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Introduction. Poly(e-caprolactone) (PCL) is currently
being investigated for use in medical devices and
pharmaceutical controlled release systems because of
its biocompatibility, biodegradability, and good drug
penetrability.=3 PCL is usually synthesized by ring-
opening polymerization (ROP) of e-caprolactone (e-CL),
which is carried out in the presence of metal-contained*—28
or metal-free compounds.®~13 The ROP can be initiated
by active hydrogen of amine and alcohol,’*~1¢ and the
effect of active hydrogen on the polymerization is
enhanced by an organic acid. Rozenberg obtained PCL
with molecular weight over 8000 g/mol from the polym-
erization of ¢-CL initiated by aniline in the presence of
a protonic acid.'” Xie et al. revealed that the polymer-
ization of e-CL in the presence of hydroxyl acid was a
hydroxyl-initiated reaction, and the carboxyl group did
not initiate but accelerated the polymerization.'® Sanda
et al. carried out the polymerization of e-CL with
alcohols as initiators and fumaric acid as an activator
of the monomer.*®

Recently, we investigated the ROP of ¢-CL in the
presence of natural amino acids considering that they
are essential components in human nutrition, and the
biocompatibility and in vivo safety of thus-obtained PCL
must be satisfying for medical and pharmaceutical
purpose. The results, which are presented in this paper,
indicate that polymerization of ¢-CL was initiated by
the amino group of amino acid (Scheme 1).

Experimental Section. «-CL (Aldrich) was dried
over calcium hydride for 48 h and distilled under
reduced pressure. 1,4-Dioxane was purified by distilla-
tion after drying with sodium. All other materials were
analytical grade and used as received.

IH NMR spectra of PCL were recorded on a Mercury
VX-300 (300 Hz) apparatus with tetramethylsilane
(TMS) as internal standard and CDCI; as solvent.
Number-average molecular weight by GPC (M, cpc) and
polydispersity index (Myw/Mp) of PCL were measured
with a Waters high-performance liquid chromatography
system equipped with a model 2690D separation mod-
ule, a model 2410 refractive index detector, and Shodex
K802.5 (pore size 60 A) and Shodex K805 (pore size 500
A) columns in series. The measurements were per-
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formed in CHCI3 at 35 °C and calibrated with polysty-
rene standards, and the value of M gpc Was determined
by the well-known universal calibration method using
a viscosity detector.

Ring-Opening Polymerization of e-CL. e-CL was mixed
with a certain amount of amino acid, and the mixture
in a vacuum-sealed ampule (40 Pa) was stirred at
160 °C for the appointed time. A part of the reaction
mixture was taken out for direct analysis, and the
residue was purified by dissolving it in tetrahydrofuran
(THF) and then being precipitated with a mixture of
CH30OH and H;0 (v/v = 4:1) at room temperature. The
precipitate was filtrated and dried in a vacuum at
30 °C for 24 h.

Determination of Unreacted Amino Acid in Reaction
Mixture. 1 g of reaction mixture was dissolved in 50 mL
of chloroform, and then 10 mL of water was added to
extract the unreacted amino acid, which was analyzed
by the method of ninhydrin—ascorbic acid with a Shi-
madzu 2401 ultraviolet—visible spectrometer.?°

Titration of Carboxyl End Group in PCL. Purified
PCL was dissolved in a mixture solvent of isopropyl
alcohol:1,4-dioxane = 1:4 (v/v), and the solution was
titrated with 0.008 mol/L potassium hydroxide/isopropyl
alcohol:1,4-dioxane = 1:4 (v/v) using 1% phenolphtha-
lein/ pyridine as indicator.

Results and Discussion. The ROP of «-CL in the
presence of L-alanine, L-proline, L-phenylalanine, and
L-leucine was investigated with a molar ratio of ¢-CL
to amino acid ([e-CL]/[amino acid]) ranging from 30 to
200, and the temperature of the polymerization reaction
was 160 °C. The reaction time for molar ratio 30, 50,
and 100 was 24 h, but for 200 it was 48 h. The results
are summarized in Table 1.

The ROP could take place with molar ratio 30, but
M, cpc of PCL was below 4000 g/mol with M,/M, from
1.67 to 1.85 for the four amino acids, which was
improved at larger molar ratio. My gpc by L-phenylala-
nine increased from 3900 to 6800, 13 300, and 25 200
g/mol when the molar ratio enlarged from 30 to 50, 100,
and 200, and that by L-leucine was 6300, 12 500, and
26 800 g/mol, respectively. However, M,,/M,, decreased
to 1.69, 1.67, and 1.54 for L-phenylalanine and 1.61,
1.56, and 1.50 for L-leucine.

Mn.cpc Was very close to the calculated value (M caicd)
from the initial [e-CL]o/[amino acid], which confirmed
that most amino acid incorporated into the polymer. The
deduction was supported by the determination of resi-
due of amino acid in the reaction mixture after polym-
erization finished. No amino acid was detected for the
reaction mixture with molar ratio 50, 100, and 200. For
molar ratio 30, only 0.9—2.7% amino acid was left. The
results indicate that the polymerization was initiated
by the four amino acids.

The same conclusion comes from the structure data
of obtained PCL by 'H NMR spectroscopy. Figure 1
illustrates the 'H NMR spectrum of PCL initiated by
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Scheme 1
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Table 1. Results of the Polymerization of e-CL Initiated by Natural Amino Acid (160 °C)

[G-CL]/ reaction Mn,calcdc Mn,NMRd Mn,(_:,pc
entry amino acid [amino acid]  time (h) conv® (%) oP (%) (x10=3g/mol) (x10=3g/mol) (x10=3g/mol) Mw/My,

1 L-alanine 30 24 96 2.7 34 3.6 3.7 1.85
2 L-proline 30 24 97 14 34 3.6 1.67
3 L-phenylalanine 30 24 100 0.6 3.4 35 3.9 1.73
3.8¢ 1.89¢

4 L-phenylalanine 50 24 100 0 5.7 5.5 6.8 1.69
6.7¢ 1.85¢

5 L-phenylalanine 100 24 97 0 111 13.3 1.67
6 L-phenylalanine 200 48 98 0 22.4 25.2 1.54
7 L-leucine 30 24 99 0.9 34 34 3.9 1.68
8 L-leucine 50 24 100 0 5.7 5.9 6.3 1.61
9 L-leucine 100 24 99 0 11.3 125 1.56
10 L-leucine 200 48 100 0 22.8 26.8 1.50

a Monomer conversion determined by!H NMR. P Unreacted amino acid measured by the method of ninhydrin—ascorbic acid. ¢ Mn caicd
= [e-CL]o/[amino acid] x conv x 114.14 (molecular weight of e-CL) /(1 — 0%). 9 Estimated from the integration of proton signal in terminal
methyl (L-alanine and L-leucine) or methylene (L-phenylalanine) group of amino acid and the methylene proton signal of the main chain.
¢ The reaction mixture without purifying.
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Figure 1. 'H NMR spectrum of PCL initiated by L-alanine (Table 1, entry 1).
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Figure 2. (A) *H NMR spectrum of PCL by L-phenylalanine after D,O exchange. (B) *H NMR spectrum of PCL by L-phenylalanine
(Table 1, entry 3).
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Table 2. Content of Carboxyl Side Group of PCL
Analyzed by Titration

L-phenyl-
item L-alanine? L-leucine® L-proline¢  alanined
KOH (mL) 14.8 12.9 12.7 13.5
no. of carboxyl 1.12 1.08 1.10 1.03
group®

aTable 1, entry 1. ® Table 1, entry 7. ¢ Table 1, entry 2. 4 Table
1, entry 3. ¢ Number of carboxyl group = the amount of KOH (mol)
consumed /(mass of PCL/Mp caica from Table 1).

L-alanine. The peaks at 6 = 1.1, 4.5, and 6.1 ppm are
assigned to the protons of CH3— and —CH— in alanine
and the newly formed —NHCO-— group, respectively.
The triplet at 6 = 3.7 ppm arises from the protons of
methylene in the —CH,OH end group. All other peaks
are due to the backbone chain of PCL.

Figure 2 shows the 'H NMR spectra of PCL by
L-phenylalanine. The spectrum after D,O exchange is
marked as Figure 2A. As expected, no signal of proton
in the —NHCO— group is observed from Figure 2A,
which should appear at 6 = 6.0 ppm as shown in Figure
2B. But the peak of H,O appears at 6 = 4.8 ppm, which
overlaps the signal of the —CH— group in phenylala-
nine. The results depict the existence of the —NHCO—
group in PCL obtained. In Figure 2A,B, the peaks at
0 = 3.1 and 7.18 ppm are attributed to the protons of
methylene and phenyl in the PhCH,— end group,
respectively. The formation of the —NHCO— group
suggests the amino group of amino acid incorporating
into the PCL chain by its addition to «-CL and the
rupture of acyloxygen linkage in e-CL during polymer-
ization.

Another evidence of amino acid incorporating into the
polymer chain by the amino group is titration of the
carboxyl group (cf. structure formula in Figures 1 and
2), and the results are listed in Table 2.

On the basis of the data of M, caicq @nd consumption
of KOH in titration, PCL by L-alanine, L-leucine, L-
proline, or L-phenylalanine each contained one carboxyl
side group. The result strongly supports the structure
of PCL by IH NMR.

In conclusion, the polymerization of e-CL was initiated
efficiently by some natural amino acids via the rupture
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of an acyloxygen bond in e-CL and the addition of an
amino group in amino acid to form the —NHCO—
linkage, and the amino acid was incorporated into the
polymer chain. The molecular weight of PCL depended
on the molar ratio of [e-CL]/[amino acid] in feed.

Acknowledgment. The authors thank the National
Natural Science Foundation of China (20274032) and
the 973 Project of China (G1999064703) for financial
support of this investigation.

References and Notes

(1) Engelberg, I.; Kohn, J. Biomaterials 1992, 12, 292.
(2) Pulapura, S.; Kohn, X. J. Biomater. Appl. 1992, 6, 216.
(3) lannace, S.; de Luca, N.; Nicolais, L. J. Appl. Polym. Sci.
1990, 41, 2691.
(4) von Schenck, H.; Ryner, M.; Albertsson, A.-C.; Svensson, M.
Macromolecules 2002, 35, 1556.
(5) Storey, R. F.; Sherman, J. W. Macromolecules 2002, 35,
1504.
(6) Kricheldorf, H. R.; Kreiser-Saunders, |.; Damrau, D. O.
Makromol. Symp. 2000, 159, 247.
(7) Dubois, Ph.; Degée, Ph.; Jéréme, R.; Teyssié P. Macromol-
ecules 1992, 25, 2614.
(8) Martin, E.; Dubois, P.; Jerome, R. Macromolecules 2003, 36,
5934,
(9) Connor, E. F.; Nyce, G. W.; Myers, M.; Mock, A.; Hedrick,
J. L. J. Am. Chem. Soc. 2002, 124, 914.
(10) Yu, Z. J.; Liu, L. J. J. Polym. Sci., Part A: Polym. Chem.
20083, 41, 13.
(11) Bixler, K. J.; Calhoun, G. C.; Scholsky, K. M.; Stackman,
R. W. Polym. Prepr. 1990, 31, 494.
(12) Messersmith, P. B.; Giannelis, E. P. J. Polym. Sci.., Part A
1995, 33, 1047.
(13) Shibasaki, Y.; Sanada, H.; Yokoi, M.; Sanda, F.; Endo, T.
Macromolecules 2000, 33, 4316.
(14) Cerrai, P.; Tricoli, M.; Andruzzi, F.; Paci, M. Polymer 1989,
30, 338.
(15) Cerrai, P.; Tricoli, M. Macromol. Chem., Rapid Commun.
1993, 14, 529.
(16) Fukuzaki, H.; Yoshida, M.; Asano, M.; Kumakura, M. Eur.
Polym. Polym. J. 1989, 25, 1019.
(17) Rozenberg, B. A. Pure Appl. Chem. 1981, 53, 1715.
(18) Xie, D. L.; Jiang, B. Acta Polym. Sin. 2000, 5, 532.
(19) Sanda, F.; Sanada, H.; Shibasaki, Y.; Endo, T. Macromol-
ecules 2002, 35, 680.
(20) Pesez, M.; Bartos, J. Colorinetric and Fluorimetric Analysis
of Organic Compounds and Drugs; Marcel Dekker: New
York, 1974; Chapter 9.

MAO0348066



