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(Trimethylsilyl)ethoxyacetylene as a Dehydrating Scheme 1. Synthesis of PBCS through the Electrophilic

Agent for Polyanhydride Synthesis Addition —Elimigation Reaction of TMSEA
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Introduction. In this Communication, we report a low-

o e}
temperature method for the synthesis of a poly(anhyérister) e " o \Zcsz
poly[bis[carboxy(phenyl)methyl] sebacate] (PBCS) (Scheme 1) ° ° e (o CHaSI(CHa)s
[¢]

using (trimethylsilyl)ethoxyacetylene as the dehydrating agent. 2

Over the past two decades, there have been extensive studies

in the syntheses and applications of polyanhydrides for con- H(HS%SFCHZ,@,OCQHS

trolled drug delivery:=3 Devices made from polyanhydrides 2

could render a zero-order or constant rate release of incorporated )
therapeutics, since their erosions could be easily manipulated.OPtained on a Perkin-Elmer Spectrum One FTIR spectrometer
The classic method for the synthesis of polyanhydride is through With @ Perkin-Elmer universal ATR sampling accessory. Poly-
the polycondensation of diacid monomers which are activated Mer molecular weight was measured by gel permeation chro-
by acetylation using acetic anhydriéie® This method was later ~ Matography (GPC) on two gel columns (Waters, Styragel HR
improved by the use of catalysts to offer products of higher 4E, Styragel HR SE) in chloroform at 4 at a flow rate of
molecular weighf. To circumvent the step of prepolymer 1.0 mL/min. The columns were conne_cteq to a Shimadzu LC-
purification and the side effects of acetic acid during acetylation, LOADVP pump and a RID-10A refractive index detector. The
ketene was tried to activate diacid monomers instead of aceticolecular weight and polydispersity indeM(/Mn) were
anhydride” For poly(adipic anhydride) synthesis, ring-opening calculated from the chromatograms using 12 Agilent pqustyrene
polymerizations using different initiators were also succe$sful. StandardsNl, = 162-1112000) from Polymer Laboratories Ltd.
However, it is the only polyanhydride that was synthesized this The results were analyzed using Shimadzu Class-VP 7.2.1 SP1
way. Most of the aforementioned methods require high tem- Software.
perature for successful polymerization, and a drawback of itis . Synthesis of (Trimethylsilyl)ethoxyacetylene (TMSEA).
that it could be destructive for monomers and polymers that TMSEA was synthesized according to a literature reported
are heat sensitive. Therefore, two solution polymerization methodst* 1 Briefly, ethoxyacetylene solution (75.26 g, 0.54
methods that can run at ambient or lower temperatures weremol of ethoxyacetylene) was dissolved in 1000 mL of anhydrous
investigated, which polymerize a diacid and a diacid chloride ethyl ether at C°C. Then methyllithium solution (331.6 mL,
with basic catalyst8 or, alternatively, use dehydrating agents 242.73 g, 0.56 mol) was added dropwise in 1 h, and the mixture
phosgene and diphosgene to work on diacid momomers with was stirred at 0C for another 30 min. Chlorotrimethylsilane
basic catalysts! Alkoxyacetylenes have been used for anhydride (69.51 mL, 0.55 mol) was then added in 30 min, and the mixture
synthesig213 of which the trimethylsilyl group substituted was stirred at room temperature overnight. The solid was filtered
derivative (trimethylsilyl)ethoxyacetylene (TMSEA) shows and washed with anhydrous ether (100 mL3). After ethyl
greatly improved stability and reactivity. TMSEA converts many ether was removed under reduced pressure, 250 mL of
acids to their anhydrides quantitatively under mild conditions. anhydrous pentane was added, and the additional salts precipi-
This high reactivity makes TMSEA an ideal candidate as a tated overnight were filtered. The solution was vacuum-distilled
dehydrating agent for polyanhydride synthesis. We here report(60 °C, 20 Torr), and the fraction boiling at 282 °C was
our disoveries in poly(anhydrideester) synthesis using the collected (yield, 54.0 g, 75%). Redistillation of the product gave
electrophilic addition-elimination reaction of TMSEA (Scheme  52.1 g of clear liquid. NMR and IR spectra are in accordance
1). with the literatureH NMR (chloroformd): ¢ 4.13 ppm (q,

Experimental Section. a. Materials.Chlorotrimethylsilane 2H,J =7 Hz, CH), 1.37 ppm (t, 3HJ = 7 Hz, Ch), 0.13
(299%), methyllithium (1.6 M in diethyl ether), pentane ppm (s, 9H, CH). IR: 2960, 2173, and 835 crh
(anhydrous, >99%), dichloromethane (anhydrous, 99.8%),  d. Synthesis of Bis[carboxy(phenyl)methyl] Sebacate (BCS).
chloroform (anhydrous=99%), THF (anhydrous, 99.9%), Briefly, 1 equiv of sebacoyl chloride in dry THF was added
acetonitrile (anhydrous, 99.8%), sebacoyl chloride (technical dropwise to a flask containing 2 equiv of mandelic acid and 2
grade, 92%), and mandelic acid (99%) were purchased from equiv of pyridine in THF at OC. After the diacid chloride was
Aldrich. Ethoxyacetylene (technical grade, 50% (w/w) in added in 1 h, the mixture was stirred for an additichd at
hexanes) was purchased from Alfa Aesar. Ethyl ether (anhy- room temperature. The mixture was then washed with 1 N
drous), ethyl acetate, and hexanes were from Mallinckrodt hydrochloric acid and brine and dried over anhydrous magne-
Chemicals. Acetone (extra dry, 99.8%) was from Acros. sium sulfate. Magnesium sulfate and THF were removed, and

b. Characterization. *H NMR spectra were obtained with a  the glassy solid was recrystallized in a mixture of ethyl acetate
Bruker NMR spectrometer (300 MHz). FTIR spectra were and hexane to give BCS. Yield: 22.7% (white solit.NMR

(6, ppm) (aceton&): 6 7.56 (m, 4H, ArH), 7.42 (m, 6H, ArH),
* Corresponding author. E-mail: Edith_Mathiowitz@brown.edu. 5.93 (s, 2H, CH), 2.452 (t, 4H, G 1.67 (m, 4H, CH), 1.35

10.1021/ma071188a CCC: $37.00 © 2007 American Chemical Society
Published on Web 09/27/2007



Macromolecules, Vol. 40, No. 22, 2007 Communications to the Editor7749

/ /A
et
ol
—A—100% TMSEA
—0—110% TMSEA

A —v— 120% TMSEA
—n—150% TMSEA
OI T T T T T T (} T T T 1
0 100 200 300 400 500 600 0 50 100 150 200
Polymerization time(min) Polymerization time(min)

Figure 1. Electrophilic polymerization of BCS using TMSEA as the dehydrating agent. Left: relation beigand polymerization temperature,
150% TMSEA, in chloroform. Right: relation betwedh, and time at different TMSEA feeding ratios (relative to BCS), in dichloromethane
(BCS:dichloromethane= 1:0.4 (mmol:mL)) at 40°C.

(m, 8H, CH). FTIR (cnm?): 3490-2650 (COOH), 1732 (€0,
ester), 1698(€0, acid). GgH300s. Molecular weight: 470.51.
FAB-MS: [M + NaJt m/z493.1, [M+ 2Na— H]" m/z515.3,

[M + 3Na— 2H]* m/z 537.3. Elemental analysis: calculated, %
C, 66.37, H, 6.43; found, C, 66.27, H, 6.54. Melting range-139
141°C.

e. Polymerization of BCS at Different Temperatures.A
VWR 4 mL threaded vial (VW60881A-1545) containing a
magnetic stirrer bar was purged with dry high-purity argon, and 40000 200 2400 1800 1400 w000 6500
then BCS (0.235 g, 0.5 mmol) and chloroform (0.2 mL) were o
added to the vial. TMSEA (0.13 mL, 0.76 mmol) was then
added, and the vial was sealed with a cap. The vial was kept at

60 °C while stirred for 3 h, and samples were taken with pipets NS BN NN DRI N d
and dissolved in chloroform for GPC measurement. Similarly, @
the polymerization was carried out at 40 and°ZD

f. Polymerization at Different TMSEA Ratios. A VWR 4 a .
mL threaded vial with a magnetic stirrer bar was purged with ¢
dry high-purity argon, and then BCS (0.235 g, 0.5 mmol) and

dichloromethane (0.2 mL) were added to the vial. TMSEA of = rr g rrrrr s prrr o
a calculated feeding ratio to BCS (100% (0.51 mmol), 110% peem¢n®® 80 70 680 50 40 80 20 10
(0.56 mmol), 120% (0.61 mmol), and 150% (0.76 mmol) molar Figure 2. IR and*H NMR (obtained in CDGJ) spectra of PBCS

ratio) was then added, and the vial was kept at°@0for synthesized in dichloromethane.
polymerization. . .
g. Polymerization at Different Concentrations. Similar to The weight-average molecular weigtély) (GPC results) of

the procedures mentioned above, the polymerizations werethe polymer reached a plateau value in 15 min at@@nd in
carried out fo 3 h at 40°C in dichloromethane, witha TMSEA 120 min at 40°C. The mechanism of anhydride formation from

to BCS ratio of 110%. BCS to dichloromethane ratios (mmol: alkoxyacetylenes is believed to comprise three stepsamely,
mL) of 1:0.4, 1:1, and 1:2 were studied. monoadduct formation, diadduct formation, and elimination
h. Polymerization in Different Solvents. A VWR 4 mL (Scheme 1), and the second addition reaction is believed to be

threaded vial with a magnetic stirrer bar was purged with dry €asier than the first addition reaction. As polymerization
high-purity argon, and then BCS (0.117 g, 0.25 mmol) and a Proceeds, free carboxylic acid end groups will be depleted and
solvent (acetonitrile, acetone, or tetrahydrofuran) (0.1 mL) were leave monoadduct as the only polymer end groups; therefore,
added to the vial. TMSEA was then added with a TMSEA to no further chain growth is possible, and a plateau value is
BCS ratio of 110%, and the polymerization was carried out at reached for each polymerization at completion. It appeared that
40 °C. the polymerization reaction was mainly controlled by monomer

Results and DiscussionEor this study, bis[carboxy(phenyl)-  dissolution, since the polymerization reached plateau quickly
methyl] sebacate (BCS) (Scheme 1) was used as the modeRfter the monomer dissolved at all investigation temperatures.
monomer, and the polymerization went smoothly to yield poly- The procedure is so convenient that there is no need of
[bis[carboxy(phenyl)methyl] sebacate] (PBCS) of moderate complicated operations; one only needs to seal the monomer
molecular weightl,,). We first studied the polymerization in ~ and TMSEA in a vial with chloroform or dichloromethane, and
chloroform and dichloromethane at a 1:0.4 (mmol:mL) BCS to the reaction could be conveniently terminated by precipitation
solvent ratio, and 150% of TMSEA (molar ratio relative to BCS) from petroleum ether or ethyl ether. The excess of TMSEA and
was used. The method was effective over a wide range of the only byproduct, ethyl trimethylsilylacetate, can be easily
temperatures (20660 °C) (Figure 1) to produce colorless removed in vacuo. The best result was obtained in dichloro-
polymer products, which is in contrast to the usually brown methane with a BCS to solvent ratio of 1:0.4 (mol:mL), and a
products of polyanhydrides obtained by classic polycondensationusage of 110% TMSEA, giving the highddt, of 77 000 M,
reactions. Spectra of PBCS obtained are shown in Figure 2.= 26 700).
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Figure 3. Effects of BCS:dichloromethane (DCM) ratio on electrophilic polymerization. Left: relation betiMgeand polymerization time at
different monomer to solvent ratios. Right: GPC traces of products obtained.

Table 1. Polymerization Results at 40°C, with a 1:0.4 (mol:mL) BCS to Solvent Ratio, in Five Hydrogen-Bond Forming Solvents

solvent polarity index dielectric constant a2 od B2 My, (104 Mp (10%)P PDI
dichloromethane 3.1 8.93 0.82 0.30 0.00 5.03 1.93 2.61
chloroform 41 4.81 0.58 0.44 0.00 4.74 1.88 2.54
ACN 5.8 375 0.75 0.19 0.31 2.96 1.00 2.52
acetone 5.1 20.7 0.71 0.08 0.48 2.47 0.69 3.59
THF 4.0 7.58 0.58 0.00 0.58 0.67 0.23 2.94

aHydrogen-bond acidicity. and hydrogen-bond basicifyquoted from work of Kamlet et 8% ® GPC measurement. 150% TMSEA in dichloromethane
and chloroform, 110% in ACN, acetone, and THF. Polymerization time: 380 min in THF and 180 min in all other solvents.

For alkoxyacetylenes, as mentioned above, it is believed that 8+  m-m
there are two intermediates formed in the synthesis of anhy- /' ::: Pl?ci::lciﬁirgir:;ethane v /@
drides!? The higher electrophilic addition reactivity of inter- 6{ —a— Acetone e o
mediate 1, the monoadduct, is believed to be the key to a Mw(10%) / —v— Tetrahydrofuran Q/Y\—\H
continuous chain growth and successful polymerization. If 4 C2H50—\‘CE/C"—Si(CH3)3

intermediatel is, to the opposite, less reactive than TMSEA,

—
low molecular weight molecules with monoadducts as the chain ol m ./0//2 3
ends will be the predominant product in a system of high /./ /A/A
(>100%) TMSEA feeding ratios. Our results indicate that, /*ﬁ,,v —v
because of the easiness of the second addition, an increase of ot 00 200 300 450

TMSEA feeding ratio (molar ratio to BCS) from 100% to 150%
did not render a dramatic decrease of product molecular weight.
However, the TMSEA:BCS ratio does have effects on the
molecular weight of the polymer obtained, as shown in Figure
1: 110% TMSEA produced the highest molecular weight. For electrophilic additions of alkynes, increasing solvent polarity
solution polycondensations, it is desirable to have highest can facilitate the addition reactions by stabilizing the cationic
concentration of monomers and intermediates to prevent theaddition intermediates. However, in the electrophilic addition
formation of cyclic products. Consequently, concentration plays reaction of TMSEA and BCS, such a correlation between the
an important role in the electrophilic polymerization, indicated polymerization results and solvent polarity or their dielectric
by the different polymerization results at BCS:dichloromethane constants is not observed (Table 1 and Figure 4, left). Interest-
(mmol:mL) ratio of 1:0.4, 1:1, and 1:2. Less solvent yields ingly, there appears to be a correlation between the polymeri-
product of higheM,, (Figure 3, left) and less oligomer contents, zation reactivities and the hydrogen bond basicities of the
and this is indicated by the reduced intensity of the GPC peak investigated solvents. The effects of solvent hydrogen bonding
with the elution time of 19 min (Figure 3, right). on electrophilic addition reactions of alkynes and alkenes have
We also studied the effects of solvent on the electrophilic been documented in the literatuie-8
polymerization using five solvents: dichloromethane, chloro-  To explain our findings, we hypothesize that the electrophilic
form, acetonitrile (ACN), acetone, and tetrahydrofuran (THF). addition reaction between BCS and TMSEA as well as that
It was reported that anhydrides could not be formed in THF, between BCS and monoadduttakes a concerted pathway.
but our IR spectra and GPC traces of the product suggest theSo the mono- and diadducts and 2 may be formed from
formation of a polyanhydride in THF, though of low molecular nonionic intermediates or transition state complexes, for ex-
weight. Similarly, polymerizations in both acetone and aceto- ample,1 from 3 (Figure 4, right). Since cations and anions are
nitrile only yielded low molecular weight products aft&h of not involved in the formation o8 and1, the charge-stabilizing
reaction (Table 1). Polymerizations in dichloromethane and ability of the solvent is not expected to affect the polymerization
chloroform gave the best results. If we look at the relation significantly. This is in accordance with the observed results
betweenM,, and polymerization time (Figures 1 and 4), itis (Table 1, Figure 4, left). As is shown, polymerizations in
clear that the reactivity decreases in the order of dichloromethanesolvents of higher dielectric constants (indicating higher charge
~ chloroform > ACN > acetone> THF. In conventional stabilizing abilities) did not yield better results. In order to

Polymerization time (min)

Figure 4. Polymerization in different solvents at 4C, with 110%
TMSEA and 1:0.4 BCS to solvent ratio (mmol:mL).
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characterize the effects of solvent hydrogen bonding on polym- polyanhydride synthesis. Solvents may play an important role
erization, we use the solvent parameter scales that were builtin the reaction by forming hydrogen bonds with the carboxylic
by Kamlet et alt? to estimate the solvent interacting properties acid groups. A good solvent of low hydrogen bond forming
of the solvents (Table 1). Here, tleevalue of a solvent is the  ability appears to be the best choice for the synthesis of
index of its hydrogen bond acidity, for index of its hydrogen polyanhydrides using the electrophilic additieglimination
bond basicity, andr* for index of its dipolarity/polarizability. reaction of TMSEA.

It appears that there is not a correlation between the dipolarity/
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