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Cross-Linked Micelles with Enzyme-Like Active Sites for Biomimetic
Hydrolysis of Activated Esters
Lan Hu and Yan Zhao*

Department of Chemistry, Iowa State University, Ames, Iowa 50011-3111, zhaoy@iastate.edu

Enzymes have substrate-tailored active sites with optimized molecular recognition and catalytic features. Although many different platforms have been
used by chemists to construct enzyme mimics, it is challenging to tune the structure of their active sites systematically. By molecularly imprinting
template molecules within doubly cross-linked micelles, we created protein-sized nanoparticles with catalytically functionalized binding sites. These
enzyme mimics accelerated the hydrolysis of activated esters thousands of times over the background reaction, whereas the analogous catalytic group (a
nucleophilic pyridyl derivative) was completely inactive in bulk solution under the same conditions. The template molecules directly controlled the size
and shape of the active site and modulated the resulting catalyst’s performance at different pHs. The synthetic catalysts displayed Michaelis–Menten
enzymatic behavior and, interestingly, reversed the intrinsic reactivity of the activated esters during the hydrolysis.
Keywords: micelle • nanoparticles • catalysis • molecular imprinting • hydrolysis

Introduction

Enzymes perform difficult catalytic tasks such as selective amide hydrolysis, C-H activation, and nitrogen fixation, all under physiological
conditions. Because of their high specificity, enzymes can perform reactions at a molecular site while more reactive sites in the same molecule stay intact.
When multiple functional groups of the same type (e.g., amide) exist, enzymes can selectively convert a particular one without the need of
protective/deprotective chemistry, a feature highly desirable in synthesis.
The active site of an enzyme is where the selective catalysis takes place. To catalyze the intended transformation, an active site needs to have not
only the appropriate functionalities for the catalysis but also molecular recognition features to bind the substrate and release the product. The polarity,
acidity/basicity, and electrostatic field of the active sites, which can be very different from those of the bulk aqueous solution, also contribute to the rate
acceleration.

The extraordinary catalytic properties of enzymes have prompted chemists to prepare synthetic analogues to understand their catalytic
mechanisms and develop biomimetic catalysts. One way of doing this is to use synthetic foldamers

[1-5]

similar to peptides and proteins that fold into a

convergent space, forming an active site as a result. The benefit of this approach is that catalytic functionalities can be encoded in the primary sequence
[6-10]

and the type of building blocks, as long as the chain folds properly.

Another benefit is that environmental responsiveness can be rationally designed

[11]

through conformational control of the foldamer.

Catalytic active sites can be also constructed by installing catalytic groups on macrocycles.

[12-13]

such as cyclodextrins

[14-17]

[18-20]

and cavitands.

These

macrocycles often possess well-defined binding sites with predictable molecular recognition properties. Nonetheless, since most macrocycles have fixed
structures and tend to be highly symmetrical, it can be difficult to tune the shape of the binding site to match an arbitrary substrate.
Molecular imprinting creates tailored binding sites for a wide variety of molecules. Since functional monomers and cross-linkers are polymerized
around the template molecules through “chemical molding” in this method, the resulting molecularly imprinted polymer (MIP) naturally contain binding
sites complementary to the templates in size, shape, and binding functionality.

[21-31]

The method works well for many templates ranging from small drug
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molecules to large biomolecules and even viruses and bacteria. Enzyme-like MIPs with functionalized active sites have also been created for selected
[22, 32]

chemical reactions.

[33]

We recently reported a method to molecularly imprint within cross-linked micelles.

Because polymerization and cross-linking are confined within

the boundary of surfactant micelles, we could obtain protein-sized nanoparticles 4–5 nm in size. These molecularly imprinted nanoparticles (MINPs) have
a hydrophobic/hydrophilic core–shell morphology and are fully water-soluble. We have demonstrated micellar imprinting with different types of
[33]

templates including bile salt derivatives,
and peptides.

[40]

nonsteroidal anti-inflammatory drugs (NSAIDs),

[37]

Because MINPs resemble proteins in size (40–60 KD in MW) and contain well-defined binding sites, we could study
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[38-39]

carbohydrates,

[34-36]

aromatic carboxylates and sulfonates,

their binding by spectroscopic and calorimetric techniques used for molecular receptors.
In this paper, we report that the MINP binding sites could be functionalized with catalytic functionalities. The modified binding sites mimic enzyme
active sites and could bind the appropriate substrates and catalyze their transformation. Importantly, our method made it possible to modify the size,
shape, and depth of the binding pocket to fine tune the catalysis. The catalytic MINPs displayed Michaelis–Menten enzymatic behavior and, most
interestingly, displayed selectivity contrary to what intrinsic reactivity had predicted in the hydrolysis of activated esters.

Results and Discussion

Design and Syntheses MINP-DMAP Catalysts
Despite the tremendous potential of molecular imprinting, a number of issues exist with conventional MIPs. For noncovalently imprinted materials,
binding sites frequently are heterogeneous and poorly defined in structure.
which gives intractable macroporous polymers that are difficult to study.
difficulties, including performing imprinting on nanoparticles

[21-23, 25-29, 41-42]

[43]

[44-51]

Conventional MIPs are prepared through bulk polymerization,

Over the years, chemists have used different approaches to overcome these
[52-57]

and micro/nanogels.

The latter, in particular, have found applications in

[53-56]

biomimetic catalysis.

[35]

To obtain protein-sized imprinted nanoparticle, we used cross-linked micelles as a platform for molecular imprinting.

As shown in Scheme 1, 12-

(methacryloyloxy)-N,N,N-tri(prop-2-yn-1-yl)dodecan-1-aminium bromide (1) has a tripropargylammonium headgroup and a methacrylate at the end of
the hydrocarbon tail. The cationic micelle readily incorporates anionic guest such as sodium 5-(4-((4-(1-(methacryloyloxy)ethyl)-2-methoxy-5nitrophenoxy)methyl)-1H-1,2,3-triazol-1-yl)naphthalene-1-sulfonate (2) by hydrophobic and electrostatic interactions. The propargyl groups allow the
micelle to be cross-linked on the surface by the alkyne–azide click reaction using 1,4-diazidobutane-2,3-diol (3) to afford the surface-cross-linked micelle
[58-59]

(SCM).

The SCM contains unreacted alkynes because of the 1:1.2 ratio used in the synthesis between the tris-alkyne-functionalized cross-linkable

surfactant and diazide cross-linker. The click reaction also allows us to decorate the SCM with sugar-derived azido ligand N-(2-azidoethyl)-2,3,4,5,6pentahydroxyhexanamide (4). Afterwards, thermally initiated radical polymerization among the methacrylate groups (of 1 and 2) and divinylbenzene
(DVB) solubilized by the micelle cross-links the hydrophobic core of the micelle. The 1:1 stoichiometry between 1 and DVB gives a very high cross-linking
density in the core. At this point, template 2 is covalently attached to the micelle; its sulfonate ensures that the molecule is anchored to the micellar
surface so that the ionic group can be properly solvated by water.
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Scheme 1. Preparation of DMAP-functionalized MINP.
The template has an ortho-nitrobenzyl group, which under UV irradiation cleaves to afford a carboxylic acid and vacates the binding site. The
covalent imprinting used in our procedure is expected to afford a highly template-complementary binding site with a single carboxyl group inside. In our
previous work, the MINP-COOH obtained was shown to bind guest molecules that resembled the template and the carboxylic acid in the binding pocket
strongly influenced the binding. Additionally, the acid could be activated by carbodiimide and chemically derivatized (by naphthylamine).

[35]

In this work, we activated the carboxylic acid with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) following a similar procedure but treated
1

2

1

the activated MINP-COOH with 10 equiv N ,N -dimethyl-N -(pyridin-4-yl)ethane-1,2-diamine 5 (Scheme 1). The 10-fold excess of EDCI and amine used
generally give a high conversion yield of the carboxylic acid. In our previous work, the modification of the binding site by this method afforded MINP with
different binding affinities but the ITC titration showed well-behaved single-sited binding.

[35]

If a substantial percentage of the micelles had not been

derivatized by the treatment, ITC titration would have revealed two populations of binding sites with different affinities. The pyridyl derivatize resembles
4-dimethylaminopyridine (DMAP), a powerful transacylation catalyst.

[60-62]

In addition to the original template 2, we created DMAP-functionalized MINPs

using analogues sodium 6-(4-((4-(1-(methacryloyloxy)ethyl)-2-methoxy-5-nitrophenoxy)methyl)-1H-1,2,3-triazol-1-yl)naphthalene-2-sulfonate (6) and
sodium 4-(4-((4-(1-(methacryloyloxy)ethyl)-2-methoxy-5-nitrophenoxy)methyl)-1H-1,2,3-triazol-1-yl)benzoate (7). Although a carboxylate instead of
sulfonate was used (due to availability of the starting material) in template 7, we do not expect a significant difference from this particular change. As we
[33-34]

have shown in previous studies,

these anionic groups mainly serve as hydrophilic anchors to stay on the surface of the micelle to ion-pair with the

ammonium headgroup of the surfactant. The internal binding pocket of MINP was formed from the removal of the hydrophobic moiety of the template.
The different templates thus should afford active sites with different size and shape but the same catalytic group. We refer to these catalytic cross-linked
micelles as MINP(2)-DMAP, MINP(6)-DMAP, and MINP(7)-DMAP, respectively, with the number indicating the template used to prepare the MINP.
1

1

The surface-cross-linking and core-polymerization of the micelles were monitored by H NMR spectroscopy. H NMR spectroscopy normally shows
broadening/disappearance of characteristic signals as the surfactant and DVB (core-cross-linker) undergo the click reaction and/or polymerization. The
[58, 63]

surface cross-linking chemistry previously was also confirmed by mass spectrometry when the 1,2-diol group of the diazide cross-linker was cleaved.
[35]

Photocleavage of templates followed the same procedure as before and shown to be highly effective.

Dynamic light scattering (DLS) affords the

hydrodynamic size of the MINPs. We normally keep a 50:1 ratio between the cross-linkable surfactant and the template. Since the cross-linked micelles
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contained ca. 50 surfactants in the structure, the stoichiometry translates to one binding site per MINP on average, which was confirmed by multiple
[33-38]

binding studies previously.

Ester Hydrolysis Catalyzed by MINP-DMAPs
Our DMAP-functionalized MINPs have a hydrophobic binding site with an internal nucleophilic catalyst. The binding site was created from an
aromatic group (i.e., substituted naphthyl sulfonate or benzoate) and has the nucleophilic pyridyl in the far end of the binding site. The model reaction we
used to study these catalytic MINPs is the hydrolysis of para-nitrophenyl hexanoate (PNPH), an activated ester with a good leaving group. Its

Author Manuscript

hydrophobicity will afford significant (hydrophobic) driving force for the substrate to enter the MINP binding site. Because the binding site is on the
surface of the MINP (due to the anchoring effect of the sulfonate/carboxylate group on the templates), water is expected to enter the binding site fairly
easily to hydrolyze the intermediate formed by the nucleophilic attack of the pyridyl on PNPH.
The pK a of protonated DMAP is 9.7 in water,

[60]

suggesting that the catalyst is only active under fairly basic conditions. Indeed, when 50 μM of

PNPH was incubated in HEPES buffer (pH 8.0) at 40 °C, very little hydrolysis occurred with or without DMAP in the solution. Thus, the background
reactivity of PNPH and the catalytic effect of DMAP in bulk solution were negligible under this condition. As shown by Figure 1, at the same concentration
of the pyridyl ligand, MINP(2)-DMAP catalyzed the PNPH hydrolysis powerfully, shown by the quick increase of absorbance at 400 nm from paranitrophenolate formed during the reaction (Figure 1).
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Figure 1. Absorbance at 400 nm as a function of time for the hydrolysis of PNPH in a 25 mM HEPEs buffer (pH 8.0) at 40 °C. The data sets correspond to
hydrolysis in the absence of catalysts () and catalyzed by DMAP () and MINP(2)-DMAP (), respectively. [PNPH] = 50 µM. [DMAP] = 15 µM.

We obtained the pseudo first order rate constant from the kinetic experiment and repeated the experiments for all three MINPs. In addition, we
performed the hydrolysis at three different pHs to understand how the catalysts respond to environmental changes. The data are summarized in Table 1.
Among the three catalysts, MINP(7)-DMAP seemed to be the worst and MINP(6)-DMAP the best. The trend stayed more or less the same at all three pHs
but was most prominent at pH 6. Since DMAP itself in the bulk solution was inactive under these conditions, the observed reactivity came from the
catalytic hydrolysis. It is reasonable that reactivity diminished as the pH decreased: a lower pH not only leads to protonation/deactivation of the
nucleophilic catalyst (the pyridyl nitrogen), but also reduces the concentration of hydroxide, the active nucleophile.

Table 1. Rate constants for the hydrolysis of PNPH.
Entry

pH

1

8

2

7

3

6

a

MINP(2)-DMAP
-1

a

MINP(6)-DMAP

MINP(7)-DMAP

-1

-1

(min )

(min )

(min )

0.13 ± 0.01

0.16 ± 0.02

0.14 ± 0.003

0.100 ± 0.003

0.11 ± 0.03

0.065 ± 0.005

0.017 ± 0.002

0.04 ± 0.01

0

b

b

The reaction rates were measured in 25 mM HEPEs buffer at 40 °C. The measurements were performed in duplicates. The reaction was too slow to be

measured accurately.

Because of the low background reaction under our experimental conditions, we could not determine the exact extent of rate acceleration.
Comparison with our previously determined value (measured at a much higher PNPH concentration)

[64]

suggests that the MINP-DMAPs were thousands

of times more active than DMAP in solution. The results are reasonable for DMAP located in a hydrophobic microenvironment. Molecular DMAP easily
gets protonated (and deactivated) under our experimental conditions (pH 6–8) because the product, the pyridinium salt, is well solvated by water in the
bulk solution. When it is located in the hydrophobic pocket inside the MINP, protonation is much more difficult and the catalytic group remains active.
This is a common strategy used by enzymes to alter the pK a values of their binding and catalytic groups. Generally, because an ionic group is better
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[65]

solvated by polar solvents, environmental hydrophobicity inhibits protonation of amines and deprotonation of carboxylic acids.
environmental hydrophobicity was found to raise the pK a of the carboxyl group from 4–5 in solution to ~6.2 inside the MINP.

In our previous study,

[35]

Figure 2 normalizes the reaction rate constants of each MINP-DMAP to its value at pH 8.0. The comparison removes the difference in intrinsic
activity and shows the relative performance of individual MINP-DMAP catalysts as a function of pH. Our data shows that, overall speaking, MINP(6)DMAP seemed to be the most resistant toward pH deactivation. For example, a decrease of pH from 8 to 6 eliminated the activity of MINP(7)-DMAP and

Author Manuscript

lowered the activity of MINP(2)-DMAP to 13%. With the same change, MINP(6)-DMAP retained 23% of its activity at pH 8.

Figure 2. Relative rate constants of hydrolysis of PNPH catalyzed by the three different MINP-DMAP catalysts.

The biggest difference between the three MINPs is in the size and shape of the binding site. Templates 2 and 6 both contain a naphthyl group. The
sulfonate has to stay on the micellar surface during imprinting and rebinding because of its strong solvation by water and interaction with the cationic
ammonium head group of the cross-linkable surfactant. Assuming the rest of the molecule can move freely inside the micelle due to its hydrophobicity,
template 6 should penetrate deeper into the micellar core than template 2. After molecular imprinting, template removal, and post-functionalization, we
expect that MINP(6)-DMAP has a narrower and deeper hydrophobic binding pocket than MINP(2)-DMAP. Template 7 is smaller than both 2 and 6. The
binding site created after it should be the smallest and possibly also shallowest, due to its shortest distance between the surface-anchoring (carboxylate)
group and the methacrylate.

The absolute activity of each MINP-DAMP does not seem to correlate directly with the templates. Most likely, the catalytic activity reflects multiple
favors including the binding affinity for the substrate that probably strongly depends on the size of the active site, the orientation of the bound substrate
in the active site and its freedom of movement within, as well as its resistance toward pH deactivation. On the other hand, there seems to be a clear
correlation between the pH resistance of the MNP-DMAP and the depth of the active site. According to Figure 2, MINP(7)-DMAP, whose DMAP group
should be the closest to the micellar surface, got deactivated most easily. MINP(6)-DMAP overall was the most resistant toward pH deactivation and its
active site is expected to be the longest and deepest, as discussed earlier.
Selectivity of MINP-DMAP Catalysts

We then studied MINP(6)-DMAP, our best catalyst, in detail. Figure 3 compares the hydrolysis of PNPH and para-nitrophenyl acetate (PNPA) in
HEPES buffer at 40 °C. PNPA is more reactive in hydrolysis

[64]

but is smaller and less hydrophobic than PNPH. When the hydrolysis was catalyzed by

MINP(6)-DMAP, the reactivity reversed, showing PNPH clearly favored by the MINP catalyst.
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Figure 3. Absorbance at 400 nm plotted as a function of time for the hydrolysis of PNPH () and PNPA () catalyzed by MINP(6)-DMAP in 25 mM HEPEs
buffer (pH 8.0) at 40 °C. [PNPH] = 50 µM. [DMAP] = 15 µM. The errors were standard deviations based on three independent measurements.

Our initial hypothesis was that the reversal of activity had been caused by the stronger binding of PNPH by the hydrophobic MINP active site. To
gain more understanding for the selectivity, we performed a Michaelis–Menten study on the hydrolyses.
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Enzymes frequently display saturation behavior in their catalysis. The kinetics can be described by the Michaelis–Menten equation v 0 =
V max [S 0 ]/( K m + [S 0 ]), in which v 0 is the initial velocity, S 0 the initial substrate concentration, V max the maximum velocity at a particular enzyme
[66]

concentration, and K m the Michaelis constant that measures the binding affinity of the substrate to the enzyme.

The Michaelis–Menten equation can

be inverted to afford the Lineweaver–Burk equation, 1/v 0 = K m /V max × 1/[S 0 ] + 1/V max , which allows one to obtain the kinetic parameters through linear
curve fitting.
As shown by Figure 4a,b, the hydrolysis of both PNPA and PNPH displayed Michaelis–Menten behavior, suggesting our MINP-DMAP catalyst

Author Manuscript

indeed worked as an artificial enzyme. Table 2 summarizes the Michaelis–Menten parameters for the two substrates. We also listed the catalyst’s
turnover number (k cat = V max /[enzyme concentration]) and k cat /K m , which measures the catalytic efficiency. For comparison purposes, we performed
similar hydrolyses catalyzed by two enzymes, bovine carbonic anhydrase (BCA) and α-chymotrypsin. These enzymes have been frequently used in the
literature to catalyze the hydrolysis of para-nitrophenyl esters,

[67-70]

even though they are not natural esterases. Because the literature reports typically did

not compare the two substrates under relevant conditions, we performed the kinetic experiments ourselves for the two enzymes.

Figure 4. (a) Lineweaver-Burk plot for the hydrolysis of PNPH by MINP(6)-DMAP in a 25 mM HEPEs buffer at 40 °C and pH 8.0. (b) Lineweaver-Burk plot
for the hydrolysis of PNPA by MINP(6)-DMAP in a 25 mM HEPEs buffer at 40 °C and pH 8.0. The errors were standard deviations based on three
independent measurements.

Table 2. Rate constants for the hydrolysis of PNPH.
Entry

catalyst

1

BCA

2

α-Chymotrypsin

3

MINP(6)-DMAP
a

a
-1

-1

k cat /K m (min

substrate

V max (µM/min)

K m (µM)

k cat (min )

PNPA

770 ± 120

1960 ± 350

77 ± 12

39.2 ± 1.2

1.99 ± 0.17

230 ± 40

0.249 ± 0.021

1.10 ± 0.07

PNPA

1000 ± 80

8550 ± 560

100 ± 8

11.7 ± 0.3

PNPH

440 ± 50

670 ± 80

44 ± 5

64.9 ± 1.9

PNPA

24.3 ± 0.7

250 ± 12

2.43 ± 0.17

9.72 ± 0.22

PNPH

33.9 ± 3.2

200 ± 30

3.39 ± 0.32

17.1 ± 1.3

PNPH

b

-1

mM )

The kinetic experiments were performed in 25 mM HEPEs buffer (pH 8.0) at 40 °C. The concentration of the catalysts was 10 µM unless otherwise
b

indicated. The errors were standard deviations based on three independent measurements. [BCA] = 8.0 µM.

Our data shows that BCA is particularly selective for PNPA. The V max value was hundreds of times larger than that for PNPH at the same enzyme
concentration (8 μM). PNPH was clearly bound more strongly by the enzyme, as the dissociative constant K m was only ~1/9 of that for PNPA (Table 2,
entry 1). Once the binding effect (K m ) was removed, the catalytic efficiency (k cat /K m ) was about 36 times higher for PNPA than for PNPH.
In comparison, α-chymotrypsin was not as nearly as selective as BCA. Although it still turns over PNPA faster, the PNPA/PNPH selectivity was only a little
over two-fold. PNPH still showed a stronger binding, with its K m being ~1/13 of that for PNPA. Once the binding effect is removed, the catalytic efficiency
(k cat /K m ) was higher for PNPH than PNPA. Thus, although the two enzymes both bound PNPH more strongly than PNPA, the inherent catalytic
efficiencies reversed, probably as a result of different catalytic mechanisms.
The behavior of MINP(6)-DMAP was different. First of all, the binding selectivity was minimal—K m was 250 µM and 200 µM for PNPA and PNPH,
respectively. Thus, although PNPH was bound more strongly, the binding selectivity was far smaller than that displayed by the two enzymes. The faster
reaction of PNPH, therefore, is unlikely to be caused by the binding selectivity, different from what we thought. As far as the absolute turnover number
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was concerned, our MINP was the only catalyst among the three that converted PNPH faster than PNPA. This remains significant, as PNPA has a higher
intrinsic activity than PNPH.

Conclusions
In this study, we have shown that, by molecular imprinting within cross-linked micelles, we can create catalytically active sites with tunable size,
shape, and depth. The strategy allowed us to create artificial esterases under conditions in which the catalytic group (DMAP) is fully deactivated in the

control.
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bulk solution. As a result, we could perform nucleophilic/basic catalysis under acidic conditions, a feature difficult to achieve without the supramolecular

Interestingly, our MINP(6)-DMAP catalyst displayed selectivity opposite to that of the intrinsic reactivity. The Michaelis–Menten study revealed
that, although binding affinity of the substrate was important to the catalysis, the catalytic selectivity could derive from other properties even in relatively
simple artificial enzymes. Our results suggest a better control of the active site is important if chemists want to construct enzyme mimics. Molecular
imprinting is a very powerful method for constructing guest-specific binding pockets. With the micellar imprinting technique, we can create protein-size
nanoparticles with well-defined active sites. As we develop stronger abilities to control the size, shape, and functionalities in the active sites, we should be
able to construct more capable artificial enzymes for less reactive substrates with higher selectivity.

Experimental Section
General

All reagents and solvents were of ACS-certified grade or higher and used as received from commercial suppliers. Millipore water was used to
1

13

prepare buffers and nanoparticles. H and C NMR spectra were recorded on a VARIAN MR-400 or on a VARIAN VXR-400 spectrometer. Dynamic light
scattering (DLS) was performed on a PD2000DLSPLUS dynamic light scattering detector. Mass spectrometry was performed on AGILENT 6540 QTOF
mass spectrometer. UV-vis spectra were recorded on a Cary 100 Bio UV-visible spectrophotometer.

Syntheses

[33]

Syntheses of compounds 1–4

[8]

and 5 were previously reported.

Sodium 6-azidonaphthalene-2-sulfonate (8): A solution of 6-amino-2-naphthalenesulfonic acid (1.50 g, 6.72 mmol) in 10 mL of concentrated
sulfuric acid was stirred at -10 °C while a solution NaNO 2 (1.00 g, 14.50 mmol) in 8 mL of water was added dropwise. Additional 10 mL of water was added.
After the reaction mixture was stirred for 45 min, sodium azide (1.00 g, 15.38 mmol) in 9 mL of water was slowly added. After the mixture was at 4 °C for 8
h, sodium chloride (12 g) was added. The precipitate formed was collected by suction filtration and quickly washed with water (2 × 15 mL) to yield a pink
1

powder (1.57 g, 94%). H NMR (400 MHz, DMSO, δ): 8.15 (t, J = 0.8 Hz, 1H), 8.04 (d, J = 8.8 Hz, 1H), 7.85 (d, J = 8.8Hz , 1H), 7.72 (dd, J 1 = 8.4 Hz, J 2 = 1.6 Hz,
13

1H), 7.67 (d, J = 2.4 Hz, 1H), 7.27 (dd, J 1 = 8.8 Hz, J 2 = 2.4 Hz, 1H). ). C NMR (100 MHz, DMSO, δ): 145.2, 138.0, 133.9, 131.1, 130.1, 127.1, 125.4, 124.6, 119.7,
-

116.0. ESI-HRMS (m/z): [M-Na] calcd for C 10 H 6 N 3 O 3 S, 248.0135; found, 248.0129.

[33]

Compound 6: To an ice-cold solution of 1-(5-methoxy-2-nitro-4-(prop-2-yn-1-yloxy)phenyl)ethan-1-ol (9)

(100 mg, 0.40 mmol) and

triethylamine (0.17 mL, 1.2 mmol) in anhydrous dichloromethane (20 mL), methacryloyl chloride (0.12 mL, 1.2 mmol) was added dropwise under nitrogen.
The mixture was warmed to room temperature and stirred overnight. The reaction was quenched by the addition of water and extracted with ethyl
acetate (2 × 10 mL). The organic layer was washed with 1 M HCl to ~pH 6 and rinsed with water (2 × 10 mL). The crude product was dried over sodium
sulfate and the solvents removed in vacuo to give a clear oil. The oil obtained (30 mg, 0.09 mmol) was added to 8 (20 mg, 0.08 mmol) in a 2:1 THF/water
mixture (5 mL). Sodium ascorbate (28 mg, 0.12 mmol) and copper sulfate hydrate (23 mg, 0.08 mmol) were added and the mixture was stirred at 40 °C in
the dark for 12 h. The solvents were removed in vacuo and sodium chloride (10 g) was added to the concentrated mixture. The precipitate collected was
rinsed with dichloromethane (10 mL), dried in air, washed with a 5:3 mixture of dichloromethane/methanol, and purified by column chromatography over
1

silica gel using 2:1 methylene chloride/methanol as the eluent to give a yellow powder (20 mg, 44%). H NMR (400 MHz, CD 3 OD, δ): 9.13 (d, J = 8.4 Hz, 1H),
8.50 (s, 1H), 8.30 (d, J = 7.2 Hz, 1H), 7.73 (m, 2H), 7.65 (m, 3H), 7.19 (s, 1H), 6.44 (d, J = 6.8 Hz, 1H), 6.12 (d, J = 7.2 Hz, 1H), 5.67 (m, 1H), 5.43 (s, 2H), 3.94 (s,
13

3H), 1.94 (d, J = 6.8 Hz, 3H), 1.68 (m, 3H). C NMR (100 MHz, CD3OD, δ): 170.3, 138.4, 128.5, 125.8, 125.8, 125.8, 123.0, 123.0, 123.0, 123.0, 120.4, 120.4,
-

120.4, 120.4, 119.3, 119.3, 119.3, 112.8, 112.8, 112.8, 108.0, 80.0, 72.9, 55.2, 28.9, 27.9. ESI-HRMS (m/z): [M-Na] calcd for C 26 H 23 N 4 O 9 S, 567.1180; found,
567.1186.
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Compound 7: The same procedure for 6 was followed using 4-azidobenzoate instead of 8. The overall yield of the reactions was 41%. H NMR (400
MHz, DMSO, δ): 9.07 (s, 1H), 8.13 (d, J = 12 Hz, 2H), 8.06 (d, J = 8 Hz, 2H), 7.87 (s, 1H), 7.17 (s, 1H), 6.26 (q, J = 4.0 Hz, 1H), 6.12 (s, 1H), 5.71 (s, 1H), 5.35 (s,
13

2H), 3.87 (s, 3H), 1.86 (s, 3H), 1.62 (d, J = 8.0 Hz, 3H). C NMR (100 MHz, DMSO, δ): 166.1, 154.0, 146.7, 143.8, 140.1, 136.1, 132.7, 126.9, 123.9, 120.4, 109.7,
-

109.3, 68.31, 62.32, 56.65, 21.75. ESI-HRMS (m/z): [M-Na] calcd for C 23 H 21 N 4 O 8 , 481.1365; found 481.1359.
[33]

General procedure for the preparation of MINP-COOH: A typical procedure is as follows.

To a micellar solution of compound 1 (9.3 mg, 0.02

mmol) in D 2 O (2.0 mL), divinylbenzene (DVB, 2.8 μL, 0.02 mmol), compound 2 in D 2 O (10 μL, 0.0004 mmol), and AIBN (10 μL of a 8.2 mg/mL solution in
1
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DMSO, 0.0005 mmol) were added. (D 2 O instead of H 2 O was used in the preparation so that the cross-linking and polymerization of the micelles could by
monitored by H NMR spectroscopy.) The mixture was subjected to ultrasonication for 10 min before compound 3 (4.13 mg, 0.024 mmol), CuCl 2 (10 μL of
a 6.7 mg/mL solution in D 2 O, 0.0005 mmol), and sodium ascorbate (10 μL of a 99 mg/mL solution in D 2 O, 0.005 mmol) were added. After the reaction
mixture was stirred slowly at room temperature for 12 h, compound 4 (10.6 mg, 0.04 mmol), CuCl 2 (10 μL of a 6.7 mg/mL solution in D 2 O, 0.0005 mmol l),
and sodium ascorbate (10 μL of a 99 mg/mL solution in D 2 O, 0.005 mmol) were added. After being stirred for another 6 h at room temperature, the
o

reaction mixture was transferred to a glass vial, purged with nitrogen for 15 min, sealed with a rubber stopper, and heated at 75 C for 16 h. The resultant
solution (2 mL) was cooled to room temperature, purged with nitrogen again for 15 min, and irradiated in a Rayonet reactor for 12 h. The precipitate
formed after addition of acetone (8 mL) was collected by suction filtration and washed five times with 1:4 water/acetone mixture and five times with
methanol. The material was dried in air to give an off-white powder (15 mg, 75%).
General procedure for the preparation of MINP-DMAP: A typical procedure is as follows. EDCI (10 µL of a 61 mg/mL solution in dry DMF, 0.004
o

mmol) was added to a stirred solution of MINP-COOH (20.0 mg, 0.0004 mmol) in dry DMF (1 mL) at 0 C under nitrogen. After 2 h, compound 5 (10 µL of
a 66.1 mg/mL solution in DMF, 0.004 mmol) was added and the mixture was stirred for 24 h at room temperature. The mixture was concentrated in vacuo
and poured into 2 mL of acetone. The precipitate formed was collected by centrifugation and rinsed several times with 2 mL of acetone to afford the
product as an off-white powder (15 mg, 75%).

Kinetic experiments

Stock solutions of PNPH and PNPA (10.0 mM) in methanol were stored in a refrigerator and used within 3 days. A typical kinetic experiment is as
follows. A 60 µM stock solution of MINP(2)-DMAP was prepared by dissolving of 3.0 mg of the MINP in 1.00 mL of HEPES buffer (25 mM, pH 8.0). An
aliquot of this solution (500 µL) was diluted with the HEPES buffer in a cuvette to a final volume of 2.00 mL. The cuvette was placed in a UV-vis
spectrometer and equilibrated to 40 °C. After 5 min, 10 µL of the PNPH stock solution was added into the cuvette. The hydrolysis was monitored by the
absorbance of para-nitrophenoxide anion at 400 nm (or 320 nm for para-nitrophenol below pH7).

Supplementary Material

Supporting information for this article including aAdditional figures and NMR spectra of key compounds is available on the WWW under
http://dx.doi.org/10.1002/MS-number.
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