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SUMMARY: a-Chloromethyl-a-methyl-b-propiolactone (CMMPL) was synthesized by dehydrohalogenation
of a,a-dichloromethyl-b-propionic acid which was obtained by chlorination ofa,a-hydroxymethyl-b-prop-
ionic acid (DMPA). Due to high strain of the four-numbered ring, CMMPL can be polymerized by ring-ope-
ning with or without an initiator. Both electrophiles like trifluoroacetic acid (TFAA) and nucleophiles like
triethylamine (TEA) and pyridine, as well as organometallic compounds such as stannous octoate
[Sn(Oct)2)], aluminium triisopropoxide [Al(OiPr)3] and tetrabutyl orthotitanate [Ti(OC4H9)4], were found to
be effective initiators. The polymerization can be conducted by either solution or bulk polymerization.
P(CMMPL) is insoluble in almost all organic solvents at room temperature. An endothermic peak (ca. 214l
2508C) attributed to the melting transition of P(CMMPL) was observed in DSC curves. P(CMMPL) tends to
have high crystallinity (40%l 60%) as demonstrated by its X-ray diffraction patterns, and the crystallinity
was found to vary with the types of initiator used.

Introduction
Aliphatic polyesters have been widely used as biomedical
materials and environmentally degradable thermoplas-
tics1–3). These aliphatic polyesters are often prepared by
either polycondensation of diols with diacids or ring-
opening polymerization of lactones. In polycondensation
reactions, it is usually difficult to achieve high molecular
weight even if the polymerization yield is close to 100%.
The ring-opening polymerization has been found to be
more useful and efficient.

In general, aliphatic polyesters do not have many pen-
dant functional groups (other than end groups) to allow
chemical modification altering their properties or to con-
jugate with drugs, therefore the application of these
polyesters is limited.

A new kind of aliphatic polyester containing functional
pendant groups, mainly derived from natural malic acid
or trifunctional amino acids, has been studied continu-
ously4–13). These polymers exhibit good hydrophilicity
and rapid hydrolytic degradation rates in comparison to
other types of aliphatic polyesters without functional side
groups. However, a few problems still remain to be
resolved, such as limited availability of functional groups,
the complexity and low yield associated with the synth-
esis of functional monomers, expensive starting material,
and less controllable copolymerization. These problems,
to some extent, have slowed down the investigation and
limited their practical application. Till now, the investiga-
tions have been concentrated mainly on the synthesis and
characterization of functional aliphatic polyesters con-
taining pendant carboxyl or amino groups, at least in part,

due to their easy modification and non-toxicity of their
degradation products. However, there are only a few
reports in the literature on aliphatic polyesters containing
halo-substituted pendant groups that can also be modi-
fied14).

In this paper, we discuss the synthesis ofa-chloro-
methyl-a-methylpropiolactone (CMMPL) prepared by
successive chlorination, hydrolysis and lactonization of a
commercially available material, i.e., 2,29-bis(hydroxy-
methyl)propionic acid (DMPA). The ring-opening poly-
merization was studied by using several types of initiators
such as trifluoroacetic acid (TFAA), triethylamine (TEA),
pyridine, Sn(Oct)2, Al(OiPr)3, Ti(OC4H9)4 and without
any initiators. The thermal properties and crystallinity of
the P(CMMPL) were also studied.

Experimental part

Materials

Bis(2,29-hydroxymethyl)propionic acid (DMPA), stannous
octoate [Sn(Oct)2], aluminium triisopropoxide [Al(OiPr)3]
and tetrabutyl orthotitanate [Ti(OC4H9)4] were purchased
from Aldrich Chemical Co. and purified by distillation under
reduced pressure before use. Triethylaluminium/toluene
solution (0.051 M) was provided by Dalian Institute of Che-
mical Physics, Academic Sinica. Trifluoroacetic acid
(TFAA) from Aldrich was used as received. Triethylamine
(TEA), pyridine,N-methyl-2-pyrrolidone (NMP) and the sol-
vents used for the polymerizations were purified in accord-
ance with the standard methods. All other reagents were ana-
lytical grade and used without further purification.
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Monomersynthesis

a,a9-Bis(chloromethyl)propionic acid (DCMPA): The reac-
tion wascarriedout in a three-neckflask. A condenserwas
connectedwith a NaOHsolutiontrapto absorbthehydrogen
chloride generatedfrom the reaction.13.4 g (0.1 mol) of
2,29-bis(hydroxymethyl)propionicacid (DMPA), 59.5 g (0.5
mol) of thionyl chloride (SOCl2) and a few dropsof DMF
werechargedin theflask.Themixturewasstirredvigorously
at room temperaturefor about 18 h and then refluxed for
about 24 h until no HCl was evolved. ExcessSOCl2 was
removedby distillation under reducedpressure.After the
residuewas cooled to 08C, a certain amount of distilled
water was addeddropwiseunder vigorous stirring till the
complete hydrolysis of a,a9-bis(chloromethyl)propionyl
chloride.The oily layer was separated,and the water layer
wasextractedthreetimes with diethyl ether. The combined
mixture of oily layer anddiethyl etherwasdried with anhy-
drous MgSO4 overnight. After removing diethyl ether, the
residuewas recrystallizedtwice from petroleumether, and
white crystalswere obtainedwith a melting point of 61 l
638C. Thetotal yield was87%.

1H NMR (CDCl3, TMS): d = 1.44 (s, 3H, 1CH3), 3.75,
3.91 (d + d, 2H + 2H, 1CH2Cl), 11.5–12.2 (broad, 1H,
1COOH).

MS: m/z = 155 (M+–CH3), 135 (M+–Cl), 121 (M+–
CH2Cl).

IR (KBr): 3200–3000 (1COOH), 2980 (CH2, CH3), and
1740cm–1 (C2O).

C5H8Cl2O2(171.02) Calc. C 35.12H 4.71 Cl 41.46
Found C 36.63H 4.99 Cl 41.00

a-Methyl-a-chloromethyl-b-propiolactone(CMMPL): To a
cooledsolutionof 17.1 g (0.1 mol) of DCMPA in 60 ml of
chloroformwasslowly added50 ml of KOH (0.1mol) aque-
ous solution with strongly stirring till the pH reached6.8.
Themixturewasmaintainedundervigorousstirring at 508C
for about1 h. After cooling, the chloroform layer wassep-
aratedfrom the mixture, thenanotherportion of chloroform
(60 ml) was addedinto the water layer, and the samepro-
cedure was repeatedfor two more times. The combined
chloroform layer was washedthree times with water, then
dried with anhydrousMgSO4 overnight.The crude lactone
was obtainedby distillation at 45–478C/0.2 mmHg after
removingchloroform.The monomerwasfurther purified by
twice distillation underreducedpressureover CaH2 prior to
polymerization.

1H NMR (CDCl3, TMS): d = 1.55 (s, 3H, 1CH3), 3.59–
3.81(q, 2H, 1CH2Cl), 4.12–4.46(q, 2H, 1CH2O1).

MS: m/z= 135(M+–Cl), 104(M+–COOH).
IR (NaCl): 2980(1CH2, 1CH3), 1820(C2O), and1124,

1091cm–1 (1COC1).

C5H7ClO2 (134.56) Calc. C 44.63H 5.24 Cl 26.35
Found C 45.07H 5.44 Cl 26.22

Polymerization

The polymerizationsof CMMPL were carriedout in a pre-
viously flamed and dry argon-purged tube at a given tem-

peraturefor a certainintervalof time. Thesolvent,monomer
andinitiator wereaddedcarefullyvia a rubberseptumwith a
syringe, and the polymerizationtubesweredegassedfor 10
min andsealedundervacuum.Thewhite productsweredis-
solvedinto hot NMP, precipitatedinto methanol, isolatedby
filtration anddriedin vacuoat 508C for 48 h.

Methods
1H NMR spectra of monomer and intermediateswere
recordedon a Bruker ARX400 spectrometer, and chemical
shifts in partspermillion (ppm)arereporteddownfield from
0.00ppmusingtetramethylsilane(TMS) asaninternalrefer-
ence. Infrared spectra (IR) were recorded on a Nicolet
Magna IR-750 spectrophotometer. Mass spectra were
obtainedwith a VG ZAB-HS massspectrometer(EI). Ele-
mentalanalyseswere carriedout usinga Perkin-Elmer204
elementalanalyzer. Differentialscanningcalorimetry(DSC)
measurementswereperformedon a ShimadzuDSC-50at a
heating rate of 108C/min. Thermogravimetric analysis
(TGA) wasrecordedon a ShimadzuDT-30 at a heatingrate
of 208C/min undernitrogen.X-ray diffraction patternswere
obtainedon a RigakuD/max2000diffractometer. TheCu-Ka

radiationwasusedfrom a Siemensgeneratoroperatingat 40
kV and100mA, anda graphitemonochromatorwasutilized
in front of the detector(k = 0.154nm). Measurementswere
madein the 2h rangefrom 4–708 at a rateof 4.000degree/
min with 0.028 intervals.

Resultsand discussion

Monomersynthesis

Several types of lactones containing functional groups
have been reported4,10), however, the functional groups
such as carboxyl or amino groups must be protected
before polymerization and then be de-protected after
polymerization. The procedure is laborious with low
yields.By comparison, CMMPL canbe readily obtained
with high yield by chlorination of bis(2,29-hydroxy-
methyl)propionic acid with SOCl2, followed by hydroly-
sis and lactonization with KOH as described in
Scheme1.

Scheme1: Synthesisof CMMPL
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Thoughthesynthetic methodto CMMPL via chlorina-
tion of valerolactone(VL) with chlorine in the presence
of a chlorinationpromoterwasreportedin a patent15), and
the method from 4-keto-1,3-dioxane was briefly men-
tionedin other reports16,17), no detailedcharacterizationof
the monomer was reported. The presentmethodis first
reportedin this lab to the best of our knowledge.The
structureof themonomerwaswell characterized,andthe
whole processis easily controllable. The chloromethyl
groups will serve as a potential active site for further
modification.

Polymerization

Like other b-lactones18), CMMPL canbe polymerizedin
bulk usingdifferent types of initiators, i.e., anionic initi-
atorslike TEA andpyridine, Lewis acidslike TFAA, and
organometallic compoundssuch as Sn(Oct)2, AlEt3 and
Al(OiPr)3. The polymerization was also conductedwith-
out adding any initiator. The polymerization results are
listedin Tab.1.

Anionic polymerizationof CMMPL initiated by TEA
and pyridine takesplaceat room temperaturewith high
polymer yield, while the otherpolymerizations,initiated
by TFAA, organometallic compounds and thermal poly-
merization,mustbecarried out at highertemperature,see
Tab. 1. P(CMMPL) is almost insoluble in common sol-
ventsat room temperature. Although it canbe dissolved
in hot hexamethylphosphoramide (HMPA), hexafluoro-2-
propanol, NMP and o-dichlorobenzene at temperatures
over 1008C, it is quite difficult to preparea solution of
P(CMMPL) for determining its molecularweightwith an
Ubbelohdeviscometerat theseextreme conditions.It can
be seenfrom Tab. 1 that P(CMMPL) madevia Sn(Oct)2

initiation shows highermelting temperatureandenthalpy,
indicating higher crystallinity of theseP(CMMPL)s. We
thus studied the solution polymerization of CMMPL
usingSn(Oct)2 asaninitiator. Theresults aresummarized
in Tab.2.

In solution polymerization, the mixture was homoge-
neous initially. As the polymerization continued, the sol-
ution turnedturbid. At 608C, thesolution polymerization
of CMMPL in toluene or chlorobenzenedid not occur,
while in chloroform the polymer yield is only as low as
37%. At 908C, CMMPL canbe polymerized in toluene,
chlorobenzene and o-dichlorobenzene,and the yields of
P(CMMPL) are observedto gradually increasewith the
increaseof dielectric constantsof solventsusedfor poly-
merization. It is probably due to that the ring-opening
polymerization of CMMPL initiated by Sn(Oct)2 occurs
via a coordination-insertionmechanism.In non-polaror
low polar solvents, Sn(Oct)2 tends to form aggregates,
resulting in lower initiating efficiency. Increasing the
polarity of solvents,on theotherhand,canpreventaggre-
gation of Sn(Oct)2 to some extent, and thus results in
higherpolymer yield.

The precipitatedP(CMMPL) exhibited a very low sol-
ubility in commonsolventsat roomtemperature, but was
soluble in part in NMP. Theviscositieslistedin Tab.2 are
the results of only the soluble parts of P(CMMPL) in
NMP determined by Ubbelohde viscometer at 30 l
0.18C. It is also shown in Tab. 2 that, for the NMP-sol-
uble part of P(CMMPL), its molecular weight is highest
when chlorobenzenewasusedasthe polymerization sol-
vent. This observation promoted us to investigate the
time-dependent polymer yield in chlorobenzene using
different initiators at 908C, and the resultsare shownin
Fig. 1.

It can be seen that at room temperaturethe solution
polymerization of CMMPL initiated by pyridine or TEA
is faster than those initiated by organometallic com-
pounds at 908C, and the overall polymerization rate of
CMMPL initiated by theseinitiators is in the following
order: pyridine, TEA A AlEt3, Al(OiPr)3, Sn(Oct)2,

Ti(OBu)4 A TFAA.

Tab. 1. Bulk polymerization of CMMPL initiated by different
initiatorsandTm andDHf of theP(CMMPL)obtained

Exp.
No.a)

Initiator Polym.
temp.in 8C

Yield
in %

Tm

�C
DHf

J=g

1 Sn(Oct)2 60 92 249.9 53.8
2 Pyridine 25 96 245.8 52.2
3 TEA 25 90 242.3 40.2
4 TFAA 60 55 240.9 39.9
5 AlEt3 60 90 237.8 45.0
6 Al(OiPr)3 60 92 235.6 41.2
7b) – 90 74 214.4 20.5

a) Polymerizationcondition:[M]/[I] = 500(molarratio),24h.
b) Polymerizedwithout initiator for 48h.

Tab. 2. Polymerization of CMMPL in chlorobenzeneinitiated
by Sn(Oct)2 a)

Exp.
No.

Solvent Dielec.
const.(e)

Temp.
in 8C

Yield
in %

ginh

dl=g

b�

1 Benzene 2.2 70 31 0.21
2 Toluene 2.4 60 –
3 Toluene 2.4 90 29 0.18
4 Chlorobenzene 5.7 60 –
5 Chlorobenzene 5.7 90 63 0.44
6 Chloroform 7.6 60 37 0.27
7 o-Dichlorobenzene 9.9 90 52 0.22

a) [M]/[C at.] = 500(molar ratio), [M] = 0.2mol/L, polymeriza-
tion time 24h.

b) Determined by usingan UbbelohdeviscometerandNMP at
30 l 0.18C.
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Characterization of P(CMMPL)

Fig. 2 shows the IR spectra of both CMMPL and
P(CMMPL). In general, for highly strained cyclic com-
pounds,theIR adsorptionbandsof endocyclic bondsshift
to lower wavenumber, while those of exocyclic bonds
exhibit at relatively higher wavenumber. As shown in
Fig. 2, due to the strain in the four-numbered ring, the
carbonyl absorption bandof P(CMMPL) shifts to 1739
cm–1, while thatof themonomerappearsat 1824cm–1. At
the same time, the 1C1O1C1 absorption band of
P(CMMPL) shifts to 1110 cm–1, 1175 cm–1 from 1091
cm–1, 1124cm–1 of thatof themonomer. Thecharacteris-
tic peaksof b-lactone at 1824 cm–1 and 911 cm–1 disap-
pearedafter polymerization.

The 1H NMR spectraof CMMPL and of the chloro-
form-soluble fraction of P(CMMPL), along with assign-
ments,aregiven in Fig. 3. In CMMPL, the well-defined
splitting of thepeaksat d = 3.59ppml 3.81 ppmarecor-
respondingto the two protonsof 1CH2Cl, while thoseat

4.12 ppml 4.46 ppm are of 1CH2O1. In P(CMMPL),
the chemicalshift due to 1CH3 shifts to d = 1.34 ppm
from d = 1.55ppm in CMMPL; 1CH2Cl, and1CH2O1
appear in the same chemical shift range as those in
CMMPL, but the splitting of all the peaksis morecom-
plicateddueto thecomplexity of polymerchain tacticity.

The thermal propertiesof the P(CMMPL) samplesas
described in Tab.1 were studied by TGA and DSC. All
P(CMMPL) samplesdecomposearound3208C. TheDSC
results areshownin Fig. 4. It is clearlyseenthatonly one
endothermicpeakwasobservedfrom –100 to 3008C, no
clearglasstransitionwasobserved, eventhoughthepoly-
mer sample was quenchedin liquid nitrogen from the
molten state.All P(CMMPL) samplespreparedby using
initiators show sharper melting transition than that
obtainedwithout using any initiator. The melting points
(Tm) andthe enthalpies(DHf) of P(CMMPL) obtainedby
bulk polymerizationwith different initiators are listed in
Tab.1; they are all affected by the initiators used.
P(CMMPL) samplesobtainedfrom thermal polymeriza-
tion showthelowestmelting point andheatof fusion.

It hasbeenreported that the glasstransition tempera-
ture (Tg) of P(CMMPL) is 638C19), but no detailed infor-
mation about the sample preparationand methods of
measurementwasgiven.The fact that no glasstransition
wasobserved in the abovesamplesin our lab is, at least
in part, due to the relatively low molecular weight of
P(CMMPL). The crystallization is too fast to allow the
measurementof Tg even when the P(CMMPL) samples
arequenched in liquid nitrogenfrom moltenstate.

Fig. 1. Time-yield plots of the polymerization of CMMPL
initiatedby varioustypesof initiators in chlorobenzeneat 908C.
[M]/[I] = 500(molar ratio), [M] = 2.46mol/L, initiators: (1) pyr-
idine, carriedout at room temp., (2) TEA, carriedout at room
temp., (3) AlEt3, (4) Al(OiPr)3, (5) Sn(Oct)2, (6) Ti(OBu)4, (7)
TFAA

Fig. 2. FT-IR spectraof CMMPL andP(CMMPL)

Fig. 3. 1H NMR spectra of CMMPL and of the chloroform-
solublefractionof P(CMMPL)
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In order to determine the Tg value of P(CMMPL), a
new initiator, 1,3-dichlorotetrabutyldistannoxane, was
synthesized according to the literature20). It is reported
that this initiator caneffectively induce the ring-opening
polymerization of lactonesto get high molecular weight
polyesters21); in addition, it forms solid crystals and is
easyto handle. Thus, two new samplesof P(CMMPL)
were prepared by using 1,3-dichlorotetrabutyldistannox-
aneas an initiator (sample A: [M]/[I ] = 2000 mol/mol;
sampleB: [M]/[I] = 4000mol/mol).

Fig. 5 shows the DSC curvesof the first scanand the
secondscan of thesetwo samples. The first scan was
recordedfrom –1008C to 2808C with a heating rate of
108C/min. No glass transition could be detected, and
only melting temperatures(231.78C for sampleA and
240.58C for sample B) were observed. After the first
scan,the molten samplewas immediately quenched by
liquid nitrogenandthenusedfor thesecondscan.A glass
transitiontemperature wasobservedat –8.08C for sample
A and –4.38C for sample B. The cold crystallization
takesplaceat 19.68C for sample A and30.18C for sam-
ple B from the glassystates,respectively. The melting
temperatureswerevirtually the sameasin the first scan.
In order to clearly display the glasstransition, the two
scansin Fig. 5 aredrawnin differenttemperatureranges.

Our Tg valuesof P(CMMPL) areratherlow compared
with the literature value of 638C, which may have
resulted from different polymerization conditions and
polymersample preparation.However, the relatively low
transition temperatures obtainedin our work are similar
to oneof the two glasstransitionsof poly(pivalolactone)
(ca. –108C and1708C)22).

It is known that the temperaturedifferencebetween
cold crystallization temperature (Tc) and Tg, i. e., DT =
Tc–Tg, reflects the crystallization behavior of a certain
type of polymer. Thesmaller the DT value,theeasierthe
polymer tends to crystallize. As for the above two sam-
plesof P(CMMPL), theDT valuesare27.68C for sample
A and 34.48C for sample B, respectively, which means
thatsample A is easierto crystallizethansample B. Since
sample B wasobtainedby using lessamountof initiator
thanfor sample A, this resultalsosupportstheconclusion
that P(CMMPL) with lower molecular weight is easierto
crystallize.

Fig. 6 shows the X-ray diffraction patterns of the
P(CMMPL) samplesas describedin Tab.1. Like poly-
(pivalolactone) and poly(3-hydroxybutyrate)22,23),
P(CMMPL) also exhibits the characteristic diffraction
patterns of a typical polymer with high crystallinity.
P(CMMPL)spreparedby using differentinitiatorsdisplay
almost the samediffraction pattern, which indicatesthat
they havethe samecrystalline structure.The major dif-
fraction peaks at 2h = 15.3608, 17.1208 and21.8408 cor-
respond to d-spacingsof 5.7638 Å, 5.1751Å and4.0661
Å, respectively. Thedegreeof crystallinity of P(CMMPL)
wasestimatedto bein therangeof 40l 60%.

Conclusion
a-Chloromethyl-a-methyl-b-propiolactone (CMMPL)
was synthesized by dehydrohalogenation of a,a-bis-
(chloromethyl)-b-propionic acid (DCMPA). DCMPA was
obtained by chlorination of a,a-bis(hydroxymethyl)-b-
propionic acid (DMPA) which is readily availablecom-
mercially. P(CMMPL)s weremade by ring-openingpoly-

Fig. 4. DSCtracesof P(CMMPL); the samplesarethesameas
describedin Tab.1

Fig. 5. DSC traces of P(CMMPL) obtained by using 1,3-
dichlorotetrabutyldistannoxaneasaninitiator in bulk (A: [M]/[I]
= 2000(molar ratio); B: [M]/[I] = 4000(molar ratio))



Synthesisandring-opening polymerizationof ... 473

merization of CMMPL in bulk or in solutioninitiated by
varioustypesof initiators.Thesepolymersaredifficult to
dissolvein commonorganic solventsat roomtemperature
andhavehigh melting points.P(CMMPL) hashigh crys-
tallinity asindicatedby X-ray diffraction patternsaswell
as by the huge melting peak in DSC curves.The low
solubility can be attributed, at least in part, to the high
crystallinity of P(CMMPL). The copolymerization of
CMMPL with othercyclic monomers,suchase-caprolac-
tone(CL), lactide (LA), andglycolide (GL), is currently
underway. The preliminary resultsindicate that the pen-
dant chloromethyl groups can readily be converted to
quaternary ammonium saltsby reactingthepolymerwith
a tertiary amine.The main-chainstructureof the copoly-
mer is not affected,andthe hydrophilicity of the copoly-
meris improved.
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