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Abstract:



Novel propargyl-ended heterobifunctional poly(ethylene glycol) (PEG) derivatives with hydroxyl, carboxyl, mercapto or hydrazide end groups were synthesized with simplicity yet high efficiency. PEG (Mw = 3500 Da) with an α-hydroxyl group and an ω-carboxyl was used as the starting polymer. The carboxyl group of the bifunctional PEG was modified into a propargyl, then carboxyl, mercapto or hydrazide groups were introduced to the other end of the bifunctional PEG by modifying the bifunctional PEG’s hydroxyl group with succinic anhydride, cysteamide or tert-butyl carbazate, respectively. This method can be useful to the development of PEG-based bioconjugates for a variety of biomedical applications.
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1. Introduction


Poly(ethylene glycol) (PEG) is a polyether diol that dissolves in organic solvents as well as in water. It can be metabolized by both the kidney and the liver inside the human body, making them ideal to be used in pharmaceutical applications [1]. Food and Drug Administration (FDA) in U.S. has approved PEG and its conjugates for human intravenous, oral and dermal administrations [2]. PEG is also known for its low level of cell and protein adsorption, so a PEG-grafted surface can deduce the proteinaceous deposition [3]. Because of its low toxicity, good hydrophilicity, excellent biocompatibility and biodegradability, PEG can be used as a promising material in such biomedical applications as protein modification [4], PEG-drug conjugates [1,5], polymer micelles [6,7], and 3-D scaffold materials in tissue engineering [8,9] and regenerative medicine.



However, because of the homobifunctional hydroxyl groups or their derivatives at both ends of the polymer chain, the structure of PEG limits its applications as drug carriers or in other biomedical end uses. If heterogeneous reactive groups can be attached to PEG at its α,ω-terminals, such heterobifunctional PEG will become more “functional” when being linked to biopharmaceutics. To that end, functionalization of the PEG chain is an important method for the development of PEG with heterofunctional groups at each end of the polymer chain.



It has been reported that heterobifunctional PEG can be fabricated through polymer reactions starting from hydroxyl-terminated PEG [10,11,12,13,14,15]. For example, Kataoka’s group [12,13,14] has reported many kinds of heterofunctional PEG by ring-opening polymerization of ethylene oxide (EO) with the derivative of alcohol such as allyl alcohol, 2-(tetrahydro-2H-pyran-2-yloxy)ethanol and 3,3-diethoxypropanol et al as initiator, followed by several steps of modification to obtain the final functional groups. Owing to its high selectivity, mild reaction conditions, high yields and few by-products, the click reaction has rapidly become one of the most popular reactions to date. For example, Sharpless et al. [15]have reported their click reaction in the Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition of azides and alkynes; Emrick et al. [16] have employed the click reaction in the synthesis of PEG- and peptide-grafted aliphalic polyesters; Heinze and Liebert et al. [17] in the modification of polysaccharide; Jérôme et al. [18] in the functionalization of aliphatic polyester; and Cazalis, et al. [19] in the immobilization of carbohydrates and proteins onto the solid surfaces. On the other hand, the azide and alkyne groups can be easily introduced into the polymer backbone. These groups are stable in the common organic reagents and can coexist with other functional groups, such as hydroxyl, amino and carboxyl groups. The triazole, having a five-membered ring of two carbon atoms and three nitrogen atoms, thus formed is quite stable, too. In addition, the copper (I) catalyst system is easily available and insensitive to solvent and pH [19]. For these reasons, azide/alkyne-based click reaction has provided us an appealing approach to the modification of biodegradable polyesters with natural materials such as sugars and proteins, thereby avoiding side reactions caused by the multifunctional and multichiral nature of these molecules [17].



In this paper, we present a novel and highly efficient route to the synthesis of propargyl-capped heterobifunctional PEG with hydroxyl, carboxyl, mercapto and hydrazide groups. The PEGs with new bifunctional groups verified by the 1H NMR spectrum are useful precursors for click chemistry. This method can be useful to the development of PEG-based bioconjugates for a variety of biomedical applications.




2. Experimental Section


2.1. Materials


Solvents and reagents were purchased from commercial sources and were used as received, unless otherwise noted. Poly(ethylene glycol) (Mw = 3500 Da, polydispersity: 1.03) with ω-carboxyl group and α-hydroxyl (HOOC-PEG3500-OH, purity 99%) was purchased from JemKem Technology, propargyl bromide from Acros, succinic anhydride, tert-Butyl carbazate, 4-Nitrophenyl chloroformate (p-NPC), cysteamide, and 4-(Dimethylamino) pyridine (DMAP) from Sigma-Aldrich.




2.2. Measurements


1H NMR (300 MHz) spectra were recorded with a Bruker Avance 500 spectrometer in CDCl3 solution, unless otherwise noted. Chemical shifts for 1H were reported in parts per million (ppm) downfield from TMS, using residual CHCl3 (7.27 ppm) as internal standards. FT-IR spectra were recorded on a Bio-Rad Win-IR instrument.




2.3. Synthesis




[image: Polymers 02 00407 g007 1024]





Scheme 1. Synthetic route to α-hydroxyl-ω-propargyl PEG (1), α-carboxyl-ω-propargyl PEG (2), α-mercapto-ω-propargyl PEG (3) and α-hydrazide-ω-propargyl PEG (4). 






Scheme 1. Synthetic route to α-hydroxyl-ω-propargyl PEG (1), α-carboxyl-ω-propargyl PEG (2), α-mercapto-ω-propargyl PEG (3) and α-hydrazide-ω-propargyl PEG (4).
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2.3.1. Synthesis of α-hydroxyl-ω-propargyl PEG (1)


1.0 g (0.28 mmol) of HOOC-PEG3500-OH and 16.8 mg (0.30 mmol) of KOH were dissolved in 20 mL DMF, and stirred at 100 °C for 1 h. Propargyl bromide (0.027 mL, 0.30 mmol) was then added dropwise to the solution during 0.5 h, and then the mixture was stirred and allowed to react at 70 °C for 15 h. The reaction was terminated by cooling to room temperature. After filtration and concentration, the residue was dissolved in 10 mL distilled water and extracted with CH2Cl2 (3 × 100 mL). Removal of CH2Cl2 in vacuum yielded 0.962 g (rate of yield: 96.2%) α-hydroxyl-ω-propargyl PEG. 1H NMR (CDCl3, TMS): 2.5 (s, 1H, –CH2–C≡CH), 3.6 (–CH2 PEG), 4.1 (m, 2H, –C(O)CH2–O–), 4.7 (m, 2H, –CH2–C≡CH).




2.3.2. Synthesis of α-carboxyl-ω-propargyl PEG (2)


6.0 mg succinic anhydride (0.06 mmol) and 7.3 mg DMAP (0.06 mmol) in anhydrous 1,4-Dioxane (10 mL) at 20 °C and triethylamine (TEA, 0.008 mL, 0.06 mmol) were added into the solution of ω-propargyl-α-hydroxyl PEG (0.2 g, 0.057 mmol). The mixture was stirred at room temperature for 24 h. The solution was concentrated in vacuum and then precipitated in diethyl ether. The crude product was purified by crystallization from THF/diethyl ether to give α-carboxyl-ω-propargyl PEG as a white powder, with a rate of yield of 92%. 1H NMR (CDCl3, TMS): 2.5 (s, 1H, -CH2-C≡CH), 2.7 (t, 4H, –CH2–CH2– (succinic segment)), 3.6 (–CH2 PEG), 4.2 (m, 2H, –C(O)CH2–O–), 4.3 (m, 2H, –CH2–CH2–O–C(O)–), 4.7 (m, 2H, –CH2–C≡CH).




2.3.3. Synthesis of α-hydrazide-ω-propargyl PEG (3)


2.3.3.1. Synthesis of amine-reactive α-hydroxyl-ω-propargyl PEG.


α-hydroxyl-ω-propargyl PEG was activated by using 4-Nitrophenyl chloroformate (p-NPC). 0.15 g (0.042 mmol) α-hydroxyl-ω-propargyl PEG and triethylamine (0.017 mL, 0.128 mmol) were dissolved in 15 mL anhydrous dichloromethane at 0 °C. p-NPC (0.017 g, 0.084 mmol) dissolved in 5 mL anhydrous dichloromethane was added dropwise into the mixed solution. The reaction proceeded for 2 h at 0 °C, and then at room temperature for 24 h with stirring. After concentration, the product, Amine-reactive α-hydroxyl-ω-propargyl PEG, was obtained by precipitation in cold diethyl ether and dried in vacuum with a yield of 0.12 g (80%). 1H NMR (CDCl3, TMS): δ = 2.5 (s, 1H, -CH2-C≡CH), 3.6 (–CH2 PEG), 4.2 (m, 2H, –C(O)CH2–O–), 4.5 (m, 2H, –CH2–CH2–O–C(O)–), 4.7 (m, 2H, –CH2–C≡CH), 7.3 (s, 2H, Ar), 8.1 (s, 2H, Ar).




2.3.3.2. Conjugation of hydrazide on α-hydroxyl-ω-propargyl PEG


Amino-reactive α-hydroxyl-ω-propargyl PEG (0.14 g, 0.4 mmol) dissolved in dichloromethane (20 mL) was added into the tert-butyl carbazate (11.3 mg, 0.8 mmol) solution in dichloromethane (5 mL) and reacted for 24 h at room temperature. After the evaporation of dichloromethane, the product was dissolved in 10 mL dichloromethane. 2 mL trifluoroacetic acid (TFA) was added into the solution, which was stirred for 2 h at 0 °C. TFA and CH2Cl2 were then removed in vacuum, and the remaining solid was dissolved in a mixture of chloroform (10 mL) and triethylamine (TEA, 1 mL). The reaction was allowed to continue at room temperature for 8 h. The product, α-hydrazide-ω-propargyl PEG, was precipitated by the similar procedure described in the previous section, with a yield of 0.12 g (86%). 1H NMR (CDCl3, TMS): δ = 1.80 (t, –NH2), 2.5 (s, 1H, –CH2–C≡CH), 4.2 (m, 2H, –C(O)CH2–O–), 3.6 (–CH2 PEG), 4.3 (m, 2H, –CH2–CH2–O–C(O)–), 4.7 (m, 2H, –CH2–C≡CH), 8.2 (s, –NH).





2.3.4. Synthesis of α-thioglycol-ω-propargyl PEG (4)


Amino-reactive α-hydroxyl-ω-propargyl PEG (0.20 g, 0.57 mmol) and cysteamide (87.9 mg, 1.14 mmol) were dissolved in dichloromethane (20 mL) and were then allowed to react for 24 h at room temperature. After the evaporation of dichloromethane, the product was precipitated by the similar procedure described in the previous section, with a yield of 0.15 g (75%). 1H NMR (CDCl3, TMS): δ = 2.5 (s, 1H, –CH2–C≡CH), 2.8 (m, 2H, –CH2–CH2–SH), 3.3 (m, 2H, –CH2–CH2–SH), 3.6 (–CH2 PEG), 4.0 (m, 2H, –CH2–CH2–O–C(O)–), 4.2 (m, 2H, –C(O)CH2–O–), 4.7 (m, 2H, –CH2–C≡CH), 7.9 (s, –NH).






3. Results and Discussion


In this study, the commercially available HOOC-PEG3500-OH of high purity and confirmed structure was selected as the starting material. α-hydroxyl-ω-propargyl PEG (1) was synthesized according to Scheme 1. The propargyl ester α-hydroxyl-ω-propargyl PEG was obtained in a good yield (96.2%) by a procedure described in our previous work [20], i.e., potassium salt of α-hydroxyl-ω-carboxyl PEG was obtained and then allowed to react with propargyl bromide. In contrast with the 1H NMR spectral for the original HOOC-PEG-OH (Figure 1), the 1H NMR spectral of the new product (Figure 2) signaled at δ 2.5 and 4.7 (–C≡C–H and –CH2–C≡C–H from the propargyl group), indicating that the ω-propargyl group and α-hydroxyl group of PEG were of the desired structure and high purity. Compared with original α-hydroxyl-ω-carboxyl PEG, the FI-IR spectrum (Figure 3b) shows the characteristic peak of acetylene group at 2130 (ν-C≡C-H) cm−1, and the characteristic peak of ester bond is a little stronger at 1760(νC=O) cm−1.


Figure 1. 1H NMR spectrum of poly(ethylene glycol) with ω-carboxyl group and α-hydroxyl group.
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Figure 2. 1H NMR spectrum of poly(ethylene glycol) with ω-propargyl group and α-hydroxyl group.
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Figure 3. FT-IR spectra of bifunctional PEG.
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α-carboxyl-ω-propargyl PEG (2) was prepared with succinic anhydride in the presence of DMAP and triethylamine (TEA) according to literatures [21,22]. According to Figure 4, which shows the 1H NMR spectra of α-carboxyl-ω-propargyl PEG, appearance of the proton signals of CH2 formed by the reaction with succinic anhydride at 2.75 is obvious, whereas other proton signals almost remain unchanged. The degree of introduction of carboxylation per PEG chain was calculated from the ratio of integration value of 2.75 ppm to that of methylene proton of propargyl signal. From these analyses, it was found that the ring of succinic anhydride had been quantitatively opened by the terminal hydroxyl groups of PEG. Thus, a terminal carboxyl group was introduced as expected into the PEG.


Figure 4. 1H NMR spectrum of poly(ethylene glycol) with ω-propargyl group and α-carboxyl group.
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α-hydrazide-ω-propargyl PEG (3) was obtained though a sequential p-NPC-mediated hydroxyl-amine coupling reaction followed by an deprotection of tert-butyl group as shown in Scheme 1. As indicated by the 1H NMR (Figure 5A), the protons of phenyl of p-NPC appear at 7.33 and 8.16 ppm in contrast with the spectral in Figure 2. The efficiency of the reaction is 98.2% according to the ratio of integration value of 8.16 ppm to that of methylene proton of propargyl signal (4.35 ppm).


Figure 5. 1H NMR spectra of (A) α-p-NPC-ω-propargyl PEG; (B) α-tert butyl carbazate-ω-propargyl PEG; (C) α-hydrazide-ω-propargyl PEG.
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Figure 5B shows the result of the hydroxyl-amine coupling reaction. The methyl proton of tert-butyl carbazate signals were detected at 1.44. The substitution percentage is 96% according to Figure 5B. Deprotection of the tert-butyl group was carried out in the mixed solvent of trifluoroacetic acid and chloroform at 0 °C. As a result, the methyl 1H NMR peak of Boc at 1.44 ppm (Figure 5B) disappeared completely in Figure 5C, which demonstrated the successful elimination of the Boc group. After deproctection, the characteristic peak between 1760 and 1680 cm−1 in Figure 3d shows the formation of amide bond connection of hydrazide.



α-thioglycol-ω-propargyl PEG (4) was synthesized according to the method of polymer 3 with tert-butyl carbazate replaced by cysteamide. Figure 6 shows the 1H NMR spectrum of polymer 4. The methylene proton of cysteamide appeared at 2.8 and 3.3 ppm, and the proton of NH appeared at 7.9 ppm. Efficiency of the reaction was calculated from the ratio of integration value of 2.8 ppm to that of methylene proton of propargyl signal (4.7 ppm). The ratio was 0.9, which confirmed the high efficiency of this reaction.


Figure 6. 1H NMR spectrum of poly(ethylene glycol) with ω-propargyl group and α- thioglycol group.
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4. Conclusions


Presented in this paper is a simple, efficient method to obtain the heterobifunctional poly(ethylene glycol) with a ω-propargyl group and a α-hydroxyl (a α-carboxyl, a α-mercapto or a α-hydrazide) group at each terminal by means of the modification of the commercially available α-hydroxyl ω-carboxyl PEG. Structures of these PEGs were confirmed by the 1H NMR spectrum. Via the Cu(I)-catalyzed 1,3-dipolar cycloaddition reaction (click chemistry), it is very convenient to attach azido-containing biomolecules to propargyl-modified PEG, and to further construct the smart vehicles for drug delivery and protein modification. An example of such kind of work is reported in another paper of ours [23].
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