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Cationic oligomerization of o-hydroxy-y-butyrolactone

Summary — Cationic polymerization of 5-membered cyclic ester a-hydroxy-y-butyrolactone (BL-OH)
proceeds according to activated monomer (AM) mechanism and leads to low molecular weight poly-
mers. Elimination of water from growing macromolecules occurs during the polymerization process.
The extent of dehydration depends on the catalyst and is the lowest in the case of scandium triflate
[(CF3503)35¢] catalyst. Spontaneous polymerization of BL-OH, occurring during vacuum distillation,
leads to the oligomeric product without dehydration.

Key words: branched polymers, polyesters, cationic polymerization, ring-opening polymerization,
MALDI-TOF method.

KATIONOWA OLIGOMERYZACJA a-HYDROKSY-y-BUTYROLAKTONU

Streszczenie — Kationowa polimeryzacja 5-cztonowego cyklicznego estru o-hydroksy-y-butyrolak-
tonu (BL-OH) zachodzi wedlug mechanizmu aktywowanego monomeru (AM) i prowadzi do pro-
duktéw o niewielkich ciezarach czasteczkowych (tabela 1). W wyniku analizy produktéw polimeryza-
cji metoda MALDI-TOF (rys. 1) stwierdzono, ze w trakcie polimeryzacji prowadzonej w obecnosci
kwaséw protonowych lub w obecnosci kwaséw Lewisa zachodza reakcje odwodnienia prowadzace
m.in. do powstawania wigzan podwoéjnych. Udzial reakcji odwodnienia zalezy od uzytego kataliza-
tora i jest najmniejszy w przypadku polimeryzacji katalizowanej za pomoca triftanalu skandu
[(CF3503)3Sc] prowadzonej w temperaturze 40 °C (rys. 3). Stwierdzono, ze podczas destylacji préz-
niowej BL-OH zachodzi spontaniczna polimeryzacja monomeru bez udzialu reakcji odwodnienia
(rys. 2).

Stowa kluczowe: polimery rozgalezione, poliestry, polimeryzacja kationowa, polimeryzacja z otwar-

ciem pierscienia, MALDI-TOF.

Heterocyclic monomers containing hydroxyl group
in the substituent constitute an interesting class of mono-
mers that can be used for the syntheses of highly bran-
ched or hyperbranched polymers. Those monomers can
be treated as latent AB, monomers [1]. Typical example
of latent AB, monomer is hydroxymethyloxirane (glyci-
dol) that can polymerize by ionic mechanism (both anio-
nic or cationic) to highly branched polyethers containing
multiple terminal hydroxyl groups [2—4]. Syntheses
and possible applications of such polymers have been
described in a few recent reviews [1, 5—9].

Cationic polymerization of glycidol proceeds by acti-
vated monomer (AM) mechanism [3, 4]. Polymerization
of heterocyclic monomers by AM mechanism has also
been reviewed [10]. In the cationic polymerization of
heterocyclic monomers containing hydroxyl group in
the substituents, a contribution of AM mechanism
should lead to branching, as shown schematically below
(Scheme A) using hydroxyl substituted cyclic ether as an
example.

In a series of reports from our laboratory the cationic
AM polymerization of 3- and 4-membered cyclic ethers
substituted with hydroxymethyl groups was described

[3, 11—15]. There is, however, the number of easily avail-
able heterocyclic compounds (cyclic ethers, cyclic esters)
containing hydroxymethyl or hydroxyl substituents at-
tached to 5- or 6-membered rings.

It is known, that the thermodynamic polymerizabi-
lity of weakly strained 5- and 6-membered cyclic
ethers or esters is limited, due to the low enthalpy of
polymerization [16]. Substitution typically decrease
further the thermodynamic polymerizability (to linear
polymers) [16] but there is practically no information
on the thermodynamics of polymerization leading to
highly branched polymers. Because in such case ma-
cromolecules may be built from short chain fragments
connected by branching units, the thermodynamic
limitations of polymerization leading to highly bran-
ched polymers may not be the same as the thermody-
namic limitations of polymerization leading to linear
polymers.

Indeed, it has been shown recently that 5-membered
cyclic ether — tetrahydrofuran, substituted with hydro-
xymethyl or hydroxyl groups, undergoes cationic poly-
merization although the molecular weights of products
are rather limited (M,, up to 3000). Polymerization was
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Scheme A. Two possible mechanisms of cationic polymeriza-
tion of heterocyclic monomers containing hydroxyl groups in
the substituents

accompanied by dehydration and possible mechanisms
of these processes were discussed [17].

In order to explore further the possibility of using
weakly strained heterocyclic monomers substituted
with hydroxyl groups for the syntheses of branched
polymers (oligomers), in this article the behavior of
5-membered cyclic ester substituted with hydroxyl
group, namely o-hydroxy-y-butyrolactone at the condi-
tions of cationic polymerization is reported. Frechet et al.
[18] reported on anionic polymerization of 4-(2-hydroxy-
ethyl)-e-caprolactone leading to highly branched poly-
mers but till now there is no report in the literature on
the cationic polymerization of hydroxy- substituted lac-
tones.

EXPERIMENTAL

Materials

o-Hydroxy-y-butyrolactone [BL-OH, formula (I),
Aldrich] was distilled under vacuum. Dihydro-3-hydro-
xy-4,4-dimethyl-2(3H)-furanone [diMeBL-OH, formula
(II), Aldrich] was used after drying in vacuum. Trifluo-

H CH;
.Y S
0 0
{ OH { OH
o) 0
BL- OH diMeBL- OH

) an

romethanesulfonic acid (CF3SO3H), boron trifluoride
etherate (BF; - Et,O), tetrafluoroboric acid etherate
(HBF, - Et,0) and tin tetrachloride (SnCly) (all from
Aldrich) were distilled before use. Scandium triflate
[(CF3503)3Sc, Aldrich] was used after drying in vacuum.
Solvents were purified by distillation.

Polymerization procedure

0.5 g of BL-OH (4.9 mmol) was placed in an ampoule
together with 0.24 mmol of catalyst (it corresponds for
example to 0.12 g of scandium triflate) and with stirring
bar. In the case of liquid catalyst, the appropriate amount
— 0.24 mmol was added with syringe to the cooled
BL-OH. The ampoule was connected to vacuum line and
sealed under vacuum. Sealed ampoule was placed in an
oil bath preheated to the desired temperature. After pre-
determined time it was opened and the polymerization
mixture was analyzed.

Methods of testing

'H and ¥C NMR spectra were recorded using 200
MHz Bruker spectrometer [deuterated dimethyl sulfo-
xide (DMSO) was used as a solvent].

Conversion of monomer was determined by com-
parison of the intensity of corresponding signals present
in '"H NMR spectrum recorded for polymerization mix-
ture (without neutralization). With opening of the cyclic
monomer ring, the magnetic nonequivalency of the pro-
tons in  position disappears and both protons present in
an oligomer give the signals at the same region of the
spectrum (the signal corresponding to one proton at
2.33—2.48 ppm is shifted to the region of the second
proton at 1.85—2.10 ppm).

SEC (size exclusion chromatography) analyses were
carried out using a ConstaMetric 4100 pump, Refracto-
Monitor IV (both from Thermo Separation Products,
USA) and two Phenogel columns: 5 50A and 5 500A.
THF was used as an eluent at a flow rate 0.70 cm®/ min,
and polystyrene standards were used for calibration.

For the SEC analyses the products were first dis-
solved in DMSO and the samples were next diluted with
tetrahydrofuran (THF). When (CF3503)35¢ was used as
a catalyst, it was separated from polymeric product by
precipitation of the salt from DMSO solution into THF.
In the case of the other catalysts, polymerization mixture
was neutralized by adding of about 0.1 g of CaO to the
reaction mixture (~0.5 g) diluted with DMSO and sub-
sequently filtered.
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MALDI-TOF (Matrix-Assisted Laser Desorption/
Ionization Time-of-Flight) spectra were recorded using
Voyager Elite apparatus, using dihydroxybenzoic acid
as a matrix and Nal as cationating agent in THF solution.
Polymeric samples were dissolved in DMSO. Nitrogen
laser desorption at a wavelength equal to 337 nm was
applied.

catalyzed by basic impurities the distillation was con-
ducted in the presence of ~1 % of HBF, - Et;O. The
amount of solid residue was higher than in the absence
of acid and this residue was no longer soluble even in
DMSO.

T able 1. The effects of conditions of bulk polymerization of
o-hydroxy-y-butyrolactone (BL-OH) on the conversion and mo-
lecular weights of products

RESULTS AND DISCUSSION
No| Catalyst Ttempeo-C [BL[—OtI]‘I]/ T1}r1ne C.onve;'— Ag% (Cb)y
When BL-OH is distilled under vacuum (60 °C at 102 rature, ca sion, o
mm Hg), about 30 % of the initial mass of BL-OH re- 1 | CFSO:H 90 20 24 56 nd.”
mains in the flask in form of viscous liquid that solidifies 2 |HBF:- EtO| 60 40 24 48 1290
to gle?ssy, colorless. solid (flt room temper.ature. This resi- 5 | BFs- EO 60 0 7 " 610
due is insoluble in typical solvents like chloroform,
methylene chloride, poorly soluble in THF and soluble =~ 4 | SnCl 70 20 24 | 5 690
in DMSO. When DMSO solution is injected into SEC 60 (in Ar
apparatus with THF as eluent the broad signal is ob- 5 atmo- 20 72 35 nd.
served corresponding to M,, = 1000 (polystyrene calibra- sphere)
tion). Analysis of the product by MALDI-TOF indicates 6 25 20 72 30 nd.
the‘ };resence of series of oligomers with molgcular 7 60 m 7 12 nd.
weights co‘rrespondmg to n x 102‘.09 + 23 (102.09 is mo- g | (CES09Sc g " » - -
lecular weight of BL-OH and 23 is molecular weight of .
Na® used as cationating agent) with n up to 20. This 9 80 20 72 53 570
indicates that spontaneous polymerization of BL-OH oc- 1 | 40 20 7 39 730
curs at the conditions of vacuum distillation. Because ———
. . he . . s 11 60 20 72 43 600
possible impurities in crude BL-OH should be acidic |
rather than basic ones, acid catalysis can be assumed. In 12 60 20 240 | 42 nd.
order to exclude the possibility that polymerization is ¥ n.d. — not determined.
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Fig. 1. MALDI-TOF mass spectrum of poly(BL-OH) obtained in the presence of CF3SO3H (number 1 in Table 1); the signals
correspond to the following series (number indicates the length of oligomer): a) m/z =n x 102.09 + 23, b) mjz =n x 102.09 - 1 X
18 +23,¢c)mlz=nx102.09-2x18 +23,d) m/z=nx102.09 -3 x 18 + 23,¢) m/z =n x 102.09 — 4 x 18 + 23, in the inlet

the region corresponding to octamers is presented
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The apparent conclusion is that this spontaneous po-
lymerization is acid catalyzed and thus proceeds by ca-
tionic mechanism. Therefore the series of experiments
were conducted in order to reproduce this process under
controlled conditions.

All polymerizations of BL-OH were performed in
sealed ampoules under vacuum. After defined time of
heating in an oil bath ampoules were opened and poly-
merization mixtures (after removing of acid catalyst)
were analyzed by 'H and *C NMR and MALDI-TOF
methods. Results are summarized in Table 1.

In all cases relatively low molecular weight oligo-
mers with up to 50 % yield were obtained.

The information on the nature of products may be
obtained from MALDI-TOF analysis. In Figure 1
MALDI-TOF spectrum of the product obtained in poly-
merization performed with CF3SO3H as a catalyst
(number 1 in Table 1) is shown. Signals of oligomers
with degree of polymerization (DP,,) up to 13 can clearly
be detected. Only however, for oligomers with DP,, up to
8, the signals corresponding to multiple of molecular
weight of monomer unit (m/z = n x 102.09 + 23) are
present. Those signals are accompanied by the signals
appearing at m/z = n x 102.09 — k x 18 +23) indicating
that in the course of polymerization the elimination of
one or more water molecules occurs. For higher oligo-
mers (DP,,>8) the signals at m/z = n x 102.09 + 23 can no
longer be detected and the only signals are those corre-
sponding to dehydrated macromolecules.

This observation is similar to reported earlier elimi-
nation of water molecules in the course of cationic AM

—CH,-OH + HO-CH;— —> —CHy,—O-CH,— + H,0
M

polymerization of tetrahydrofuran derivatives substi-

tuted with hydroxymethyl or hydroxyl groups [17].
There are two possible mechanisms of water elimina-

tion. One involves condensation of two hydroxyl groups
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Scheme B. Elimination of water with formation of double
bonds
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Fig. 2. MALDI-TOF mass spectrum of poly(BL-OH) obtained as a result of spontaneous polymerization; the signals correspond
to oligomers being a multiple of monomeric unit (without any terminal groups; mfz = n x 102.09 + 23)
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Fig. 3. MALDI-TOF mass spectrum of poly(BL-OH) obtained in the presence of (CF3503)3Sc (number 10 in Table 1); two major
series are: a (mfz = n x 102.09 + 23), and series of macromolecules with additional water (m/z = n x 102.09 +18 + 23)

as shown in equation (1) while the other involves elimi-
nation of water molecule with formation of double bond
as shown in Scheme B.

In the formerly studied polymerization of hydroxy-
substituted tetrahydrofuran derivatives both reaction
pathways were found to operate. In order to check
whether in the polymerization of cyclic ester dehydra-
tion occurs also in the case when there is no hydrogen
atoms in o-position to carbon bearing HO- substituent,
MALDI-TOF spectra of products obtained at identical
conditions from BL-OH analogue substituted at § posi-
tion with two methyl groups (dihydro-3-hydroxy-4,4-di-
methyl-2(3H)-furanone; diMeBL-OH) were analyzed
[formula (IIT)].

H CH;
| |
~g-Coero-
O OH CHj
poly(diMeBL- OH)

repeating unit
Im)

Although the spectra were more complex, indicating
additional side reactions, the presence of signals at m/z
=nx130.15 - k x 18 + 23 (130.15 is the molecular weight
of diMeBL-OH unit) could clearly be detected, indicat-
ing that even when reaction pathway shown in Scheme
B is eliminated, dehydration still occurs by condensation
as shown in eq. (1). Apparently in the polymerization of
BL-OH, when reaction pathway shown in Scheme B is
possible, an elimination of water molecules occurs also

by this mechanism because the si%nals corresponding to
double bonds can be detected in *C NMR spectra of the
products at 117.5 and 129.9 ppm. Thus one has to con-
clude that both mechanisms of water elimination occur
in the system studied.

It is interesting to note, that spontaneous polymeriza-
tion of BL-OH during vacuum distillation leads to oli-
gomeric product without dehydration. In Figure 2
MALDI-TOF spectrum of the product of spontaneous
polymerization is shown. In the spectrum only the sig-
nals appearing at m/z = n x 102.09 + 23 are observed.
This indicates that at certain conditions polymerization
of BL-OH may proceed without dehydration.

In order to establish whether the extent of dehydra-
tion depends on the nature of catalyst, MALDI-TOF
spectra of the products obtained with use of different
catalysts (listed in Table 1) were analyzed. It turned out
that (CF3503)3Sc gives the lower extent of dehydration.
MALDI-TOF spectrum of the product obtained with this
catalyst at 40 °C (number 10 in Table 1) is shown in Fi-
gure 3. In the spectrum the signals corresponding to m/z
=1 x 102.09 — k x 18 + 23 are of much lower intensity as
compared to the product of polymerization initiated by
CF3SO3H (shown in Fig. 1) and additionally the signals
atm/z=nx102.09 + 18 + 23 appear, indicating that some
macromolecules are initiated by water molecules that is
formed in the system.

SEC curves for the products obtained with use of dif-
ferent catalysts, shown in Figure 4, indicate that the na-
ture of catalyst has some, although not significant, effect
on molecular weight.
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Fig. 4. SEC traces of poly(BL-OH) obtained at different conditions of polymerization defined in Table 1 for number: a) 2, b) 3,

c)4,d) 10

Molecular weights of the products obtained with protic
acids as catalysts are higher than those of products ob-
tained with use of Lewis acids. Because, as evidenced from
analysis of MALDI-TOF spectra, protic acids favor dehy-
dration, the difference in molecular weights may be attri-
buted to further oligomerization through double bonds.

CONCLUSIONS

It has been observed that 5-membered cyclic ester
substituted with hydroxyl group: o-hydroxy-y-butyro-
lactone (BL-OH) undergoes spontaneous polymeriza-
tion during vacuum distillation. The product is low mo-
lecular weight polymer and according to MALDI-TOF
analysis the molecular weights of oligomers correspond
to nx molecular weight of BL-OH unit. Most probably
this process is catalyzed by acidic impurities in crude
BL-OH. Attempts to conduct this process in controlled
manner were only partly successful. In contrast to spon-
taneous polymerization, during polymerization cata-
lyzed by added protic or Lewis acids, elimination of
water molecules occurs leading to macromolecules with
molecular weights equal to n X molecular weight of
BL-OH unit — k x 18. The extent of dehydration depends
on the nature of catalyst and is lower for polymerization
conducted with Lewis acid — scandium triflate at rela-
tively low temperature (40 °C).

Similar dehydration was observed earlier for cationic
polymerization of 5-membered cyclic ether — tetrahy-
drofuran substituted with hydroxyl or hydroxymethyl
substituent.

Unsubstituted 5-membered cyclic ester is difficult to
polymerize because of unfavorable thermodynamics
(low enthalpy of polymerization due to the low ring-
-strain) [19]. Typically, the substitution decreases the
thermodynamic polymerizability even further. There-
fore, an observation that BL-OH undergoes spontaneous
polymerization during distillation, without any side re-
actions as evidenced by MALDI-TOF spectra of the
product, is rather unexpected. Apparently this process
requires specific reaction conditions because in the pre-
sence of added acid catalyst, the polymerization is ac-
companied by elimination of water from growing mac-
romolecules. Thus it may be concluded that oligomers
are formed by combination of polymerization and con-
densation reaction.

Further work is in progress to optimize the reaction
conditions in order to make in a controlled manner the
product similar to that formed by spontaneous poly-
merization during distillation.
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