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Biodegradable polymers have many advantages for develop-  so 75 70 65 64 55 50 4f 40 35 30 s 3] 15 10 ppm
ment of appropriate therapies in biological systems. Polyphos-
phoester (PPE) represents a class of biodegradable polymer: ¢ H

with repeated phosphoester linkage in the backbone, which \ |
degrades under the physiological conditions via hydrolysis or AN L
enzymatic cleavage of the phosphoester bdide biological BA 75 70 65 60 S5 5S4 45 40 35 30 25 28 1S 14PPM

potential of PPE has been investigated by Penczek and hISFigure 1. 1H NMR spectra of PCL (A), block copolymer polymerized

colleagues since the early 1980s, typically as analogues offor 4 gays at 70C (B), and copolymer polymerized for 12 days at 70
nucleic and teichoic acids! More recently, PPE has received  °C (C). The polymerization was stopped by acidification.

considerable attention in biomedical applications due to its
biodegradability, good biocompatibility, and functional ability The typical 'H NMR spectrum of block copolymer of
of side chairf 8 The degradation rates are controllable by the e-caprolactone (CL) and 2-isopropoxy-2-oxo-1,3,2-dioxaphos-
chemical structure in the backbone and side chain. By choosingpholane (R= 'Pr) is shown in Figure 1B. The polymer was
biocompatible building blocks of the polymer, degradation obtained after 4 days reaction at 0 since adding phosphoester
products of PPE can have minimal toxic effects and good monomer to the livingo-Al alkoxide PCL blocks, which was
biocompatibility? Moreover, the pentavalent nature of the polymerized at 25C for 2 h using A as an initiator. Among
phosphorus allows introductions of bioactive molecules and those newly appearing signals compared WHINMR spectrum
extensive modification of the physical and chemical properties of poly(e-caprolactone) (Figure 1A), the resonance at 3.81 ppm
of the polymers. For example, advantages of PPE have beerwas easily observed in Figure 1B in addition to peaks assigned
taken for development of tissue engineering scaffolds for bone to protons of phosphoester units R(O)-CH—(CHs)z), 4.70
and nerve regenerati#h'2 as well as drug delivery systems ppm;—P(0)-O—CH,;—CH,—0—, 4.23 ppm; and (P(G)CH—
for therapeutical agents including bioactive proteins and anti- (CHas)2, 1.38 ppm), which should be assigned to the methylene
cancer molecule®14In other examples, amino groups have Pprotons conjoint to the end hydroxyl group of phosphoester unit
been introduced into side chains for condensation and sustainedf block copolymer. In contrast, the resonance at 3.65 ppm
release of plasmid DNA in gene delivel§/6 assigned to the methylene protons conjoint to the hydroxyl end
In addition to development of biomaterials based on poly- group of PCL was no longer present, demonstrating the complete
phosphoester homopolymer, recent efforts have been particularlyconversion of PCL macroinitiator to block polymer. Meanwhile,
emphasized on random copolymers with polylactide or poly- the *C NMR spectrum of the copolymer attested the block
(e-caprolactone}’~2° The degradation rates of such copolymers structure of the copolymer and the absence of transfer reactions
can be adjusted with the percentage of incorporated phosphateas illustrated in the Supporting Information (Figure S1A).
content. However, no copolymer with PPE block has been Indeed, focusing into the carbonyl region, only one well-resolved
reported according to our knowledge. It has been proven thatsignal at 173.4 ppm attributed to PCL sequences was observed,
block polymers exhibit local segregation of the different polymer however, multisignals were observed in ti€ NMR spectrum
blocks and yield molecular-scale aggregates of nanometet'size, of random copolymer of PCL and polyphosphoester (Supporting
showing many advantages in biomedical applications in surface Information, Figure S1B), which has also been observed by other
modification, drug targeting, nano- and microparticles, hydro- group in the’3C NMR spectrum of random copolymer poly-
gels, micelles formation, ef&23In this Communication, itis  (pL-lactideco-ethylene methyl phosphat®.
the first time to report the synthesis and characterization of block The 3P NMR spectrum of block polymer (Supporting
copolymer of PPE and polg{caprolactone). Information, Figure S2A) gave a strong resonance at 0.73 ppm,
Block copolymer ofe-caprolactone (CL) and 2-isopropoxy- assigned to the phosphorus atoms in polyphosphoester block
2-0x0-1,3,2-dioxaphospholane (R 'Pr) or 2-ethoxy-2-oxo- except the two at the ends that likely generated two separated
1,3,2-dioxaphospholane (R Et) has been selectively synthe- and very weak signals at 0.03 ard..37 ppm.
sized by first initiating CL polymerization with trimer of As analysis by gel permeation chromatography shown in
Al(O'Pr); (A3)?* in toluene, followed by adding phosphoester Figure 2, the molecular weight distribution for the first block
monomer to the living PCL macroinitiator solution, as shown (PCL) is narrow /M, = 1.04), and polydispersity changes
in Scheme 1. to 1.20 upon polyphosphate block formation, whereas no
homopolymer formation can be detected. As expected, the

* To whom correspondence should be addressed. E-mail: jwang699@ m0|ecuilar weight of leCk polymer is_’ shifted toward higher
ustc.edu.cn. value, in agreement with the theoretical values. When phos-
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Scheme 1. Synthesis Route of Block Copolymer of Polyphosphoester and Petgaprolactone)
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phoester polymerization is initiated by living PCL chains, the C—C—C, where P and C represent phosphoester unit and CL
phosphoester monomer conversion afZ0was 31.2% after 4  unit, respectively. This was further reflected 3 NMR of
days. The increase ®fl, of 3030 Da is in well agreement with  copolymer with transesterification (Supporting Information,
that of 3110, calculated from thtH NMR spectrum. The Figure S2B), in which additional weak signals from 0.03 to 2.0
shoulder at the high molar mass may indicate light chain transfer ppm were observed, likely contributions of phosphorus atoms
to the side groups of phosphoester block, leading to branchedafter transesterification.

polymer, which has been observed before during syntheses of We assumed that the rate of propagation of phosphoester
poly(alkylene phosphates) prepared by ROP, and the mechanisnblock is affected by the structure of pendant group connected
has been proposed by Penczek et al. in the literdture. to phosphorus. To study this effect, we compared the rate

Distinct transesterification was observed with increase of constants of propagation using 2-isopropoxy-2-oxo-1,3,2-diox-
reaction time. As shown in Figure 1C, the product obtained after @phospholane (with isopropoxy side group) and 2-ethoxy-2-oxo-
12 days reaction gave two protons resonances at3Bppm 1,3,2-dioxaphospholane (with ethoxy side group) as the second
in its 2H NMR spectrum, which indicates formation of hydroxyl monomer. As shown in Figure 3, the rate constant was-4.3
end group conjoint with PCL segment at the end of polymer 107%L mol~* min~* at 90°C in toluene when the side group is
chain and is a reflection of transesterification. Accordingly, the iSOPropoxy group, while it increased to 1:6 10°* L mol™*
13C NMR spectrum (Supporting Information, Figure S1 C) of min~1 at 50°C in the same solvent when the side group was
this polymer also showed an evidence of transesterification that'eplaced with ethoxy group. It is worth pointing out that the
four resonances were observed for the carbon of the carbonylling-opening polymerization of lactones initiated byl#as been
in PCL. They are clearly distinguished and assigned to the suggested to proceed through a “coordinatirsertion” mech-
central carbon of carbonyl of following sequences: 175.9 ppm, @nismz® In our experiments, phosphoester monomers might also

P—C—P; 175.6 ppm, PC—C; 173.7 ppm, & C—P; 173.4 ppm, be polymerized in a similar mechanism due to the structural
similarity with lactones. Therefore, the spatial hindrance should

paval be one of the determinants to the polymer chain propagation;
/ \/\\ \ then ethoxy group made the coordination easy between alumi-
/ / \ num and P=0 in comparison with isopropoxy group.
b AN RN In conclusion, block copolymers of PCL and polyphospho-

)y . / \\ esters have successfully been synthesized in toluene with trimer

- i of aluminum isopropoxide as an initiatdHd NMR, 13C NMR,
13 14 15 16 17 18 and GPC analysis have confirmed the actual formation of the
t (min) expected block copolymers. It was also observed that the rate
Figure 2. GPC analysis of homopolymer efcaprolactone Nl = of propagation of phosphate block was affected by the structure
20 020)I (a) and blgcgscggglygeglc)f EhOSPTOGSter:(Rcst')"ﬂ_ Wi;h . of pendant group connected with phosphorus. Since it is possible
g-aC;spgﬁaeﬁt%%%'i%nvé_phosphcze(st)ér rﬁgnc?r?]%(r) ﬁ?@gﬁf\lgéﬁ'&eaft to replace the pendent groups of polyphosphoester block with
initiator ([CL]:3[A3] = 200:1). other functional groups such as protected amino and carboxyl

groups through syntheses of functional phosphoester monomers,
these kinds of copolymers are potential for biomedical applica-
tions and will be studied and reported in forthcoming papers.
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