added. The temperature lvessihcreased up to 7G. At 60°C the
dissolution of the catalyst was observed. The tir@eded for homogenization of the reaction
mixture measured from the moment of addition ofetimyl carbonate was registered. A blank
experiment without addition of the catalyst showmedreaction progress (no homogenization)
after heating for 2h at 70.

Determination of the catalyst amount needed for pgimerization of glycerol carbonate

To get rid of the catalyst, glycerol carbonate 8otuin dry ethyl acetate was filtered
several times through a bed of silica gel untiltredypH. Then the solvent was removed under
vacuum.

In a round bottom flask equipped with a thermometexgnetic stirrer and a gas outlet
connected to a gas burette (filled with £€aturated water) 5g (0,04 mol) of glycerol
carbonate was placed and heated at ' ©55Then a certain amount of catalyst xGO; was

added and heating continued at 165The amount of collected G@as measured in time.

General procedure of co-polymerization of glycerotarbonate and N-[(2-oxo0-1,3-
dioxolan-4-yl)methyl]phthalimide



To a 25 mL three-neck round bottom flask equippéti & magnetic stirrer, nitrogen

inlet and thermometer, trimethylolpropane (TMP, Quigalent, see Tab.1l) was added,
followed by glycerol carbonate (50-29 equivalests Tab. 1) and N-[(2-oxo0-1,3-dioxolan-4-

yl)methyl]phthalimide 2) (0-21 equivalents)The reaction mixture was stirred at°80to

obtain a homogeneous solution, thes€CK; was added and the reaction carried out af@55

Reaction progress was monitored by FT-IR spectmsdb was finished when the absorption

band at 1795 cthcorresponding to C=0 of cyclic carbonate grougsyieared, usually after

24-48 h. CopolymersiBPG0-HBPG9 were obtained as brown viscous oils. Exact amounts

of reagents are placed in Table 1. The method lnulzaion of molecular weights biH

NMR is provided in supplementary materials.

Table 1. Amounts of reagents used for polymerization amdréfaction yields.

M, M,
Polymer J(’;AP/ 1 TMP ;I%)C:nrgie Monf mer Monf N K,CO; Yield Yield ﬁg/lls thcea(?é.et.
value  value
Da Da
Tz;tligr g g mol % g mg g %
HBPG-0 1/50/0  0.160 6.99 0 0 41 4.49 98.8 3800 3800
HBPG-1  1/47/2 0.167 6.98 4.7 0.73 9 473 919 3800 4100
HBPG-2 1/46/4  0.148 5.99 7.0 0.97 8 4.66 99.0 4200 4300
HBPG-3 1/46/5 0.150 6.01 8.9 1.26 39 4.76 96.0 4300 4400
HBPG-4 1/43/6  0.158 5.99 12.3 1.80 40 4.77 88.4 4000 4600
HBPG-5 1/41/8  0.165 6.01 16.3 251 42 5.65 94.2 4600 4900
HBPG-6 1/40/10 0.170 6.02 19.6 3.14 45 5.39 82.5 4300 5200
HBPG-7 1/37/12 0.182 6.00 24.5 4.19 28 6.29 85.2 4600 5400
HBPG-8 1/33/17 0.239 7.60 31.0 7.33 13 9.79 88.7 5500 6200
HBPG-9 1/29/21 0.270 7.60 38.5 10.26 14 1196 88.8 5900 6700

" g.c.- glycerol carbonate

General procedure of hydrazinolysis of copolymersfaylycerol carbonate and N-[(2-oxo-
1,3-dioxolan-4-yl)methyl]phthalimide

The amine groups of the HBPG polymers were depm@decsing modified literature
procedures.[33],[34],[35] In a 100 ml round bottéask equipped with a magnetic stirrer and
a reflux condenser 5 g of HBPG copolymer followgdapprox. 25 ml of ethanol were placed.

The mixture was heated at reflux to dissolve thigmer. Then 25% molar excess (in respect

to the amount of phthalimide groups) of hydrazigdrate 65% water solution was added and



the resulting solution stirred at reflux for 20 The mixture was cooled down to room
temperature, evaporated to dryness and re-dissatvetkthanol. Diluted hydrochloric acid
was added drop-wise to a stable acidic pH. The urextvas then heated at reflux for an
additional 30 min. The resulting precipitate wdtefed off. The filtrate was condensed almost
to dryness under reduced pressure and the residise digsolved in water. Any white
precipitate was filtered off and the clear aguesalsition was made alkaline (pH = 10) by
addition of NaCOs;. The solvent was removed using rotary evaporalbe residue was
purified by multiple precipitation from methanolenol mixture to remove any inorganic

salts. Amounts of the reagents and yields are givdmable 2.

Table 2. Amounts of reagents used for hydrazinolysis aeddaction yields.

65%

Polymer Polymer Phctgﬁ,!gitde Hydrazine hydrazine Ethanol Yield Yield
hydrate

g mmol mmol g ml g %
A-HBPG-1 5.20 2.37 3.00 0.15 26 3.47 71
A-HBPG-2 5.00 3.36 4.20 0.21 25 3.14 69
A-HBPG-3 2.72 2.27 2.84 0.14 14 1.72 71
A-HBPG-4 3.48 3.88 4.85 0.24 17 2.17 73
A-HBPG-5 4.83 6.87 8.59 0.42 24 2.63 67
A-HBPG-6 5.30 8.78 11.0 0.54 27 3.02 73
A-HBPG-7 5.35 10.6 13.3 0.66 27 1.52 68
A-HBPG-8 5.00 11.9 14.9 0.73 25 2.23 65
A-HBPG-9 5.25 14.6 18.3 0.90 26 2.22 67

2.4 Crystallography

The X-ray measurement of OE was performed at 180¢(2) a Bruker D8 Venture Photon
100 CMOS diffractometer equipped with a mirror mam@mator and a CuKINCOATEC
luS micro-focus sourcet (= 1.54178 A). A total of 3052 frames were collecteith Bruker
APEX2 program [36]. The frames were integrated whil Bruker SAINT software package
[37] using a narrow-frame algorithm. The integrataf the data using a monoclinic unit cell
yielded a total of 1897 reflections to a maximénangle of 67.99° (0.83 A resolution), of
which 1895 were independent (average redundandyll.€ompleteness = 98.8%gy =
1.77%) and 1756 (92.66%) were greater tha(r2).The final cell constants @&f = 6.9447(5)
A, b=17.0186(12) Ac =9.1872(7) Ap = 104.177(2)°V = 1052.76(13) A are based upon



the refinement of the XYZ-centroids of 9920 refiens above 2@(I) with 10.39° < B <
136.5°. Data were corrected for absorption effesiag the multi-scan method (TWINABS)
[38]. The calculated minimum and maximum transmissioefficients (based on crystal size)
are 0.7450 and 0.7960.

The structure was solved and refined using the & GHELXTL Software Package [39, 40],
using the space grolg2:/n , with Z = 4 for the formula unit, GHgNOs. The final anisotropic
full-matrix least-squares refinement &A with 163 variables converged BL = 3.10%, for
the observed data aneR2 = 7.93% for all data. The goodness-of-fit was$sh.0The largest
peak in the final difference electron density sgsik was 0.261/é° and the largest hole was
-0.175 A3 with an RMS deviation of 0.041/8° On the basis of the final model, the
calculated density was 1.560 gftandF(000), 512 &

The crystal is twinned by pseudomerohedry with tlemnains. Some of the reflections are
separated whereas the other are overlapped. Antied stages structure was refined with
HKLF 5 option. The refined ratio of the twin compants is equal to 0.643(2):0.357(2). After
the refinement converged data were processed WinG X software [41] to regular HKLF 4
format.

The non-hydrogen atoms were refined anisotropica#ily hydrogen atoms were placed in
calculated positions and refined within the ridmgdel. The temperature factors of hydrogen
atoms were not refined and were set to be equal.2otimes larger thatJe of the
corresponding heavy atom. The atomic scatterintpfaavere taken from the International
Tables [42]. Molecular graphics was prepared ugirggram Diamond 3.2. [43] Thermal

ellipsoids parameters are presented at 50% pratyabiel.

3. Results and discussion

3.1 Monomer synthesis and characterization

Glycerol carbonate is one of the most valuabléve#ves that could be obtained from
glycerol and CQ@ and it is considered a green chemical with a big@ettrum of uses, for
instance a substitute for petro-derivative compsuwsuth as ethylene or propylene carbonate.
This monomer and its derivatives are also key camgs in the synthesis of multiple cyclic
carbonates which are used for preparation of nocyanate polyurethanes [6] or

polyglycerols.[1]



The number of functional five-membered cyclic carétes that could be co-
polymerized with glycerol carbonate is very limitdd majority those compounds posses
aliphatic or aromatic hydrocarbon side groups, h@wea chloromethyl, vinyl, allyl or
methacrylic ester derivatives were also report¢ddd far there were no reports on five-

membered cyclic carbonates containing protectedi@substituents.

ot
y l )

o) ‘(O
0) OH (i) (o}
@dzN_ K* —_— @dﬁN\)\/O H — @dﬁN\/k/O
o 0 (0]
1 2

) (Vi)
(0] /
\)\/

Scheme 1.Synthesis of N-[(2-oxo0-1,3-dioxolan-4-yl)methyl]piadimide; (i) 3-chloro-1,2-
propanediol; (i) DMC, KCQOs;, overall (i+ii) yield 67%; (iii) 4-chloromethyl-2-dimethyl-
1,3-dioxolane, 31%; (iv) H H,O, 18%; (v) phthalimide, epichlorohydrin, DMF, 58%j)

NaHCQs;, DMSO, 16%.

In this work we proposed a synthesis of a newicy@rbonate monomer N-[(2-o0x0-
1,3-dioxolan-4-yl)methyl]phthalimide 2f that allows production of amine containing
hyperbranched polyglycerol (A-HBPGs) using Gabswhthesis. N-[(2-0x0-1,3-dioxolan-4-
yl)methyl]phthalimide cannot be considered a "gredemical”. However, it allows easy
functionalization of polyglycerol obtained fromygerol carbonate. There are two main
synthetic routes leading to five-membered cyclicboaates: the reaction of a respective
oxirane with carbon dioxide or 1,2-diol with dialkgr diphenyl carbonate. Instead of

carbonic acid esters, phosgene or its derivatisasatso be used.[44]
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We tried several approaches to synthesize mond@r&mown in Scheme 1. The
preferred synthetic way consisted of two solverdgefrsteps: a reaction of potassium
phthalimide with 3-chloro-1,2-propanediol followég transesterification of crude product
with excess of dimethyl carbonate in presence tdgsoum carbonate. Since the final product
2 readily crystallized and was relatively easy toifgurthere was no need to purify the
intermediatel. The monomeR was synthesized with the overall yield 67%.

The halohydrin pathway [45] (v+vi, Scheme Was less preferred due to the low
effectiveness. It required the use of difficultreanove polar aprotic solvents (DMSO, DMF),
extended reaction times and multiple step purificaprocedures. Intermediafewas also
available via protection-deprotection procedurengisketal derivative (4-chloromethyl-2,2-
dimethyl-1,3-dioxolane). However, since we had ireal that final product? could be
reached from crude compouddhe synthetic steps iii and iv (Scheme 1) becaméonger
relevant.

Monomer2 has been characterized using NMR, FT-IR, X-ray lMAd.DI-TOF
techniques.

d
0 O
4H o~
N 0]
Mak/ b c
d C b
d o 1H 2H
b’
1H
a
ll ) N
8.0 ‘ 7.0 6.0 50 40

ppm

Figure 1.'H NMR spectrum of N-[(2-ox0-1,3-dioxolan-4-yl)meflphthalimide @).
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b ¢,DMSO

DMSO

170 160 150 140 130 120 110 100 90 80 70 60 50 40
ppm

Figure 2.3C NMR spectrum of N-[(2-ox0-1,3-dioxolan-4-yl)metjphthalimide @).

Figures 1 and 2 show high resolutith and**C NMR spectra of monomé: The'H NMR
spectrum of2 contains two symmetrical multipletd,(Fig.1) at approx. 7.9 ppm that were
assigned to aromatic protons of phthalimide rintge Pprotons of aliphatic part of the molecule
are represented by a pattern consisting of fiveiggoof signals, typical for unsymmetrically
substituted glycerol derivatives, where each pratam be assigned to a separate signal group
due to the presence of the asymmetry center imiblecule. The: protons of the methylene
group linked to a nitrogen atom show two overlapiogblets of doublets at approx. 3.9 ppm
with the coupling constants equal 14.8, 6.4 andHk9grouped in a symmetrical multiplet.
The methylene group of the 1,3-dioxolan-2-one rfbgb' protons at 4.7-4.3 ppm) is also
represented by two doublets of doublets. Howevéhisicase one pair of doublets appears as
a triplet due to the overlapping of peaks. The tiagpconstants are equal 8.6, 8.0 and 6.2 Hz.
The a proton signal of the 1,3-dioxolan-2-one ring appes approx. 5.0 ppm as a multiplet.
13C NMR spectrum shown in Fig. 2 confirmed that thalf product contained two types of
carbonyl carbons: an imide one at 167.8 ppm andeanfiembered cyclic carbonate at 154.4
ppm, three types of aromatic carbons (134.6, 131283,3 ppm) and three types of aliphatic
carbons (74.2, 67.5, 39.4 ppm) which is in agre¢mth the designed structure.

12



Figure 3. X-Ray structure of N-[(2-0x0-1,3-dioxolan-4-yl)ngt]phthalimide @).

Figure 3 shows the X-Ray crystal structureofhe structure o2 was determined by single
crystal X-ray diffraction. Single crystals @fwere obtained by recrystallization from the ethyl
acetate solution by slow evaporation of the solvBtdnomer2 crystallized in a monoclinic
crystal system with space symmetry/2 In the crystal phase phthalimide structuresewer
parallel to each other and formed planes.

The FT-IR spectrum o2 showed multiple absorption bands below 2000 cithe
presence of the carbonyl absorption band at 177% comfirmed formation of the five-
membered cyclic carbonate ring, while the 1705' gresence of the imide ring. The molar
mass of2 was measured with MALDI-TOF spectrometer using ®Dds a matrix. The
measured value of 286.015 m/z was in agreement tivethmolecular formula: GHgNOsK,

where K stands for potassium ionization cation.

3.2 Determination of the catalyst amount needed for polymerization of cyclic carbonates
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By now, synthesis of hyperbranched polyglycero&tstg from glycerol carbonate
has been performed using strong base catalyst@sgpom methoxide [1] or sodium
hydroxide.[46] However, we have found that the pssccan be completed using easily
available, cheap and safe in operation potassiurbonate. The use of KOs is also
convenient from the technological point of viewncg the same catalyst is used for glycerol
carbonate synthesis. (Scheme 2)

To match glycerol carbonate and subsequent palgghy syntheses, the amount of
catalyst was optimized. In case of glycerol carbersgnthesis the fastest reaction rates were
obtained for KCO; to glycerol molar ratio equal 0.01 and higher.sThiands for 0.33g of
K2CGOs in 100g of the reaction mixture containing glydeaod dimethyl carbonate in the

molar ratio 1 to 3.
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Figure 4. Changes in the amount of G@leased during polymerization of glycerol carkdena
in time, depending on the amount of catalyst (A)nd needed to reach 10% conversion

depending on the amount of catalyst (B); g.c.=glgtearbonate.

To follow the reaction of polymerization of glycémarbonate, a setup containing a
gas burette connected to the polymerization reast@s applied. The polymerization of
glycerol carbonate took place with decarboxylatitsirate could be estimated by the amount
of CO; released in time. The fastest reaction rates weaiehed for the 0.00055 potassium
carbonate to glycerol carbonate molar ratio antidrigsee Fig. 4) This stands for 0.0G%f
the catalyst in glycerol carbonate, which is a lowa&ue than in case of glycerol carbonate
synthesis. This result opens a way to a one-patymtion of polyglycerols from glycerol and
dimethyl carbonate with a single catalyst commarbfith synthetic steps, added once, at

15



3.3 Co-polymerization of glycerol carbonate with N-[ (2-oxo-1,3-dioxolan-4-yl)methyl] -
phthalimide (2)

HO H2N HO
HO
% g\OH ”O% )\
?

o, AOH
Ho%{ %% HOL o

OH

Scheme 3The synthesis of amine containing hyperbrancheggbgterols; (i) TMP, KCO;,
155°C, 83-91%, (ii) 65% hydrazine hydrate, ethamef|ux, 24h, 65-73%.

Amine functionalized polyglycerols were synthesized simple two-step procedure shown
in Scheme 3. In the first step monon2ewas copolymerized with glycerol carbon&én a
ring opening polymerization-decarboxylation processg trimethylolpropane (TMP) as a
core molecule (initiator) and potassium carbonateaacatalyst. Application of a core
molecule (TMP) made it possible to control the matasses of the products and helped to
reduce the dispersity of the molar masses of hypedhed polymers.[47],[48resence of
the ethyl group in the core allowed determinatibram average molar mass usittg) NMR
spectroscopy (Tab.1). The resulting polymers cairigi phthalimide groups were then
reacted with hydrazine hydrate to yield final hypanched amino-polyglycerols.
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Figure 5. Changes in FT-IR spectra during synthesis of poiyt®PG-1 containing 4.7% of

phthalimide monomer units.

Hyperbranched polymetdBPG-0-HBPG-7 were prepared by a modified procedure
previously reported by us.[1] However, to allow 06, release studies the slow addition of
monomers was not used. Such methodology in caseypérbranched polymers usually
results in high dyspersity index of the producteTing-opening copolymerization @fand
glycerol carbonate was carried out in bulk, in pihesence of TMP and a catalytic amount of
potassium carbonate at 1%% The molar ratio of the carbonate monomers to 4B equal
50 to yield in the final step A-HBPGs of the averagolar mass of approx. 3800 g/mol that
could be easily characterized with spectroscopithogs. For analytical purposes, mainly to
simplify MALDI-TOF spectrograms, samples withoutethcore molecule were also
synthesized. The progress of the reaction was wraditby disappearance of the cyclic
carbonate absorption band at 1795'cim the FT-IR spectrum. (Fig. 5) The process was
usually finished within 48h. Copolymet$BPG-0-HBPG-9 were obtained as dark yellow
viscous oils.

The copolymerization rate was dependent on theeootrdf 2 in the mixture with
glycerol carbonate. Fig. 6 shows the amount of marthoxide released from the reactor in
time for the reaction system containing from 0 @0%y,, of 2 and constant amount of

catalyst.
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Figure 6. The CQ release during copolymerization of glycerol cadienand monome in
time, depending on the amountain the reaction mixture (molar per-cents2ajiven); inset

shows a full CQrelease curve faiBPG-1 polymer containing 4.7% o2.
Surprisingly, the highest polymerization rates webserved for samples containing

highest amounts of sterically hindered monoelt seems that electron withdrawing effect

of imide nitrogen atom, activating the cyclic canbte ring is of large importance.
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Figure 7. '"H NMR (400MHz, DMSO-¢) spectra of theHBPG-0-HBPG-9 polymers.

Theoretical amount of phthalimide monon2eshown.

Fig. 7 shows a comparison 1 NMR spectra of synthesized polymers. They show no
signals of unreacted monom2r Thea andb peaks located between 1.5 and 0.5 ppm are
assigned to the ethyl group of the core molecuMKY. The integrals ratio of other signals to
these signals allowed to calculate the average rmwmlass of the polymers and their
composition. The calculated values of molar magéased in Tab.1 may be overestimated.
As shown below, due to the occurrence of autoinitia it is not guaranteed that every
polymer molecule bears a TMP moiety. The phthaleradomatic ring signals are located at
approx. 8 ppm. Their intensity grows with the grogvamount of the monom@rin the post-
reaction mixture. The signals in the range of &7Btppm are assigned to methylene and
methine groups attached to oxygen atoms and aréappeng. The signals in the range of 5 to

4.3 ppm are assigned to the hydroxyl groups.
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Figure 8.13C NMR (400MHz, DMSO-g) spectra of thé1BPG-8 polymer.

The **C NMR spectrum shown in Fig. 8 confirmed the incwgtion of phthalimide
monomer into the structure of the polymer. Due thigh complexity of the structure of
hyperbranched polymers (presence of core, lineamndhing and terminal units) precise
assignment of signals in thHéC NMR spectra was difficult. The signals in Fig.w&re
assigned according to a publication by Sureied.[8] containing detailed chemical shifts of
carbons in the polyglycerol structure and confirnbgathe HSQC and HMBC analyses (see
supplementary materials Figures 5s-7s). Fig. 8 shbwe structures of possible repeating units
and their signals in the range of 80-40 ppm. Initeaidto the units typical for polyglycerol

the spectrum contains the signals of phthalimidgaiaing repeating units. The most intense
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signals in the spectrum come from lineadterminalunits while the dendritic subunits are in
minority. It may be caused by the sterical hindeaatthe bulky phthalimide residues.

MALDI-TOF technique allows to observe the masseagaating units of the polymers
and their end groups. In case of homo-polymers,ah&ysis of the spectrum is usually
simple. However, when copolymers and products dfrper modifications are considered the
analysis becomes tedious.[49] To simplify the MAEDDF spectrum a copolymer @fand
glycerol carbonate (molar ratio 1:2) was synthebwghout the TMP core molecule.
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Figure 9. MALDI-TOF (DCTB, K%) spectrum of polyglycerol obtained from glycerol
carbonate3) and N-[(2-0x0-1,3-dioxolan-4-yl)methyl]phthalimid2) usedin the molar ratio
1:2.

Its spectrum is shown in Fig.9. All the signalstire spectrum can be assigned to a
combination of masses of repeating units producewh fglycerol carbonate and phthalimide
monomer2 and the mass of potassium cation. The core magecasidual mass 74.08 m/z)
was glycidol of the same molar mass as the repgatmt A. As shown in the monomer

distribution plot in the inset of Fig. 9, the molarasses of majority of macromolecules
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corresponded to approx. 10 glycerA) ©r phthalimide B) repeating units where the numbers
of A andB units are on the comparable levels. One would @xpigher unitA content.
However, the aromatic structures absorb the laght &nd undergo excitation more easily
than aliphatic ones. Therefore the population gfials corresponding to aromatic structures is
higher than expected. For comparison reasons aleaviflLDI-TOF spectrum of a HBPG-3
polymer containing initiator molecule (TMP) is aladile in supplementary materials (Figure
8s).

As stated above, the glycidol molecule was foundhat core of hyperbranched
structure. In fact, it was produced in the reactomture and could act as an initiator or an
intermediate leading to hyperbranched polymer. Thius growth of the polymer could be
achieved according to the reaction (1) (Schemer4yycanionic polymerization of glycidol.

The formation of glycidol in the reaction mixtueaxplained in Scheme 4.

JOL O>=o

(06 — 0 - o)

@ R0~ )

/—<_ /_<_ ! Coz
\_/ oH R-0 OH R-0 OH

etc.

LA _OH - R‘oJ\o‘ —> R-0 * CO,

Scheme 4Polymerization with decarboxylation of glycerol lbanate 8) (reaction 1) and

formation of glycidol under reaction conditionsgecgion 2).

The formation of glycidol from glycerol carbonateder reaction conditions was also
confirmed by'H NMR spectroscopy. The reaction mixture contairghgeerol carbonate and
potassium carbonate was heated at reduced presdkweng the volatile molecules to distill
off the mixture. The distillate was collected anddastigated. As shown in Fig. 10 it consisted

of glycerol carbonate and glycidol in the molaigdt to 1.5 (60 % mol. of glycidol).
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Figure 10.*H NMR (400 MHz, DMSO-g) spectrum of a distillate obtained from the migtur

of glycerol carbonate and,RO:.

3.4 Hydrazinolysis of glycerol carbonate - N-[(2-oxo-1,3-dioxolan-4-yl)methyl] phthalimide
copolymers

The final aminated polyglycerols (A-HBPGs) wereaibed in the reaction of synthesized
in the first step copolymers with 65% aqueous hzita hydrate performed in ethanol for 20
h at reflux. This method produced a precipitateplothalhydrazide along with the primary
amine groups in the polymer. The precipitate wasoned by filtering acidified methanol
solution of the polymers. Then the solution wasabidled (pH = 10) by addition of N&O;
and evaporated to dryness. Inorganic salts werewved from the polymers by multiple
precipitation from the methanol/ethanol mixturestefpts to purify the polymers by dialysis

were not effective due to low yields of this prazes

23



3

8 o
33% amine units - 0/\[

33% phthalimide units “o/\Eo

polyglycerol . "-of\EOg\OH ~
NN e

3800 3400 3000 2600 2200 1800 1400 1000 600
cm!

Figure 11.FT-IR (ATR) spectra of polyglycerdiBPG-0 and copolymersiBPG-8
(containing phthalimide residues) aAeHBPG-8 (deprotected one) based on mixture

containing 34% mol o2.

The procedure of removal of phthalimide residuescdbed above was effective which was
confirmed by spectral data. Fig. 11 shows a sehiafe FTIR spectra of reference polymer
HBPG-0, copolymeHBPG-8 based on a mixture of glycerol carbonate and 33%6 2 and

its deprotected counterpaxtHBPG-8. The removal of aromatic rings was accompanied by
disappearance of characteristic imide carbonyl gitiem band at 1705 ¢y aromatic ring
CH bending vibrations band at 724 ¢rand 530 crit O=C-N out of plane rocking vibration
band.

o A-HBPG-7
o ? 24.5%
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Figure 12.*H NMR (400MHz, DMSO-g) spectrum of deprotecteéstHBPG-7 polymer

containing 24.5% of amine containing repeatingsunit
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Similarly, the'H NMR spectrum shown in Fig. 12 showed disappe@afi@romatic protons.
Because the spectrum does not give a definitivefpad amine group presence in the
structure, the polymer was reacted with acetic dntg. Such modification revealed
presence of two amide proton signals at 5.14 i pi in the'H NMR spectrum. Moreover,
the C NMR spectrum oA-HBPG-8 showed presence of GNH, aliphatic carbon signal at
48.7 ppm. The spectra are given in supplementatgmats (Figures 2s and 3s).

The MALDI-TOF spectrum (Fig. 13) of deprotected ymycerol obtained from glycerol
carbonate J) and N-[(2-0x0-1,3-dioxolan-4-yl)methyl]phthalimid@) in the molar ratio 1:2
also confirmed successful removal of phthalimideeties.

CH2-CH-OH
GH;
OH O--- CH2-CH-0
H o\)\/o H + or N CH,
w CH2-CH-0 NH:
GH,
WA B, WA B, WA_B OH
WA,B, WA B, WA:B: A B
WI\SBz WAﬁB2 WA7Bz
WAB, WA B, WA B,

b L b | i L ‘\.

T i‘\l \n“‘h‘ A T . i | I 1
300 400 500 600 700 800 900 1000 1100 1200 m/z

Figure 13. MALDI-TOF (DCTB, K*) spectrum of polyglycerol obtained from glycerol
carbonate ) and N-[(2-0x0-1,3-dioxolan-4-yl)methyl]phthalimid@) in the molar ratio 1:2

with deprotected amine groups.

The spectrum contains several series of signatsatieaoverlapping. They all can be assigned
to one core molecule: glycerol (residual mass 9208. This type of core molecule results
from a glycidol one that was hydrolized under hydralysis reaction conditions. Each series
of signals can be assigned to molecules contaiomg molecule of glycerol and multiple

units containing hydroxyl (derived from glycerol rbanate) and amine (derived from
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phthalimide monomeR) (A and B in Fig. 13) repeating units. The mahaass difference
between those two types of repeating units is efjutiierefore the peaks are grouped in sets
and overlaping. The small signals seen close tobtseline were identified as molecules
containing one or two phthalimide groups. Thisnsagreement with NMR data, since small
guantity of the phthalimide residues are also seéfg. 14 at approx. 7.5 ppm.

The distribution plot present in tn Fig. 13 showattboth A and B units are evenly distributed
in copolymer macromolecules.

Typically, GPC is used for the analysis of the anoshasses of polymeric materials. In
case of hyperbranched polymers the NMR calculasdlts are more precise. For comparison
purposes acetylated samples of copolymetsanid glycerol carbonate in a molar ratio 1 to 2
were measured by GPC using polystyrene standatus.sample containing phthalimide
residues showed molar mass#1560 g/mol and dispersity D=2.13, while the depctdd,
amine containing polymer 790 g/mol and dispersii2[13. A sample GPC curve is available
in supplementary materials (Figure 4s).

Finally, we confirmed the presence of nitrogenhia tieprotected polymer samples by
elemental analysis. The results showed slightlyeloeontent of nitrogen than expected. The
sampleA-HBPG-7 showed 6.53% of N (7.43% theoret.) while theHBPG-8 7.47% N
(8.32% theoret.). This confirmed that describedisgtic procedure was correct.

4. Conclusions

Hyperbranched aliphatic polyethers with hydroxytl@mine end groups were produced from
glycerol carbonate (4-hydroxymethyl-1,3-dioxolamie) and cyclic carbonate bearing
phthalimide moiety. Anionic polymerization of cyclcarbonate monomers, which proceeds
with simultaneous decarboxylation, was performethgisa simple catalyst - potassium
carbonate and trimethylolpropane (TMP) or glycegarbonate as an initiator. The
polymerization conditions were optimized. The poéysiwere characterized by means of
NMR, FTIR, MALDI-TOF, GPC and elemental analysis.

It was shown that during the process of polymeioratin intermediate - glycidol is formed
and acts as initiator or monomer. The easy prodn@nd purification of phthalimide - cyclic
carbonate monomer enables multigram synthesis @ieafanctionalized polyglycerols that
will be investigated as biomolecules carriers, laatterial agents, carbon dioxide scavengers

or modifiers of mechanical properties of epoxymesand polyurethanes.
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Highlights

Hyperbranched aliphatic polyethers with hydroxyl and amine end groups were produced from

glycerol carbonate.

It was shown that during the process of polymerization an intermediate - glycidol is formed and acts

as initiator or monomer.

The easy production and purification of phthalimide - cyclic carbonate monomer enables multigram

synthesis of amine functionalized polyglycerols.



