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Abstract: Diaminotriazine-functionalized polymdrfolds in nonpolar media into unimolecular “micelles”, in
which the diaminotriazine units are inwardly directed to form a polar pocket analogous to the active sites
found in proteins. To explore the possibility of site isolation within this pocket we synthesized the redox
active guest 6-ferrocenylurac Encapsulation of gue by polymerl was established by NMR studies;
functional site isolation was demonstrated through cyclic voltammetry studies.

Site isolation of redox centers is a functional requirement
for metalloenzyme activity. In biomolecular systems, the
dynamically assembled polypeptide scaffolding isolates elec-
troactive centers from unwanted interactions and actively
controls redox processes. Site isolation is also a powerful tool
in materials chemistry, where encapsulation of redox-active
centers has been used to create data storage?lsetssors,
catalysts} and magnets.

In recent synthetic systerfisigid dendrimer cagésave been

used to sequester electroactive species. These complex poly- y O- ~H=-N —N
meric systems mimic the site isolation associated with metal- Hs@_(( (N'Ha"N:\ N/>—(CH2)90H3
loenzymes through covalent assembly of three-dimensional Hio" Fe  Hy O--H-N
macromolecular structure around redox-active c&fe¥his @ H
mode of assembly, however, is fundamentally different from 2 3
that of biological systems where noncovalent assembly is used
to control encapsulation and micell®sThe dynamic attributes o——H‘”f‘ N
inherent in biomolecular systems make this mode of encapsula- ﬁN\ i 9y NT: X—R
N-H"" Y’N
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Figure 1. Schematic showing the binding processesZdrand4-1
polymer systems an@-3 and 4-3 monomer systems. Polyméris a
random atactic copolymer, witkl,, of 6000 g moi? containing the
functionality and stoichiometry shown.

tion an attractive proposition for the creation of sensors,
catalysts, and other devices by noncovalent assembly.

Recently, we have created biologically inspired polyrher
(Figure 1), where three-dimensional structure is provided by
hydrogen bond-mediated foldidg§Using gel permeation chro-
matography and IR spectroscopy, we established that polymer
1 folds into a compact “inverse micelld? structure, with the
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engineered arrangement of converging functionality provides a
potential means for encapsulation of guests through specific
noncovalent interactions. We report here the application of this
strategy to the structural and functional site isolation of
electroactive gues? within the core of globular polymet.

Experimental Section

Materials. Ferrocene, ethyl malonyl chloride, aluminum chloride,
thiourea, and chloroacetic acid were purchased from Aldrich and used
as received. Ethyl 3-ferrocenyl-3-oxopropionat® (vas prepared
according to the method of Rinehart ef&All solvents were obtained
from VWR, and were Reagent grade. Dichloromethane was dried over
CaH, prior to use. Thin-layer chromatography (TLC) and column
chromatography were carried out on glass precoated TLC plates with
silica gel 60 and silica gel 60 (23@100 mesh), respectively. AlH
NMR spectra (200 MHz) were recorded using CB&hd ds-DMSO
as solvent. IR spectra were recorded on KBr pellets. The melting points Figure 2. Sampled structure from a final 20 ps dynamics simulation
presented are uncorrected. (300 K, Amber force field, CHG) predicting encapsulation of guest

6-Ferrocenyl-2-thiocarbonyluracil (6). A 50 mL two-necked RB (in orange) by atactic polystyrene (40 monomer units total) with
flask, fitted with a reflux condenser, was purged with Ar. Na metal methylene-diaminotriazine substitution at every fourth carbon.
(0.077 g, 3.3 mmol) was added to the flask and subsequently dissolved
by adding 6 mL of absolute ethanol. This was fqllowed by addition of malony! chloride to provide the ketoestr Cyclization with
ferrocene ketoestes (0.45 g, 1.5 mmol) and thiourea (0.190 9, 2.5 i req under basic conditions provided the thiour@aivhich

mmol), and the mixture was heated to reflux for 12 h. After the mixture - s .
. ) -~ was hydrolyzed under acidic conditions to provide ferrocenyl-
was cooled to room temperature, dilute HCI was added until the solution . .
uracil 2 (41% vyield from ferrocenel

was slightly acidic (pH paper), and the ethanol was removed in vacuo.
The reaction mixture was then filtered, washed with distille®Hand .
dried to provide6 as an orange crystalline solid in 89% vield (0.415 Scheme 1.Synthesis of 6-Ferrocenylurad

g). The product was used without further purification. Mp220 °C o o O o
dec.'H NMR (200 MHz, ds-DMSO): ¢ 4.21 (s, 5H, Cp, 4.54 (s,

2H, Cp), 5.20 (s, 2H, Cp), 6.10 (s, 1H, CH), 11.86 (s, 1H,sNH), choa OEt
12.32 (s, 1H, N—H). IR (KBR): v (cm™t) 3097, 3005, 2925, 2855, Fe ’ Fe

AICI
1647, 1608, 1539, 1157. = Cla > s

6-Ferrocenyluracil (2). Into a 50 mL RB flask was placed thiouracil

derivative5 (0.40 g, 1.3 mmol), chloroacetic acid (0.242 g, 2.5 mmol), s
and 6 mL of HO. A condenser was added and the system was refluxed J
for 6 h. HCI (4 mL, 2 M) was then added, and the solution was refluxed HaN™ “NHp
overnight. After the mixture was cooled, the solid was filtered, washed NaOCzHs

with H;O, and dried to affor@ as an orange solid in 98% yield (0.38
g), which could be further purified by recrystallization from MeOH/ 7 /

EtOH. Mp= 247°C dec.!H NMR (200 MHz,ds-DMSO): 6 4.20 (s, <& ‘N—\(N_H CICH,COH @_GN—H
5H, Cpy), 4.51 (t,J = 1.7 Hz, 2H, Cp), 5.07 (t,J = 1.4 Hz, 2H, Cp), Fe H o -—— Fe H S
5.75 (s, 1H, CH), 10.66 (s, 1H, NH), 10.94 (s, 1H, N—H). IR = HO [ >
(KBR): v (cm™?) 3163, 3100, 3007, 2922, 1700, 1654, 1430. HRMS
(FAB™) m/e calcd for G4H12N.O.Fe (M') 296.1024, found 296.0242.
Anal. Calcd for GsH1.FeNO,: C, 56.79; H, 4.08; N, 9.46. Found: C,
56.48; H, 4.19; N, 9.25.

Extensive molecular dynamics simulations of gustith a
iazine- 1 I i 7
Electrochemical Studies. Investigations were performed on a mOd?' Frlazlne_fun_ctlonallzed polymer sys_tem_ (Figure72)
Cypress Systems Potentiostat. £ was dried over Capiprior to predict internalization of the ferrocene moiety into the polar

use. Tetrabutylammonium perchlorate (TBAP), obtained from Acros POlymer core (Figure 1). From the predicted structure, it is
chemicals, was used as electrolyte. The electrochemical measurementdpparent that the internalization is driven by both hydrogen

were performed under an Ar atmosphere. bonding andr-stacking interactions between polymeérand
) . guest2.
Results and Discussion Proton NMR investigations were performed to demonstrate
To provide a redox-active guest specifically engineered for th€ encapsulation of guetwithin the polar core of polymer
encapsulation, we synthesized 6-ferrocenylua¢8cheme 134 1. These studies compared the interaction2 with polymer1

Guest possesses diverging doraacceptor-donor—acceptor ~ @nd the monomeric control recept®y which is incapable of
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ines®in the core of polymet. Target2 was synthesized starting (16) Biejer, F. H.; Sijpesma, R. P.; Vekemans, J. A. J. M.; Meijer, E.
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(15) By converging we mean that the triazines are inwardly directed 20 ps (300 K) simulation shown in Figure 1. For a description of the
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except outwardly directed. Hendrickson, T.J. Am. Chem. Sod.99Q 112 6127-6129.
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Figure 4. lllustration showing the difference in macroscopic confor-
mational reorganization of polymérduring encapsulation and binding
processes for the-1 and4-1 systems, respectively. During encapsula-
;’ ' ! tion of guest2, intramolecular H-bonds ofl are disrupted and are
.70 S ppm 4.50 replaced byintermolecular H-bonds within th&-1 complex.
Figure 3. NMR spectra of ferrocene protons of the monosubstituted uest 2
ring of 2 in CDCl; at 298 K: (a) guest ([2] = 103 M); (b) 9 N~
2—monomer3 complex (R] = 8.7 x 1074 M, [3] = 1.3 x 1072 M); 81

(c) 2—polymer1 complex (] =1 x 103 M, [1] = 1 x 103 M,
based on triazine equivalents).

between the two systems indicative of guest encapsulation in
the 1-2 complex were observed: (1) All peaks arising from guest C“’f“‘

2 were broadened in the presence of polyrhéFigure 3). This TuA 7

was not seen upon addition of monon&itindicating that line 0 |

broadening observed in tHe2 complex arises from coupling

of the guest motion with that of the polym&r.(2) In the 2

presence of contrd@, H(3) of gues moved downfield, while

H(1) moved upfield, indicative of a lack of hydrogen bonding 4

to H(1). In contrast, addition of polymer resulted in strong

downfield chemical shifts oboth H(1)- and H(3)-peaks 02, 800 70 poential/my 5%° 400

Confl_rmlng the presence hydrogen bonding at both of these Figure 5. Voltammograms foR, the2-1 polymer system, and tH&3
positions. Given the divergent geometry of H(1) and H(3), monomer system. Ci€l, solvent, 0.1 M TBAP electrolyte, 296 K, 85

convergence of the complementary triazines of polyrhés mV/s scan rate.d] = [3] = 7.5 x 104 M. [1] = 7.5 x 104 M based
required for this effect. (3) No change was observed in the on triazine equivalents.

chemical shifts of the H(9)/H(10)-peaks of gustpon addition

of control receptoB. In contrast, addition of polymerresulted to occur, recepto? must be encapsulated within a multi-point
in an upfield shift of these protons (Figure 3), diagnostic of H-bonding environment. Consequently, a subtle but important
edge-to-face/CH interaction of these protons with the phenyl  feature manifests itself in the polym#freceptor2 system: the

rings of polystyrene-based polymg#® diverged N(1)-H proton of 2 induces a macroscopic confor-
Perhaps the most revealing piece of data is afforded by the mational reorganization of polymér This “wrapping around”

constant host titration for the guedfriazine 1 systen?® By or encapsulation of recept@rby polymerl (Figure 4) differs

monitoring the downfield shift of the H(9)/H(10)-protons &f from the interaction observed with the flavidipolymer 1

an association constant of 48752 M~! was attained! This system, in which it was established that the triazine-based

figure corresponds to an over 13-fold enhancement in binding polymer1 unfolds a single recognition unit upon binding. The
relative to that obtained for the flavid/polymer 1 system ensuing encapsulation of gue& by polymer 1 ensures
recently studied (36 3 M~1).11 Since the flavin4 recognition maximized favorable contacts between host and guest, similar
surface features a 3-point DAD system (Figure 1), this observa- to the multidentate binding observed in biological systéft3.

tion indicates that the additional N&@NH of 2 is intimately Functional demonstration of site isolation in the guest
involved in H-bonding to the diaminotriazine moieties. For this 2—polymer1 complex was obtained using cyclic voltammetry.

(18) Sanders, J. K. M.; Hunter B. Klodern NMR Spectroscopgnd (22) For an excellent review on polyvalent interactions in biology, see:
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Seward, E. MAngew. Chem., Int. Ed. Engl996 35, 1542-1544. Commun.1999 2727-2728. Martin, T.; Obst, U.; Rebek, J., Bcience
(20) Equilibrium is rapidly established in the gu@#friazinel system; 1998 281, 1842-1845. Breinlinger, E. C.; Keenan C. J.; Rotello, V. 3.
the on/off rate is faster than the NMR time scale. Am. Chem. S0d.998 120, 8606-8609. Conn, M. M.; Rebek, J., Zhem.

(21) On the basis of triazine equivalents. Rev. 1997 97, 1647-1668.
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The voltammogram of ferrocene derivati®¢Figure 5) displays we are currently applying to the development of biological

a sharp reduction peak arising from precipitation of the charged, models, drug delivery, and device-oriented systems.

oxidized ferrocenium specié$Addition of 1 equiv of monomer
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