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Abstract. This paper presents a new method for the amine-functionalization of poly(ethylene glycol) (PEG) of M, =
2050 g/mol via Candida antarctica lipase B (CALB)-catalyzed esterification of tert-butyloxycarbonyl (fBOC)-protected
B-Alanine and L-Alanine. NMR showed full conversion for protected f-Alanine, and MALDI-ToF demonstrated the purity
of the product. After deprotection, the desired diamine-functionalized PEG was obtained. Protected L-Alanine did not reach
full conversion by NMR, likely due to the steric hindrance of its methyl side group.
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1. Introduction

Poly(ethylene glycol) diamine (PEG-diamine) is a
versatile intermediate that plays an important role in
biomedical applications such as the development of
controlled drug release systems [1]. It can also be
used for the surface modification of hemoglobin or
other proteins for pharmacological use [2] and as a
crosslinking agent in the preparation of hydrogels
[3]. Several methods have been published in the lit-
erature for the synthesis of PEG-diamine. In general,
the HO— terminal groups of PEG are converted first
to a good leaving group, followed by nucleophilic
displacement and other modifications to yield the de-
sired product. [4-24]. We found two reports for using
butyloxycarbonyl (BOC)-protected amino acids for
PEG-diamine synthesis: N-(BOC)-11-aminounde-
canoic acid and N-(BOC)-phenylalanine were react-
ed with PEG activated using DCC/EDC/DMAP, yield-
ing di-BOC functionalized PEGs that on deprotection
produced PEG-diamines [25, 26]. All reactions had
multiple steps and used chemical catalysts.
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In the spirit of green chemistry, we developed a new
synthetic strategy for the synthesis of H;N-PEG-
NH,. Our group pioneered enzyme-catalyzed poly-
mer functionalization, leading to quantitative reac-
tion under mild conditions [27-30]. Based on the
successful transesterification of lipoic acid with
tetracthylene glycol (TEG) [31], we theorized that
the carboxylic acid end-group of an amino acid
would react with the hydroxyl end groups of TEG
and PEG using Candida antarctica lipase B (CALB)
catalyst. Figure 1 shows the reaction.

The proposed approach using CALB catalysis
would be a ‘greener’ method when compared to
chemical catalysis [25, 26]. We have shown earlier
that CALB-catalyzed PEG functionalization is pos-
sible up to M, = 10000 g/mol [27], so this method
would be very advantageous for hydrogel synthesis
and other applications requiring relatively low mo-
lecular weight.

This paper presents the results of our investiga-
tion.
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Figure 1. Reaction scheme for the CALB-catalyzed synthe-
sis of PEG-diamine.

2. Experimental

2.1. Materials

L-Alanine (L-Ala, 98+%, Aldrich, Burlington, MA,
USA), B-Alanine (B-Ala, 99+%, Aldrich, Burlington,
MA, USA), Di-tert-butyl dicarbonate (99%, Aldrich,
Burlington, MA, USA), triethylamine (TEA, >99.5%,
Sigma-Aldrich, Burlington, MA, USA), magnesium
sulfate (MgSQy, anhydrous, EMD), tetraethylene
glycol (TEG, 99%, Aldrich, Burlington, MA, USA),
Candida antarctica lipase B (CALB, 33273 Da,
20 wt% immobilized on a macroporous acrylic resin
Novozyme® 435) (Aldrich, Burlington, MA, USA),
poly(ethylene glycol) (M, = 2050 g/mol, PEG>s,
Aldrich, Burlington, MA, USA), toluene (anhydrous,
99.8%, Sigma-Aldrich, Burlington, MA, USA),
methanol (MeOH, 99.8%, Fisher Chemical, Waltham,
MA, USA), tetrahydrofuran (THF, contains about
0.026% butylated hydroxytoluene as a preservative,
Fisher Chemical, Waltham, MA, USA) and hexane
(99%, ACS reagent, Acros Organics, New Jersey,
USA) were all used as received.

2.2. Procedures

2.2.1. Protection of L-Alanine and p-Alanine
L-Ala (0.3030 g, 3.40 mmol, 1.0eq.) or B-Ala
(0.3093 g, 3.47 mmol, 1.0 eq.) and Di-tert-butyl di-
carbonate (1.1790 g, 5.40 mmol, 1.59 eq.) were dis-
solved in MeOH (5ml). TEA (0.44476 g,
4.42 mmol, 1.30 eq.) was then added dropwise to the
mixture, and the contents were stirred for 60 minutes
at RT and then refluxed for an additional 60 minutes
at 65°C (Figure 2, STEP 1). The MeOH was evap-
orated using a rotavap, and the reaction mixture was
then dried under vacuum at R7 to recover the prod-
ucts (tBOC-L-Ala or tBOC-B-Ala).
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2.2.2. Synthesis of
BOC-L-Ala-PEG2050-L-Ala-rBOC and
BOC-B-Ala-PEGys50-p-Ala-rBOC

PEGy¢s0 (3.4766 g, 1.7 mmol, 0.5 eq.) was dried
under vacuum at 65°C and 0.2 Torr for 16 hours
(Figure 2, STEP 2). The dried PEG was dissolved in
toluene (3 ml), and the temperature was reduced to
50°C. tBOC-L-Alanine (0.6407 g, 3.38 mmol,
1.0 eq.) or fBOC-B-Alanine (0.6569 g, 3.47 mmol,
1.0 eq.), CALB (0.3072 g resin at 20 wt% enzyme,
1.84-1073 mmol, 0.00054 eq.), and MgSO, (0.1 g)
were added to the mixture and the pressure was re-
duced to 240 mmHg. After 24 hours, the reactor con-
tents were diluted with 3 ml of THF and centrifuged
for 30 minutes. The polymer was purified by precip-
itation into hexane twice, and the product was dried
under vacuum at R7 until constant weight.

2.2.3. Deprotection
tBOC-B-Ala-PEGjgs0-p-Ala-tBOC (2.6662 g,
1.115 mmol, 1.0 eq.) was dissolved in ethyl acetate
at RT followed by the addition of methanol (0.3 ml,
7.41 mmol, 6.65eq.). Acetyl chloride (0.5 ml,
7 mmol, 6.28 eq.) was then added dropwise to the
reaction mixture. The reaction was continued for
15 hours at room temperature. The ethyl acetate and
excess methanol from the reaction mixture were then
removed using a rotavap. The product was then dis-
solved in 3 ml THF and precipitated in hexane twice
to recover the product, which was then dried in a
vacuum oven at R7 until constant weight.

2.2.4.NMR

"H-NMR spectra were recorded on a Varian NMRS
500 spectrometer (Varian, Palo Alto, CA, USA) using
deuterated chloroform (Chemical Isotope Laborato-
ries, 99.8% CDCls, Tewksbury, MA, USA) as solvent.
The resonance of non-deuterated chloroform at 6 =
7.27 ppm was used as an internal reference.

2.2.5. MALDI-ToF

MALDI-ToF mass spectra were acquired with a
Bruker UltraFlex-III time-of-flight (ToF) mass spec-
trometer (Bruker Daltonics, Billerica, MA) equipped
with a Nd:YAG laser (355 nm), a two-stage gridless
reflector, and a single-stage pulsed ion extraction
source. Separate THF (anhydrous, 99.9%, Aldrich,
Burlington, MA, USA) solutions of polymer
(10 mg/ml),  1,8,9-anthracenetriol  (dithranol,
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20 mg/ml, >97%, Alfa Aesar, Haverhill, MA, USA),
sodium trifluoroacetate (10 mg/ml, >98%, Aldrich)
or silver trifluoroacetate (10 mg/ml, 98%, Aldrich,
Burlington, MA, USA) were mixed in a ratio of
10:1:2 or 14:1:4 (matrix:cationizing salt:polymer),
and 0.5 pl of the resulting mixture was introduced
on to the MALDI target plate and allowed to dry.
The spectra were obtained in reflection mode. The at-
tenuation of the nitrogen laser was adjusted to min-
imize unwanted polymer fragmentation and to max-
imize the sensitivity. The calibration of the mass
scale was carried out externally using a poly(methyl
methacrylate) or polystyrene standard having a sim-
ilar molecular weight as the sample.

3. Results and discussion

Alanine was selected as the amino acid for the stud-
ies. There are two types of alanine present in nature,
a and P, so we decided to try both. a-Alanine has a
methyl side group, and due to its chiral center, two
stereoisomers, L and p. pD-Alanine is toxic to living
systems [32], so L-Alanine (L-Ala) was tested. B-Ala-
nine is a straight-chain amino acid. Unfortunately,
neither L-Alanine nor B-Alanine reacted with TEG
or PEG in the presence of CALB so the direct func-
tionalization shown in Figure 2 did not work. We
thought that the possible reason was zwitterion for-
mation that CALB could not accommodate, thus the
amine groups were protected with fert-butyloxycar-
bonyl (BOC) before the esterification. Figure 2 dis-
plays the 'TH-NMR spectra of protected p-Ala and
L-Ala, but these are also available commercially.

3.1. Functionalization using L-Alanine

BOC-protected L-Alanine was reacted with PEGys
and Figure 2 shows the 'H-NMR spectrum. The sig-
nal corresponding to the methine proton from tBOC-
L-Alanine (f") appears at & = 4.25 ppm, overlapping
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with the signals of (b'). The —CHj3 protons from
BOC appear at 6 = 1.46 ppm.

When the integral value is set to 18, the main chain
proton integral (d) at 200.76 translates to 50 repeat
units instead of the theoretical 44, which indicates
less than full conversion. MALDI-ToF verified the
presence of HyN-L-Ala-PEGys50-L-Ala-NH, at m/z =
2186.710, together with some monosubstituted prod-
uct at m/z = 2186.710.

3.2. Functionalization using p-Alanine
tBOC-B-Ala was reacted with PEGygs¢ in the pres-
ence of CALB. Figure 3 displays the "TH-NMR spec-
trum of rBOC-B-Ala-PEGygs50-p-Ala-rBOC. The
—CH,— protons from BOC-B-Ala moved downfield
from & = 2.40 ppm to & = 2.55 ppm after esterifica-
tion (f'). The relative integrals of (f'):(j) are in the
ratio of 4.12:18.00. The sidebands of the PEG»qsg
backbone signal (d) overlap with the signal of the
—CH,— protons next to the amide groups (g') at
3.4 ppm, hence the integral of signal (g') is 5.22,
higher than the expected value of 4. A new peak ap-
peared at & = 4.25 ppm (b'), which belongs to the
—CH,— protons next to the newly formed ester group.
The relative ratios of the end group signals (j) and
(f") to the main chain protons of PEG (d) indicate 44
repeat units as expected from the M, = 2050 g/mol
of the PEG.

Figure 4 shows the MALDI mass spectrum of
tBOC-B-Ala-PEGy¢s50-f-Ala-/BOC. It has a single
distribution, indicating the formation of very pure
disubstituted PEG,p50 with no traces of monosub-
stituted or unreacted PEG»¢so. The signals were at a
distance of 44 Da from each other, that corresponds
to a repeat unit. As an example, the signal marked
at m/z 2144.332 g represents the Na complex of a
38-mer unit of fBOC-B-Ala-PEG;¢s0-p-Ala-tBOC.
The theoretical m/z for this signal is = 2144.332
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Figure 2. '"H-NMR spectrum of BOC-L-Ala-PEGso-L-
Ala-rBOC.
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Figure 3. '"H-NMR spectrum of tBOC-B-Ala-PEGy0s0-B-
Ala-rBOC.
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Figure 4. MALDI mass spectrum of fBOC-B-Ala-PEGy¢s0-p-Ala-fBOC. Inset: spectrum of 38- to 39-mer fractions, 44 m/z =

PEG repeat unit.

[38x44.03 (C,H40 repeat wunit) + 216.26
((CH3)3CHOCONHC2H4COOC2H4 end—group) +
232.26 ((CH3);CHOCONHC,H4COOC,H40 end-
group) + 22.99 (Na+)]. Thus MALDI-ToF confirms
that each chain in the BOC-B-Ala-PEGys0-p-Ala-
tBOC carries two tBOC-B-Alanine end groups,
demonstrating the efficiency of CALB-catalyzed
polymer functionalization.

The next step was deprotection of the product to ob-
tain PEG-diamine. Many deprotection methods are
available to yield diamine-functionalized PEG (H,N-
PEG-NH,) [33-38]. Lin et al. [36] reported the de-
protection by using concentrated H,SO, in tert-butyl
acetate or MeSO3H in tert-butyl acetate/dichloro-
methane. The yields ranged from 70 to 100% for a
variety of amino acid and dipeptide substrates. Se-
lective deprotection of the /BOC group of various
amino acids and peptides was achieved by Han et al.
[37] by using hydrogen chloride (4 M) in an anhy-
drous dioxane solution for 30 min at room tempera-
ture. We tried the method using hydrogen chloride
generated in situ by a reaction of acetyl chloride and
methanol, which is claimed to be a mild method

[33]. Figure 5 shows the 'H-NMR spectrum of H,N-
B-Ala-PEGy¢s0-B-Ala-NH,. The disappearance of the
peak (j) at 6 = 1.49 ppm indicates the formation of
the product. The conjugation is indicated by the shift
in peak (g') from 6 =4.30 ppm to 6 =2.95 ppm. The
relative integrals of (b'):(d) are in the ratio 3.61:180
demonstrating successful deprotection. MALDI-ToF
verified the HyN-B-Ala-PEGjgso-B-Ala-NH; product
at m/z=2186.717.
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Figure 5. "H-NMR spectrum of HyN-B-Ala-PEGsgso-p-Ala-
NH,; (Residual ethyl acetate signals appear at & =
4.12,2.05 ppm, and 1.26 ppm).
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In summary, CALB-catalyzed reactions of protected
alanines with PEG yielded close to 100% conversion
into disubstituted products with a yield of over 90%,
with B-Ala yielding an especially pure product. De-
protection yielded the desired diamine.

4. Conclusions

A new method for the synthesis of PEG-diamines
using Candida antarctica lipase B (CALB) enzyme
in the spirit of ‘green chemistry’ is presented in this
paper. Unprotected f-Alanine or L-Alanine did not
react with PEG in the presence of CALB — probably
due to zwitterion formation-, but zerz-butyloxy car-
bonyl (tBOC)-protected alanines readily reacted. The
reaction of PEG with protected f-Alanine showed
full conversion according to NMR, and MALDI-ToF
demonstrated the purity of the product. Deprotection
yielded the desired PEG-diamine. Protected L-Ala-
nine had less than a full conversion, likely due to the
steric hindrance of its methyl side group.
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