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ABSTRACT: In this report, we describe the use of in situ NMR spectroscopy to elucidate
the mechanism of horseradish peroxidase-catalyzed oxidative free-radical coupling of
phenols. We demonstrate the potential of the technique for the polymerization of
8-hydroxyquinoline-5-sulfonate (HQS). Based on the structural changes, we establish
the involvement of ortho- and para-position protons (to the hydroxyl group) in the
oxidative free-radical coupling polymerization with their relative preferences. For ex-
ample, in HQS, we establish that the positions 2, 4, and 7 are involved in the chemical
bonding with the order of preference being 7 = 2 > 4. Analyses of '*C-NMR data
suggest the formation of C—C- and C—O—C-type coupling bonds during enzymatic

polymerization. © 1998 John Wiley & Sons, Inc. J Appl Polym Sci 70: 1257-1264, 1998
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INTRODUCTION

Horseradish peroxidase-catalyzed polymerization
of phenols and anilines has been extensively stud-
ied under various experimental conditions such
as with aqueous and organic solvents and solvent
mixtures, micelles, reverse micelles, and the air—
water interface.'™” Polymerization of monomers
with the help of enzyme-based catalysts are pri-
marily aimed at obtaining controlled molecular
weight, molecular organization, and processabil-
ity of the resulting polymer. Although this reac-
tion is well understood in terms of kinetics, very
little is known about the structural changes dur-
ing polymerization and the precise positions of
oxidative coupling.?
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Spectroscopic techniques have been exten-
sively used to elucidate the kinetics and mecha-
nism of chemical reactions. In situ study of struc-
tural changes during the chemical reaction will
provide vital information for following the mech-
anism of these reactions.® In this report, we dis-
cuss the use of in situ nuclear magnetic resonance
(NMR) spectroscopy to study the biochemical syn-
thesis of polyphenols and polyanilines. Horserad-
ish peroxidase-catalyzed oxidative free-radical
coupling of phenols and anilines in the presence of
hydrogen peroxide has been studied under vari-
ous experimental conditions but little is known
about the structural changes during polymeriza-
tion.™?

We monitored the structural changes by in situ
NMR to unravel the sites that are participating in
the oxidative coupling during the polymerization
of water-soluble phenol and aniline derivatives.’
In the present report, we describe the mechanism
and the extent of preferences for various sites in
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the polymerization of 8-hydroxyquinoline-5-sulfo-
nate (HQS). The HQS is shown in the following
structure:

OH
N

Xy 2
6 / 3
4
SO;H

This monomer has five observable protons for
NMR, each having a different chemical environ-
ment and, therefore, appearing at different chem-
ical-shift values. The monomer is soluble in aque-
ous medium. Due to the presence of sulfonate
groups, the resultant polymer from this monomer
is also expected to be soluble in the same solvent.
Therefore, this monomer was chosen for the
present study. We established site preferences for
the oxidative coupling with the help of in situ
'H-NMR spectroscopy. In addition, we also dis-
cuss the utility of *C-NMR spectral editing tech-
niques to study the type of chemical bonds
present in the final polymer.

EXPERIMENTAL

Horseradish peroxidase was purchased from
Sigma Chemicals (St. Louis, MO). HQS and hy-
drogen peroxide (30%) were purchased from Al-
drich Chemicals (Milwaukee, WI). All other
chemicals were at least of analytical grade and
used as obtained.

All spectrophotometric experiments were car-
ried out using a Perkin—Elmer Lambda 9 UV-vis-
near-IR spectrophotometer. In situ NMR experi-
ments were carried out using a Bruker DPX 200-
MHz NMR spectrometer. Characterization of the
monomer and final polymer was carried out using
a Bruker ARX 500-MHz NMR spectrometer. The
operating frequency on the ARX 500 instrument
for performing *C-NMR and related *C-NMR
experiments was 125 MHz. NMR spectral editing
techniques such as distortionless enhanced polar-
ization transfer experiments (DEPT 45, 90, and
135) were also used on the 500-MHz NMR instru-
ment for the identification of —CH,, (n = 1-3)
resonances.'®

Polymer Synthesis

The polymerization of HQS was performed in a
0.1M sodium phosphate buffer, pH 7.0. The mono-

mer, 0.2 g, was dissolved in 100 mL of the buffer.
One thousand units of the enzyme was added to
the buffered monomer solution. The polymeriza-
tion was initiated by the addition of 20 uL of 30%
hydrogen peroxide. The reaction was allowed to
continue for 3 h. The solvent was then allowed to
evaporate. The resultant polymer was then ex-
tracted by first dissolving the reaction product
into methanol. The soluble part was separated
and methanol was evaporated to obtain a dark
yellow-colored solid.

Sample Preparation for In Situ Measurements
by NMR

Ten milligrams of HQS and 1 unit of horseradish
peroxidase in 0.5 mL of 0.2M sodium phosphate
buffer, pH 7.0, in 99.9% D,0O were added to the
NMR for the in situ NMR study of enzymatic
polymerization. Experimental conditions for the
in situ NMR study were optimized for acquiring a
good-quality spectrum in less than 2 s per exper-
iment.* After collecting the NMR data for the
reaction mixture, the reaction was initiated by
adding 2 L of 30% hydrogen peroxide and spec-
tra were recorded within the first minute of the
addition of hydrogen peroxide. The experiment
was then allowed to continue for about 45 min.
During this period, a total of 175 spectra were
recorded at fixed time intervals. All spectra were
processed under identical conditions.* Spectral
characterization of the monomer and the isolated
polymer were performed using a Bruker ARX
500-MHz NMR spectrophotometer.*®

RESULTS AND DISCUSSION

We show the 500-MHz 'H-NMR spectra of the
monomer, HQS, and the polymerized HQS, poly-
(HQS), in Figure 1(a) and (b), respectively. The
resonances due to five protons of the monomer are
well resolved, with equal intensity. Assignments
of all protons were performed using the contour
plot of the COSY-45 experiment (Fig. 2). Cross-
peaks in the contour plot were used to assign
resonances. The assignments of all proton reso-
nances of HQS are also shown in Figure 2. The

* Number of scans per experiment = 1 (no dummy scans),
initial delay (D1) = 10 s, spectral width (SWH) = 602 Hz, SI
= 4096, TD = 2048. Acquisition time (AQ) = 1.7 s. RG = 256,
01 = 1601.04 Hz. The data processing was done using a lb of
0.3.
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Figure1 'H NMR spectrum of (a) HQS and (b) polymerized HQS in D,O recorded on

a 500-MHz NMR instrument.

polymer gives a complex NMR spectrum [Fig.
1(b)]. The characteristic splitting patterns ob-
served in the monomer spectrum are lost in the
polymer spectrum due to broadening of the peaks,

with the appearance of new peaks including a
singlet at 8.8 ppm. Assuming that the coupling
occurs at the ortho and para positions during the
enzyme-catalyzed oxidative free-radical coupling
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Figure 2 The contour plot of the COSY-45 experiment for the monomer. The assign-
ments of resonances are presented using crosspeaks. See the structure for the num-

bering of protons.

in HQS, the positions 2, 4, and 7 are expected to
participate in the oxidative coupling.®!! The new
singlet peak (8.8 ppm) in the spectrum of the
polymer in Figure 1(b) can be ascribed to the
proton at carbon 6 arising due to the coupling at
carbon 7. As a result of the coupling reaction at
carbon site 7, the chemical shift and the splitting
pattern for the neighboring proton at position 6
are expected to be changed. The pattern for pro-
ton 6 will change from a doublet to a singlet and
will appear at downfield. Similarly, the quartet at
7.5 ppm (proton at carbon 3) should appear as a
doublet with a new lower chemical-shift value
and its position will be dependent on the position
of the coupling (2 or 4). In the cases where both 2
and 4 sites are involved in oxidative coupling, the
resonance pattern for proton 3 will change from
quartet to singlet. Moreover, the oxidative cou-
pling either at 2 or 4 will also influence on the
pattern and position of the resonance for proton 3.
In this case, a doublet is expected for proton 3.
Additional peaks observed in the region of 7.5 and
8.5 ppm [Fig. 1(b)] therefore arise from the pro-
tons at positions 2, 3, and 4 as a result of oxidative
couplings at positions 2 and 4. In other words,
although the carbons at positions 3 and 6 are not
participating directly in the oxidative coupling,

their resonances in the 'H-NMR spectrum will
appear at different chemical-shift positions due to
the neighboring effect. The relative preferences of
these three coupling sites (2, 4, and 7) for oxida-
tive coupling is established by following the spec-
tral changes during the initial phase of the poly-
merization by in situ 'H-NMR spectroscopy.

In Situ NMR Spectroscopy

Figure 3 gives a few characteristic spectra re-
corded on the 200-MHz NMR instrument at dif-
ferent time intervals during the progress of the
reaction. The spectral assignment of these peaks
is shown in Figure 1(a). As the polymerization
progresses, the resonance peaks become broader,
their intensities vary with time, and a new peak
appears (peak labeled as n) as shown in Figure 3.
Additional new resonance peaks were also ob-
served at longer time intervals. The progress of
the reaction was monitored by following the
change in the integral of the individual peaks as a
function of time. The integrals of the peaks in all
the spectra were normalized with respect to the
HQS peaks in the monomer (at time = 0). The
integral of individual peaks is plotted as a func-
tion of time in Figure 4. The reaction progresses
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rapidly for the first 15-20 min, followed by minor
changes thereafter. The noise in the data points is
due to the error in the measurement and uncom-
pensated noise in the single-scan spectrum.®
From Figure 4, it is evident that the protons at
positions 2, 4, and 7 are involved in the polymer-
ization reaction. The experimental data suggests
that the chemical coupling at position 7 results in
the decrease of its peak intensity. This is associ-
ated with the change of peak 6 from a doublet to
a singlet, with a new chemical-shift value, which
is labeled as n in spectrum 3. Similarly, the oxi-
dative coupling at positions 2 and 4 result in the
change of chemical shift of protons 2, 3, and 4
(from 7.5 to 8.5 ppm). These changes along with
the chemical-shift change for proton 6 is labeled
as n in Figure 3. The total integral of this spectral
region is used as an indication of the new reso-
nances arising due to the reaction. Experimental
data suggest that positions 2, 4, and 7 are in-
volved in the oxidative coupling. Positions 3 and 6
are not the preferred sites for coupling.!! From
the extent of the decrease in their integrals, it is
concluded that positions 2 and 7 are more pre-
ferred in the oxidative free-radical coupling reac-
tion than is position 4 due to steric factors. Based
on the peak-area changes in Figure 4, the oxida-
tive couplings at various positions follow the or-
der 7= 2 > 4.

t=800sec

9.5 9.0 8.5 8.0 7.5 7.0
Chemical Shift (ppm)

Figure 3 'H-NMR spectra recorded during the poly-
merization of HQS at different time interval using a
200-MHz NMR instrument.
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Figure 4 The peak intensities plotted as a function of
time for the protons and the new peak (n) of HQS from
the in situ proton NMR spectra.

3C-NMR Data Analysis

The in situ TH-NMR spectrum provides informa-
tion about the sites involved in the oxidative cou-
pling. However, it does not provide any informa-
tion on the type of bonds present in the final
product. The oxidative free-radical coupling
mechanism can result in the formation of bonds
c—C, C—0—C, and C—0O—0—C (C denotes
the parent ring of HQS). *C-NMR spectroscopy
provides direct proof for the existence of these
classes of chemical bonds. '3*C-NMR, 125-MHz,
was used for the additional characterization of
this polymer.

13C.NMR and DEPT-90 spectra of the mono-
mer are given in Figure 5. The spectral assign-
ment of the monomer is indicated in the figure.
Figure 6 shows the *C-NMR and DEPT-90 spec-
trum of the polymer, poly(HQS). Compared with
the spectrum for the monomer, the polymer spec-
trum shows many additional resonance peaks.
Although accurate assignments of these addi-
tional peaks may not be possible due to the com-
plex nature of the final product, we broadly iden-
tify the type of carbons present in the polymer
and corresponding resonances with the help of
DEPT-90 and DEPT-135 experiments. *C-DEPT
is a commonly used technique for the identifica-
tion of protonated carbons (—CH,,, n = 1-3). In
a typical DEPT-90 spectrum, only the resonances
due to methine and methyl carbons are present.
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Figure 5 '3C-NMR and DEPT-90 spectra of the monomer in D,O recorded using a

500-MHz NMR instrument.

In the case of the DEPT-135 spectrum, methylene
carbon resonances appear as negative peaks,
while the resonances due to methyl and methine
carbons, as positive peaks.!® Figure 6 gives the
DEPT-90 spectrum of the polymer. Both the
DEPT-90 and DEPT-135 experiments yielded
identical spectra; there are no methylene carbons

DEPT-90 Experiment
—CH- type carbons

expected in the polymer. Comparing the regular
13C.NMR spectrum with the DEPT spectrum can
easily identify the presence of nonprotonated car-
bons in the polymer. Subtraction of a DEPT spec-
trum from the regular *C-NMR spectrum can
also provide a spectrum for quaternary carbons in
the polymer.
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Figure 6
using a 500-MHz NMR instrument.
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13C-NMR and DEPT-90 spectra of the polymerized HQS in D,O recorded
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Table I Type of Bonds and Their Expected
Resonances Based on the ACD/CNMR Spectral
Simulation

CA—CB/CA—O0—CB CA CB
C2—C2 157 157
C4—C4 146 146
C7—C7 116 116
C2—C4 158 138
C2—C7 154 123
C4—C7 142 122
C8—0—C2 157 158
C8—0—C4 158 160
C8—0—C7 1512 140
C8—0—0—C8 1547 154

2 The effect of negatively charged sulfonate groups on the
chemical shifts are not accounted for in these calculations.

The *C-NMR spectrum of the polymer in Fig-
ure 6 is complex. It is a difficult task to assign all
resonances. Our emphasis was to use NMR data
for predicting a general architecture of the poly-
mer system. To provide a generic model for the
mechanism, our approach is based on the follow-
ing steps: (i) identify resonances in the experi-
mental spectrum using spectral editing tech-
niques such as DEPT experiments, (ii) use a
semiempirical approach for NMR spectral calcu-
lations, and (iii) compare the calculated spectra
with the experimental data for the identification
of resonances for oxidative coupling carbons. Us-
ing ACD/CNMR Labs spectral simulation soft-
ware, we generated 3C-NMR spectra of the
monomer, dimer, and oligomers with possible
types of oxidative coupling bonds. The complexity
in the calculated spectrum increases with the in-
creasing number of repeat units in the polymer.

C—C Coupling

Six types of carbon—carbon couplings are possible
in the oxidative coupling as expected from the
proton NMR study. For example, the C7—C7 cou-
pling is expected to appear at ca. 117 ppm, while
the coupling C2—C7 will shift the resonance of C7
to 122 ppm and the resonance of C2 will appear at
ca. 155 ppm. Carbons involved in the couplings
and expected chemical shifts for participating car-
bons, based on calculated spectra, are listed in
Table 1.

C—O—C Coupling

C—O—=C couplings involve the C8 carbon and any
of the C2, C4, or C7 carbons. As presented in

Table I, the resonance positions of both carbons
will appear downfield and the chemical shifts are
dependent on the type of second carbon in the
coupled pair. For example, the sulfonate group at
the C5 position shifts the resonances of both C8
and C4 more downfield as compared to the cou-
pling at the C7 position. The chemical shifts of
some resonances involving C—O—C appear in
the 173-177-ppm region. Such a downfield shift
for these resonances may be attributed to the
effect of negatively charged sulfonic groups on the
neighboring carbon C6 participating in the oxida-
tive coupling with other carbons. The software
used for the chemical-shift calculation does not
take into account the ionic effect on the chemical
shifts.

Comparison of the *C-NMR spectrum with the
DEPT-90 spectrum of the polymer and the spec-
tral simulation suggests that there are additional
quaternary carbon resonances in the spectral re-
gion ca. 120 ppm. These may arise from the C7
carbons coupled to other carbons through C—C
coupling. Similarly, quaternary C2 carbon reso-
nances appear ca. 155 ppm and quaternary C4
carbon resonances are ca. 145 ppm. The presence
of C—O—C bonds in the polymer is evident from
Figure 6. The resonances at ca. 175 ppm are as-
signed to the C2 and C4 quaternary carbons par-
ticipating in the C—O—C-type couplings. The
resonances of C7 carbons are expected at ca. 140
ppm. This is the first spectroscopic evidence for
the presence of such bonds in enzyme-catalyzed
polymerization of phenols. Based on the present
understanding of the reaction and the spectra, we
arrive at the mechanism for the enzymatic poly-
merization of HQS. Scheme 1 gives the schematic
of the mechanism of resonance stabilization of the
free radical and the type of bonds present in the
final structure.

CONCLUSIONS

In conclusion, in situ proton NMR along with '3C-
NMR spectroscopy has enabled us to follow the
mechanism of enzyme-catalyzed polymerization of
HQS. The structural modifications during the poly-
merization reaction were observed by monitoring
the changes in proton resonance intensities. Based
on in situ NMR data, we were able to identify the
site preferences in the polymerization reaction. Ex-
perimental data suggest that the ortho and para
positions to the phenolic hydroxyl groups are the
preferred sites for the polymerization. In HQS, po-
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sitions 2, 4, and 7 are involved in the oxidative
free-radical coupling. The lower preference for posi-
tion 4 as compared to position 2 can be ascribed to
the steric hindrance posed by the sulfonate group.
The 13C-spectrum supports the existence of C—C as
well as of C—O—C bonds in the product. Work is in
progress to investigate the enzymatic polymeriza-
tion of another interesting monomer, aniline, by in
situ NMR spectroscopy.
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