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Enzymes, Nature’s polymer catalysts, are capable of carrying
out thousands of competing and often incompatible reactions in a
crowded cellular milieu with perfect fidelity and selectivity. These
functional linear polyamides create a favorable solvent environment
around the catalytic site, isolate it from the action of other enzymes,
and are capable of recognizing specific substrates. Enzymes achieve
this exquisite level of functionality by folding into intricate tertiary
structures.”

Ab initio rational design of linear polymers capable of protein-
like programmed self-assembly remains an elusive goal. Materials
with fractal or highly branched topologies are more amenable to
molecular engineering due to their globular shape, core—shell
microstructure, and multiple functionalization points.? At the same
time, these materials can be expected to approximate many of the
desirable features of natural biopolymers. Recent publications® have
described the use of branched constructs for the site isolation of
catalytic entities and enzyme-like mediation of local solvent
environment. In particular, this strategy has allowed our group to
combine normally incompatible catalysts in one-pot sequential
reaction cascades® without the use of solid supports.®

Star polymers, in which several linear polymer chains (arms)
are attached to a central core, represent a readily accessed class of
branched materials.® These polymers are an attractive target in
materials design, since their topological and chemical complexity,
which can approach that of dendrimers, is generated in a single
key step. To date, few general methods are available for the
topologically precise introduction of reactive or catalytic functional
groups into star polymers. In the reported syntheses of catalytic
star polymers, either the unimolecular core is catalytic’ or the
catalytic moieties are incorporated via functional monomers in an
arm-first process.*® The unimolecular core approach yields materi-
als with just a few arms, which limits the degree of core isolation
and shielding of the local environment.® Furthermore, the functional
diversity of the resulting materials is limited, and only a single
catalytic moiety is incorporated into each macromolecule. The arm-
first polymerization strategy provides access to polymers bearing
a wide range of functional groups. However, the morphology of
the materials prepared by this process is significantly influenced
by the nature of the functional groups being incorporated. A more
rapid and general route to star polymers with tunable functionalities
and a controlled microstructure is desired. Here we describe the
coupling-onto synthesis of star polymers with “clickable™*° cores.
The highly efficient and tolerant copper(l) catalyzed alkyne-azide
cycloaddition (CUAAC) reaction** allowed us to incorporate a wide
range of functionalities into the resulting materials. A related
approach for incorporation of functionalities into dendrimers via
alkene metathesis has been reported recently by our group.*?

Microemulsion polymerization of styrene, divinylbenzene, and
4-azidomethylstyrene 1 yielded functionalized polystyrene nano-
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particles PS(N3) 2 with a narrow size distribution (Figure 1A). The
size of the particles could be controlled between 15 and 50 nm
through variations in the ratio of polymerization mixture to
surfactant. After purification by precipitation, 2 was reacted with
propargylated poly(ethylene glycol) (PEG- alkyne, M, ~ 5 kg/mol)
under standard CUAAC conditions as described by Meldal et al.**®
Reaction progress was monitored by the disappearance of the
characteristic azide band (2097 cm™) in the IR spectrum of the
polymer. The resulting star polymers, (PS(N3))-PEG 3, were fully
dispersible in water.

We found that the ratio of divinylbenzene cross-linker to
monomers used in the microemulsion polymerization step had a
profound effect on the reactivity of PS(Ng) nanoparticles. When
2.5 wt % or less of divinylbenzene was added, all of the core azide
groups were capable of reacting with the PEG-alkyne. Some azide
groups could be left unreacted by purposely using a substoichio-
metric amount of PEG-alkyne during reaction with PS(Ns).
However, subsequent functionalization with polar (8, 10) or highly
hydrophobic (5, 7) alkyne payloads (Figure 2B) resulted in materials
that formed intractable aggregates in water. When the ratio of
divinylbenzene in the polymerization mixture was increased to 5
wt %, only one-third of the azide groups in the cores of the resulting
nanoparticles were consumed after a prolonged (96 h) reaction with
excess PEG-alkyne, indicating that not all azide groups in the
PS(N3) core were accessible to the relatively large linear PEG
chains. Fortunately, smaller molecules do not share this limitation
and, following installation of the PEG arms, a wide variety of lower
molecular weight payloads were successfully incorporated into the
core of (PS(N3))-PEG via reaction with the remaining azide groups
(Figure 2). None of the resulting materials possessed the charac-
teristic signal of the Nj group in their IR spectra, and their
dispersibility in water was unaffected by either hydrophobic or
highly polar payloads. The amount of reactive azide groups was
determined to be 0.18 mmol/g by measuring the UV absorbance
of (PS(N3))-PEG functionalized with pyrene derivative 4. We used
a feed ratio of 5 wt % of divinylbenzene for synthesizing all of the
PS(N3) nanoparticles in this study.

Dynamic light scattering (DLS) analysis indicated that the
hydrodynamic diameter of particles increased from 20 nm to ca.
70 nm after PEG-alkyne coupling (Figure 1B). The size of polymer
particles observed in the atomic force microscopy (AFM) phase
image (Figure 1C) agrees well with the DLS data. The phase image
reveals nanoscale material contrast between the cores of the particles
and their outer regions. When overlaid, the line profiles of the AFM
topography and phase images show a 20—25 nm central core that
comprises much of the significant height of the polymer (see
Supporting Information). The core appears to be surrounded by a
ca. 10 nm band of material. The same architecture with well-defined
corona and core regions was observed in a transmission electron
microscopy image of (PS(N3))-PEG stained with sodium phospho-
tungstate (Figure 1D).
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Figure 1. Synthesis and characterization of (PS(N3))-PEG star polymer 3. (A) Synthesis of (PS(N3))-PEG. (B) DLS data for PS(N;) and (PS(N3))-PEG in
water. (C) AFM phase image of (PS(N3))-PEG. (D) TEM image of (PS(Ns))-PEG stained with sodium phosphotungstate.

Figure 2. Functional payloads incorporated into (PS(N3))-PEG star
polymers. (A) Coupling of functional alkyne payloads to (PS(N3))-PEG.
(B) Alkynes that were successfully incorporated into (PS(Ns))-PEG. For
convenience, the functionalized stars are designated by an abbreviation
(PS(X))-PEG, where X is the number of the alkyne payload.

We envision the use of (PS(N3))-PEG 3 as a water-soluble
support for hydrophobic or water-incompatible catalysts. We
examined the ability of 3 and its derivatives to transport hydrophobic
materials by using Nile Red 13 (Figure 3A), a hydrophobic
solvatochromic dye.*® Nile Red has a very low solubility in water
(Figure 3B, vial 1). The solubility of Nile Red was unaffected by
adding 1 wt % of linear PEG (M, ~ 5000 kg/mol) to the solution
(Figure 3B, vial 2). In contrast, (PS(N3))-PEG 3 (1 wt %) was able
to efficiently solubilize Nile Red (Figure 3B, vial 3) affording a
solution that exhibited a strong emission at Amax = 592 NM (Aexe =
515 nm), suggesting that the environment of the core had a
remarkably low polarity comparable to that of dichloromethane
(Figure 3C, 3D). Incorporation of polar heterocyclic cargos such
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Figure 3. Fluorescence experiments with solvatochromic dye Nile Red
13. (A) Nile Red 13. (B) Transport of 13: vial 1 contains 13 in water; vial
2 contains 13 in 1 wt % aqueous solution of linear PEG (M, ~ 5 kg/mol);
vial 3 contains 13 in 1 wt % aqueous solution of (PS(N3))-PEG. (C)
Fluorescence emission spectra of 13 in toluene, dichloromethane, and
methanol (lexe = 515 nm). (D) Fluorescence emission spectra of 13
solubilized in water by (PS(N3))-PEG, (PS(8))-PEG, and (PS(10))-PEG (Aexc
= 515 nm).

as ethynylated proline 8, or pyridine 10, into the star core resulted
in a red shift of the emission wavelength of Nile Red t0 A =
615 nm, suggesting a polarity comparable to that of methanol.

To probe the viability of our material as a catalyst support, we
used a model Knoevenagel condensation between benzaldehyde 14
and ethyl cyanoacetate 15 in water (Scheme 1). The rate of the
uncatalyzed reaction is negligible at room temperature. (PS(9))-
PEG demonstrated activity superior to that of L-proline 18, or the
functional PEG 17. (PS(9))-PEG could be recycled multiple times
with no loss of activity (see Supporting Information). We suggest
that the superior catalytic activity of our material is due to the
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Scheme 1. Model Knoevenagel condensation®
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Table 1. Catalytic Results for a One-Pot Reaction Cascade Using
Acid and Amine Catalysts®

MeO.__OMe
é aC|d 5) amme
catalyst catalyst
Ent Amine Acid Conversion Yield of
vy catalyst catalyst of 19 [%]° 16 [%]°
1 pyrrolidine PTSA 0 0
2 (PS(9))-PEG PTSA 0 0
3 pyrrolidine (PS(12))-PEG 0 0
4 (PS(9))-PEG (PS(12))-PEGP 100 95

@ Reactions were run for 24 h at 20 &+ 2 °C in H,O/methanol (4:1),
[19] = 60 mM, [15] = 440 mM. 10 mol % of amine and acid catalysts
(relative to 19) were used. P Loading of ca. 2 mol. % of (PS(12))-PEG
and 10 mol % of (PS(9))-PEG results in 85% vyield of 16 after 3 h,
indicating that the star acid is not inactivated even by a large excess of
amine star. © Yields are based on GC-MS measurements.

placement of catalytic amine moieties within the hydrophobic
environment of the core.*

We used the one-pot cascade transformation of benzaldehyde
dimethyl acetal 19 into the Knoevenagel condensation product 16
to evaluate the utility of the new materials for site isolation
applications (Table 1).** We chose (PS(9))-PEG as the amine
catalyst for the Knoevenagel condensation step of the cascade and
star acid (PS(12))-PEG for the acetal hydrolysis step. Control
reactions with p-toluenesulfonic acid (PTSA) and pyrrolidine (entry
1), as well as PTSA and (PS(9))-PEG (entry 2) and pyrrolidine
and (PS(12))-PEG (entry 3), resulted in no acetal hydrolysis and
no cascade product 16 being formed. Complete and rapid conversion
of acetal 14 to cascade product 16 was observed for the combination
of amine catalyst (PS(9))-PEG with acid star (PS(12))-PEG. These
results support our assumption that the star cores are sufficiently
isolated from each other to prevent mutual deactivation of
incompatible core-bound catalytic groups.
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In summary, we have developed a versatile and scalable synthesis
of a water-dispersible modular star polymer platform with an
enzyme-inspired hydrophobic interior and explored the use of this
material for the creation of a local hydrophobic solvent environment
in water. We have demonstrated that the core of the materials can
be functionalized at will, independently from the modification of
the polymer structure. Efforts to employ these “clickable” stars in
the synthesis of a library of enzyme-inspired site isolated catalysts
that may be used in aqueous medium are underway.
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