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Abstract: The chemical synthesis of linear polyesters with various hydrophilic functional groups is difficult,
involving a multistep reaction pathway and synthesis of a suitable monomer with a protected functional group.
A straightforward conventional synthesis from a trifunctional compound, such as glycerol, and a diester or
dicarboxylic acid to produce a polyester results in the formation of networks. An alternative approach to the
one-step synthesis of aliphatic hydroxyl-substituted polyesters from divinyl adipate (DVA) and various triols
has been found by utilizing the intrinsic specificity of an enzyme. The weight average molecular weights of
the resulting polyesters vary according to the triol used and range f8/000 to 14,000 Da. Analysis by
MALDI-TOF mass spectrometry has confirmed the presence of a linear polyester with hydroxyl substituents,
and there is no evidence for network formation. The pendant groups ar8590 secondary and-5.0%
primary hydroxyl groups. Experimental determination of hydroxyl number verifies that one hydroxyl group
is present on each repeat unit of the substituted polyester. By the addition of increasing amounts of 1,4-
butanediol to the reaction mixture of glycerol and DVA, predictable and sensitive control of the hydroxyl
number can be accomplished.

Introduction polymerization can occur, synthesis of a suitable monomer with

The impetus for research in the area of aliphatic polyesters a prot_ected functio_nal group is necessary. Therefor(_e, the overall
chemical synthesis of the functional polyester involves a

over the past 20 years has centered on the need for efficient | ltiole-st i h p hich I
synthesis of functional polyesters. The presence of pendantcomp ex mulliple-step reaction painway from which severa
groups such as carboxylic acid and hydroxyl functionalities problems can arise. These dlffl_cultles mclu_de low yield of the
imparts attractive characteristics to the polyester, including mondom:er, unrellabl[lr|]ty con?terrllnglthetfractlog Ofl deprotlected
increased hydrophilicity, that are lacking in their unsubstituted PEN¢a@nt groups on the resuftant polyester, and polymer cleavage

analogues. The combination of water solubility and biodegrad- as a ckonse((]itéence dOf the ofleiﬁrotectlon stepronae an(:
ability for such polyesters would substantially widen the pool CO-WOTKErS addressed some ot these Concerns In a recent paper

of potential applications and includes controlled release and drugg‘ Vtvf:“?h thﬁyt riport thle fY”th9s'S of 6: protg[ﬁted rT1tonct)rr]ner,
delivery systems as well as other biomedical applications. 2 'Y'€N€ ketac-caprolactone in one step with greater than

Furthermore, new routes to synthesis of novel comb, graft, or 70% _y|eld. Additionally, complete conversion of hydroxyl-
network polymers can be achieved through reaction with the substituted polyester_ from polyester chains with penda_nt a(_:etal
pendant groups on the linear polyester. groups was agcompllshéQHowever, the ov<_ara|| synthesis still
Chemical synthesis of hydroxyi-carboxyl-3 and amino- requires muluple steps including synthesis of the monomer,
substituted polyestetdias been documented; however, before copolymerlzat!on mthe-caprglactone_, and deprotection (two
steps) to obtain polyester with functional hydroxyl groups.
5 *To ghotm Cf()fregp%ndﬁnc? Shoulddbg_addressed at 380_ TeC_?nol?gy The necessity for protection of functional groups during
Pirtlt\g%urgr?,nP(ietrtsb?Jrrgh:OPiclggl%Q);h%me: (Lolezr;géggt_agr?‘?d. F;)?:’e(fl'%') 283 reaction lies in the nonspecific nature of chemical synthesis.
9710. E-mail: russell@engrng.pitt.edu. For example, network or cross-linked aliphatic polyesters result
(1) Kronenthal, R. L. InPolymers in Medicine and SurgerPlenum from the reaction of various aliphatic and aromatic dicarboxylic

Press: New York, 1974; pp 13#437. Wise, D. L.; Fellman, T. D ; ; ;
Sanderson, J. E.; Wentworth, R. L. Drug Carriers in Biology and acids with multihydroxyl compounds such as glycerol and

Medicine Academic Press: London, 1979; pp 23770. Kopecek, J.: pentaerythritol because all the functional groups on the monomer
Ulbrich, K. Prog. Polym. Sci1983 9, 1-58. Frazza, E. J.; Schmitt, E.E  are able to react® In work reported by Tsutsumi, Nagata, and
J. Biomed. Mater. Res. Sym®71, 1, 43-58. co-workers, a prepolymer is first prepared by melt polycon-
30(?0?263 + Dubois, P.; Grandiils, C., diene, R Macromoleculed.997 densation at 200C which is then polymerized at 23(8B10°C.

(3) Vert, M.; Lenz, R. WPolym. Prepr. (Am. Chem. Soc.,:DPolym. The resulting polymer film is transparent and insoluble in

Chem.)1979 20, 608-611. Braud, C.; Bunel, C.; Garreau, H.; Vert, M. grganic solvents. The degree of reaction was estimated by

Polym. Bull. 1983 9, 198-203. Kimura, Y.; Shirotani, K.; Yamane, H.; tar i i i
Kitao, T. Macromoleculesl988 21, 3338-3340. Kimura, Y.; Shirotani, ~ 1nitoring the change in the infrared absorption of the hydroxyl

K.; Yamane, H.; Kitao, TPolymer1993 34, 1741-1748. (5) Nagata, M.; Kiyotsukuri, T.; Ibuki, H.; Tsutsumi, N.; Sakai, React.
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and methylene groups.

synthesized from ethylene glycol and tetracarboxylic acids-(87
95%)87 The lower degree of reaction was attributed to the
lower reactivity and compact nature of glycefol.

Kline et al.

The network polyesters based onMaterials and Methods
glycerol achieved degrees of reaction ranging from 60 to 80%
which were lower than those obtained for network polyesters

Enzymes. Novozym 435 was provided as a kind gift from Novo
Nordisk A/S (Bagsvaerd, Denmark). Novozym 435 is a triacyl glycerol
lipase derived fromCandida antarcticafraction B immobilized on a
macroporous acrylic resin. The enzyme comprises approximately 10
wt % of the total weight of the enzymearrier resin bead. The activity

An alternate approach for synthesis is found through the useas reported by Novo Nordisk is 7550 PLU/g. The activity was

of enzymes. Specificity, stereoselectiitend regioselectivify12

measured by a commercially available titrimetric assay (Sigma Chemi-

of different enzymes with various substrates has been well cal Co., St. Louis, MO) modified by performing the reaction of olive
studied with considerable emphasis given to how these proper-oil triglycerides to fatty acids and diglycerides in the presence of
ties can be changed and controlled depending on the reactioNovozym 435 at 50C for 2 h. The resulting activity was 53 U/mg of

parameter$® Here we are primarily concerned with the
regiospecificity of the enzyme. Klibanov and co-workers have

demonstrated that porcine pancreatic lipase (PPL) possesses

preference toward primary hydroxyl groups in the acylation of
various glycols. Interestingly, only a very small percentage of
the reaction product (02%) was diestet. The bias of PPL

solid. Chirazyme L-9 (c.-f., dry), a lipase frorMucor miehei
immobilized on a macroporous anion-exchange resin, was purchased
from Boehringer Mannheim Biochemicals (Mannheim, Germany).
Borcine pancreatic lipase was purchased from Sigma. All other
enzymes used were purchased from Amano Pharmaceuticals, Ltd.
(Lombard, IL), and include lipases frofseudomonas fluorescens
Aspergillus niger Candida rugosa Rhizopus OryzgePenicillium

was then exploited in order to achieve the regioselective camembertiMucor Javanicus andPseudomonas cepaciaill enzymes

acylation of the primary hydroxyl group on various sugérs.
The regioselectivity of certain enzymes toward specific hydroxyl

were dried under vacuum over phosphorus pentoxide for approximately
72 h to minimize hydrolysis in the reaction.

groups was found to be tunable according to the hydrophobicity ~Chemicals. Tetrahydrofuran (HPLC grade) and standardized 1 N
of the solvent in which the reaction is performed as well as the sodium hydroxide solution were purchased from Fisher Scientific
type of acylating agerit The acylation of natural multihy- (Pittsburgh, PA). Divinyl adipate, an activated ester of adipic acid,
droxyl compounds (sugars) by vinyl acetate catalyzed by Was obtained as a kind gift from Union Carbide Corporation (Danbury,

Candida antarcticdipase B has also been investigated. The

enzyme always acylated the primary hydroxyl groups on the

various glycopyranosides studied. A maximum of two of the
four hydroxyl groups was acylated, and the regioselectivity of

the enzyme toward the remaining secondary hydroxyl groups

CT). All other solvents, substrates, and analytical materials were
purchased from Aldrich Chemical Co. (St. Louis, MO). All materials
were used without further purification.

Reaction Procedure. Typically, divinyl adipate (0.991 g, 5.0 mmol)
and an equimolar amount of the triol/glycol were addedat7 mL
glass vial. Because all the reactions were performed in a solvent-free

depended on the identity of the aglycone as well as the environment, it was important to ensure that the substrates could form

stereochemistry of the glycosidic bof. The enzymatic

esterification and transesterification of glycerol to form mono-
and distearin has also been studied usth@ntarcticalipase

B. Reactions performed in a low-polarity solvent showed
formation of mono- and distearin in equal amounts, while
reactions in more polar solvents favored production of the
monostearin. Formation of 1,2-distearin did occur in significant
and sometimes greater amounts than 1,3-distearin produétion.
The reaction of hydroxyl groups on a multifunctional compound

a well-dispersed mixture. DVA is a solid at room temperature and
melts at approximately 30C. At temperatures above 3@, DVA

and the various diols and triols form an immiscible liquid mixture which
becomes well dispersed when it is vigorously agitated. Therefore, the
vial was then placed in a New Brunswick Scientific Series 25 incubator/
shaker at 50C until DVA melted. Enzyme (1 wt %) was added to
the vial to initiate the reaction. The vial was kept in the incubator for
24 h at an agitation speed of 250 rpm and a temperature 8€50he
reaction was terminated by quenching the reaction contents with THF.
The reaction solution was then filtered to remove the enzyme. The

such as glycerol is dependent on the relative reaction rate of polymer was recovered by evaporating the THF. The product polyesters
primary and secondary groups, and it is well-known that primary were analyzed without further purification. The resulting polyesters
hydroxyls are more reactive. However, to form linear functional were soluble in organic solvents. In contrast to the white amorphous
polyester from a multihydroxyl compound, one of the hydroxyl solid that is formed from the reaction of DVA and 1,4-butanediol, the
groups must remain unreacted. It is our intent to utilize the polyesters produced from these reactions are clear, viscous liquids.
inherent specificity of an enzyme to perform an efficient one-  Gel Permeation Chromatography. Molecular weights of the
step synthesis of linear polyesters containing pendant hydroxyl product polyesters were determined using a Waters 150CV gel

groups.

(7) Tsutsumi, N.; Chen, Y.-H.; Kiyotsukuri, T. Polym. Sci., Part A:
Polym. Chem1991, 29, 1963-1970.

(8) Margolin, A. L.; Crenne, J.-Y.; Klibanov, A. MTetrahedron Lett
1987 28, 1607-1610. Wallace, J. S.; Morrow, C. J. Polym. Sci., Part
A: Polym. Chem1989 27, 2553-2567.

(9) Cesti, P.; Zaks, A.; Klibanov, A. MAppl. Biochem. Biotechnal985
11, 401-407.

(10) Therisod, M.; Klibanov, A. MJ. Am. Chem. So&986 108 5638-
5640.

(11) Rich, J. O.; Bedell, B. A.; Dordick, J. Biotechnol. Bioengl995
45, 426-434. MacManus, D. A.; Vulfson, E. NEnzyme Microb. Technol.
1997 20, 225-228.

(12) Danieli, B.; Luisetti, M.; Sampognaro, G.; Carrea, G.; Riva).S.
Mol. Catal. B: Enzymol1997 3, 193-201.

(13) Sakurai, T.; Margolin, A. L.; Russell, A. J.; Klibanov, A. M.
Am. Chem. Sod988 110 7236-7237. Fitzpatrick, P. A.; Klibanov, A.
M. J. Am. Chem. S0d991, 113 3166-3171. Kamat, S. V.; Beckman, E.
J.; Russell, A. JJ. Am. Chem. Sod993 115 8845-8846. Chaudhary, A.
K.; Kamat, S. V.; Beckman, E. J.; Nurok, D.; Kleyle, R. M.; Hajdu, P.;
Russell, A. JJ. Am. Chem. S0d.996 118 12891-12901.

(14) Pastor, E.; Otero, C.; Ballesteros,Biocatal. Biotransform1995
12, 147-157.

permeation chromatograph which is equipped with a refractive index
detector. THF is used as the mobile phase at a flow rate of 1.0 mL/
min and a temperature of 3&. Three columns in series are installed
in the instrument to achieve effective separation in the molecular weight
range of 506-30 000 Da. The first two columns are PL-gel Mixed-E
columns from Polymer Laboratories, which have a range of pore sizes.
The third column is a Waters Ultrastyragel column with a 500 A pore
size. A calibration curve of the log of the molecular weight versus
retention time was obtained using 11 polystyrene standards in the
molecular weight range of 58866,000 Da.

Matrix-Assisted Laser Desorption/lonization—Time-of-Flight
(MALDI-TOF) Mass Spectrometry. All analyses were performed
using a PerSeptive Biosystems Voyager Elite MALDI-TOF mass
spectrometer. The instrument was operated at a voltage of 20 kV in
linear mode. The matrix preparation for different types of samples
varies and must be optimizé#l. For polyester samples, a 1@/mL
solution of sodium iodide in water is prepared and spotted on to the

(15) Hillenkamp, F.; Karas, M.; Beavis, R. C.; Chalt, B.Anal. Chem.
1991, 63, 1193A-1202A. Danis, P. O.; Karr, D. EDrg. Mass Spectrom.
1993 28, 923-925.
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Figure 1. Lipase-catalyzed polycondensation between triols and divinyl adipate to form aliphatic polyester with pendant hydroxyl groups.

Table 1. Lipase-Catalyzed Polymerization To Produce Linear

target plate prior to that of the polyester and matrix solution. A solution Hydroxyl-Substituted Polyesters

of the polyester and matrix is then prepared using«L®f dithranol

(~5 mg/mL in THF) and 2«L of the polyester £20 mg/mL in THF). reacn My, reacn
Approximately 2uL is then spotted onto the target plate over the dried _ time (GPC) extent
sodium iodide solution. The target plate can be loaded into the mass triol (h) (Da) PDI (%)
spectrometer when completely dry. The polyester spectra are calibratedglycerol 4 1485+ 202 3.10+0.13 82.2
using peptide standards obtained from PerSeptive Biosystems (Framing-1,2,6-trihydroxyhexane 4 3354447 2.77£0.05 90.6
ham, MA). glycerol 24 1039H-409 2.25+0.04 96.2
Hydroxyl Content Titration. The hydroxyl number of the poly- glycerol 28 10025:25 2.93+0.15 96.0
esters was determined using a titrimetric technique developed by the 1.2,4-butanetriol 28 3916373 2.22+0.05 895

Bayer Corp. (Miles’ Quality Laboratories, Method Number 414-C). 1.2,6-trihydroxyhexane 28 13219443 2.43£0.02 96.4

The polyester sample was reacted with an excess of phthalic anhydride a gytent of reaction is calculated on the basis of the equation

in pyridine at~182°C for 35 min. The unreacted phthalic anhydride  (x,, — 1)/(X,, + 1) developed by Flor§¢ X,, is the weight average
was manually titrated with a standardized 1.0 N solution of sodium degree of polymerization and is calculated by dividing the weight
hydroxide to its end point using phenolphthalein as the indicator. Larger average molecular weight by the average molecular weight of the two
scale reactions, using 26-:83.0 mmol of DVA and an equimolar ~ monomers.

amount of the diol/triol, were performed to obtain a suitable amount Candid tarcticdi iall ilabl Chi
of polyester for analysis. The amount of polyester used for hydroxyl andida antarcticdipase (commercially available as Chirazyme

number analysis varied according to the expected hydroxyl number L-9; ¢.-f., dry, and Novozym 435, respectively) formed poly-
and decreased as the hydroxyl content increased. ester, the latter enzyme being far more effective than the former.

The presence of a significant amount of unreacted monomer in the C. antarcticalipase has also exhibited an intrinsic stability
product polyester could skew the results of the analysis. However, toward acetaldehyde which is enhanced further via immobiliza-
the product polyester was analyzed without purification, which can be tion.l” Novozym 435 has also been successfully used in the
justified by considering the mechanism of stepwise condensation. Steppylk reaction of 1,4-butanediol with DVA to produce high
polymerization is characterized by the disappearance of monomer earlyqlecular weight polyester using low enzyme concentrations
In the reaction to the point that, for most step polymerizations, the , gport reaction time¥ Therefore, we have assessed the
amount of monomer in the reaction is less than 1% of the starting feasibility of the reaction described in Figure 1 using this lipase.

guantity by the time the average polymer chain contains 10 monomer ’ - . . .
residues® The absence of monomer was confirmed by examining the Three different repeat units potentially exist for the reaction

GPC chromatograms for monomer peaks. shown in Figure 1, and the occurrence of these will depend on
the relative reactivity of the primary and secondary hydroxyl
Results and Discussion groups as well as the regioselectivity of Novozym 435 under

the conditions of the reactiod.

The results of the reactions of various triols with DVA are
shown in Table 1 and agree with the formation of polymer
according to the mechanism of step polycondensation. After 4
h, the extent of reaction ranges between approximately 80 to
90% for glycerol and 1,2,6-trihydroxyhexane reactions. While
these extents could be considered high under other circum-
stances, high molecular weight polymer is formed only at
Fxtremely high reaction extents for stepwise condensations. As
a result, the molecular weight of the polyesters rafteh of

Figure 1 shows the general reaction of trinydroxyl compounds
(glycerol, 1,2,4-butanetriol, and 1,2,6-trihydroxyhexane, where
R in the reaction scheme is equal to 1, 2, and 4, respectively)
with DVA to produce linear hydroxyl-substituted polyester. The
byproduct of the reaction is vinyl alcohol, which tautomerizes
to acetaldehyde. While this side reaction effectively shifts the
equilibrium of the reaction in the forward direction, acetaldehyde
has previously been reported to deactivate enzyrhékhere-
fore, a set of reactions was performed in the presence of severa
different lipases in an effort to discover which enzymes produced

polymer. Only the immobilized forms dflucor mieheiand (18) Chaudhary, A. K.; Lopez, J.; Beckman, E. J.; Russell, A. J.
Biotechnol. Prog1997 13, 318-325.

(16) Odian, G.Principles of Polymerization3rd ed.; Wiley and Sons: (19) For symmetric compounds, like glycerol, only two potential repeat

New York, 1991; Chapter 2. units exist.R is equal to 1 and the repeat units denoted by Y and Z in

(17) Weber, H. K.; Faber, KMethods Enzymoll997 286, 509-518. Figure 1 would be structurally identical.
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Figure 2. MALDI-TOF spectrum for polyester synthesized from lipase-catalyzed reaction of 1,2,6-trihydroxyhexane and divinyl adipate. (Matrix:
dithranol+ sodium iodide).
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Figure 3. MALDI-TOF spectrum for polyester synthesized from lipase-catalyzed reaction of glycerol and a 50% excess of divinyl adipate.
(Matrix: dithranol+ sodium iodide).

reaction are low. As expected, the 24 h reaction results in apparent, indicating that the polyester chains are terminated with
polyesters with increased molecular weights. The extent of various groups. Each peak within any given series is separated
reaction and molecular weight of the polyester did not vary from the next peak by-244 Da. (z), which is the molecular
significantly when the reaction time was increased from 24 to weight of the repeat unit for linear hydroxyl-substituted polyester
28 h. Also, the 1,2,4-butanetriol/DVA reaction showed a from 1,2,6-trihydroxyhexane and DVA. For example, we have
decreased reaction extent in comparison to that of the glycerolassigned the peak a¥z 708.73 as a polyester chain with two
and 1,2,6-trihnydroxyhexane/DVA reactions indicating that the repeat units and vinyl terminal groups. Other major peak series
rate of reaction is slower for this triol. on the spectrum include hydroxyVinyl (799 + 244n), hy-

Bulk reactions of various triols with DVA in the presence of droxyl—hydroxyl (645+ 244n), vinyl—acid (683+244n), and
Novozym 435 yields polyester, which we analyzed by matrix- hydroxyl-acid (773+244n) terminated chaing. Since MALDI-
assisted laser desorption/ionizatieime-of-flight (MALDI- TOF analysis has yielded results confirming the presence of
TOF) mass spectromet?). Figure 2 shows a representative linear hydroxyl-substituted polyester, it is important to stress
spectrum for polyester produced from the reaction of 1,2,6- that a complete analysis of nonenzymatic polymerizations with
trihydroxyhexane and DVA. Several series of peaks are glycerol and dicarboxylic acids has been published by Nagata

(20) Chaudhary, A. K.; Critchley, G.; Diaf, A.; Beckman, E. J.; Russell, (21)n=1, 2, 3, ... and corresponds to the number of repeat units in a
A. J. Macromoleculed 996 29, 2213-2220. polyester chain.
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Table 2. Hydroxyl Number Analysis for Unsubstituted and Hydroxyl-Substituted Polyesters

no. of
hydroxyl no. hydroxyl groups
no. of (mg of KOH/ per repeat unit
diol/triol diester My (Da) repeat units g of sample) (equiv/mol)
glycerol divinyl adipate 10 060 23 236 0.83
glycerol divinyl adipate 9990 22 250 0.89
1,2,4-butanetriol divinyl adipate 3540 7.0 260 1.04
1,2,6-trihydroxyhexane divinyl adipate 12 780 22 222 0.95
1,2,6-trihydroxyhexane divinyl adipate 13 660 23 255 1.11
1,4-butanediol divinyl adipate 12 670 45 19.3 0.07
commercial unsubstituted 6 700 13 47.0 0.17

hydroxyl-capped polyester

aThe number of repeat units of each polyester was calculated from the number average moleculaP weitte.expected hydroxyl number
of the polymer decreases, more sample is necessary to procure an accurate titration. Therefore, five different polyester samples were combined to
obtain one hydroxyl number and, consequently, the weight average molecular weight and number of repeat units are averages of these five samples.
The error among the five samples is less than 5%.

and co-workers. Their detailed study demonstrated that no linear 100
hydroxyl-functional polyesters can be synthesized in this
manner®

To determine whether increasing the stoichiometric ratio of
DVA/triol would generate network formation or reaction at all
hydroxyls, reactions were also performed at constant glycerol
concentration with various concentrations of DVA. As ex-
pected, when the reaction deviated from equimolarity, the
molecular weight of the resulting polymer decreased signifi-
cantly?? Figure 3 shows a MALDI-TOF spectrum of a
polyester produced from the reaction of glycerol and excess
DVA, giving a repeat unit of 202 Da. In this particular reaction, 0 . r - T ) .
the hydroxyl content is equivalent to the ester content. The 0 5 10 Retéﬁﬁon lenf"e (mmzjes) 0 3 40
MALDI-TOF spectra indicate that linear hydroxyl-substituted
chains were still formed, but a larger percentage possessed vinyl
end groups (423 202n). A new peak series also appeared at

80

60

40

20 4

Refractive Index Detector Signal (%)

100

(577 + 202n), which can be attributed to a linear hydroxyl- § 80 1

substituted polyester in which one glycerol residue in the entire @

polyester chain reacted with three DVA’s. No further evidence § 60

of network formation was found, and further analysis of this g

chain is in progress to determine the location of the fully reacted 3 44

glycerol residue. We suggest that this residue most likely 2

appears on the end of the polyester chain and was formed near 2 20

the end of the reaction when the rate of linear chain extension § )

is very slow. The possibility does exist that a network polymer &

is forming, but the MALDI-TOF instrument is not able to detect 0 0 M 0 15 20 25 20 35 40
it; however, the polyesters formed from these reactions remain Retention Time (minutes)

fully soluble in organic solvents indicating that networks are Figure 4. (a) Top: Gel permeation chromatograms for polyesters
not produced. o _ _formed from lipase-catalyzed reactions between divinyl adipate and
Because there are three potential sites for reaction on a triol, 1, 3-propanediol (A), glycerol (B), and 1,2-propanediol (C). Degrees
identifying which hydroxyl groups react would be beneficial of polymerization for A-C are 91, 70, and 6.0, respectively. (b)
in that the structure of the polyester would be more defined, Bottom: Gel permeation chromatograms for polyester formed from
and if necessary, attempts could then be made to control thelipase-catalyzed reactions between divinyl adipate and 1,6-hexanediol
regioselectivity of the polymerization. Hence, DVA was reacted (A), 1,2,6-trihydroxyhexane (B), 1,5-hexanediol (C), and 1,2-hexanediol
with a series of diols containing primary and secondary (D). Degrees of polymerization for AD are 101, 72, 7.0, and 3.5,
hydroxyls. The degrees of polymerization of the resulting "eSPectively.
polymers were then compared to that of the polyester formed
from the reaction of triols with DVA. Figure 4a,b depicts the
results of the comparisons and clearly indicates that the diols
with secondary hydroxyls react at a much slower rate than those
with only primary hydroxyl groups. Furthermore, if the
assumption is made that the secondary hydroxyl groups on the
triols possess the same reactivity as those on the diols, it can
be concluded that the triols react essentially through the primary

hydroxyl groups. Indeed, we estimate that both glycerol/DVA
and 1,2,6-trihydroxyhexane/DVA polyesters consist of ap-
proximately 90-95% of the repeat unit denoted by X in Figure
1.

One concern with the chemical synthesis of functional
polyesters, as stated previously, is the uniformity of the pendant
group. To determine the number of hydroxyl groups per repeat
unit that the biocatalytically synthesized polyesters possessed,

(22) The equimolar reactions of DVA and glycerol produced polymer a hydroxyl number analysis was performed, and the results are
with weight average molecular weights of approximately 6400 Da. Reactions ghqwn in Table 2 for various triol/DVA polyesters. These
with excess DVA in which the amount of vinyl groups and hydroxyl groups . )
were equivalent produced oligomers with molecular weights of about 1000 Values were then compared to those for unsubstituted polyesters.
Da. The equivalent hydroxyl groups per mole was calculated from
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Figure 5. Effect of glycerol concentration on the degree of functionality
of the polyester.

the hydroxyl number and then divided by the number of
polyester repeat units. For a linear triol/DVA polyester with
every repeat unit having a pendant hydroxyl group, this ratio
should be 1 hydroxyl group per repeat unit of polyester, whereas,
for the diol/DVA polymers, the value should approach 0O

hydroxyl groups per repeat unit of polyester. In each case, any

terminal hydroxyl groups will result in subtle variations in the
hydroxyl number. Glycerol/DVA polyesters show a mildly
depressed value in comparison to the other triol/DVA polymers
which could be due to reaction of some of the functional

Kline et al.

hydroxyl groups with DVA as described above. The values
obtained for 1,2,4-butanetriol/DVA and 1,2,6-trihydroxyhexane/
DVA polyesters confirm that they possess approximately 1
hydroxyl group per repeat unit.

Remarkably, the degree of functionality of the substituted
polyester can also be controlled by changing the triol concentra-
tion in the reaction maintaining equimolar concentrations of
monomers by adding an appropriate amount of a diol. Figure
5 shows the results of a set of reactions in which glycerol
concentration was varied from 0 to 100% of the total glycerol/
1,4-butanediol concentration. Clearly, the enzyme-catalyzed
reaction enables exquisite and predictable control of hydroxyl
number in a manner which cannot be achieved by conventional
approaches.

Conclusions

We have exploited the inherent specificity of enzymes to
achieve the straightforward synthesis of linear polyester with
pendant hydroxyl groups. The pendant groups are substantially
secondary hydroxyls, since the reaction takes place principally
at the primary hydroxyl groups. This work constitutes the most
efficient synthesis of functional polyester to date in terms of
the number of reaction steps. Furthermore, the hydroxyl
contents of the resulting polyesters are consistent with one
hydroxyl group per repeat unit and attempts to control the degree
of functionality with addition of diol were successful.
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