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ABSTRACT: Random poly(norbornene)-based terpolymers containing stdarbon-sulfur (SCS) palladated

pincer complexes, dibenzo[24]crown-8 (DB24C8) rings, and diaminopyridine moieties were synthesized by ring-
opening metathesis polymerization. Examination of the kinetics of the polymerization led to the conclusion that
the polymerization of a statistical mixture of the three monomers results in the formation of random terpolymers.
The terpolymers have molecular weights between 30 000 and 50 000 Da, with polydispersity indices ranging
form 1.3 to 1.5, as determined by gel-permeation chromatography. Side-chain functionalization of these terpolymers
was achieved by self-assembling (i) pyridines to the palladated pincer complexes, (ii) dibenzylammonium ions
to the DB24C8 rings, and (iii) thymines to the diaminopyridine recepfétNMR spectroscopy was used to
monitor the self-assembly processes and revealed that all self-assembly steps were fast and near quantitative.
Isothermal titration calorimetry was employed to determine the association constants for the individual noncovalent
functionalization steps. For all the self-assembly steps, the association constants were unaffected by neighboring
functionalities on the polymer backbone, demonstrating orthogonality in the recognition expressed by the three
recognition sites.

Introduction coordination and hydrogen bonding, we have shown that the
two self-assembly events occur in an orthogonal manner.
However, in a two-component system in which both the
noncovalent functionalizations are based on hydrogen bonding,
we found that competition between the different recognition
motifs exists? Thus, to achieve site-specific, noncompetitive,
noncovalent functionalization of terpolymers, we designed a
polymeric scaffold bearing three independent receptors that can
be functionalized using metal coordination, pseudorotaxane
formation, and hydrogen bond arrays. A graphical representation
of the noncovalent functionalization strategy is shown in Figure
3. This approach toward terpolymer synthesis provides an
) ) . ) ) attractive alternative to traditional terpolymer functionalization
Despite the importance of terpolymers in materials science, gyategies based on covalent synthesis. It is an approach that
synth_etlc strategies to_produce such ma;erlals are_cumbersom?l) allows for rapid side-chain modification, (2) avoids lengthy
and time-consuming since they have relied exclusively to date postpolymerization purification steps, and (3) is reversible and
on covalent approaches. A more modular approach would beherefore amenable to the rapid optimization of materials.
to employ noncovalent synthesis which has been shoio The metal coordination unit we have employed is based on

be an efficient tool in the formation of supramolecular materials. the palladated sulfarcarbon-sulfur (SCS) pincer complex that

Mcl)tlvatgd bty l\tlature’s mechdanls:jnst,) in which lllb{arle(sj. cifdcan coordinate nitriles, pyridines, and phosphiHe& The
polymeric structures areé produced Dby noncovalent-medialed ,q51ated pincer complex was chosen because of its high

synthesi$,we have developed functionalization strategies which stability in nonpolar organic solvent3Second, pseudorotaxane
use hydrogen bonding and metal coordination as tools for Side'formation based on the threading of diben,zylammonium ions
chain functionalization of well-defined random copolymtg. into diber’lzo[24]crown-8 (DB24C8) rings, is employHd?
In this short account, we extend the complexity of our approach This interaction, which is highly specifié: with association
and report an efficient strategy for the functionalization of constants in excéss of M1~ in CH,Cl,, involves the formation
random terpolymers using self-assembly. '
A requirement for the successful noncovalent functionaliza-
tion of terpolymers is the selection of three molecular recogni-
tion motifs that can be assembled independently with their
corresponding substrates. In our previously repdftedo-
component polymeric system, which was based on metal

Highly functionalized random terpolymers are desirable
synthetic targets for a large variety of biological and electronic
applications. In the context of biomaterials, terpolymers have
been studied as potential drug carrikierpolymers have also
been used as cross-linking materials, curing applications,
and as molecular switchés®kecently, Krzysztof et al. reported
“smart” polymeric nanospheres produced from random terpoly-
mers that change their conformation in response to light
exposure in solutioAMoreover, terpolymers are candidates for
solution processable materials, such as photorefractive device
that require three components in order to become operattonal.
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Scheme 1. Synthesis of Terpolymets
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a(a) CHCly, 4 h, 25°C; (b) ethyl vinyl ether, 10 min. Ph and EtG- end groups are omitted for clarity.

of strong [Nf—H---O] hydrogen bonds between the acidic NH complete after 20 min, as indicated by the shift of the norbornene
protons and the oxygen atoms in the DB24C8 ring. Moreover, olefin signals originating frond = 6.17 ppm (monomer) to
additional [C-H---O] and 7—x stacking interactions as well = 5.38 ppm (polymer). Figure 2 displays the kinetic plot for
as electrostatic forces also contribute to the stability of the percentage conversion with time (top) and the corresponding
pseudorotaxane formation. The third noncovalent recognition logarithm plot (bottom) used to calculate the rate constant for
motif is based on the diaminopyridine and thymine denor the polymerization of monome3 in CHCIl;, using ruthenium
acceptor-donor hydrogen-bonding recognition pair that has initiator 4. The pseudo-first-order rate constant for the polym-
already been used extensively in supramolecular polymer erization of monomeB8 with [M] = 0.222 M and [I]= 0.0111
science»1013.2426 The combination of these three recognition M was found to be 5.« 10° s71, a value which is comparable
motifs along an architecturally controlled polymer backbone to the rate constants for the homopolymerizations of pincer
allows for fast and precise site-specific functionalization with  monomerl (6.27 x 10° s71) and diaminopyridine monomex

a limited number of purification steps. Table 1. GPC Data for Terpolymers
Results and Discussion terpolymer Mn My PDI
Polymer SynthesisThe terpolymers are based on norbornene gg ;‘g igg 22 288 13;
monomersl—3 bearing recognition motifs swta_lble for subse- 5c 30 600 43600 142
guent noncovalent modification. The synthesis and homopo- 5d 31400 44 400 1.41
lymerization behavior by ring-opening metathesis polymeriza- 5e 21200 30000 1.42
tion (ROMP) of the three individual monomers have been 5f 30700 44 600 1.45
reported beforé327 All terpolymers were synthesized according 59 30000 41500 1.38
to Scheme 1 using the ruthenium initiatdr with varying 2 Solvent: CHCl.
amounts of monomerk—3 resulting in terpolymers with varying
densities of each recognition motif expressed along the polymer 100 ettt
backbone. The recognition unit density was varied in order to 80 //A
determine whether the orthogonality of the noncovalent func- > 60 7
tionalization strategy is dependent on the individual functional 5 40
group densities along the polymer backbone. The molecular : 20
weights of all the terpolymers were determined using gel- °
permeation chromatography (GPC). Controlled molecular weights O 200 200 600 800 10001200
were observed for all polymers regardless of the monomer feed
ratios. GPC traces of all the terpolymers revealed monomodal 64
distributions, ruling out the possibilities of homopolymerizations.
Additionally, polydispersity indices (PDIs) ranged from 1.3 to s 4]
1.5 (Table 1), indicating well-behaved copolymerizations. %
The statistical nature of the resulting terpolymers was £ 21
examined on the basis of the polymerization kinetics of £
individual monomers as well as from the point of view of the

0 ———————————
terpolymerization kinetics. The rate of the polymerization for 0 200 400 600 800 1000 1200

the DB24C8 monome8 was determined by in sittH NMR Time (s)

spectroscopy a“O_' th,en compared to the DFEVIOUSJP),() measureq=igure 2. Kinetic plot of percentage conversion vs time (top) and the
rates of polymerization for the monomeisand 2. The corresponding logarithm plot (bottom) for the polymerization of
polymerization of a 20:1 ratio of monomarto initiator 4 was monomer3.
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Figure 3. Functional units introduced onto the terpolymer receptors.

(6.51 x 10° s71).130 |n addition, the in situ monitoring of
terpolymerization by'H NMR spectroscopy revealed that all

Macromolecules, Vol. 39, No. 11, 2006

copy? Finally, N-butylthymine 8) was chosen as the comple-
mentary substrate for the diaminopyridine recep®hecause

of the ease of characterizing the complex fordeahd the
increase in solubility compared to nonfunctionalized thymines.

Scheme 2 shows the stepwise functionalization of terpolymer
5a. First, 1 equiv of pyridine?) is added relative to the amount
of Pd pincer complex in the terpolyméi, followed by the
addition of 1 equiv of AgBE. Upon the formation of the cationic
Pd specie&?13j.e., the availability of an open coordination site
on the Pd, the pyridine unit coordinates rapidly to the-pihcer
complex, forming the monofunctional terpolymébar(7-
BF4)n}"". Subsequently, the dibenzylammonium $ali-BAr ¢
is added to the terpolyméba:(7-BF4)n} ", and pseudorotaxane
formation ensues, forming the bifunctiongBa-[(6-H-BAr ¢)-
(7-BF4)]n} 2. Finally, after the addition oR-butylthymine g)-
to terpolymer 5a:[(6-H-BAr g)(7-BF4)],} 2", the trifunctional

three monomers had undergone copolymerization within 20 min, terPolymer{5a[(6-H-BAr £)(7-BF4)(8)]n} " is obtained.

Taking into account the fact that the polymerizable moiety for

Proton NMR spectroscopy was used to monitor the self-

all three monomers is the same, these results prove that theassembly processes. Figure 4A shows ¥HeNMR spectrum
copolymerization proceeded randomly instead of in a block of terpolymer 5a, while Figure 4B shows a mixture of

copolymerization.
Self-Assembly StudiesTerpolymersba—g used in this study

terpolymer5a and pyridine 7) that are present in a 1:1 ratio
with the pincer complexes present along the terpolymer. Initially,

are capable of undergoing self-assembly with their complemen- no signal shifts are observed after the addition of pyridite

tary substrate6—8, shown in Figure 3. The DB24C8 recogni-

5a. Subsequently, after the addition of AgBte the mixture,7

tion moiety undergoes high-yielding pseudorotaxane formation coordinates quantitatively to the Pd centers to form the

with the dibenzylammonium ion8-H-BAr . The BAr anion

monofunctional terpolymef5ar(7-BF4)n}"* (Figure 4C). The

increases the binding affinity of the dibenzylammonium ion for coordination of the pyridine ligands to the terpolynts is

the DB24C8 ring by forming a weakly associating salt with

reflected in the characteristic upfield shift of thepyridyl signal

the ion, thereby increasing the charge density around the (Hp) from ¢ = 8.59 ppm tod = 8.14 ppm?8 In addition to this

ammonium center. Pyridine’ was chosen as the ligand for

diagnostic shift of thex-pyridyl proton signals, the signal of

coordination with the Pd pincer complex because the coordina-the methylene arms on the pincer (labeleg ikl Figure 4)

tion event can be characterized easily I NMR spectros-

sharpens and shifts downfield (Figure 4C) from- 4.62 ppm

Scheme 2. Noncovalent Functionalization of Terpolymefs
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Figure 4. Partial'H NMR spectra (500 MHz) with the corresponding legend depicting the self-assembly of terp&@grimeCD,Cl, at 25°C:
(A) terpolymer5a; (B) terpolymer5a with 1 equiv of pyridine 7) (not assembled); (C) monofunctional terpolym{&a:(7-BF,)}"" (after the
addition of AgBR to the mixture of5a and 7); (D) bifunctional terpolymer 5a:[(6-H-BArg)(7-BF4)]o}2"* (after the addition o6-H-BArg to
{5a(7-BF4)n}"); (E) reference spectra df-butylthymine @); (F) fully trifunctionalized terpolymex 5a-[(6-H+-BAr ()(7-BF,)(8)].} 2" after the
addition of 1.5 equiv oB to {5a:[(6-H-BArg)(7-BF4)]n} "

to & = 4.75 ppm. Furthermore, after the addition of 1 equiv of Finally, to obtain the fully loaded functional terpolym{sa:
6-H-BAr ¢ to the monofunctional terpolymébar (7-BF4)n} ", [(6-H-BAr)(7-BF4)(8)]n} 2", 1 equiv of N-butylthymine @)
pseudorotaxane formation ensues, and the bifunctional terpoly-is added to the bifunctional terpolyméba-[(6-H-BArg)(7
mer {5a:[(6-HBArg)(7-BF4)],} 2" forms (Figure 4D). The BF4)]n}?"". TheH NMR spectrum (Figure 4F) of the resulting
threading event results in diagnostic shifts of numerous of proton functional terpolyme{ 5a:[(6-H-BAr ¢)(7-BF4)(8)]n} *'* (Figure
resonance signals in tHél NMR spectrum (Figure 4D). The  4E,F) shows a downfield shift of the imide signal dF
signals of thea, 8, andy protons in the DB24C8 ring shift ~ butylthymine fromd = 9.40 ppm to = 10.81 ppm. More-
upfield from o = 4.18, 3.88, and 3.79 ppm tb= 4.13, 3.85, over, the amide signals .of the d|am|nopyrld|ne units, which
and 3.41 ppm, respectively. Moreover, the benzylic methylene Wereé not resolved ;” the  bifunctional  terpolymer
protons (labeled Hin Figure 4) adjacent to the ammonium {5a-[2(§5-H-BAr F)(7-BF4)]n} ™", appear (Figure 4F) characteristi-
center appear at = 4.62 ppm, indicating that the dibenzylam-  C2lly** upon hydrogen bonding @t = 9.85 ppm (Figure 4F).

monium ions are encircled by the DB24C8 rirf§&urthermore, tcrionsteque_ntlyt, trhé||_| rEMrF: ipte_ctriols_cotpli] StUd'ehS. revoclaal .ttrr]'att
upon pseudorotaxane formation, a slight upfield shift of the € stepwise terpolymer functionalization 1S achieved withou

o-pyridyl signal fromé = 8.14 to 7.99 ppm and a downfield 2ffec|:t|ng theh mc_)le?ulﬁ;t recognlrt‘lon of t.he fnext_ reclgptqr.

hift of the pincer methylene protons frod= 4.74 to 4.65 nalogous chemical shifts upon the stepwise functionalization
S . . L : of all the terpolymers, i.esb—g, were observed in thtd NMR
ppm occurs (Figure 4D). These shifts are indicative of a stronger

T C ; spectra.
coordinative bond between the pyridine ligand and the pincer P h | titrati lori .
complex2® a situation which is presumably a result of BF Isothermal titration calorimetry (ITC) was used to determine

BAre~ counterion exchange, since the nature of the outer-spherethe relative blndmg.aﬁmltlgs for.the. three different self-a;sembly
processes. The single-site binding constant for a ligand X

anion present in Pépincer complexes has been shown to create binding to a polymer is given by the equatié = [unfilled
conformational changes in the coordinated ligand, thereby ". 9 POl a1 9 oy q

L - . . . . sites]/([filled sites][X])3! Each binding event along the terpoly-
affecting its m.agnetlc environme#tTo verify this h.ypothe5|.s, mer is therefore treated as independent, and apparent single-
coqtrol experiments on homopolymgrwere carried out in site association constants are calculated using the thermody-
which NaBAr and/or dibenzylammonium BAwere added t0 5 ic narameters obtained from ITC measurements. The shape
the polymer after the coordination @f In both cases, upfield ¢ the  phinding isotherms can provide valuable qualitative
shifts of thea-pyridyl signals and downfield shifts of the pincer  jytormation about relative binding strengths. Figure 5 shows a
methylene proton signals were observed. These shifts aregtack plot of two example isotherms gathered upon the titration
analogous to the shifts observed during the noncovalent ter-of gppropriate substrates into a solution of a terpolymer receptor.
polymer functionalization. These results indicate that counterion The top isotherm in Figure 5 is an example of very strong
exchange occurs along the polymer backbone during function- binding, while the bottom one is characteristic of a much weaker
alization. However, such an exchange does not interfere with binding event. The top isotherm shows strong binding between
the integrity of the Petpyridine bond during the formation of  the dibenzylammonium sai-H-BAr ¢ and the terpolymeBa,
pseudorotaxanes, proving the orthogonality of these two non- where intense signals for an exothermic process are observed
covalent interactions along the terpolymers. until the saturation point is reached. By contrast, the bot&g]v
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0- - . 6-H-BAr ¢ was found to be 310 000 M, a value which is well
21 within the range of othel, values obtained among terpolymers
Q ] 5a—g, indicating that the assembled pyridine unit does not
3 interfere with the formation of the pseudorotaxane. Furthermore,
'ﬁ 1 once both strong substrates likand6-H-BAr ¢ are assembled
g. -84 onto terpolymeba, the subsequent binding dEbutylthymine
-0 - ‘ : (8) with the diaminopyridine receptor to produce the fully
0 so 100 150 functional terpolymef 5a-[(6-H BAr £)(7:BF4)(8)],} 2" is not
30 affected (Table 2) by either of these two binding events. The
25 Hﬂm measured association constant for the hydrogen-bonding self-
O 20
@ 15 ’m H assembly was 1570 M, a value close to thi€, values measured
D 10 for nonfunctionalized systems. These results indicate that the
© g terpolymers can be functionalized in an orthogonal and stepwise
‘:’._ 5 fashion without compromising the integrity of neighboring
0 50 100 150 200 250 300 interactions.
Time (min) Conclusions
Figure 5. Example ITC binding isotherms with strong binding6eH- A noncovalent functionalization strategy for terpolymers
BAr ¢ (top) and weak binding d with terpolymer5a (bottom) in CH- based on self-assembly processes has been developed. The
Cl; solutions. highly controlled terpolymerization of three different functional

norbornene monomers bearing recognition motifs was success-

isotherm is characteristic of a weaker binding event between fylly achieved by ROMP. An investigation of the kinetics of
N-butylthymine @) and the terpolymeba the polymerization of the three monomers revealed that statistical

Association constantskg), which can be employed for  random terpolymers are formed during the controlled polym-
relative comparisons, for the terpolymer functionalization were erization. Noncovalent functionalization of the terpolymers was
calculated from the corresponding binding isotherms (Table 2) achieved by the introduction of (i) pyridine units into-Ppincer
such as the ones represented in Figure 5. For terpolybeers  complexes, (i) dibenzylammonium ions into DB24C8 rings,
g, theKa value for coordinating pyridine7 to the Pd-pincer and (i) N-butylthymines to the diaminopyridine$d NMR
complexes was found to be larger than® 3~1. Upon the  spectroscopic characterization of the self-assembly events
titration of pyridine ) into terpolymersa—g, a heat saturation indicates that the three noncovalent interactions act indepen-

curve was observed, indicating the upper sensitivity levéie® dently of each other and demonstrates that the functionalization
M™) of the ITC instrument has been reached. Strong binding strategy can be applied to terpolymers in a stepwise fashion.
isotherms are also observed upon the titratiof-ef-BAr ¢ with Isothermal titration calorimetry was employed to determine the
the terpolymersba—g. Association constants for the pseudo-  strength of these noncovalent interactions. The results show that
rotaxane formation range from 170 000 to 450 000*Mn all the binding of recognition pairs is not affected by the composi-

cases, however, the binding of the dibenzylammonium ion of tion of the terpolymer backbone and that functionalization can
the salt6-H-BAr g with the DB24C8 rings on the terpolymers  be achieved in an orthogonal manner without decreasing the
resulted in very tight binding, indicating near-quantitative hinding affinities of the receptors attached to the polymer
functionalization. backbone. Eventually, this noncovalent functionalization strategy
Lower Ka values are observed for the self-assembly process will be useful for creating materials for various applications
between8 and the diaminopyridines on the terpolymers. For that require extensive screening and rapid materials optimization.
this self-assembly process, association constants ranging fromrhe approach we are describing requires polymer characteriza-
1400 to 1700 M*! with only slight changes in association tion of only a single, generic backbone that can be shelved and
constants between terpolyméia—g were measured. The small  ysed for several different purposes. Such a generic backbone
changes observed are within the experimental error limits, may provide a gateway to a combinatorial approach to polymer
suggesting that thi, value for the hydrogen bonding eventis  synthesis. Efforts to expand on this methodology are currently

independent of the terpolymer composition. being studied in our laboratories.
Finally, theK, values for the orthogonal recognition motifs

were measured in order to show that the binding by subsequentEXPerimental Section _
receptor units is not affected by the presence of previously —~General Methods. All reagents were purchased either from
assembled ligands. The association constant for the pseudo£cros Organics, Aldrich, or Strem Chemicals and used without

rotaxane formation between terpolvymiga: (7-BF.,).} " and further purification unless otherwise noted. £&Hb was dried via
polymiesa:( A} passage through copper oxide and alumina columns. NMR spectra
were recorded using a 500 MHz Bruker DRX spectrometlr (

Table 2. Association Constants Measured by T€ NMR: 500 MHz;13C NMR: 125 MHz). Spectra were referenced

terpolymer Ko (MY K (M) from the residual proton of the deuterated solvent. Gel-permeation
53 231 000 1600 chromatography analyses were carried out at room temperature
5b 423 000 1520 using a Waters 1525 binary pump coupled to a Waters 2414
5c 345 000 1760 refractive index detector with Gi&l, as the eluant and a flow rate
5d 174 000 1650 of 1 mL/min on American Polymer Standards A particle size,
Se 459 000 1440 linear mixed bed packing columns. Gel-permeation chromatograms
5f 399 000 1260

5 395 00O 1400 were calibrated using poly(styrene) standards. Isothermal titration
(5a(7-BES)}" 310 000 calorimetry was performed on a Microcal VP-ITC isothermal
{5a[(6-H-BAr £)(7-BF )]} 2 1570 calorimeter. Degassed, HPLC grade £} was used for all ITC
experiments. Monomerg,? 2,13 and 3,27 and compound$-H-
2 Values determined in Ci€1; at 298 K.® K, for the complexation with BAr£2’ and 8% were synthesized according to the previously
6-H-BAr . €K, for the complexation witt8. published procedures. cDV
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Terpolymer {5a:(7-BF4),}"*. Terpolymer5a (50 mg) was
dissolved in CHCI, or CD.Cl,, and pyridine 7) was added until
a 1:1 equivalency was reached in relation to the—pidcer

complexes as determined By NMR spectroscopy. One equivalent
of AgBF, dissolved in MeNQ@was added to the reaction mixture.
After stirring for 5 min, the precipitated AgCI(s) was removed by
centrifugation. The supernatant liquid was filtered through a plug

of Celite and subsequently through a 0% syringe filter. The

solvent was removed in vacuo to yield the monofunctional
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