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ABSTRACT: Although the active centers of many metalloenzymes have
been well-studied, the ability for chemists to imitate the iron porphyrin heme M N
found in these enzymes remains a challenge. Herein, we report a water/
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synthesized via the Yamamoto homocoupling reaction. Unlike other artificial
enzymes, CHF-1 neatly arranges the heme centers to form a graphene-like
two-dimensional framework bearing a high surface area (1620 m*/g) and high H0: v
density of active sites. Biomimetic catalytic reactions show that CHF-1 catalyst ¢
is an effective heterogeneous catalyst with exceptionally high binding affinities
and high catalytic efficiency approaching that of natural heme-based enzymes.

B INTRODUCTION

Cytochrome P450, an enzyme found ubiquitously throughout
the natural world in all domains of life, functions as a mono-
oxygenase that carries out various detoxification processes in
biosynthetic pathways.' Its active site contains an Fe(III)
porphyrin heme complex (Figure 1a) that can reversibly bind

Figure 1. Structures of (a) iron porphyrin (heme) and (b)
microporous iron(III) porphyrin framework CHF-1.

oxygen through its iron ion, which acts as an oxygen carrier.
The heme complex can also transport electrons by changing the
oxidation state of the iron ions, thus concurrently acting as an
electron carrier.” Using this efficient natural catalyst as a
blueprint, many artificial systems containing heme active
centers (iron(Ill) porphyrins) have been developed® and
used in biomimetic catalytic reactions.* Iron porphyrins (Figure
1a), however, have been found to form catalytically inactive
dimers easily in oxidizing reaction media.® Nonetheless, several

-4 ACS Publications  © 2014 American Chemical Society

1639

&

A

v

T

23

/‘(

OH O
‘\‘p o G om
§&8 X 3
HO” PN\
" TOH N
THB Purpurogallin

successful strategies have been formulated to prevent the
formation of inactive dimers. One such example involves
loading iron porphyrins onto supports, but this unavoidably
dilutes the density of the active sites.”” Another strategy
decorates the porphyrin macrocycle with bulky functional
groups to protect the iron porphyrin centers. This strategy,
however, is limited by the difficulty of synthesizing these
porphyrins.® An additional strategy that has attracted escalating
interest in recent years is to encapsulate heme into metal—
organic frameworks (MOFs) directly’ " or to use metalated
porphyrin ligands to construct MOFs.">™"® Although MOFs
demonstrate great potential in many fields,*® such as gas
storage,?'1 gas separation,22 carbon capture,23 catallysis,24 and
others, water/chemical stability still remains an important issue
to be addressed.”® Moreover, a problem arises in the fact that
the metal centers in the secondary building units (SBUs) of
MOFs have been shown to be catalytically active Lewis acid
catalysts.">'>'? The activity in these metal centers could
confound the mimicking of the catalytic processes of the
hemes.'® Therefore, there is still an urgent need for developing
new types of materials that are water/chemical-stable as well as
have high catalytic activity and distinct substrate selectivity that
mimic natural enzyme reactions.

Over the past several years, there has been an increasing
interest in the study of porous organic polymers. Their
exceptionally high surface areas, uniform yet tunable pore
sizes, and high thermal/chemical/water stabilities make them
promising for various applications, particularly for gas storage
and CO, capture.”®™* The porous organic polymers are
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typically composed of multitopic organic ligands linked by
covalent bonds into two- or three-dimensional (2D or 3D)
frameworks, resulting in framework structures that contribute
no catalytic activity. When catalytically active monomers are
employed, porous organic polymers become promising
candidates as heterogeneous catalysts. The incorporation of
iron porphyrin (heme) centers as monomers, although rarely
explored, establishes heterogeneous biomimetic catalyst sys-
tems in the domain of porous organic polymers.*~**

Most recently, a biomimetic catalyst was achieved by using
graphene as a support, although the active centers (iron
porphyrin) were randomly dispersed on the surface of the
graphene.7 The porphyrin—graphene heterostructures, formed
through 7—7 stacking, demonstrated excellent performance in
biomimetic catalytic reactions. It can be envisioned that if the
active centers can be neatly arranged to form a graphene-like
2D porous covalent organic framework bearing high surface
areas and high density of active sites then this may provide an
ideal system both to enhance the catalytic activity and to
protect the active centers.

This challenge was addressed by directly incorporating heme
(iron porphyrin) into a 2D covalent metalloporphyrin
framework using a Yamamoto homocoupling reaction with a
custom-designed porphyrin as the starting material.>*~>* The
resulting covalent heme framework not only stabilizes the heme
by hindering it from forming catalytically inactive dimers but
also allows the heme to be ordered into a 2D framework, thus
resulting in high catalytic activity. Additionally, the afforded
covalent heme framework features high thermal, chemical, and
water stabilities, thus meeting all of the prerequisites for a
biomimetic system. In this contribution, we report the
construction of a porphyrin-based conjugated porous organic
polymer utilizing the custom-designed porphyrin ligand,
iron(III) meso-5,10,15,20-tetrakis(4-bromophenyl)porphyrin
chloride (Fe(tbpp)Cl), as a building block. We hypothesize
that the homocoupling of Fe(tbpp)Cl building blocks will lead
to a 2D layered framework with the heme centers ordered on
the surface, and the exposed iron porphyrin can render high
biomimetic catalytic activity. As expected, the resultant material,
named CHF-1 (CHF denotes covalent heme framework),
possesses high water stability and exhibits near-enzyme-like
activity in biocatalytic reactions.

B RESULTS AND DISCUSSION

Preparation and Physicochemical Characterization of
CHF-1. CHF-1 was synthesized by Yamamoto homocoupling
reaction for polymerization, which has been proven to be
efficient in synthesizing porous organic frameworks, such as
PAFs and PPNs.>*! Typically, to a solution of 2,2'-bipyridyl,
bis(1,5-cyclooctadiene)-nickel(0) (Ni(COD),) and 1,5-cyclo-
octadiene (COD) in anhydrous DMF/1,4-dioxide was added
iron(II) tetra(4-bromophenyl)porphyrin chloride, and the
mixture was stirred at room temperature under an argon
atmosphere overnight. After reaction, the mixture was cooled in
an ice bath and a 50% acetic acid solution was added, and the
resulting mixture was stirred for another night and then washed
and dried in vacuum to give CHF-1 as a dark-red powder in
78% yield.

The polymer CHF-1 is a dark-gray powder that is insoluble
in common organic solvents and resistant toward bases and
weak acids. FTIR measurements show the disappearance of the
C—Br vibration band in the spectra of CHF-1, confirming the
completion of the coupling reactions. The powder X-ray
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diffraction (PXRD) patterns indicate that CHF-1 is an
amorphous polymer, although some overlap exists between
the calculated PXRD patterns of the simulated structure and
the experimental ones of CHF-1. TGA measurement shows
CHF-1 possesses high thermal stability (Figure S1—S3 in the
Supporting Information). Field-emission scanning electron
microscopy (FE-SEM) images show that CHF-1 is composed
of agglomerated ball-shaped particles with sizes ranging from
200 to 400 nm in diameter (Figure 2a), which indicates the
roughness of its surface.

Figure 2. SEM image of (a) CHF-1 and (b) CHF-1 supported on
BaSO4.

The model of the possible structure of CHF-1 was simulated
through Universal force-field calculations using the Focite
Module in Accelrys’ Materials Studio (MS) v. 6.1 software®
(Figure 1b). On the basis of the PXRD patterns, gas-adsorption
studies, and other similar structure simulations reported
previously,*>* the optimized simulation generated a structure
with the Pbcn space group and a unit cell with a = 22.7876 A, b
=24.9077 A, and ¢ = 9.9249 A. The model indicated that the
planar porphyrin rings and chair-form phenyl rings are
connected to extend into wavelike sheets and that the sheets
prefer ABAB stacking to form aligned tubular channels. To
assess the permanent porosity of CHF-1, gas-sorption measure-
ments were performed on the activated CHF-1 sample. The N,
adsorption isotherm at 77 K revealed that CHF-1 exhibits an
uptake capacity of 720 cm®/g at saturation pressure with typical
type-1 sorption behavior (Figure S4 in the Supporting
Information), as expected for microporous materials. Derived
from the N, adsorption data, CHF-1 has a BET surface area of
1620 m’/g (P/P, = 0.02—0.2). Density functional theory
(DFT) pore-size distribution analysis based on the N,
adsorption data at 77 K indicated that the pore size of CHF-
1 is narrowly distributed around 7.0 A, smaller than the pore
size (~9 A) of PCPF-1 with a AA packing structure,® which
also suggests a 2D layered structure with ABAB stacking for
CHF-1 (Figure S4 in the Supporting Information).

Biocatalytic Properties of CHF-1. The ordered arrange-
ment of hemes (iron(I1I) porphyrin macrocycles) with the five-
coordinate iron(IIl) centers oriented on the surface of CHF-1
prompted us to evaluate the biocatalytic performance of CHF-
1. The catalytic activity of CHF-1 was investigated by enzyme
kinetics theory and methods using two reactions. The first (the
oxidation reaction of 2,2'-azinodi(3-ethylbenzothiazoline)-6-
sulfonate (ABTS) to ABTS®) involves electron transfer,
whereas the second (the oxidation of pyrogallol to purpur-
ogallin) necessitates oxygen transfer. These reactions are
routinely used to evaluate the peroxidase activity of porphyrin
catalysts. Control experiments were conducted using FeTPPCI
and free-base CHF-1 under identical conditions. For
comparison, experiments were also carried out for horse-radish
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peroxidase (HRP) in the homogeneous system under similar
conditions. Kinetic studies revealed that CHF-1 exhibited
excellent peroxidase-like catalytic activity, better than that of the
reported MOFs. To the best of our knowledge, CHF-1 is the
first porous covalent polymer that is a heterogeneous
biomimetic catalyst applied in biomimetic reactions.

To solve the issue of CHF-1 floating on the surface of water
because of its low density, powder BaSO, was added and mixed
with CHF-1 before catalytic assays. The concentration of the
heme centers in the mixture material is about 2.12 X 107*
mmol/mg, as obtained from ICP-MS experiments on the
activated CHF-1 sample. The SEM image shows that the
mixture material is composed of agglomerated ball-shaped
particles with sizes ranging from 100—200 nm in diameter
(Figure 2b). The reactions using BaSO, or free-base CHF-1 are
very similar to the blank reaction, indicating that BaSO, and
free-base CHF-1 are catalytically inactive (Figure SS and S6 in
the Supporting Information).

The catalytic activity of CHF-1 in the oxidation reaction of
ABTS to ABTS®" under the optimum conditions was
investigated. The reaction progress was monitored by kinetic
mode UV—vis spectroscopy at 660 nm with a particular range
of ABTS concentration, which was consistent with typical
Michaelis—Menten kinetics (Figure 3). To determine the effect
of the pH value on the catalytic reaction, the initial rates of the
same reaction in different pH values were tested in
tris(hydroxymethyl)aminomethane (Tris) buffer solution,
which was selected because of the favorable reaction conditions
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Figure 3. Oxidation reaction of ABTS catalyzed by CHF-1. (a)
Oxidation reaction of ABTS in which ABTS is oxidized to ABTS*® by
H,0,. (b) Oxidation reaction of 0.1 mM ABTS catalyzed by CHF-1 at
different pH values of the Tris buffer. (c) Initial ABTS oxidation
profile catalyzed by CHF-1 (0.106 mM hemein equivalent). The
concentrations of ABTS range from 0.01 to 0.2 mM. (d) Michaelis—
Menten curve fit for the ABTS oxidation catalyzed by CHE-1. (e)
Oxidation reaction of 0.1 mM ABTS catalyzed by CHF-1 at different
cycles.
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(Figure 3a). To gain better insight into this catalyst, control
experiments were performed under similar catalytic reaction
conditions using FeTPPCl and HRP but in homogeneous
systems (Figure S7 in the Supporting Information). The
maximum number of substrate molecules turned over per
catalyst molecule per unit time (k.,), the Michaelis—Menten
constant (K,,) associated with the affinity of the catalyst
molecules for the substrate, and the catalytic efficiency (k./
K,;) were obtained using a Michaelis—Menten curve fit, which
is shown in Table 1. For the ABTS oxidation reaction, the
derived k., of the CHF-1 catalyst shows a value of 0.45 min~".
This value is less than that of FeTPPCI (3.67 min~') and HRP
(887.54 min~!). Additionally, the derived (K,,) value of the
CHF-1 (0.022 mM) is four times higher than FeTPPCI (0.0055
mM), whereas it is about 1 order of magnitude lower than that
of HRP (0.15 mM). Because the ABTS oxidation reaction over
CHF-1 is heterogeneous (requiring substantial mass transfer
over the heterogeneous phases, whereas the reaction using
other catalysts are homogeneous), the affinity of CHF-1 for the
ABTS is higher than that of the homogeneous -catalyst
FeTPPCl; nonetheless, the active centers in HRP, unlike
those in the other homogeneous catalyst, FeTPPCI, are
protected by the peptide chains, which create some barriers
for the substrate to interact directly with the active centers. In a
brief summary, the results of the measure of the catalytic
efficiency indicated that the CHF-1 exhibits excellent catalytic
efficiency (ke/Ky, ~ 2.06 X 10* M™" min™"), which approaches
that of the natural enzyme HRP (k./K,, ~ 5.94 X 10° M™*
min~"). Such an excellent electron-transfer catalytic perform-
ance can be attributed to the high density of the heme active
centers in CHF-1, which facilitates the affinity for the substrate
ABTS. To evaluate the recyclability of CHF-1, the heteroge-
neous catalyst was recovered for a further catalytic test of ABTS
oxidation at different cycles with the initial rates being
examined. The rate at the second cycle was 0.047 pmol/min
(50 s), representing 97% of its initial activity. With the
increasing number of cycles, the catalytic activity of CHF-1
gradually decreased, and at the fifth cycle, it could still retain
~80% of its initial catalytic activity (Figure 3d). Because there
was no detectable leaching of active-site or Fe(IIl) ions in the
supernatant of the reaction solution, the apparent decrease in
activity could be attributed to the catalyst loss during the
recovery procedure, as a small portion of catalyst was found on
the wall of the centrifuge tube or glass pipet after each recovery.
This recyclability validates the heterogeneous nature of the
biomimetic catalysis by CHF-1.

We also assessed the catalytic activity of CHF-1 in the
oxidation of pyrogallol to purpurogallin. The kinetic parameters
of the Michaelis—Menten equation were determined for CHF-
1. Experiments were carried out using different pyrogallol
concentrations (0.01—0.2 mM) in 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (HEPES) buffer (pH = 7.5). Catalytic
studies of the pyrogallol oxidation reaction with CHF-1 show
similar behavior to that in the oxidation reaction of ABTS to
ABTS** (Figure 4). The Michaelis—Menten curve fit gives a k,,
value of 0.33 min~!, lower than the recently reported k., of the
porphyrin-based MOF PCN-222(Fe) (16.1 min™"), both of
which are heterogeneous catalysts (Table 1). Nonetheless, the
Km value of CHF-1 (0.0040 mM) was about 1 or 2 orders of
magnitude lower than that of other catalysts, indicating very
high affinity of CHF-1 for the substrate THB molecule.
Although the k., value of other investigated catalysts showed
higher results when compared to CHF-1, the catalytic efficiency
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Table 1. Kinetic Parameters for the Oxidation of Substrates by Different Catalysts

substrate catalyst ke (min™") K,, (mM) ke/ Ky (M7 min™")
ABTS CHF-1 045 3.67 0.022 2.06 x 10*
FeTPPCl 887.54 0.0055 6.62 X 10°
HRP 3.67 0.15 5.94 % 10°
THB CHF-1 0.33 0.0040 826 x 10*
HRP 1965 0.89 22 % 10°
hemin—graphene’ 246 122 2.0 X 10°
FeTMPyP—graphene’ 545 0.96 5.7 x 10°
PCN-222(Fe)'® 16.1 0.33 4.85 x 10*
(a) OH OHO o the ability to mimick heme-based protein applications based on
HO OH CHF14 MO its chemical (active centers, etc.) and physical properties.
: ©/ + 30 m i O ¥R = 90 Neatly arranging heme centers into 2D covalent organic
HyOp  Ho0 frameworks improves the density of the active centers because
the active centers are preloaded for specific biocatalytic
. %4 . reactions. Additionally, using heme centers as monomers for
g 008 003l o a covalent organic framework also simultaneously endows the
% 0.06 £ material with specificity in mimicking protein reactions.
3 = 0.024
B 0.04 £
B - B CONCLUSIONS
. 000 The enzyme active center has been utilized in designing porous
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Figure 4. Oxidation reaction of pyrogallol catalyzed by CHF-1. (a)
Oxidation reaction of pyrogallol in which pyrogallol is oxidized to
purpurogallin by H,0,. (b) Initial pyrogallol oxidation profile
catalyzed by CHF-1 (0.106 mM hemin equivalent). The concen-
trations of pyrogallol range from 0.01 to 0.2 mM. (c) Michaelis—
Menten curve fit for the pyrogallol oxidation catalyzed by CHF-1.

of the CHF-1 (k_,/K,, ~ 8.26 X 10* M™! min™!) is about two
times as high as the recently reported porous heterogeneous
catalyst PCN-222(Fe)"® (k. /K., ~ 4.85 X 10* M~ min~!) and
is comparable with the catalytic efficiency of homogeneous
catalysts, hemin—graphene (k./K,, ~ 2.0 X 10° M™! min~")’
and FeTMPyP—graphene (k.,/K,, ~ 5.7 X 10° M~ min™").’,
Furthermore, the catalytic efficiency of CHF-1 approches that
of the natural enzyme HRP (k /K, ~ 2.6 X 10° M~! min™")
(Figure S8 in the Supporting Information), which is consistent
with that reported in the literature.” From these results together
with the results of the oxidation reaction of ABTS to ABTS®, it
is very clear that the CHF-1 catalyst is an effective
heterogeneous biomimetic catalyst with high catalytic efficiency
approaching that of the natural enzyme.

B DISCUSSION

All of these results demonstrate the feasibility of precisely
designing a covalent heme framework for mimicking heme-
based proteins applications. Clearly, designing a covalent
framework or other material with a higher density of enzyme
active centers will substantially improve the overall catalytic
activity and catalytic efficiency in biomimetic reactions, such as
the covalent heme framework (CHF-1) in the peroxidase-
mimicking system presented herein. Heterogeneous artificial
enzymes require the following four fundamental guidelines for
the proposed materials: (1) a high density of active centers, (2)
a complete lack of catalytic activity from the framework, (3)
water/chemical/thermal stability, and (4) ease of recovery and
recycling. Here, we present for the first time (to our
knowledge) the design of a heme covalent polymer to address
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covalent materials at the molecular level for biomimetic
catalytic applications. As an experimental proof of concept,
such a covalent framework was first designed and synthesized
for biomimetic catalytic applications through the precise
selection of heme derivative as monomer for polymerization.
Experimental and structural simulation results demonstrate the
high density of the active centers in the polymer and high
catalytic efficiency of the heme covalent polymer as
heterogeneous biomimetic catalyst, which approaches that of
natural enzymes. Building the heme active centers into a porous
organic polymer with an extended framework structure was
achieved, again, through ligand design. This resulting covalent
heme framework possesses a high density of active centers,
resulting in high catalytic efficiency in biomimetic catalytic
reactions. In principle, this work lays the foundation for the
development of new covalent polymer and composite materials
for biomimetic catalytic applications through the use of
enzyme-like active centers as monomer building blocks.

B EXPERIMENTAL SECTION

Materials and Syntheses. Commercially available reagents were
purchased in high purity and used without further purification.
Iron(1II) meso-5,10,15,20-tetrakis(4-bromophenyl)porphyrin chloride
(Fe(tbpp)Cl) was synthesized according to literature methods.*®
Solvents were purified according to standard methods and stored in
the presence of molecular sieves. A microgram balance (TA
Instrument TGA 2950 Hi-Res) was used to measure the mass of
the catalyst.

Synthesis of CHF-1. A solution of 2,2'-bipyridyl (226 mg, 1.4S
mmol), bis(1,5-cyclooctadiene)nickel(0) (Ni(COD),, 400.0 mg, 1.4S
mmol), and 1,5-cyclooctadiene (COD, 0.18 mL, 146 mmol) in
anhydrous DMF/1,4-dioxide (24.0 mL/36.0 mL) was added to
iron(III) meso-5,10,15,20-tetrakis(4-bromophenyl)porphyrin chloride
(3260 mg, 032 mmol), and the mixture was stirred at room
temperature under a nitrogen atmosphere overnight. Then, the
mixture was cooled in an ice bath followed by the addition of a 50%
acetic acid solution (20 mL), and the resulting mixture was stirred
overnight. The precipitate was collected and washed with chloroform
(6 x 10 mL), THF (6 X 10 mL), methanol (6 X 10 mL), and water (6
% 10 mL) and rigorously washed by Soxhlet extractions for 24 h with
chloroform, THF, methanol, and acetone as solvent, respectively, dried
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in vacuum and then dried under dynamic vacuum to afford CHF-1 as
dark-red powder (175 mg, 0.25 mmol, 78%).

Gas Adsorption. Gas adsorption measurements were performed
using an ASAP 2020 volumetric adsorption analyzer. A high-purity
grade (99.999%) of nitrogen gas was used throughout the adsorption
experiments. Before the measurements, the freshly prepared samples
were activated at 120 °C for 10 h. N, adsorption isotherms were
measured at 77 K using liquid N,.

Preparation of the Catalysts. For the CHF-1 catalyst, CHF-1
and BaSO, (ratio: 0.33:1) were ground in a ball mill to form a
homogeneous mixture. One milligram of the mixture (~2.12 X 107*
mmol CHF-1) was used as a catalyst to run the oxidation experiments.
For FeTPPCI catalysts, 5 mM stock solutions in DMSO and Tris
buffer (v/v 1:1) were prepared and then diluted 200-fold to run the
oxidation experiments, whereas for HRP catalyst, 0.024 mM stock
solution in deionized water were prepared and then diluted 100-fold to
run the oxidation experiments.

ABTS/Pyrogallol Oxidation Reactions and Kinetic Studies.
Experiments were carried out using 1.00 mg of CHF-1 catalyst in a
reaction volume of 2 mL of Tris buffer solution (0.1 M, pH 5.92) for
ABTS or HEPES buffer solution (0.1 M, pH 7.5) for pyrogallol with 1
mM H,0, and in the presence of a series of concentrations of ABTS/
pyrogallol (0.01—0.2 mmol/L). Kinetic measurements were carried
out in time-course mode by monitoring the absorbance change at 660
nm for ABTS or 420 nm for pyrogallol on a Jasco V550 UV—vis
spectrophotometer with 500 rpm at 25 °C. The Michaelis—Menten
constant was calculated using the Michaelis—Menten curve fit.

Recycling Experiments of ABTS Oxidation Reaction. The
reaction mixture (3.00 mg) was centrifuged for 4 min after the
reaction, and the liquid layer was siphoned out. The residual solid was
washed with Tris buffer solution and centrifuged. Then, the solid was
washed with methanol and centrifuged; this process was repeated
twice followed by drying of the solid. Tris buffer solution, H,0,, and
0.1 mM ABTS were then added to the UV cell for the next reaction
cycle, which was performed under otherwise identical conditions.

B ASSOCIATED CONTENT
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IR spectra of monomer and CHF-1; TGA and XRD data and
nitrogen adsorption isotherm of CHF-1; and control experi-
ments (PDF). This material is available free of charge via the
Internet at http://pubs.acs.org.
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