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Simultaneous modification of more than one functionality in
a molecular framework with high fidelity is of importance in
all areas of synthetic chemistry. This is especially true in the
case of polymer synthesis, where the functional group inter-

conversions are carried out in the postpolymerization steps, i.e.,

on the polymer backborleDeveloping such strategies allows
for easy access to a variety of copolymers without having to
optimize the polymerization conditions for each functional
monomer. These methodologies also allow one to carry out a
systematic structureproperty relationship study on side-chain
functionalities without worrying about the complications of
differences in PDI or molecular weights influencing the polymer
behavior. We disclose here the details of a new methodology
for incorporating multiple functionalities on a polymer backbone.
Because of the growing interest in using polymers in the
biological arena, we stipulated that (i) the reactive groups in
the polymer backbone are complementary to common biologi-
cally relevant functional moieties and (ii) incorporation of at
least one of the functionalities, which is reversible by a
biologically relevant stimulus. The latter feature is relevant to
applications such as drug delivégnd gene deliveryWe report

here on polymers that are complementary to amines and thiols,

two of the most common reactive functionalities found in
biological system4.We demonstrate that substituents can be
incorporated on to the polymer in a stepwise fashion in either
order or in a single pot using a mixture of reagents (Chart 1).

Monomers containing functionalities complementary to thiols
and amines are represented bynd 2, respectively (Figure
1a). TheN-hydroxysuccinimide methacrylate (NHSM2) has
been previously copolymerizedising reversible addition
fragmentation termination (RAFT) polymerizatfoand atom
transfer radical polymerization (ATRP) method$o identify
whether monomet would be compatible with these methods,
we carried out homopolymerization of mononteby RAFT
and ATRP. Monomeil was synthesized from commercially
available Aldrithiol-2 in two simple steps, by taking advantage
of the stepwise exchange of a thiol of the disulfide in the latter
compouncd?

When polymerized under RAFT conditions, the resultant
polymer was completely insoluble. This was attributed to the

Chart 1. Orthogonal and Reversible Functionalities in

Copolymers
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Figure 1. (a) Structure of the monometsand2. (b) Polymerization

of monomer and exchange of pyridyl disulfide with alkanethiol in the
polymer. (c) Progress of the thiol-exchange reaction with time, by-UV
vis spectroscopy. (d) NMR plot for the conversionRit (bottom) to
P2 (top).

possible cross-linking triggered by the initiator containing the
dithioester functionality. However, when the polymerization
reaction was carried out under ATRP conditions (using ethyl
bromoisobutyrate (EBIB) as the initiator in the presence of
copper(l) bromide and pentamethyldiethylenetriamine (PM-
DETA) in anisole at 65C), the expected polymd?1 (Figure
1b) was obtained with a PDI of 1.2 and molecular weight of
5560 (expected, = 6760).

The premise on which this methodology was conceived is
based on the fact that the pyridyl disulfide unitlimnd polymer
P1 can be exchanged in high yields by reaction with a thiol
compound of interest. To test this possibility, we treated polymer
P1 with 1-undecanethiol in DMF in the presence of catalytic
amount of acetic acid. The progress of the reaction was
monitored by absorption spectroscopy, since the spectroscopic
signature of the released 2-pyridinethiodg4 = 375 nm) is
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Scheme 1. Representation of the Functionalization of Random Copolymer P3
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distinctly different from the spectrum of the pyridyl disulfide
functionality @max= 280 nm) in the polymeP1. The exchange

also found to be complete from the disappearance of the
aromatic peaks with the concomitant appearance of the un-

reaction seemed to be complete in less than 3 h. In addition todecanethiol peaks in thé1 NMR.2 These results demonstrate

the fact that no change in the absorbance of the peak at 375 nnthe high fidelity of the reactive functionalities complementary
was observed after 3 h, the maximum absorbance observed ig0 amines and thiols in these copolymers. We then tested the
also consistent with the expected amount of 2-pyridinethione possibility of substituting the pyridy! disulfide moiety first with
released from this reaction (Figure 1c). The high conversion 1-undecanethiol. It was observed that this substitution proceeded
efficiency was also confirmed bYH NMR of the precipitated quantitatively without any reaction with the NHS ester mofety.
polymer. No peaks in the aromatic region are seen, consistentWhen we attempted this reaction by simultaneously adding the

with the removal of the thiopyridine units (Figure 1d). Similarly,
the peaks in the aliphatic region are consistent with the
incorporation of the undecyl moiety onto the polymer backione.
With the successful homopolymerizationlyfcopolymeriza-
tions of the amine-reactive monom2rand the thiol-reactive
monomerl were carried out in different ratios under the ATRP
conditions mentioned above, to obtain polymeBs-P7.8 The
ratio of the monomers incorporated in the polymer and
molecular weights closely correlated with the feed ratio of the

undecanethiol and propoylamine in the presence ¢l Eind
catalytic amount of HOAc in DMSO, this reaction indeed
provided the same polymer product, further illustrating the
versatility of the methodology. We do realize that we mixed
the EgN base needed for the amide formation with catalytic
amount of acid needed for the disulfide exchange in a single
pot. Our hypothesis was that the equilibrium betweeNEind

its conjugated acid BNHTOAc™ would be sufficient for the
acid-catalyzed exchange. We also carried out this reaction by

monomers and the monomer: initiator ratio, respectively, as adding the amine and thiol in a single pot, but stepwise. Not
shown in Table 1. The incorporation ratio of the monomers onto surprisingly, this reaction also provided the identical polyfer.
the polymer backbone was estimated by the relative integration  Reversibility of the incorporation of at least one of these
of the peaks at 2.7 and 8.4 ppm, corresponding to the jncorporated functionalities is the next feature we were interested
succinimide protons and one of the pyridyl ring protons, in because of its relevance in biomedical applications. We were

respectively?

We then tested the possibility of reaction of the NHS ester
with the amines and of thiols with pyridyl disulfide moiety in
one of these copolymer$8) (Scheme 1). PolymeP3 was
treated with propylamine in DMSO, which resulted in complete
conversion of theN-hydroxysuccinimidyl ester moiety to the
corresponding amide, as ascertained'HyNMR.8 Similarly,
the exchange of the pyridyl disulfide by 1-undecanethiol was

Table 1. Details of the Random Copolymers P3P7

particularly interested in disulfide-based reversibility, since drug
delivery based on differential glutathione levels in various cell
types has been an attractive approach in targeted drug dedivery.
For this purpose, we incorporated an anthracene moiety through
the disulfide bond and monitored the cleavage of the disulfide
bond from the polymer backbone in the presence of dithiothreitol
(DTT) as glutathione mimic, using fluorescence anisotropy
(Scheme 2). When the fluorescent anthracene is attached to the
polymer backboneR3-A"), the anisotropy is understandably
an order of magnitude higher than the small molecule, thio-

_ ratio methylanthracene6j. Indeed, when the polymer was treated
feedratio of ~ determined with DTT, the anisotropy from anthracene changed fromx80
monomers by proton-NMR_ My(theory) Mr(obsd) PDI 103to 6 x 1073, The latter value corresponds to the anisotropy
Ei 28%8 ?2522 E ggg 12 Zgg ig obtained for the small molecule control. This result is consistent
p5 70-30 67-33 12419 10000 15 with the fact that the fluorescent anthracene was indeed released
P6 60:40 60:40 12 548 8100 1.4 from the polymer backbone. To further confirm this, we obtained
P7 40:60 42:58 13501 19000 15

the NMR of the polymer precipitated from this reaction a(rgBV
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found no aromatic peaks that correspond to the anthracene probe ~ Polym. Chem1995 33, 1235. (c) Herbert, C. G.; Ghassemi, H.; Hay,
A. S.J. Polym. Sci., Part A: Polym. Chert©97, 35, 1095. (d) Choi,

moiety.
S. K.; Mammen, M.; Whitesides, G. Ml. Am. Chem. S0d 997,

In summary, we have shown that monomérmnd2 can be 119, 4103. (e) Khalil, A. A.: Moustafa, H. Y.; Arief, M. M. HEur.
copolymerized in different ratios by ATRP, where the reactivity Polym. J.1996 32, 647. (f) Nagy, J. O.; Wang, P.; Gilbert, J. H.;
of the functional groups are specific to thiols and amines, Schaefer, M. E.; Hill, T. G.; Callstrom, M. R.; Bednarski, M. D.
respectively. These polymers can be quantitatively substituted Med. Chem1992 35, 4501. (g) Roy, R.; Zanini, D.; Meunier, S. J.;
in one pot or by a sequential addition strategy and is independent ~ Romanowska, AJ. Chem. Soc., Chem Commui293 1869. ()

o . S Thoma, G.; Magnani, J. L.; Ohrlein, R.; Ernst, B.; Schwarzenbach,
of the order of addition. As mentioned before, the motivation F.; Duthaler, R. OJ. Am. Chem. S0d997, 119, 7414. (i) Malkoch,
for choosing these two functionalities in particular is due to M.; Thibault, R. J.; Drockenmuller, E.; Messerchmidt, M.; Voit, B.;
the fact that these are two of the most commonly seen reactive Russell, T. P.; Hawker, C. J. Am. Chem. So2005 127, 14942

and references therein. (j) Nair, K. P.; Pollino, J. M.; Weck, M.
Macromolecule2006 39, 931.

(2) Duncan, RNat. Re. Drug Discaery 2003 2, 347.

functionalities in biology. One could imagine utilizing such

methods in polymetprotein conjugates, where more than one

protein molecule can be attached to a single polymer chain @) (=) Kak . g | 2002
ihl\vo ifi i i a) Kakizawa, Y.; Kataoka, KAdv. Drug Delivery Re. 54,

reversibly? To further Qemons.trat.e a specnﬁc gxample in which 203. (b) Nori, A.: Kopecek. JAdy. Drug Delivery Re,. 2005 57

such polymers could find use in biological applications, we have 609.

shown that the disulfide linkage could be used for the reversible (4) Hoffman, A. S.: Stayton, P. Sdacromol. Symp2004 207, 139.

incorporation of a molecule. It is conceivable that a similarly (5) (a) Savariar, E. N.: Thayumanavan JSPolym. Sci., Part A: Polym

attached drug molecule is then released in a reducing environ- Chem.2004 42, 6340. (b) Pedone. E.: Li, X.; Koseva, N.; Alpar,
ment, e.g., cancer cells. The versatility of the polymers and the 0.; Brocchini, S.J. Mater. Chem2003 13, 2825.
simplicity of the methodology by which these can be prepared  (g) chiefari, J.; Chong, Y. K.; Ercole, F.; Krstina, J.; Jeffery, J.; Le, T.
are likely to significantly enhance the repertoire of synthetic P. T.; Mayadunne, R. T. A.; Meijs, G. F.; Moad, C. L.; Rizzardo,
polymer chemistry in biological applications. Pursuing these E.; Thang, S. HMacromoleculesl998 31, 5559.
polymers for delivery and bioconjugate applications is a part (7) Matyjaszewski, K.; Xia, JChem. Re. 2001, 101, 2921.
of the ongoing efforts in our laboratory. (8) See Supporting Information for details.
(9) For polymer end-group modification to make biopolymer conjugate
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