
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ay
 2

01
5.

 D
ow

nl
oa

de
d 

on
 6

/2
4/

20
26

 1
2:

47
:4

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Multifunctional p
aMax-Planck-Institut für Polymerforschun

Germany. E-mail: wurm@mpip-mainz.mpg.
bInstitute of Physical Chemistry, Johannes

11, 55099 Mainz, Germany

† Electronic supplementary informa
10.1039/c5ra07167d

Cite this: RSC Adv., 2015, 5, 42881

Received 20th April 2015
Accepted 7th May 2015

DOI: 10.1039/c5ra07167d

www.rsc.org/advances

This journal is © The Royal Society of C
oly(phosphoester)s with two
orthogonal protective groups†

Laura K. Müller,ab Tobias Steinbacha and Frederik R. Wurm*a

A novel cyclic phosphate monomer, 2-(2-(benzyloxy)ethoxy)-1,3,2-dioxaphospholane-2-oxide (BnEEP),

was developed to generate poly(phosphoester)s containing protected pendant hydroxyl groups by

anionic ring-opening polymerization. The hydroxyl-groups were released by a mild catalytic

hydrogenation leaving the polymer backbone intact. In addition, the number of pendant hydroxyl groups

was varied by copolymerization of BnEEP with ethyl ethylene phosphate (EEP). Furthermore, copolymers

of BnEEP with an acetal protected cyclic phosphate, 2-(2,2-dimethyl-1,3-dioxolan-4-yl-methoxy)-2-

oxo-1,3,2-dioxaphospholane (GEP), were prepared in order to establish a selective deprotection of the

acetal or the benzyl protective groups by acidic hydrolysis or catalytic hydrogenation respectively. No

degradation of the polyester backbone was detected under the reported conditions. The novel

monomer allows adjustment of the chemical and physical properties of the poly(phosphoester)s and

gives access to various side chain functionalities.
Introduction

In materials science, polyvalency is of utmost importance to
mimic biological systems and to design elaborate structures, for
example for the preparation of polymer therapeutics or poly-
meric catalyst supports with high loading capacities.1 Several
strategies are known to generate polyvalent, i.e.multifunctional,
polymers.2 Among those for biomedical applications, especially
water-soluble polymers are of high interest in current litera-
ture.3–5 Poly(ethylene glycol) (PEG) is the gold standard for drug
delivery systems and bioconjugation.6 However, telechelic PEGs,
many of them commercially available, exhibit only two func-
tional (end) groups.7 Copolymerization of ethylene oxide with
functional epoxide comonomers by anionic copolymerization is
an attractive route to generate PEG-like polymers which may be
applicable in modern biomedicine.2,8,9 Furthermore, poly-
glycerols or PEG-methacrylates are currently discussed as
potential multifunctional PEG-alternatives.6,10 All of them,
however, are not biodegradable, a major disadvantage for many
biomedical purposes. Polyesters are the common synthetic
answer if degradable materials are demanded. However, well-
dened and water-soluble polyesters are rather rare.11 A
unique exception is the diverse family of poly(phosphoester)s
(PPEs) which are (bio)degradable and are currently attracting
interest in several research groups.12–14 PPEs are accessible by
g, Ackermannweg 10, 55128 Mainz,

de

Gutenberg-Universität, Jakob-Welder-Weg

tion (ESI) available. See DOI:

hemistry 2015
different synthetic approaches,15 namely polycondensation,
polyaddition, transesterication and ring-opening polymeriza-
tion (ROP) of cyclic phosphoesters.14,16,17 ROP allows the
controlled polymerization with adjustable molecular weights
and narrow molecular weight distributions.18 Recent works by
Iwasaki, Wang, Wooley, and Lecomte have illustrated that with
this approach also multifunctional, biodegradable polymers
with high molecular weights are accessible.18–21 An elegant
approach by the Wooley lab uses PPEs carrying vinyl-ether side
chains which are used for postpolymerization modication into
acetals, thioacetals, and by thiol–ene click reaction.20 Side-chain
functional PPEs carrying alkyne bonds have also been reported
which can be used for post-polymerization functionalization
and for the generation of biomimetic nanocarriers. Another
example was presented by Ni et al. who prepared PPEs with
acrylate side-chains to introduce diverse functionalities via post-
functionalization of the polymers via Michael-addition.22

Another advantage of the phosphate unit was presented by Yan
and coworkers, who synthesized hyperbranched PPEs by self-
condensing ROP.23 We recently prepared polymeric nano-
particles based on hydrophobic PPEs that exhibit a strong
interaction to a model bone material24 and used PPEs as poly-
meric supports in Horner–Wadsworth–Emmons reactions.25 In
the last several years, our group has developed various novel
monomers and polymerization strategies for new PPEs by olen
metathesis and anionic polymerization.26–30

Herein, we present the synthesis of a novel cyclic phosphate
monomer carrying a benzyl-protected hydroxyl group in the side
chain that can be removed bymild catalytic hydrogenation. This
monomer was also used for the synthesis of copolymers to vary
the number of hydroxyl groups and to generate orthogonally
RSC Adv., 2015, 5, 42881–42888 | 42881
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View Article Online
protected PPEs, with both acetal- and benzyl-protected hydroxyl
groups, which are released selectively by the addition of acid or
by hydrogenation. Acetal-protected PPEs have been introduced
by Song et al.19 To the best of our knowledge this is the rst
example of PPEs with orthogonal protective groups. The poly-
mers have been investigated with respect to monomer incor-
poration, sequential deprotection and with respect to their
thermal properties. We believe that these polyvalent and water-
soluble PPEs will nd application in biorelated purposes, such
as nanocarriers, which is currently under investigation in our
group.

Experimental part
Materials

All chemicals and solvents were merchandised from Sigma
Aldrich or Acros Organics and used as received if not otherwise
stated. THF and ethanol was dried with sodium and distilled
freshly before use; solketal was dried by azeotropic distillation
with benzene and stored over molecular sieves. Deuterated
solvents were purchased from Deutero GmbH or Sigma Aldrich.
For catalytic hydrogenation, an autoclave by Roth (100 mL) was
used.

Analytical methods and characterization
1H, 13C{H}, and 31P{H} NMR spectra of the monomers were
measured on a Bruker AVANCE III 500 spectrometer, 1H NMR
spectra of the different polymers were recorded on a Bruker
AVANCE 300. All spectra were recorded at 25 �C. As deuterated
solvent DMSO-d6 was used and the spectra were calibrated
against the solvent signal (2.50 ppm). All SEC measurements
were performed in DMF containing 1 g L�1 LiBr. An Agilent
Technologies 1260 Innity instrument with a PSS SecCurity
autosampler, a 1260 IsoPump and a GRAM (PSS) 0.8 � 30 cm
column (particle size 10 mm and pore sizes 10 000, 1000, 100�A)
was used. FT-IRmeasurement was done with a Nicolet 5DXC FT-
IR. DSC measurements were performed using a Perkin Elmer
DSC 823. A heating rate of 10 �C min�1 was employed within a
temperature range from �100 to 80 �C in a nitrogen
atmosphere.

Monomers

2-Chloro-1,3,2-dioxaphospholane and 2-chloro-2-oxo-1,3,2-
dioxaphospholane (COP) were synthesized according to litera-
ture.31 2-Ethoxy-2-oxo-1,3,2-dioxaphospholane (EEP) was
synthesized by the esterication of COP with ethanol.31 Briey,
to a solution of COP (72.8 g, 0.55 mol) in 50 mL dry THF was
added a mixture of pyridine (43.43 g, 0.55 mol) in 230 mL dry
THF and dry ethanol (25.29 g, 0.55 mol) drop wise under an
inert atmosphere at �20 �C. The mixture was stirred over night
at �4 �C. The precipitated pyridine hydrochloride was removed
by ltration under inert conditions and the solvent was evapo-
rated in vacuo. The crude product was puried by distillation.
The product was obtained as colorless liquid at 95–98 �C/3 �
10�3 mbar (53.71 g, 0.35 mol, 64%). 1H NMR (300 MHz, DMSO-
d6): d 4.48–4.32 (m, 4H, O–CH2–CH2–O), 4.22–4.01 (m, 2H,
42882 | RSC Adv., 2015, 5, 42881–42888
O–CH2–CH3), 1.25 (t, 3H, O–CH2–CH3).
13C{H} NMR (125 MHz,

DMSO-d6): d 66.35 (s, 2C, O–CH2–CH2–O), 64.18 (s, 1C, O–CH2–

CH3), 15.96 (s, 1C, O–CH2–CH3).
31P{H} NMR (202 MHz, DMSO-

d6): d 16.83.
2-(2,2-Dimethyl-1,3-dioxolan-4-yl-methoxy)-2-oxo-1,3,2-dioxa-

phospholane (GEP)19 was synthesized analogously using dry
solketal instead of ethanol. Purication was conducted by
ltration to remove most of the precipitated pyridine hydro-
chloride. The resulting monomer was pure enough for direct
use. Yield: quant. Spectra data matched literature values. 1H
NMR (300 MHz, DMSO-d6): d 5.30–4.30 (m, 4H, O–CH2–CH2–O),
4.30–4.20 (m, 2H, O–CH2–CH3), 3.92–4.15 (m, 2H, O–CH2–CH–

O2C4H8, 1H, CH–CH2–O–C), 3.59–3.73 (m, 1H, CH–CH2–O–C),
1.34 (s, 3H, C–CH3), 1.27 (s, 3H C–CH3).

13C{H} NMR (125 MHz,
DMSO-d6): d 108.97 (s, 1C, C), 73.80 (s, 1C, CH1), 68.03 (s, 1C,
O–CH2–CH–O2C4H8), 66.50 (s, 2C, O–CH2–CH2–O), 26.49 (s, 1C,
CH3), 26.25 (s, 1C, CH3).

31P{H} NMR (202 MHz, DMSO-d6): d
16.94.

(2-(2-(Benzyloxy)ethoxy)-1,3,2-dioxaphospholane-2-oxide)
(BnEEP). COP (25.6 g, 180 mmol) was dissolved in 50 mL
THF. A solution of 2-(benzyloxy)ethanol (27.3 g, 180 mmol)
and pyridine (14.2 g, 180 mmol) in 50 mL THF was added
drop wise at �21 �C. Aer stirring overnight (ca. 12 h) at �4 �C,
the hydrochloride salt was removed by Schlenk ltration. The
solvent was removed under reduced pressure to obtain the
product (40.4 g, 156 mmol, 87%) which can be used directly for
polymerization. 1H NMR (300 MHz, DMSO-d6): d 7.45–7.20 (m,
5H, aromatic), 4.52 (s, 2H, C–CH2–O), 4.49–4.32 (m, 4H, phos-
pholane–CH2–CH2–), 4.22–4.14 (m, 2H, –CH2–O–P), 3.65–3.60
(m, 2H, O–CH2–CH2).

31P{H} NMR (202 MHz, DMSO-d6): d

17.13.

General procedure for the synthesis of (co-)polymers with 1,8-
diazabicyclo[5.4.0]-undec-7-ene

The polymerization was conducted in dichloromethane or
toluene depending (compare Table S1†). In DCM, the reaction
was carried out at room-temperature and in toluene at 40 �C or
50 �C. BnEEP (0.5010 g, 1.94 mmol) and 2-(benzyloxy)ethanol as
the initiator (0.0115 g, 0.06 mmol) were introduced into the
Schlenk tube via syringe and dissolved in 0.38 mL toluene. A
stock solution of DBU in toluene (98 mg in 1 mL toluene) was
prepared. Aer cooling down both solutions to 0 �C, the poly-
merization was initiated by adding 0.1 mL of the catalysts stock
solution to the stirred monomer solution. The ice bath was
removed and the reaction mixture heated up to 40 �C. Aer the
reaction time shown in Table S1,† an excess of acetic acid was
added. The polymers were puried by precipitation in diethyl
ether and centrifuged (10 min, 4500 rpm, 0 �C). The superna-
tant was decanted and the colorless polymer dried in vacuo.
Yields: 85–100%.

General procedure for the synthesis of (co-)polymers with
Sn(Oct)2

These (co-)polymerizations were carried out in 25 mL ame-
dried Schlenk tubes, purged with argon three times prior to
use. The reactions were catalyzed by stannous octoate in bulk
This journal is © The Royal Society of Chemistry 2015
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Scheme 2 Polymerization and deprotection of BnEEP (i) different
catalysts: either DBU, 25–40 �C, DCM or toluene, 2 min to 17 h; TBD,
0 �C, DCM, 2 h; Sn(Oct)2, bulk, 90 �C, 2–20 h; polymerization
conditions and results are summarized in Table S1.† (ii) H2, Pd(OH)2/C,
THF, 40 bar, 4 h.

Scheme 1 Synthetic protocol for the synthesis of 2-(2-(benzyloxy)-
ethoxy)-1,3,2-dioxaphospholane-2-oxide (BnEEP) (i) THF, triethyl-
amine, �21 �C, 12 h; (ii) O2, benzene, 50 �C, 24 h; (iii) 2-(benzyloxy)-
ethanol, pyridine, THF, �21 �C to �4 �C, 10 h.
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at 90 �C. The monomers and the initiator were introduced into
the Schlenk tube via syringe in desired ratios depending on
composition. Then the reaction tube was cooled to 0 �C and the
polymerization was initiated by the addition of 0.02 mL stan-
nous octoate (0.06 mmol, 24.3 mg) to the stirred solution. The
reaction mixture was heated to 90 �C and allowed to react for 2–
20 hours (depending on monomer: 2 hours for PEEP40 and 20
hours for PBnEEP40). Aerwards 2 mL of dichloromethane
were added and the crude polymers were puried by precipi-
tation into an excess of diethyl ether. The (co-)polymers were
dried in vacuo and obtained as colorless viscous oils. Yields:
85–100%.

Examples of representative NMR spectra
PEEP32.

1H NMR (DMSO-d6): 4.89 (t, 1H, P–O–CH2–CH2–OH),
4.18–4.15 (m, 62H, O–CH2–CH2–O), 4.07 (m, 30H, O–CH2–CH3),
3.57 (m, 2H, P–O–CH2–CH2–OH), 1.25–1.27 (t, 132H, O–CH2–

CH3), 0.82 (m, 3H, CH2–CH2–CH3).
31P NMR (DMSO-d6):

�1.247 (s).
PHEEP36.

1H NMR (DMSO-d6): d 7.17–7.44 (m, 75H, Ar), 4.76–
4.80 (t, 1H, P–O–CH2–CH2–OH), 3.91–4.25 (m, 90H, O–CH2–

CH2–O), 3.65–3.84 (m, 2H, P–O–CH2–CH2–OH), 3.52–3.64 (m,
Fig. 1 1H NMR spectrum of BnEEP (300 MHz, DMSO-d6, 298 K).

This journal is © The Royal Society of Chemistry 2015
30H, Ar-CH2–O), 0.82 (m, 3H, CH2–CH2–CH3).
31P NMR (DMSO-

d6): �1.18 (m).
PGEP39.

1H NMR (DMSO-d6): d 4.83 (t, 1H, OH), 4.13–4.29 (m,
100H, O–CH2–CH2–O), 3.91–4.10 (m, 40H, O–CH2–CH), 3.54–
3.64 (m, 2H, Ar-CH2–O–CH2–CH2), 3.35–3.37 (m, 2H, P–O–CH2–

CH2–OH), 1.33 (s, 60H, CH3), 1.27 (s, 60H, CH3), 0.82 (m, 3H,
CH2–CH2–CH3).

31P NMR (DMSO-d6): �1.23 (m).

Deprotection of PBnEEP via catalytic hydrogenation

In a pressure reactor, 30 mg of the respective polymer was
dissolved in 3 mL dry THF. 30 mg of Pd(OH)2 on charcoal was
added and the solution was stirred for four hours at 40 bar of
hydrogen pressure. Aer completion, the catalyst was
removed by centrifugation (10 min, 4500 rpm, 0 �C) and
decantation. THF was evaporated at reduced pressure and the
deprotected polymer was dried in vacuo (0.02 g, 96%). 1H NMR
(300 MHz, DMSO-d6): d 4.76–4.80 (t, 16H, P–O–CH2–CH2–OH),
3.91–4.25 (m, 90H, O–CH2–CH2–O), 3.65–3.84 (m, 2H, P–O–
CH2–CH2–OH).

Deprotection of PGEP via acidic hydrolysis

In a 50 mL round bottom ask, the respective polymer (89.5 mg,
18 nmol) was dissolved in 15 mL 1,4-dioxane. 5 mL aqueous
RSC Adv., 2015, 5, 42881–42888 | 42883
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Fig. 2 Representative 1H NMR of PBnEEP polymerized with Sn(Oct)2 (DMSO-d6, 300 MHz, 298 K).
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hydrochloric acid (1 M) were added dropwise via a syringe. Aer
stirring the solution for additional 3 hours, the solution was
concentrated at reduced pressure and the product was precip-
itated into cold diethyl ether. Yield: 75 mg, quant. 1H NMR
PHEP: (DMSO-d6): d 7.23–2.32 (m, 5H, Ar), 4.83 (t, 41H, OH),
4.52 (s, 2H, Ar-CH2–O), 4.13–4.29 (m, 100H, O–CH2–CH2–O),
3.91–4.10 (m, 40H, O–CH2–CH), 3.54–3.64 (m, 2H, Ar-CH2–O–
CH2–CH2), 3.35–3.37 (m, 2H, P–O–CH2–CH2–OH).
Fig. 3 1H NMR spectra of PBnEEP (top) before and after successful hyd

42884 | RSC Adv., 2015, 5, 42881–42888
Results and discussion
Monomer and polymer synthesis

One striking argument for PPEs is the easy access to water-
soluble polyesters. The most prominent dioxaphospholane
oxide monomer is probably 2-ethoxy-2-oxo-1,3,2-
dioxaphospholane, also called ethyl ethylene phosphate (EEP),
carrying ethyl side chains in the resulting PPEs. Some recent
rogenation (bottom) (DMSO-d6, 300 MHz, 298 K).

This journal is © The Royal Society of Chemistry 2015
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works use the pentavalency of phosphorus for the direct intro-
duction of functional side-chains into water-soluble PPEs.20,32,33

The design of functional novel phosphate monomers and the
investigation of their polymerization behavior is an attractive
eld of research for future materials for biomedical applica-
tions, because polyvalent PPEs would be accessible. Potentially,
also their degradation behavior can be triggered by the nature of
the side chain.34 In order to produce PPEs carrying two orthog-
onally protected side chains, a combination of literature-reported
2-ethoxy-2-oxo-1,3,2-dioxaphospholane (EEP), 2-(2,2-dimethyl-1,3-
dioxolan-4-yl-methoxy)-2-oxo-1,3,2-dioxaphospholane (GEP), and
a new monomer, namely 2-(2-(benzyloxy)ethoxy)-1,3,2-
dioxaphospholane-2-oxide (BnEEP) was investigated. The poly-
merization and copolymerization was studied as well as the
selective deprotection of the pendant groups. GEP carries acid-
labile acetal units which can be cleaved under acidic conditions,
whereas the benzyl groups in BnEEP are removed by the mild
catalytic hydrogenation and remain untouched during acidic
treatment. Aer hydrogenation a single hydroxyl group per
repeating unit is released. In contrast, the deprotection of the
acetal units of GEP releases two hydroxyl groups per repeating
unit. This is an additional trigger to tune the hydrophilicity of
these polymers.

BnEEP was synthesized via the esterication of 2-chloro-2-
oxo-1,3,2-dioxaphospholane (COP) with 2-(benzyloxy) ethanol
and obtained as colourless oil in high yield (typically over 85%,
Scheme 1).

The 1H NMR spectrum of BnEEP shows the characteristic
resonances for the benzyl protective group at ca. 7.4 ppm (a in
Fig. 1), a sharp singlet for the benzylic methylene group (b), and
Scheme 3 Protocol for the synthesis of (orthogonally) protected poly(p

This journal is © The Royal Society of Chemistry 2015
the remaining signals for the side-chain and ring-methylenes
(marked in the spectrum with c–e). The monomer is pure
enough aer workup of the reaction mixture (13C NMR is shown
in the ESI†).

The anionic ROP of BnEEP was investigated with DBU and
TBD as organocatalysts and tin(II)-2-ethylhexanoate (Sn(Oct)2) at
various conditions (Scheme 2 and Table S1†). The polymeriza-
tion proceeds with all catalysts, however, high monomer
conversion and low molecular weight dispersity were achieved
with DBU in toluene at 40 �C over a period of 20 minutes or
Sn(Oct)2 in bulk over a period of several hours. The usage of
TBD in solution as well as in bulk resulted in low monomer
conversion and broad molecular weight distributions (Table
S1†). In all cases molecular weights determined by SEC are
underestimated compared to values derived from 1H NMR
analysis. This underestimation vs. conventional calibration has
been reported earlier for other PPEs.34

In contrast to the polymerization of EEP, BnEEP required
prolonged reaction times, which can be attributed to the sterical
hindrance of the pendant chain next to the electrophilic phos-
phate center. From the results, stannous octoate is the most
promising catalyst for the polymerization of BnEEP. The proce-
dure in bulk led to adjustable molecular weights, with narrow
molecular weight distributions within acceptable reaction times
(the ESI also shows some representative SEC curves, Fig. S2†).

Fig. 3 shows a 1H NMR spectrum of PBnEEP initiated with
hexanol and catalyzed by stannous octoate.

The aromatic protons of the pendant side chain are detect-
able as a broad resonance at a chemical shi of ca. 7.17–7.44
ppm (signals a in Fig. 2). The signal at 4.31–4.66 is attributed to
hosphoester)s with subsequent selective deprotection.

RSC Adv., 2015, 5, 42881–42888 | 42885
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the benzylic methylene groups b, and the signals at ca. 3.91–
4.25 ppm correspond to the alkoxy methylene groups of the
polymer backbone (c) as well as the side chain (e). The terminal
hydroxyl group f is detected at ca. 4.76–4.80 ppm. The methyl
group of the initiator can be detected at ca. 0.8 ppm (g) and
allows (together with the signals d or f) the calculation of the
number average molecular weight (Mn) from the NMR
spectrum.

To release pendant hydroxyl functionalities of PBnEEP, the
benzyl protecting groups were removed by hydrogenation cat-
alysed by palladium hydroxide on activated charcoal under
different conditions – the effect on stability of the main chain
and the deprotection efficiency was monitored.

The polarity of the solvent is of crucial importance as a rather
hydrophobic polymer is transformed into a highly hydrophilic
material during the process. THF, methanol and dichloro-
methane–methanol mixtures have been investigated. Methanol-
containing mixtures led to partial degradation of the polymer
backbone which was indicated by ethylene glycol formation.
THF was found to be a good solvent for the hydrogenation
procedure with isolated yields that were in most cases quanti-
tative. The successful deprotection of PBnEEP can also be
monitored by 1H NMR (Fig. 3) due to the disappearance of the
Fig. 4 1H NMR spectra (300 MHz, DMSO-d6, 298 K) of the selective dep

42886 | RSC Adv., 2015, 5, 42881–42888
aromatic signals of the benzyl groups. In addition, the signals
corresponding to the polymer backbone remain aer
deprotection.

For the synthesis of orthogonally protected PPEs with an
adjustable number of primary and secondary hydroxyl groups, a
series of copolymers of EEP, GEP, and BnEEP were synthesized.
Following a similar strategy, Möller and coworkers introduced
orthogonally protected linear polyglycerols several years ago.35

All copolymerizations were catalyzed by stannous octoate and
conducted at 90 �C in bulk. Hexanol was used as the initiator
since the terminal methyl group can be detected in 1H NMR
spectra without overlapping with signals of all three monomers.
This allows the calculation of the absolute molecular weight
from 1H NMR (compare Table S3†) (Scheme 3).

The copolymer compositions were calculated from the 1H
NMR spectra by comparing the characteristic signals origi-
nating from each monomer with the resonances from the
initiator. The calculated masses agreed with the theoretical
values very well (compare Table S2 and Fig. S3–S6†).

The glass transition temperature (Tg) of all polymers was
measured in order to investigate how the monomer composi-
tion affects the thermal properties of the copolymers. Table S3†
summarizes the results. PEEP has the lowest glass transition
rotection of PGEP-co-PBnEEP by acidic hydrolysis or hydrogenation.

This journal is © The Royal Society of Chemistry 2015
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temperature (�62 �C) of all three homopolymers, while PBnEEP
has a Tg of�39 �C and PGEP has a Tg of�35 �C. With increasing
EEP content, the glass-transition temperature of the copolymer
decreases as expected. The aromatic side-chains as well as the
acetal protected side chain of the other monomers allow elec-
trostatic as well as hydrophilic interactions and have a higher
sterical demand than the ethyl side chain and thus limit exi-
bility of the polymer chains resulting in higher glass-transition
states.

In total, a library of 20 homo- and copolymers have been
prepared yielding PPEs with an adjustable number of pendant
hydroxyl groups: either the copolymerization of EEP and BnEEP
or the copolymerization of EEP and GEP produced PPEs with an
adjustable number of OH groups in combination with a water-
soluble comonomer. The copolymerization of BnEEP and GEP
allowed a selective deprotection of the pendant groups.
According to Wang and co-workers, the acetal can be cleaved by
the addition of aqueous hydrochloric acid to a solution of the
protected (co)polymer in 1,4-dioxane. Concentration and
precipitation into diethyl ether aer three hours led to the
product with reasonable yields and no scission of the polymer
backbone. Deprotection can be followed by 1H NMR spectros-
copy (the 1H NMR spectra before and aer acidic hydrolysis of
the homopolymers PGEP are shown in Fig. S7†). Fig. 4 shows an
overlay of the 1H NMR spectra of PBnEEP22-co-PGEP19 and its
selective deprotection. Aer acidic treatment the acetal groups
at ca. 4.5 and 1.2 ppm disappear, while the aromatic benzyl
protons remain untouched. Also the polymer backbone is
retained under these conditions, however, care has to be taken
for longer reaction times or higher temperatures as degradation
could occur by transesterication. If hydrogenation is con-
ducted rst, the resonances corresponding to the benzyl group
at ca. 7.4 ppm disappear, while the acetal signal remain
unchanged proving an efficient orthogonal deprotection (Fig. 4,
bottom). Currently, these materials are under investigation for
subsequent drug loading and the results of biomedical studies
will be reported in due course.
Conclusions

In conclusion, a novel cyclic phosphate monomer for the anionic
ring-opening polymerization was presented: 2-(2-(benzyloxy)-
ethoxy)-1,3,2-dioxaphospholane-2-oxide was prepared from 2-
chloro-2-oxo-1,3,2-dioxaphospholane by esterication with 2-
(benzyloxy)ethanol. The monomer can be polymerized by
controlled polymerization techniques and subsequently depro-
tected by catalytic hydrogenation to release a single primary
hydroxyl group per repeating unit. In addition copolymers with 2-
ethoxy-2-oxo-1,3,2-dioxaphospholane (EEP) and the acetal pro-
tected 2-(2,2-dimethyl-1,3-dioxolan-4-yl-methoxy)-2-oxo-1,3,2-
dioxaphospholane (GEP) were synthesized and the selective
removal of the benzyl or the acetal protective groups was proven.
These results introduce a novel orthogonal cyclic phosphate
monomer to the eld of poly(phosphoester)s that will probably
nd application in future polymer therapeutics.
This journal is © The Royal Society of Chemistry 2015
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