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Doubly functionalized dendrimerlike poly(ethylene oxide)s (PEOSs) carrying 16 hydroxyl groups at their periphery
and one aldehyde group at their focal point were synthesized up to the fourth generation through an iterative
divergent approach. First, a protected aldehyde dihydroxyl compound, namely, 3,3-diethoxy-1,2-propanediol, was
used as initiator for the anionic ring-opening polymerization (AROP) of ethylene oxide after partial deprotonation
(30%) in dimethyl sulfoxide. The two hydroxyls carried by the PEO chain ends of the first generation were
subsequently derivatized so as to generate four hydroxyls via a two-step reaction (allylation and osmylation). The
next generations of such dendrimerlike PEOs were grown upon repeating the same cycle of AROP and chain-end
modification. At the completion of these reactions, the acetal group present at the core was deprotected under
acidic conditions to afford the targeted dendrimerlike PEO of fourth generation with a central aldehyde group.
The reactivity and accessibility of the latter function was demonstrated upon its conjugation with aniline used as
a model compound.

Introduction dimethyl sulfoxide (DMSO) as solvent proved crucial for a
“controlled/living” AROP of ethylene oxide at room temperature
Poly(ethylene oxide) (PEO) is a chemically stable, water- without the complication due to the aggregation of propagating
soluble, and nontoxic polymer that exhibits minimal, nonspecific alkoxides. The straightforward introduction of 1,2-propanediol
protein binding properties. As such, PEO has been exploited tounits as branching points at chain ends also contributed to the
reduce the immunogenicity and increase the in vivo stability of success of these syntheses. Such a branching reaction is based
a variety of protein therapeutics after conjugation of the latter on a two-step procedure consisting of the allylation of hydroxyls
bioactive molecules onto PEO (PEGylation reactibrt).A followed by the osmylation of the allylic groups introduced.
significant limitation in the application of linear PEO conjugates  The presence in such dendrimers of a single set of peripheral
is their limited attachment capacity that consists of a maximum fnctional groups, not specially designed for conjugation with
of two functional groups. Several solutions have been proposedpiomolecules, precludes their surface conjugation or their
to increase the number of reactive functional groups, including attachment to a targeted moiety and thus their application as
the synthesis of starlike hyperbranche8,arborescerit® or immunoassays and biosensd#&.2! To this end, we report
dendrimerliké®* PEOs. Dendrimerlike polymers can be perein the design of a dendrimerlike PEO “bouquet” possessing
viewed as a new class of dendrimers with macromolecular 16 hydroxyl groups at the periphery and one aldehyde group at
generations. They exhibit indeed molecular features similar t0 e core (Figure 1). In this manner, both the hydroxyl and
those of regular dendrimers, including the presence of a centralg|gehyde groups can be used for conjugation with unique entities
core, a precise number of branching points, and outer terminal of gjstinct molecular functions. To the best of our knowledge,

functions, but they possess true oligomeric/polymeric segmentsipis is the first report on the synthesis of a heterofunctional
between branching point.*’ Dendrimerlike PEOs were first  gendrimerlike polymer.

synthesized in 1995 by reiterating a two-step sequence that was

i) anionic ring-opening polymerization (AROP) of ethylene

oxide and ii) arborization of PEO chain entis.ater on, our Experimental Section

group reported the synthesis of a second generation dendrim-

erlike PEO by combination of convergent and divergent  Materials. Ethylene oxide (EO) (Fluka, 99.8%) was distilled over
methods!! In a subsequent contribution, we have described the sodium into a buret. Diphenylmethylpotassium (DPMK) was prepared
synthesis of a second-generation dendrimerlike PEO function- and titrated with acetanilide as described in ref 12. All PEO precursors
alized with glycosidic peripheral units and have found that they were freeze-dried from a dioxane solution. Dimethy! sulfoxide (DMSO)
exhibit significantly better in vivo anti-inflammatory activity =~ was distilled over Caklprior to use. All other chemicals and solvents
than both linear and starlike PEO congeriérdNe also were purchased from Aldrich and used without further purification.
developed a novel approach that allowed us to prepare dendri- Synthesis of 3,3-Diethoxy-1,2-propanediolTo a 100-mL round
merlike PEOs up to the seventh generafidin this approach,  flask containing 3,3-diethoxyl-1-propene (7.7 mL, 50 mmad\)

partial deprotonation of hydroxyl groups:80%) and use of  methylmorpholineN-oxide (6.5 g, 55 mmol) in acetone (20 mL),
distilled water (20 mL), and-butanol (5 mL) was added, undeg,N.

*To whom correspondence should be addressed. mL of_ a 4 wt % OsQ solution in water. The mixture was stirred
T UniversiteBordeaux-1-CNRS-ENSCPB. overnight at room temperature. After removal of the organic solvents
*Emory University School of Medicine. under reduced pressure, the residue was extracted witlClgldnd
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HO on HQ H the residue was extracted with @El, and concentrated. The solution
H( 5 OH § OH was precipitated in diethyl ether, and the product (4.2 g) was obtained
HO ]1‘“‘19 o after fiItratipn and drying.in vacuum at room temperature. FH&MR
e e spectrum is shown in Figure 4.
L”n%! H Conjugation of CHO-PEO-G4(OH);6 with Aniline . CHO-PEO-
HO,, ‘}% G4(OH)s (1 g, 0.032 mmol) was dissolved in 10 mL (pH 7.0) of

Ol phosphate buffer solution, and 0.15 g (1.6 mmol) of aniline was added.
HO The coupling reaction was carried out at room temperature with stirring
O for 4 h. Then, 0.06 g of NaBiHwas slowly added into solution. The

L‘m{ reduction step was carried out at room temperature for another 2 h.
OH The reaction mixture was extracted with dichloromethane (100xmL

2). The merged organic phase was dried with magnesium sulfate and
concentrated. The conjugation product (0.7 g) was obtained after
precipitation in diethyl ether. ThéH NMR spectrum is shown in
Figure 7.

Characterization. *H NMR spectra were recorded on a Bruker AC
the combined organic layers were dried with Mg@@d concentrated. 200 spectrometer. The molar masses were determined by size-exclusion
The crude product was distilled under vacuum, affagdihg of a chromatography. (SEC) equipped V\_”th aPss column (800 mm, 5
colorless liquid (yield= 49%).*H NMR (Sppm CDCl) 4.46 [d, 1H, um), a refractive index det_ector (Varian RI-4), and w_|th tetrahydrofurane
-CH(OEt)], 3.75 (M, 4H, O®H,CH), 3.57 (m, 3H, -GIOHCH,OH), (THF) as eluent (1 mL/mln) at 2%C, which was calibrated by use of
2.85 (s, 1H, -CH®), 2.65 (s, 1H, -CHOH), 1.20 (m, 6H, OCHCHs). linear poly(ethylene oxide) samples.
13C NMR (Oppm CDCl) 103.1 [CH(OEt))], 71.7 (CHOHCH,OH),
64.1 and 63.4 (GH,CHs), 62.4 (CH,OH), 15.2 (OCHCH3).

Etherification of Terminal Hydroxyls of Dendrimerlike PEO:
Synthesis of Acetal-PEO-G1(allyl). To a solution of tetrabutylam-
monium bromide (135 mg, 0.42 mmol) and NaOH (1.68 g, 42 mmol)
in 1.7 mL of water were added the acetal-PEO-G1(9#)2 g, 4.2
mmol OH) and dried THF (4 mL). After the mixture was stirred for

Aldehyde core

Figure 1. “Bouquet’-type dendrimerlike PEO CHO-PEO-G4(OH)1¢
as synthesized in this work.

Results and Discussion

Poly(ethylene oxide)s (PEOs) possessing caaldehyde-
terminated function have been termed “second-generation”
PEGylation agents. These derivatives are very useful for
30 min at 50°C, allyl chloride (3.4 mL, 42 mmol), was added under coqjugation to protein_s and are very se_zl_ective toward _termingl
N2. The solution was kept for 24 h at 3C under vigorous stirring. amines L_mder approprla_.te reaction Condltlonsf’ the resulting Schiff
The volatiles were removed and the residues were extracted with t?ase being converted into a secondary amino group by fed‘%‘?'
dichloromethane. The solution was dried and concentrated, and the finalt'on'S'ZZ'ZSRGCG',“IV' we developed a novel and versatile synthetic
product was obtained by precipitation in an excess of cold diethyl ether @PProach to high molar mass dendrimerlike PEOs with well-

(3.4 g, 85%).H NMR (Sppm CDCl) 6.03-5.79 (m, 3H, GI=CH),), defined structures up to eight generations, comprising not less
5.33-5.11 (m, 6H, CH=CHy), 4.45 [d, 1H, -G(OEt)], 4.01 (d, 4H, than 384 peripheral hydroxy functiodsIn the present study,
OCH,CH=CH,), 3.64 (PEO, broad peak), 1.20 (m, 6H, O{Hs). “bouquet’-type dendrimerlike PEOs carrying an aldehyde at the
Bis-hydroxylation of Double Bonds: Synthesis of Acetal-PEO- core are synthesized by use of 3,3-diethoxy-1,2-propanediol as
G1(OH),. To a solution of the acetal-PEO-G1(ally(8.4 g, 3.4 mmol initiating precursor of ethylene oxide polymerization. The diethyl

C=C), N-methylmorpholineN-oxide (1.2 g, 10.2 mmol) in acetone  acetal function protecting the aldehyde of this dihydroxyl
(5.0 mL), distilled water (5.0 mL), anttbutanol (1 mL) was added,  compound was found to be stable under the conditions of AROP
under N, 200uL of a 4 wt % OsQ solution in water. The mixture of ethylene oxidé* We demonstrate here that the acetal function
was stirred overnight at room temperature. After removal of the organic is not affected by the subsequent repeated branching reactions.
solvents, the residue was extracted with,CHand concentrated. The  In addition, it could be readily hydrolyzed under acidic
solution was precipitated in cold diethyl ether. The product (3.1 g, 90%) conditions to release the aldehyde function. As shown in Scheme

was isolated after drying in vacuum at room temperattieNMR 1, such a precursor was synthesized by osmylation of the double
(Oppm, DMSO-dg) 4.61 (d, 2H, CH®), 4.45 [m, 3H, CHOH + bond from an inexpensive commercially available reagent, 3,3-
CH(OEt)], 3.51 (PEO, br), 1.20 (s, 6H, OGBH,). diethoxy-1-propene (acrolein diethyl acetal). The structure of

Polymerization of EO from PEO Precursors: Synthesis of 3,3-diethoxy-1,2-propanediol was confirmed By and 13C
Aceta_ITPEO-GZ(OH)Ll. To a two-neck 250 mL flask charged with the MR spectroscopy (see Experimental Section). The AROP of
lyophilized precursor acetal-PEO-G1(QH2.0 g, 3.8 mmol OH) was  athylene oxide was carried out in DMSO with partial deproto-
added, under vacuum, dry DMSO (60 mL). DPMK (1.1 mmol) was  \ation of hydroxyls, as previously describédThe first-
introduced and the mixture was stirred until the red color of DPMK eneration PEO, denoted acetal-PEO-G1(OMjas thus ob-
disappeared at room temperature and a homogeneous solution wa sined with aver)} low polydispersity index and excellent control

formed. The flask was chilled te30 °C and about 10% EO (4.3 mL, 2 . o : .
86 mmol) was added. After addition, the system was stirred for 12 h of molar mass, indicating efficient initiation without any side
' ' reaction. A typical'H NMR spectrum recorded in CDEbf

at room temperature and the rest of the monomer was added. The hi PEO dis sh in Fi oA The si |
polymerization was carried out at room temperature for 48 h. The this two-arm compound s snown In Figureé 2A. The signa

alkoxides were deactivated with a few drops of methanol. The solvent Of the two terminal hydroxyl protons (G®H) appears as a
was distilled under vacuum and the final polymer (5.8 g) was obtained {iPlet at 2.86 ppm, and the methine proton as well as the six
by double precipitation with diethyl ether from a THF solutidht methyl protons due to the initiator are clearly detected at 4.46
NMR (Sppm CDCl) 4.45 [d, 1H, -GH(OEt),], 3.51 (PEO, br), 2.86 (t, and 1.20 ppm, respectively. The integral ratio of these three
4H, OH), 1.20 (m, 6H, OCHCH3). Related molecular data are listed pPeaks is 2/1/6, in accordance with the theoretical value. The
in Table 1. peak at 1.20 ppm was then used as reference peak for calculating
Synthesis of CHO-PEO-G4(OH)s. Acetal-PEO-G4(OH); (5.0 g, the molar mass. The correspondiMgnmr) value obtained was

0.16 mmol) was dissolved in a 1/1 trifluoroacetic acid (TFAJH very closed to the targeted one, which confirms that the initiator
solution (50 mL), and the solution was stirred at ambient temperature was completely incorporated into polymer and the acetal group
overnight. Part of the acid was removed under reduced pressure, andemained stable during polymerization. The terminal hydro&%lv
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Figure 2. 1H NMR (400 MHz) spectra of acetal-ended first-generation PEO and its derivatives: (A) acetal-PEO-G1(OH), (in CDCls), (B) acetal-
PEO-G1(allyl); (in CDCl3), and (C) acetal-PEO-G1(OH)4 (in DMSO-dk).

groups of acetal-PEO-G1(Oflyere then derivatized into twice  peaks due to the 4@ protons of the acetal group is compared
as many hydroxl groups via the two-step branching reaction with that corresponding to the allylic protons of the chain ends
protocol previously described.The products resulting fromthe ~ (CH;=CH-CH,- and GH,=CH—CH,-), a 3/1/2 ratio is obtained
allylation of acetal-PEO-G1(OHxand from the subsequent bis-  that is in agreement with the expected value, attesting to a
hydroxylation, denoted acetal-PEO-G1(allydnd acetal-PEO-  quantitative functionalization. After treatment with Osénd
G1(OH), respectively, were first characterized By NMR N-methylmorpholineN-oxide, signals arising from protons of
spectroscopy, as shown in Figure 2B,C. After treatment with both primary and secondary hydroxyls of acetal-PEO-G1¢(OH)
allyl chloride, one can clearly note a complete disappearance [ HOCH,-CH(OH)-CH,- and HOCH,-CH(OH)-CH,-, respec-

of the terminal OH protons while the protons characteristic of tively] can be distinguished, that due to the allylic protons having
the allylic double bonds of acetal-PEO-G1(aljlylre seen completely vanished. Again, the integral ratio of hydroxyls to
between 5 and 6 ppm (Figure 2B). When the intensity of the methyl groups is consistent with the expected values, confirr&qu/
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Table 1. Molecular Characteristics of Heterofunctionalized Dendrimerlike PEOs

samples Mn(heo) X 103 Mamr) X 103 Mnsec)? x 103 PDI2 no. of hydroxyls®?
acetal-PEO-G1(OH), 2.04¢ 1.98¢ 2.07 1.06 2
acetal-PEO-G2(OH)a 5.80¢ 5.90¢ 8.40 1.09 4
acetal-PEO-G3(OH)s 14.1¢ 14.1¢ 17.9 1.07 8
acetal-PEO-G4(OH)1s 30.0¢ 31.0¢ 22.6 1.15 16
CHO-PEO-G4(OH)16 30.0 31.1¢ 20.2 1.10 16

a Apparent molar mass and polydispersity index determined by size exclusion chromatography in THF using linear PEO standards. » Theoretical number
of peripheral hydroxyls. ¢ Theoretical molar mass: Maneo) = [ethylene oxide]/[hydroxylated precursor]. ¢ Molar mass calculated using the peak of methyl
protons of acetal groups as reference in *H NMR spectrum. ¢ Molar mass estimated by *H NMR using the peak of the aldehyde proton at the focal point

as a reference.

acetal-PEO-G4(0OH)16: Mn=22600, PDI=1.15
acetal-PEO-G3(OH)s: Mn=17900, PDI=1.07
acetal-PEO-G2(OH)4: Mn=8350, PDI=1.09
acetal-PEO-G1(OH)z: Mn=3070, PDI=1.06
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Figure 3. SEC traces of acetal-carrying PEO dendrimer from G1 to
G4 in THF.
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Figure 4. H NMR spectra of heterofunctional PEO before and after
acidic deprotection: (A) CHO-PEO-G4(OH)1s; (B) acetal-PEO-G4-
(OH)16.

a quantitative dihydroxylation reaction while the acetal groups
remained stable under this two-step treatment.
The hydroxylated precusor acetal-PEO-G1(®@Wgs then

reached a degree of polymerization around 25. These three steps
could be repeated up to the formation of a dendrimerlike PEO
of fourth generation. All products were characterized by
NMR and SEC, and the related data are summarized in
Table 1.

The six methyl protons of the acetal group at the core of
dendrimer are always detected at 1.20 ppm in all generation
samples and can thus be used as reference peak for calculation.
On the basis of théH NMR data, peripheral functional groups
are in accordance with expected outcomes (two for G1, four
for G2, eight for G3, and 16 for G4M,nwur) Values calculated
with this reference peak are in good agreement with theoretical
values. As depicted in Figure 3, SEC traces exhibit a unimodal
and narrow distribution (PD¥ 1.15) for up to four generations.
However, with the increase in the number of generations,
discrepancies can be clearly seen between the other two series
of molar mass values and those generated from SEC charac-
terization. As already discussed in our previous papets this
merely reflect the highly branched nature of dendrimerlike
samples whose hydrodynamic volumes are smaller than the
linear polymers of the same molar mass taken for the calibration
of SEC.

The fourth-generation dendrimerlike PEO, acetal-PEO-G4-
(OH)s6, could be readily deprotected under acid conditiong{CF
COOH/H,0 1/1) at room temperatid®into the deprotected
product, denoted CHO-PEO-G4(Old)(Scheme 1). Before
deprotection, peaks were observed at 4.46 and 1.20 ppm in the
IH NMR spectrum (Figure 4) that were ascribed to methine
and methyl protons at the core. After deprotection under acidic
conditions, these two peaks completely disappear and a new
signal appears at 9.22 ppm, which is assigned to the aldehyde
protons at the core. By comparison with the signal of the
aldehyde proton at 9.22 ppm as reference pbalymr) of the
deprotected polymer is found to remain almost unchanged
(31 100 g/mol, Table 1). In addition, the deprotected polymer
characterized by SEC exhibits a unimodal and narrow distribu-
tion as shown in Figure 5. These findings allow us to conclude
that aldol condensation did not occur under these conditions.
The deprotection reaction was also verified by IR as shown in
Figure 6. A new band at 1685 crh characteristic of the
vibration of carbonyl functions, indicates the formation of
aldehyde at the expense of the ketal precusor.

The aldehyde function located at the core of the fourth-
generation dendrimerlike PEO was subsequently reacted with
aniline, used here as a model compound and a proof of concept
of the accessibility of the aldehyde placed at the core of CHO-
PEO-G4(OHjs. Aniline was chosen because of the easy
identification of its aromatic protons By1 NMR characteriza-
tion. The conjugation was carried out at pH 7 with a large excess

used as initiator for the preparation of the second-generationof aniline and NaBH as reducing agent. The reaction product

PEO, denoted acetal-PEO-G2(QHhrough AROP of ethylene
oxide. After allylation and bis-hydroxylation, AROP of ethylene

was purified by precipitation with diethyl ether to remove the
excess aniline. The final conjugated product was characterized

oxide was carried out under such conditions that each arm lengthby 'H NMR, as illustrated in Figure 7. The peaks appearin%B\/
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Figure 5. SEC trace of deprotected heterofunctional PEO dendrimer
CHO-PEO-G4(OH)1s.
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Figure 6. IR spectra of heterofunctional PEO before and after acidic
deprotection.
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Figure 7. H NMR spectrum of the conjugation product of acetal-

PEO-G4(OH)16 with aniline followed by in situ reduction.

7.09, 6.64, and 6.58 ppm can be attributed to the aromatic
protons of aniline, attesting to a straightforward conjugation
reaction between aldehyde and amino groups. In addition, the

Feng et al.

integral ratio of the peaks ascribed to aromatic protons to that
of PEO at 3.60 ppm is in excellent agreement with the expected
value, indicating that all the aldehyde groups participated in
the coupling reaction.

In conclusion, dendrimerlike PEO with 16 hydroxyls at the
periphery and one aldehyde group at the focal point could be
successfully prepared through an iterative divergent approach
based on AROP of ethylene oxide and selective branching
reactions, followed by acidic deprotection of the acetal core.
Accessibility and high reactivity of the aldehyde toward the
amino group of aniline was then demonstrated, as a model of
conjugation reaction. Work is in progress to conjugate molecules
with bioactive properties. Application of such heterodifunctional
dendrimerlike PEOs for surface modification and drug delivery
are underway, and the results will be reported in a forthcoming
publication.

References and Notes

(1) Merrill, E. W. In Poly(ethylene glycol) Chemistry: Biotechnical and
Biomedical ApplicationsHarris, J. M., Ed.; Plenum Press: New
York, 1992.

(2) Harris, J. M., Zaplisky, S., Ed®0oly(ethylene glycol): Chemistry
and Biomedical ApplicationACS Symposium Series 680; American
Chemical Society: Washington, DC, 1997.

(3) Roberts, M. J.; Bentley, M. D.; Harris, J. Mdv. Drug Delivery
Rev. 2002 54, 459.

(4) Pasut, G.; Veronese, F. Mdv. Polym. Sci2006 192 95.

(5) Taton, D.; Saule, M.; Logan, J.; Duran, R.; Hou, S.; Chaikof, E. L.;
Gnanou, Y.J. Polym. Sci., Part A: Polym. Phy2003 41, 1669
and references therein.

(6) Hawker, C. J.; Chu, F.; Pomery, P. J.; Hill, D. J.Macromolecules
1996 29, 3831.

(7) Lapienis, G.; Penczek, $lacromolecule200Q 33, 6630.

(8) Lapienis, G.; Penczek, 3. Polym. Sci., Part A: Polym. Che2004
42, 1576.

(9) Walach, W.; Trzebicka, B.; Justynska, J.; DworakPalymer2004
45, 1755.

(10) Six, J.-L.; Gnanou, YMacromol. Symp1995 95, 137.

(11) Hou, S.; Taton, D.; Saule, M.; Logan, J.; Chaikof, E. L.; Gnanou,
Y. Polymer2003 44, 5067-5074.

(12) Feng, X.-S.; Taton, D.; Chaikof, E. L.; Gnanou, ¥.Am. Chem.
Soc.2005 127, 10956.

(13) Feng, X.; Taton, D.; Chaikof, E. L.; Gnanou, ¥..Am. Chem. Soc.
2006 128 11551.

(14) Majoral, J.-P.; Caminade, A.-MChem. Re. 1999 99, 845.

(15) Grayson, S. M.; Fhet, J. M. JChem. Re. 2001, 101, 3819.

(16) Tomalia, D. A.Prog. Polym. Sci2005 30, 294.

(17) For references on dendrimers with macromolecular generations,
see (a) Teerstra, S. J.; Gauthier, Rrog. Polym. Sci2004 29,
277. (b) Hirao, A.; Sugiyama, K.; Tsunoda, Y.; Matsuo, A,
Watanabe, TJ. Polym. Sci., Part A: Polym. Cher2006 44, 6659.

(c) Trollsas, M.; Hedrick J. L.J. Am. Chem. Socl998 120,
4644.

(18) Rele, S. M.; Cui, W.; Wang, L.; Hou, S.; Barr-Zarse, G.; Taton, D.;
Gnanou, Y.; Esko, J. D.; Chaikof, E. U. Am. Chem. SoQ005
127, 10132.

(19) Gillies, E. R.; Jonsson, T. B.; fakeet J, M. JJ. Am. Chem. Soc.
2004 126, 11936.

(20) Gillies, E. R.; Frehet J, M. JDrug Discavery Today2005 10, 35.

(21) Wu, P.; Malkoch, M.; Hunt, J. N.; Vestberg, R.; Kaltgrad, E.; Finn,
M. G.; Fokin, V. V.; Sharpless, K. B.; Hawker, C.Ohem. Commun
2005 5775.

(22) Tao, L.; Mantovani, G.; Lecolley, F.; Haddleton, D. 4 Am. Chem.
Soc.2004 126, 13220.

(23) Gillies, E. R.; Goodwin, A. P.; Fohet, J. M. JBioconjugate Chem.
2004 15, 1254.

(24) Nagasaki, Y.; Ogawa, R.; Yamamoto, S.; Kato, M.; Kataoka, K.
Macromoleculesl997, 30, 6489.

BMO070146R
Ccbv



