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Horseradish peroxidase (HRP) is a well-known and commercially available enzyme that has been used 5 

over the last years in a wide range of applications from which one can emphasize its leading role in 
organic synthesis with direct influence in the medical field. This review highlights the versatility of this 
enzyme, pointing out the work developed in biocatalysis research that provide new interesting products 
supported in green sustainable methodologies. Therefore, the goal is not to deeply explore the issues 
related to the mechanistic concepts of the reactions, but use some selected examples to show the broad 10 

range of compounds that can be obtained in reactions with HRP, evidencing its use mainly in organic 
synthesis. 

1. Introduction 

The classical chemical approach for the synthesis of a molecule 
involves the use of an initial specific compound and its 15 

transformation into new derivatives. Additionally, it is expected 
that the new compounds present improved biological activities or 
industrial applications. In the last decades, biotransformations 
have been developed as an alternative to this classical approach.1 
Indeed some authors compare these different approaches pointing 20 

out the disadvantages of the classical organic chemistry. 
However, in our opinion bio-based chemistry should not be seen 
as a competitor or a stopgap for non-enzymatic chemistry. In fact, 
biotransformations offers the inherent diversity of natural world 
as a great advantage being this approach complementary to the 25 

classical one in the demand for novel and biologically or 
industrial active molecules. Peroxidases (PODs) comprise a 
group of enzymes that catalyse a variety of oxidative 
transformations using hydrogen peroxide or other peroxides as 
oxidants. They have been successfully used in a large number of 30 

their potential applications, being horseradish peroxidase (HRP) 
one of the most studied.2 In this review, we will discuss how the 
use of HRP can contribute to the development of more efficient 
and environmentally friendly chemical transformations. It should 
be pointed out that due to the capability of HRP to catalyse 35 

several types of reactions there are thousands of research reports 
on this topic. Herein, as a logical consequence, this review article 
cannot give a comprehensive overview of all the cases reported 
on the literature. We will instead present the diversity of 
sustainable synthetic reactions and methodologies, describing the 40 

compounds used as substrates and/or the high value of products 
that can be obtained with HRP. The examples described 
thereafter highlight the versatility and benefit that can be 
successfully achieved if this special enzyme is employed in bio-
based synthetic organic transformations. HRP is able to perform a 45 

relatively vast set of reactions, although its efficiency varies in 
each type of reaction which consequently led to a different 
amount of publications concerning each field. Even though we 
will focus on polymerization and coupling reactions as well as 
hydroxylation and oxygen-transfer reactions, this enzyme is also 50 

able to perform N- and O-dealkylations which could be 
interesting considering that normally harsh conditions are used in 
this transformations.3,4 Oppositely, we can point out that the poor 
capability of HRP to catalyse epoxidation reactions led the 
researchers to develop mutants of the enzyme whose action is 55 

more satisfactory.3,5 

2. HRP: structure and stability 

Horseradish peroxidase is an oxidoreductase that had been 
extensively studied along the years and which has shown to be a 
useful tool in biotechnology. In fact, this enzyme has been used 60 

in a huge variety of applications in environmental6 (e.g. 
wastewater remediation) and biological fields7 (e.g. DNA 
sensors). Moreover, due to its high thermal resistance HRP is 
frequently used in food industry to control the thermal processing 
and food stability.8 Although the root of horseradish contains 65 

several peroxidase isoenzymes the knowledge about horseradish 
peroxidase comes mainly from studies with isoenzyme C, the 
most abundant one, and due to the production of its 
corresponding recombinant enzyme.3 Dates back to 1810 the first 
publication about a reaction catalysed by HRP, the oxidation of 70 

2,5-di(4-hydroxy-3-methoxyphenyl)-3,4-dimethylfuran.9 
Structurally, HRP isoenzyme C consists of 308 amino acid 
residues, 4 disulphide bridges between cysteine residues as well 
as a heme group [iron(III) protoporphyrin IX] and two calcium 
atoms.3 Moreover, this glycoprotein with 44 kDa has a 75 

carbohydrate content of nearly 18-22% and although there is a 
fraction of β-sheet composition, the structure of HRP is 
predominantly α-helical.3,10 Details of enzyme structure as well as 
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the somewhat complex catalytic mechanism of HRP action were 
well described in the literature.3,11 It can be highlight that the 
different catalytic intermediates can be distinguished from the 
native structure by UV-vis absorption spectra.12 Peroxidases 
reactions can be simply summarized in the following equation: 5 

 2 RH + H2O2 → 2 R˙ + 2 H2O (1) 

where RH represents a substrate susceptible to peroxidase actions 
and R˙ the free radical formed. The formation of radical species 
in reduction steps of HRP reactions may result in the formation of 
dimeric, trimeric or oligomeric structures that can act as 10 

substrates in subsequent steps. Although the aim of this review 
focus in the reactions performed at a laboratory scale, it can be 
pointed out that the scale-up of this kind of reactions is dependent 
of a substantial reduction in enzyme price per unit of products. 
Improvements in the procedures as the controlled release of 15 

oxidant to the enzyme (e.g. H2O2) to avoid its inactivation as well 
as the use of enzymatic technology to improve the stability and 
efficiency of the enzyme are essential for the use of HRP at an 
industrial level. 
HRP stability, or in a general perspective, enzymes stability is 20 

crucial for the application of biocatalysts in industrial domains. In 
fact, several studies have been made to evaluate HRP stability 
taking into account parameters as the solvent, the pH or the 
temperature since like any other chemical catalyst its 
performance depends on it.13 Despite being seen as unstable and 25 

delicate structures, enzymes can be resistant as any chemical 
catalyst if used in an appropriate way. It should be noted that the 
reaction conditions can differ dramatically from the cells 
conditions, since it may involve high temperatures, extreme pH 
values, high substrate and/or product, oxidant and organic solvent 30 

concentrations (Fig. 1). Enzymes can tolerate these conditions 
during minutes or hours, but when thinking in industrial 
applications and in continuous processes it is desirable that 
reaction conditions can be tolerated during larger periods of time. 
The use of mixtures water and organic solvents as medium to 35 

perform enzymatic reactions has received special attention.14 The 
partial or total replacement of water as reaction medium by an 
organic solvent enable that hydrophobic substrates can be 
converted more efficiently, that higher yields are obtained and 
that the thermodynamic equilibrium of hydrolytic reactions can 40 

be directed through the synthesis pathway.15 In enzymatic 
catalysis, the water has a primordial role since it allows the 
flexibility of the active site. However the organic solvent content 
may not significantly disturb the enzyme-substrate affinity 
whereby the water content is sufficient to the enzymatic process. 45 

However the enhance of organic solvent content in reaction 
medium can lead to enzyme(s) inactivation due to reversible 
modifications of protein structure, while prolonged incubations 
can lead to its irreversible inactivation.14 Santucci et al. referred 
that the activity of HRP in DMSO is quite similar to the observed 50 

in aqueous medium remaining its compact tertiary structure and 
substantial integrity of the microenvironment of its active site in a 
60% (v/v) DMSO solution.13a In higher percentages the organic 
solvent goes through the protein structure affecting the enzymatic 
stability and activity. In these conditions the cleavage of 55 

hydrogen bonds in the iron core occurs which lead to the 
unfolding of the protein and to the release of the prosthetic group 

from the protein matrix. In an interesting study concerning 
modification of HRP to increase its thermal and organic solvent 
tolerance Liu et al. verified that native HRP still remains 60% of 60 

activity in a solution with 50% (v/v) DMSO during 1 h and at 
room temperature.16 On the other hand, Azevedo et al. reported 
that at 50% (v/v) DMSO the activity of HRP is almost nil.14 The 
authors concluded that denaturation process is only observed 
when the concentration of DMSO is higher than 20% while a 65 

significant decrease occurs with higher percentages. Although the 
conditions used are not exactly the same (which influences the 
result) these somewhat contradictory results obtained with the 
same organic solvent (the best organic solvent for enzymatic 
reactions) elucidate that this is a primordial problem when 70 

dealing with enzymatic reactions. In fact, already in 1968 a study 
showed that the activity of HRP in various solvents, such as 
formic acid, methanol or glycerol was similar to its activity in 
water.17 
Temperature is also an important operation factor in enzymatic 75 

reactions, since it affects the viscosity of reactions medium, the 
interactions responsible for the structural integrity of the enzyme 
and the solubility of the substrate and/or the product of the 
reaction. The velocity of the reaction increases in general with 
increasing the temperature, but this also leads to the loss of 80 

interaction forces which result in loss of activity or even enzyme 
inactivation. The denaturation of proteins induced by temperature 
may cause aggregation phenomena at a temperature range of 30-
80 °C.18 Theoretically enzymes work better at physiological 
temperatures; however some of them have a better performance at 85 

high temperatures as the ones that come from thermophiles.19 The 
development of biocatalytic processes usually involves a prior 
investigation to determine the optimum operating temperature for 
enzymatic reaction(s). In a study concerning HRP 
immobilization, Temoçin et al. concluded that the activity of free 90 

enzyme has its maximum at pH 8 and a temperature of 45 °C.20 
Furthermore, the free enzyme lost about 72% of activity in 60 
days at pH 7 and 4 °C as well as its activity was reduced about 
40%, 60% and 65% if it was placed in solutions of 10% acetone, 
acetonitrile or methanol, respectively. The denaturation process 95 

seems to be associated with the dissociation of the heme group 
which may be dependent of the reaction pH and occur faster a pH 
values lower than 5. In fact, it was reported the complete 
separation of prosthetic group at pH 2.4 and 25 °C as well as the 
severe change of secondary structure of the enzyme at 74 °C 100 

(melting temperature which is also associated with heme group 
release.8,13d 
The stability of enzyme’s structure greatly depends on the 
molecular interactions (hydrogen bonds and electrostatic) that 
enable their mechanisms of action. Thus, enzymes performance is 105 

closely related to the reaction media pH due to the influence of 
this factor in the referred interactions. Furthermore, enzymes 
have many polar amino acids in the outer surface that can be 
protonated or deprotonated depending on the pH of the 
environment. In general, enzymes show their maximum of 110 

activity over a pH range of 5-9,19 near the physiological pH, 
although as in the case of temperature there are some exceptions 
that prefer extremes values of pH. In laboratory experiments, the 
pH of a reaction is usually maintained with the use of buffer 
solutions. These solutions can interfere with the velocity of the 115 
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reaction due to the interaction of buffer and enzyme molecules 
and influence the solubility of the substrates. The pH is an 
important factor to maintain the stability and the maximum 
activity of the enzyme and the problem arises when optimum pH 
values for both conditions differ, which hamper the 5 

implementation of the process.18 The buffer content in enzymatic 
reactions also affects the course of the reactions processes by 
changing enzymes properties. In fact, Haifeng et al. showed that 
HRP thermal stability was influenced by buffer content.13b The 
data obtained allow inferring that the presence of sodium 10 

phosphate accelerated the denaturation process of the enzyme and 
reduced its thermal stability. The literature shows that thermal 
and organic solvent tolerance may be increased by chemical 
modification of the enzyme (maleic, citraconic and phthalic 
anhydride) related to changes in HRP conformation.16,21 15 

 
Fig. 1. Representation of the enzymatic conditions adjustment 

A large number of reports discuss the role of H2O2 in enzymes 
activity and stability, namely peroxidases, as well as the 
consequences of its inappropriate use. In fact, the molecular 20 

mechanism concerning the inactivation of peroxidases by H2O2 is 
quite complex due to the diverse reactions that can occur.22 The 
exposure of HRP to a high concentration of H2O2 may lead to an 
irreversible suicide inactivation with the formation of a highly 
reactive radical that may instigate the destruction of the prosthetic 25 

group.22c,f In fact, it has been studied the ratio between the 
amount of enzyme and H2O2 to be used in enzymatic reactions to 
avoid the inactivation of HRP.13c,22e,23 However, the proportion 
determined in some reports as one which causes the total loss of 
activity is the same that allows the maintenance of activity at 30 

considerable levels in others. Since the use of H2O2 in substantial 
concentration leads to irreversible inactivation of peroxidases, it 
can be added continuously to the reaction to keep low its 
concentration. Moreover even the stability of the substrate or of 
the product(s) formed may be affected by H2O2 which evidence 35 

that its addition requires caution. The huge number of reports 
concerning enzyme catalysis reactions present in literature shows 
that many authors choose to use enzymes immobilized. Its 
characteristics and benefits to biocatalysis are the subject of 
several reviews.24 In fact, immobilization of enzymes can be 40 

quite beneficial since under operational conditions some enzymes 
are unstable and can lose catalytic activity as well as solve the 
problem of recovery the enzyme at the end of the process, which 
is important taking into account its industrial application. Besides 
enzyme stability the immobilization process can even improve 45 

the activity as well as the selectivity of enzymes.25 Some recent 

reports clearly show that immobilization of the enzyme can be a 
valuable strategy when dealing with HRP catalysed reactions. 
However, immobilization step may also lead to loss of enzyme 
activity.26 In fact, the immobilization of enzymes may be related 50 

with processes of adsorption, ionic binding or covalent 
attachment to a carrier as well as cross-linking of enzymes 
molecules or entrapment into gels, polymers or reversed micelles. 
The diversity of linkages is well demonstrated by the diversity of 
examples present in the literature.26b Recent examples that cover 55 

HRP reactions show that the immobilization process may be 
beneficial.27 The problem of suicide inactivation of HRP (and 
generally peroxidases) has led to the use of site-directed 
mutagenesis as well as directed evolution techniques in order to 
modify the enzyme and circumvent this problem.23b,28 Besides 60 

this problem these approaches are helpful to improve catalytic 
activity, change substrate specificity as well as stereoselectivity 
which seems to make them more and more necessary in 
biotransformation processes being this already cover elsewhere.29 
Other strategy to avoid the suicide inactivation of HRP by H2O2 65 

is the immobilization of multi-enzyme systems that allows in situ 
production of hydrogen peroxide although some undesirable by-
products may be formed.30 

3. Enzymatic polymerization 

Nowadays, the production of new materials depends greatly on 70 

the synthesis of polymers and one of the primordial utilization of 
enzymes is in the synthesis of polymers as highlighted by several 
excellent reviews.31 In fact, the enzymatic polymer synthesis 
offers interesting advantages over conventional methods as mild 
reaction conditions, without the use of toxic reagents (e.g. 75 

formaldehyde), could enable the synthesis of new polymeric 
materials that are not possible to obtain with those traditional 
methods.32 It should be noted that over the years a huge amount 
of research concerning polymerization reactions using HRP as 
catalyst has been made and published. However, particularly 80 

interest has been given to phenol which is the most important 
phenolic compound in industrial fields.33 Moreover, the 
enzymatic polymerization of phenol derivatives with peroxidases 
is known to be chemoselective when more than two reactive 
groups are present in the phenol derivative.34 More than twenty 85 

five years ago, Dordick and co-workers reported the HRP 
catalysed polymerization of phenols in non-aqueous media.35 
This enzyme polymerizes some phenols in mixtures of water with 
organic solvents, such as 1,4-dioxane, acetone and DMF. Some 
polymers were prepared on a gram scale having high melting 90 

points and average molecular weights from 400 to 26000 Da 
depending on the reaction conditions and the phenol derivative 
used. In fact, during the 1990s various studies were carried out 
using substituted phenols 1 as monomers and HRP as catalyst 
(Table 1) in aqueous/organic media or reverse micellar solutions, 95 

which demonstrates that this enzyme can efficiently produce 
polymeric structures.36,37 
 
 
 100 
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Table 1. Phenol derivatives used as monomers in polymerization reactions by HRP during the 1990s. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

R1 R2 R3 Phenol Derivative Reference 

H H CH3 p-methylphenol 10d, 11c, 11d 

H H C2H5 p-ethylphenol 11c, 11e-g 

H H C3H7 p-n-propylphenol 11c 

H H C3H7 p-i-propylphenol 11c 

H H C4H9 p-n-butylphenol 11c  

H H C4H9 p-s-butylphenol 11c  

H H C4H9 p-t-butylphenol 11c 

H H C5H11 p-n-pentylphenol 11c  

H H C6H13 p-n-hexylphenol 11c 

H H C7H15 p-n-heptylphenol 11c 

H H C6H5 p-phenylphenol 10d 

H H OC6H5 p-phenoxyphenol 10d 

R1 R2 R3 Phenol Derivative Reference 

H H H phenol 10 

H CH3 CH3 3,4-dimethylphenol 10d 

     

CH3 H H 2-methylphenol 10d, 11d 

OH H H 2-hydroxyphenol 10d, 11b 

CH2OH H H 2-(hydroxymethyl)phenol 10d 

OCH3 H H 2-methoxyphenol 10d 

     

H CH3 H 3-methylphenol 10d, 11a, 11d 

HH OCH3CH3 HH 3-methoxyphenol 10d, 11a10d, 

HH C6H5OCH3 HH 3-phenylphenol 10d, 11a10d, 

HH OC6H5OC6H5 HH 3-(3-phenoxyphenoxy)phenol 10d10d, 11a 

HH C2H5OC6H5O

C6H5 

HH 3-ethylphenol;3-(3-

phenoxyphenoxy)phenol 

11a10d 

HH ClC2H5 HH 3-chlorophenol;3-ethylphenol 11a11a 

HH BrCl HH 3-bromophenol;3-chlorophenol 11a
11a 

H Br H 3-bromophenol 11a
 

 
Shortly thereafter, Ikeda and co-workers reported the 
polymerization of fluorine-containing phenols by HRP in a 
buffered mixture of water-organic solvent. This accomplishment 5 

was very important since fluoropolymers coatings are extensively 
used in industrial fields (e.g. TeflonTM).38 Three monomers (Fig. 
2) that have low oxidative reactivity were successfully 
polymerized besides reaction conditions such as organic solvent 
or buffer pH used were particularly investigated with 2,6-10 

difluorophenol (2). The obtained polymer showed good water 
repellent property and mainly comprise 2,6-difluoro-1,4-
oxyphenylene units, although when 3- or 4-fluorophenol 
monomers 3,4 were used the polymer exhibited a mixture of 
phenylene and oxyphenylene units. 15 

 
Fig. 2. Fluorine-containing phenols polymerized by HRP. 

The kinetics of the phenol polymerization process was also 
studied, using high-pressure liquid chromatography (HPLC), and 
it was verified that the reaction rate was higher when para- and 20 

meta-substituted phenols were used as substrates.39 There are 
important reaction conditions such as hydrogen peroxide (H2O2), 
the principal oxidant used in HRP reactions, temperature or 
buffer/organic solvent content that should be well-thought-out 

when planning an enzyme-catalysed polymerization.40 In fact, all 25 

these parameters greatly influence enzyme activity and 
consequently polymerization process. Traditionally 
polymerizations occur with harsh conditions to which enzymes 
do not resist, so the amount of H2O2 used is very important taking 
into account that its excess may inhibit the enzyme41 as well as 30 

higher reaction temperatures decreases the polymer yield.40a One 
may conclude from the reported works that moderated 
temperatures and sequential addition of small amounts of H2O2 

will lead to enhanced polymer yield. 
One of the main concerns in green chemistry is to reduce waste 35 

generation that can be achieved and reducing and/or eliminating 
the use of organic solvents. The main idea is to develop 
environmental benign processes which do not deal with organic 
solvents; however phenols polymerization hardly proceeds in 
buffer medium.36a,42 The most standard solvent conditions are 40 

mixtures of organic solvents with buffer solutions. The 
researchers usually try to enhance the water content and one 
interesting example is the HRP catalysed polymerization of p-
tert-butylphenol where the water content used point towards a 
modification of the polymeric structure.43 In the last decade, 45 

efforts have been made to develop methodologies that avoid 
organic solvents but although their claimed efficiency their 
applicability in industry has not been proved yet.  
Zhang and co-workers studied the phenol polymerization by HRP 
in an aqueous micelle system using sodium dodecyl benzene 50 

sulfonate (SDBS) as surfactant.32 The addition of the surfactant 
greatly enhances the polymer yield and it could be obtained 
almost quantitatively. Furthermore high yields were maintained 

OH

R1

R2

R3

1

Phenol

derivatives
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over a wide pH range (from 4 to 10) and the aqueous micelle 
system allowed that polymerization occurred in only 2 hours. The 
polymer exhibits limited solubility and high thermal stability. 
More recently these authors reported that sodium dodecyl sulfate 
(SDS) was more effective compared with SDBS.33 In fact, when 5 

polymerization was performed in phosphate buffer (pH = 7.0) the 
final conversion was less than 6%, while the addition of 0.15 g of 
SDS enhance it to higher than 90% which was higher than the 
observed in the previous study with the same amount of SDBS 
(less than 50%). The polymeric structure obtained is partly 10 

soluble in solvents as acetone, THF or DMF, being the polymer 
composed of a mixture of phenylene and oxyphenylene units in 
both cases. 
Template polymerization where monomers units are organized by 
interactions with a template macromolecule is receiving special 15 

attention. Kim and co-workers performed the enzymatic 
polymerization of phenol in water, which proceeded 
regioselectively in the presence of poly(ethylene glycol) (PEG). 
High yields were achieved and the polymer precipitate as a 
complex with PEG.44 The results indicate that the presence of the 20 

PEG template improved the regioselectivity of the reaction since 
the phenylene unit content is higher than 90%. A great 
accomplishment of this work was that poly(m-phenylene) was 
obtained without the use of any organic solvent. In fact, polymers 
can be produced effectively from phenol and phenol derivatives 25 

using mixtures of organic solvents and buffer, but the 
polymerization in water is more difficult and the yields are low, 
so the above mentioned results proved to be a good improvement. 
The same authors also used poly(ethylene glycol) monododecyl 
ether (PEGMDE) as template in the polymerization of phenol by 30 

HRP in water. In this case the presence of this widely used non-
ionic polymer surfactant also greatly improved the 
regioselectivity of the reaction since the phenylene unit content 
was close to 90%.45 Moreover PEG-poly(propylene glycol) 
(PPG)-PEG triblock copolymers (known as Pluronic) were also 35 

used in phenol polymerization and its addition prevented the 
polymer precipitation that can occur and avoid the polymer 
growing.46 This additive allowed a homogeneous polymerization 
yielding polymers with molecular weight higher than 106 Da 
instead of polymers with molecular weight of several thousand 40 

Da normally obtained in enzymatic polymerization of phenol. 
Furthermore, using Pluronic with high PEG content the 
regioselectivity obtained was improved leading to a polymer 
mainly containing phenylene units. 
The above mentioned examples elucidate that the enzymatic 45 

polymerization produce polymers with a prevailing phenylene-
structure, probably because they show high affinity to aqueous 
environments due to the free standings OH groups. 
Peng and co-workers, knowing that carbon nanotubes (CNTs) are 
reported as a good support for enzymes immobilization and an 50 

outstanding material for polymer composites,47 used CNTs as 
templates in the regioselective synthesis of phenolic polymers.48 
Their work allowed the synthesis of a polymer with nearly 90% 
of highly thermally stable oxyphenylene units, being this material 
the first example of an oxyphenylene structure-prevailing 55 

polymer produced enzymatically in water. Apparently the amount 
of CNTs used influence the polymer yield and regioselectivity. 
Cyclodextrin derivatives (CD) are a series of cyclic 

oligosaccharides consisting of six (α), seven (β) or more D-
glucose units connected by α(1    4) linkages. These structures 60 

were also successfully used as additives in HRP catalysed phenol 
derivatives polymerization. One of the advantages on the use of 
CDs is the accommodation of water-insoluble molecules inside 
their hydrophobic cavity which improves the solubility of such 
molecules. Thus, the use of organic solvents becomes 65 

unnecessary. Phenol itself was polymerized in a buffer solution in 
the presence of a catalytic amount of 2,6-di-O-methyl-α-
cyclodextrin, producing a soluble polyphenol that contain a small 
amount of α-CD derivative.49 The same methodology, but with 
2,6-di-O-methyl-β-cyclodextrin, was also efficient in the 70 

polymerization of m-substituted phenols in buffer with HRP.50 
Although, in this case, a slight excess of β-CD relatively to the 
monomers was required for its solubilisation in the buffer, the β-
CD derivative can be completely removed in the end of the 
reaction. CD derivatives were also used in the polymerization of 75 

other type of phenolic derivatives with HRP. From the several 
examples that can be found we single out the polymerization, in 
water, of hydrophobic bifunctional phenols such as N-(4-
hydroxyphenyl)maleimide, 4’-hydroxymethacrylanilide and N-
methacryloyl-11-aminoundecanoyl-4-hydroxyanilide-4-80 

hydroxyphenylmaleimide,51 coniferyl alcohol, leading to 
dehydrogenative polymer with 8-O-4’-richer linkages,52 and in 
the oligomerization of ethyl 1-[(4-hydroxyphenyl) 
aminocarbonyl)]-2-vinylcyclopropane carboxylate, a para-
functionalized phenol derivative.53 85 

The recent interests in ionic liquids, which are viewed as an 
environmental friendly solvent alternative to the organic ones, 
stimulate researchers to use them in polymerization reactions 
with HRP. In fact, they may improve the solubility of phenolic 
monomers and provide a stable environment for the enzyme 90 

(among other promising characteristics).54 However there still is 
some controversy about its efficiency. For instance, Sgalla and 
co-workers pointed out that polymeric structures were not 
obtained when water insoluble phenolic substrates such as 1-
naphthol, 4-phenylphenol and 2,5-di-tert-butylphenol were used 95 

in HRP reaction in 1-butyl-3-methylimidazolium 
tetrafluoroborate [BMIM][BF4]/water mixtures.55 Instead 
hydroxylated compounds and/or dimeric structures were 
obtained, and the authors justify the absence of polymeric 
structures as a consequence of the ionic liquid presence. Recently 100 

Zaragoza-Gasca and co-workers reported the use of 
[BMIM][BF4] to perform the polymerization of phenols in a 
mixture of ionic liquid and buffer.56 They obtained polymeric 
structures with molecular weights of 7000 kDa in 100% yield. 
Moreover, they also used the same ionic liquid for the synthesis 105 

of a photoconductive material, the poly(4-fluoro-2-
methoxyphenol), showing that HRP enzymatic catalysis can 
produce polymeric structures useful for photoelectronic 
applications.57 
A great advantage of enzymatic polymerization versus 110 

conventional methods is the high selectivity that can be achieved. 
From our literature survey several remarkable examples can be 
underlining mainly because when the used phenol derivatives 
present more than one polymerizable group the HRP can select 
one. The structural diversity obtained in this way is outstanding 115 

and new classes of highly reactive polymeric structures with a 
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polymerizable group in the side chain can be obtained. For 
example, in the polymerization of 4-hydroxyphenethyl 
methacrylate (5) catalysed by HRP the phenolic moiety was 
chemoselectively polymerized, whereas with 2-phenylethyl 
methacrylate (6) the vinyl polymerization is favoured (Scheme 5 

1).58 

Groups such as carboxylic or formyl can also be present in the 
phenol moiety and left untouched for further transformations in 
the polymer. For instance, in a mixture of methanol/phosphate 
buffer p-hydroxycinnamic acid (7) was successfully polymerized 10 

with HRP giving a polymer with carboxylic free groups and with 
highest yield was achieved using 60% methanol (Scheme 2).59 

 
Scheme 1. Chemoselective polymerization catalysed by HRP. 

 15 

Scheme 2. Chemoselective polymerization of p-hydroxycinnamic acid (7). 

Although the formyl group is very susceptible to be oxidised, 
polyhydroxybenzaldehydes could be polymerized in good yields 
by HRP.60 Interestingly with monohydroxybenzaldehydes as 
monomers the reaction does not occur, being the enhanced 20 

electron density of the aromatic rings due to more hydroxyl 
substitutions the trigger for the reaction. The aldehyde side 
groups in the polymer chains remain and no further oxidised to 
carboxylic acids. Nevertheless in some cases a previous 
protection was necessary. One of such examples is the 25 

copolymerization of p-hydroxybenzaldehyde (8) (HBA) and p-
phenolsulfonate (9) with HRP/H2O2 system, being the formyl 
group protected via acetalization (Scheme 3).61 After the 
polymerization reaction, the final step is the formyl deprotection 

via acetal hydrolysis. The poly(p-hydroxybenzaldehyde-co-p-30 

phenolsulfonate) obtained is a very interesting structure bearing a 
large conjugated system with active formyl and hydroxyl groups 
suggesting that can be used as agent for tanning leather. 

The m-ethynylphenol (10) polymerization, studied by Tonami 
and co-workers, is another extraordinary example of HRP 35 

selectivity.34b Let is look carefully to the reported results (Scheme 
4). m-Ethynylphenol (10) possess two reactive sites, the acetylene 
and the phenol moieties, and in addition to HRP catalysed 
reaction a conventional copper/amine catalyst was tested. The 
phenolic moiety was polymerized with HRP while the ethynyl 40 

group remains unaffected in the side chain. On the other hand, the 
conventional catalyst produced a diacetylene derivative via 
dimerization by ethynyl group so the authors demonstrated that 
the enzyme induced chemoselective polymerization. 

 45 

Scheme 3. The formation of poly(p-hydroxybenzaldehyde-co-p-

phenolsulfonate) by HRP with previous formyl group protection. 

 
Scheme 4. Polymerization of m-ethynylphenol (10) by HRP as opposed to 

dimerization by conventional catalyst. 50 

It is true that phenol and phenol derivatives have been clearly the 
most studied substrates regarding enzymatic polymerization by 
HRP over the years. However, other types of compounds have 
been tested as monomers to obtain polymeric structures in an 
environmental benign way with HRP and aniline have also 55 

received particular attention. Interestingly, the different behaviour 
of these two types of substrates, phenols and anilines, during 
HRP reaction has already been the subject of investigation.62 In 
fact, the synthesis of polyaniline is really attractive due to its 
wide range of electrical, electrochemical and optical properties 60 

allied with their good stability. However, even though that the 
aniline and aniline derivatives polymerization is important and 
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interesting its discussion must be covered elsewhere. Therefore 
we could not skip examples of polymerizations of phenols 
bearing amino groups. An example is the work of Reihmann and 
Ritter where the commercially available and electron rich 4-
aminophenol (11) was used as monomer to build an up redox 5 

active phenol polymeric structure using HRP as catalyst.63 The 
reaction of HRP/H2O2 with unprotected 4-aminophenol (11) led 
mainly to the formation of 1,4-benzoquinone-monoimine 12 
whereas the reaction with the protected monomer made possible 
the formation of phenol polymers (Scheme 5). The authors used 10 

4-nitrobenzaldeyde in the protection step being formed 4-(4-
nitrobenzylideneamino)phenol (13) and the corresponding acid in 
the posterior deprotection final step. Another interesting result 
that was useful to understand the polymerization process was also 
reported. If the reaction is ended up with catalase at an early 15 

stage, dimers of 4-(4-nitrobenzylidenoamino)phenol (14) were 
obtained and the existence of mainly 2,2’-dihydroxybiphenyl 
derivatives suggested that the polymer structure was composed 
by 1,3-phenylene linkages. Moreover, it was showed that mainly 
dimers are formed in the beginning of the polymerization process, 20 

which then undergoes radical transfer and recombination 
processes. 

 
Scheme 5. Pathways of transformation of 4-aminophenol (11) via 

protection/deprotection of monomer.  25 

A research area that has received particular attention is the 
synthesis in confined volumes at a micro scale. In this field, 
microcapsules obtained in layer-by-layer assemblies of oppositely 
charged polyelectrolytes, proteins and nanoparticles allow the 
creation of thin multilayer films with nanometer thickness and 30 

enable mimicking processes that occur in living organelles. Ghan 
and co-workers performed polymer synthesis within layer-by-
layer polyelectrolyte microcapsules with HRP based on selective 
permeability of the capsule walls.64 In fact, they are penetrable 
for monomers but HRP and polymeric chains cannot leave 35 

capsules interior due to the high molecular weight. Fluorescent 
and easily detectable polymeric products were obtained being 4-

(2-aminoethyl)phenol (15) (tyramine) hydrochloride used as 
monomer (Scheme 6). Thus, the possibility of synthesize 
functional materials, such as luminescent polymers, in the 40 

microcapsule becomes attractive. In these cases, the template-
soluble cores used influence the capsule diameter which could be 
in the range of 100 nm to tens of microns. 
Recently, it was reported the use of HRP/H2O2 to synthesize graft 
copolymers of degraded starch 16 with p-hydroxybenzoic acid65 45 

(17) or with resorcinol66 (18) (Scheme 7). The obtained polymers 
showed excellent tanning properties, constituting an 
environmentally profitable process to leather tannage synthesis 
and a replacement for toxic chrome and aldehyde tannage. 

 50 

Scheme 6. Formation of fluorescent polymeric structure by HRP reaction 

within microcapsule. 

 
Scheme 7. Graft copolymers of degraded starch 16 with p-

hydroxybenzoic acid (17) and with resorcinol (18). 55 

More than four decades ago the HRP effect on the 
transformations of polyphenolic compounds was investigated, 
mainly to understand its role in biosynthesis.67 As far as we are 
aware one of the first examples of polymerizations studies started 
with chalcone derivatives but was not completely successful.68 60 

From the several derivatives used, including a complex 
aminochalcone/2,6-dimethyl-β-cyclodextrin, the polymerization 
reaction occurred with only two aminochalcones and proceeds 
slowly in both cases. The resulting products had molecular 
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weights in the range of 3000-3600 Da after four days of reaction. 
A few years later more interesting results were reported and some 
insights arose from that work.69 The authors found that the 
polymerization of some isoflavonoids and their precursors in 
aqueous media with the catalytic system HRP/H2O2 did not occur 5 

due to the weak solubility of the monomers. In fact, only daidzein 
derivatives with a 4’-hydroxyl group were successfully 
polymerized (Scheme 8). However if a methoxy or a nitro group 
or a hydrogen atom was present instead at this position the 
reaction did not occur. Daidzein (19), 5,6,4’-trihydroxyisoflavone 10 

(20), quercetin (23), rutin (24) and catechin (25) were 
polymerized through radical polyrecombination being obtained 
polymeric structures with molecular weight of 4000-12000 Da. It 
is interesting the fact that the polymerization reaction occurs 

through the electron-rich ring B (Scheme 8). The 5,6,4’-15 

trihydroxyisoflavone (20) is a good antioxidant due to the 
presence of a catechol moiety in ring A that makes it very 
reactive towards free radicals. The yield of its polymerisation was 
low (30%), however, it is an interesting achievement the 
formation, by bio-catalysis, of a polymer composed by monomers 20 

sensitive to radicals. Low-molecular-weight products could also 
be obtained during the reaction since primary free radicals might 
recombine to oligomers or produce oxidation products. Factors as 
the low concentration of the substrate or reduced enzyme activity 
could lead to the oxidation of the free radicals due to the reduced 25 

probability of recombination. The pathway selected, 
polyrecombination or oxidation, is then defined by the competing 
kinetics of the processes. 

 
Scheme 8. Polymerization of phenolic compounds by HRP. 30 

Quercetin (23) was used as a monomer in polymerization studies 
with HRP by other authors that were able to polymerize this 
compound in water/ethanol mixtures and obtain, via mild 
conditions, a soluble polymer (Scheme 9).70 The content of 
flavonoids and other polyphenols in food tend to decline owing 35 

thermal processing, as boiling or frying, but the authors claimed 
that the polymeric structures obtained are thermally stables. 
Therefore they can be used as potent antioxidants in the highly 
regulated food industry even because starting materials, the 
solvents and catalyst used are biocompatible. FTIR analysis 40 

showed that polyquercetin is highly hygroscopic and that a 
significant amount (75%) remains after polymer heating at 600ºC. 
This fact must be due to the formation of new catechol-catechol 
bonds in the polymer’s backbone. Contrary to some other 
polyphenolic compounds synthesized, rotation of the bond C2-45 

C1’, after polymerization, breaks the conjugation of the quercetin 
and the polymer does not contain considerable amounts of 
conjugated quercetin moieties. Although the authors propose the 
structure of the polymer presented in Scheme 9, they believed 
that it is very complex requiring further purification and 50 

characterization. They also reported that the enzyme 

immobilization would be a good process improvement in view of 
large scale production of processable phenolic resins based on 
natural monomers. 

 55 

Scheme 9. Polymerization of quercetin by HRP. 

4. Enzymatic coupling 
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Back to the 1980s and 1990s HRP was used in coupling reactions 
and several interesting compounds were produced. Moreover 
some of them showed important biological activities. We 
envisioned focusing our analysis on recent examples that 
illustrate the use of HRP and its green advantages in coupling 5 

reactions. However the studies on the oxidative coupling using 
this enzyme remounts to 1970s when Gochman and Schmitz 
reported the coupling of 3-methyl-2-benzothiazolone (MBTH) 
and N,N-dimethylaniline to form a water-soluble, stable and 
intensely coloured indamine dye 26 (Fig. 3).71 The enzymatic 10 

coupling reaction involving HRP was particularly studied in the 
last two decades of the last century and the reports in the begin of 
the 21st indicates a nonstop interest. Select examples from the 
huge amount of interesting work found in literature is a hard job 

and the choices herein presented were mainly done taking into 15 

account that they involve phenolic compounds and allowed the 
synthesis of exquisite compounds that can stimulate researchers 
to transformations involving biocatalysis. 

From the earliest examples one can highlight the HRP/H2O2 
catalytic system used in the synthesis of guaiacol dimeric 27 and 20 

trimeric 28 anti-microbial structures,72 new spiro diastereomers 
29,30 obtained in the dimerization of (E)-methylsinapate73 and 
also its coupling with 1-(4-hydroxy-3,5-dimethoxyphenyl)ethanol 
obtaining a cyclohexadienone spiro compound 31 as main 
product.74 Another example is the catharanthine and vidoline 25 

coupling75 to form α-3’,4’-anhydrovinblastine 32 (Fig. 3), an 
important precursor of known anticancer drugs.75a 
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Fig. 3. Examples of structures involved in coupling reactions. 

Quite interesting results were found when the HRP/H2O2 system 30 

catalysed reaction with chlorophenols.76 When 2,4- or 2,6-
dichlorophenols were tested, dimeric structures were generated 
being followed by its subsequent oxidation to quinone 
derivatives.76a,b Furthermore it was found a pH-dependency 
related to the reaction rate. However, the dimeric structures were 35 

not always obtained as proved by the reaction with 2,4,6-
trichlorophenol.76c In fact, the substitution of a chlorine atom with 
an oxygen atom occurred and the respective p-quinone derivative 
was formed instead. 
Some success has been achieved with coupling reactions of 40 

cinnamic acid derivatives catalysed by HRP. One example is the 
use of chiral ferulic acid amides.77 The coupling reaction of 
ferulic acid amides with ethyl S-alaninate group as chiral 
auxiliary in dioxane-aqueous buffer pH 3 allowed the synthesis of 
a diastereomeric mixture of phenylcoumaran-type structures (β-5 45 

dimer) in 70% yield. Even more important the chromatographic 
separation and hydrolysis showed the achievement of a 

significant enantiomeric excess (ee 65%) being this the first 
example where stereocontrol was observed in enzymatic coupling 
reactions of phenylpropenoidic phenols.77b Later on cross-50 

coupling reactions of equimolecular mixtures of ferulic and 
sinapic acids amides, with a R-methyl benzyl amine group as 
chiral auxiliary, gave diastereomeric excess of the new 
dihydrobenzofuran bis(R-methylbenzylamide) (33). However, β-5 
benzofuran 34 from dimerization of ferulic methyl benzyl amide 55 

and β-β-aryltetralin 35 from the dimerization of sinapic methyl 
benzyl amide were also detectable products (Fig. 4).77a The 
observed regioselectivity have not been elucidated yet which is 
still a challenge for researchers. 

In the same report, the synthesis of new dihydrobenzofuran 60 

lignans with a phenylcoumaran skeleton via cross-coupling 
reaction of methyl esters of substituted hydroxycinnamic acids 
(Fig. 5) was also reported. The authors recall the possibility that 
these new unnatural heterodimers may offer better bioactivity 
than the natural analogues. In addition, this kind of study is 65 

Page 10 of 21RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

10  | Journal Name, [2014], [16], 00–00 This journal is © The Royal Society of Chemistry [year] 

biologically important to understand the preponderance of cross-
coupling reactions in lignification process being the oxidation 

potential and the radical reactivity important factors regarding 
this field.78 

 5 

Fig. 4. Products of the cross-coupling reactions of ferulic and sinapic acids methyl benzyl amides.  

 
Fig. 5. New dihydrobenzofuran lignans obtained from the cross-coupling reactions of methyl ester of substituted hydroxycinnamic acids.

Other examples of fruitful coupling reactions using ferulic acid 
derivatives can be found. For instance Oppolzer’s camphor 10 

sultam and Evan’s 2-oxazolidinone derivatives of ferulic acid 
were used in coupling reactions and dimeric benzofuran 
neolignan structures were enantioselectively obtained.79 In 
another report, HRP-induced coupling reactions of equimolecular 
mixtures of substituted hydroxycinnamic acid suberin precursors 15 

(ferulic-, caffeic-, coumaric- and sinapic acid) showed that only 
two mixtures were found to undergo cross-coupling reactions.80 
In fact, caffeic acid reacted with ferulic and also with sinapic acid 
leading to heterodimers. On the other hand, with the other 
mixtures, one of the substrates dimerize preferentially being 20 

obtained products that predominantly had β-β’-γ-lactone and β-5 
benzofuran molecular frameworks. Recently HRP allowed the 
aryl-aryl coupling in a key step of the first total synthesis of the 
naturally occurring (5-5’)/(8’-O-4’’)-dehydrotrimer of ferulic 
acid.81 25 

In another fascinating field of application HRP showed the ability 
to catalyse the generation of the in situ gellable sugar beet pectin 
(SBP) due to the coupling of feruloyl groups 39 and being the 
SBP aqueous solutions gelled within one min of reaction 
(Scheme 10).82 An interesting fact is that this mixture was 30 

successfully gelled subcutaneously in the presence of the enzyme 
and H2O2. Furthermore, and vital to biomedical fields induced 
necrosis was not noticed in the surrounding tissue after one week 
of application. 
The kinetics and rheology of this reaction was also studied 35 

recently.83 In fact, current reports elucidate that HRP/H2O2 

system can be very helpful in medicine,84 as a recent review 
shows that several hydrogels used for tissue engineering were 
obtained exclusively when enzymes were used.85 

 40 

Scheme 10. Formation of in situ gellable sugar beet pectin (SBP). 

Spectrofluorimetry and differential spectrophotometry were used 
by Tang and co-workers to study the HRP/H2O2 catalysed 
oxidation of tyrosine (Tyr) (40) in water and alcohol (methanol, 
ethanol, 1-propanol and isopropanol)-water mixtures (Scheme 45 

11).86 They observed that the fluorescence intensity of the 
product weakened in the alcohol-water mixture compared with 
the reaction performed only in water. In fact, when a small 
amount of alcohol was added the enzyme activity was probably 
enhanced and probably had a sensitization effect on the 50 

fluorescence of Tyr dimer, but a greater quantity of alcohol 
reduced the fluorescence intensity. The authors suggested that 
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probably the yield of Tyr dimer decreased and non-fluorescent 
polymeric structures were formed, suggesting that the addition of 
alcohols must change the HRP conformation leading to 
polymerization, although the quenching of the Tyr dimer by the 
alcohols was also pointed out as hypothesis. 5 

O OH

H2N

OH OH OH

H2N NH2

O OH HO O

2 H2O2 2 H2OHRP

40  
Scheme 11. HRP/H2O2 oxidation of tyrosine (Tyr). 

Moreover it was reported that HRP-mediated the linkage of 
tyrosine-containing peptide Gly-Tyr-Gly (GYG) with 3-(4-
hydroxyphenyl)propionate saccharides (Scheme 12).87  10 

Previously, the functional phenolic moiety was connected to 
oligossacharides and glycosidic polyols, so several di- and 
trisaccharides were hydroxyarylated. The authors used the 
representation shown in Scheme 12 to illustrate the linkage of 
hydroxyarylated saccharose 41 to the tripeptide GYG 42, drawing 15 

attention to the fact that there are various possibilities for the 
position of the link. The successfully enzymatic linking between 
the tyrosine-containing peptide and the saccharose mono-ester is 
regarded as a model for enzymatic protein glycation and seen as 
an opportunity for the development of products with new 20 

functional characteristics. The same aforementioned peptide 
GYG was cross-linked to ferulic acid.88 The major product was 
formed through the dehydrogenative linkage of two ferulic acid 
molecules to a single peptide, but also to peptide oligomers, 
ranging from dimers to pentamers. Furthermore, it was also 25 

observed that mono- and dimers of the peptide were linked to 
only one molecule of ferulic acid. However, in another report the 
same authors showed that quite different cross-linked products 
could be formed with the same start materials.89 Thus, they 
believed that factors such as substrate concentration greatly 30 

influence the course of the reaction. Anyway, this hetero-
coupling explain the protein-carbohydrate complexes present in 
plant cell walls, as well as the incorporation of ferulic acid and 
other hydroxycinnamic acid derivatives into lignin and suberin 
tissues. We will not extend on what concerns the use of HRP in 35 

protein cross-linking and protein-protein heteroconjugation. 
However, it should be noted that new structures with different 
functions due to the combinations of divergent protein properties 
could be achieved. These novel conjugates may have a huge 
diversity of interesting applications.90 Regarding polysaccharides 40 

structures several reports describe the use of HRP in the study of 
cross-linking reactions involving namely arabinoxylans from 
wheat flour and wheat bran, pentosans, corn-bras hemicellulose 
or beet pectin extracts.91 Another type of saccharide, the 4’-
hydroxyphenyl-β-D-glucoside (arbutin, Arb) (43) was coupled by 45 

HRP with 2,5-dihydroxybenzoic acid sodium salt (gentisate, GA) 
(44) and a new product with a novel aglycone structure was 
obtained (Scheme 13).92 The coupling reaction is followed by 
spontaneous intramolecular esterification between the phenolic 
hydroxyl group of Arb 43 and the carboxyl group of GA 44. The 50 

obtained product showed higher antioxidation activity and 
competitive inhibition against mushroom tyrosinase than Arb, but 
lower inhibition against melanoma tyrosinase. This kind of 
reaction profile provides efficient and specific modification of 
aglycone structures of phenolic glycosides without the need of 55 

protection and deprotection steps beyond that can be used to 
produce new building blocks for cosmetics and pharmaceuticals. 

 

Scheme 12. Coupling of hydroxyarylated saccharose 41 to the tripeptide 
GYG 42 by HRP. 60 

 
Scheme 13. Coupling of 4’-hydroxyphenyl-β-D-glucoside (arbutin, Arb) 
(43) with 2,5-dihydroxybenzoic acid sodium salt (gentisate, GA) (44). 

Resveratrol (trans-3,5,4’-trihydroxystilbene) (45) is an abundant 
phytochemical occurring in the grape skin that has emerged great 65 

interest and already generated a wide amount of scientific reports 
due to its in vitro and in vivo antioxidant capabilities. In the mid-
1990s, trans-resveratrol (45) was identified as one of the possible 
factors responsible for the French Paradox concept.93 Naturally 
its biotransformation using HRP and hydrogen peroxide was 70 

studied and trans-δ-viniferin (46), a resveratrol-trans-
dehydrodimer. was obtained as the major product (Scheme 14).94 
Other studies can be found where this important polyphenolic 
compound was used as HRP substrate and, for instance, its 
dimeric structure (+)-ε-viniferin was also tested.95 Also the 75 
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formation of (+)-davidiol A was achieved when HRP promote the 
oxidative dimerization of trans-resveratrol (45) and trans-ε-

viniferin.96 

 
Scheme 14. trans-δ-Viniferin 46 formation by HRP catalysed biotransformation of trans-resveratrol (45).5 

Recently, a fascinating report described the synthesis of several 
resveratrol dimers from natural resveratrol using HRP.97 
Interestingly, the pH adjustment allowed three different catalytic 
pathways. Therefore, trans-δ-viniferin (46) was obtained 
selectively in high yield under basic conditions, in neutral pH 10 

also leachianol F (47) and G (48), while apart from these pallidol 
(49) and cis-δ-viniferin (50) were produced in acidic conditions 
(Fig. 6). In addition, three resveratrol analogues (4-
hydroxylstilbene, 3-hydroxystilbene and 3,5-dihydroxystilbene) 
were tested to identify the reaction mechanism and the authors 15 

found that only with the 4-hydroxylstilbene the dimerization 
reaction occurred. This fact supports the hypothesis that the one 
electron oxidation process takes place in the phenol ring of 
resveratrol. 
An yellow pigment with important biological activity and 20 

composed mainly by hispidin (51) and its dimers were produced 
by medicinal fungi (Phellinus linteus and Inonotus xeranticus). 
Lee and Yun tried to realize the biosynthesis details of dimeric 
hispidins, 3,14’-bihispidinyl, hypholomine B and 1,1-
distyrylpyrylethan using HRP knowing that the process should 25 

involve oxidative coupling by ligninolytic enzymes, namely 
laccases and peroxidases.98 In this first study on HRP-mediated 
dimerization of hispidin, it was only obtained the dimer 3,14’-
bihispidinyl (52) (Scheme 15). The oxidative coupling at the C-3 
and C-14’ positions must prevail in the process of dimerization 30 

by HRP as well as additional catalysts or substrates would be 
present to allow the synthesis of the other hispidin dimeric 
structures. 

 
Fig. 6. Structures of several resveratrol dimers synthesized by using HRP. 35 

Page 13 of 21 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [2014], [16], 00–00  |  13 

 

Scheme 15. Formation of 3,14’-bihispidinyl (52) by HRP catalysed 

biotransformation of hispidin (51). 

Under optimal conditions 2-naphthol derivatives 53 can be 5 

enantioselectively oxidised to 1,1’-binaphthyl-2,2’-diol type 
compounds 54 by HRP and 5% H2O2 at 20ºC (Scheme 16).99 The 
results obtained with HRP were comparable with those obtained 
with the existing classical methods, as for instance, 
intermolecular Ullman coupling100 or nucleophilic aromatic 10 

substitution,101 in terms of yield and enantiomeric excess (ee). 
Contrary to the latter study, Schreier and co-workers reported the 
dimerization of 2-naphthol (53a) although in small yield (35%) 
and ee (less than 5%) (Scheme 16). Thus, they denominate HRP 
as an effective but unselective catalyst.102 15 

 
Scheme 16. Biotransformation of 2-naphthol derivatives 53 by HRP. 

Another example of HRP oxidative coupling with this type of 
compounds involves 1-naphthol (55) and 2-hydrazono-4-
thiazolines (56) to synthesize p-naphthoquinone-thiazol-2-on-20 

azines 57 (Scheme 17).103 Taking into account the higher water 
solubility achieved, the thiazoline-related compounds were used 
in its hydrochloride form and the yields achieved were very good. 
Hydroxyanthraquinones 58 and hydroxyanthracenones 59 were 

tested as HRP substrates and 3,3’-bializarin (60a) and the new 25 

compound 3,3’-bipurpurin (60b) were obtained respectively from 
alizarin and purpurin anthraquinones (Scheme 18).104 Although 
quinizarin (58d) seems to be a poor substrate for HRP (10% 
oxidative coupling), 2,2’-biquinizarin (60c) can be obtained in 
good yield (80%) when quinizarin-anthracenone (59b) is used as 30 

substrate. In fact, it seems that both anthracenones and 
anthraquinones could be used as intermediates to synthesize 
bisanthraquinones and taking into account the results achieved 
peroxidase may play a role in the biogenesis of 
bisanthraquinones. 35 

 

Scheme 17. HRP catalysed coupling of 1-naphthol (55) and 2-hydrazono-
4-thiazolines 56. 

 
Scheme 18. Substrates and products involved in hydroxyanthraquinones 40 

58 and hydroxyanthracenones 59 biotransformation by HRP. 
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5. Enzymatic hydroxylation 

Several important pharmaceutical agents are hydroxylated 
aromatic compounds, and their syntheses usually requires tedious 
procedures, involving protecting and deprotecting steps or 
catalytic systems involving toxic metals frequently accompanied 5 

by the generation of large quantities of hazardous substances. To 
drive toward environmentally benign synthesis, the hydroxylation 
of aromatics by using HRP as catalyst seems to be an attractive 
alternative. The first studies belong to Mason and Buhler who 
used this enzyme to hydroxylate aromatic compounds by 10 

molecular oxygen in the presence of dihydroxyfumaric acid 
(DHF) as cofactor.105 Years later Halliwell and Ahluwalia 
investigated the conversion of p-coumaric acid into caffeic acid 
in the presence of dihydroxyfumarate, stating that the latter 
cannot be replaced by ascorbate, H2O2, NADH, cysteine or 15 

sulfite.106 Furthermore, Mn2+ or Cu2+ completely inhibited the 
reaction even in low concentrations, probably due to the ability of 
these transition metal ions to react with the superoxide radical. 
The authors also concluded that this radical is generated during 
the oxidation of dihydroxyfumarate by HRP, reacting with H2O2 20 

to produce hydroxyl radicals that convert p-coumaric acid to 
caffeic acid. 
Nearly thirty years ago Klibanov, Dordick and co-workers 
demonstrated the potential of HRP to hydroxylate aromatic 
compounds. From their work can be underlined the synthesis of 25 

hydroquinone and catechol from phenol,107 L-3,4-
dihydroxyphenylalanine (L-DOPA) from L-tyrosine, D-(-)-3,4-
dihydroxyphenylglycine from D-(-)-p-hydroxyphenylglycine and 
L-epinephrine (adrenaline) from L-(-)-phenylephrine.108 
In the 1990s several other hydroxylation studies of phenol using 30 

HRP were reported. In fact, in the presence of DHF and oxygen, 
besides catechol and hydroquinone also hydroxyquinol was 
obtained.109 This reaction was exhaustively studied regarding 
namely thermodynamic and kinetic analysis.110 In fact, an 
important conclusion related with the catalytic function of HRP 35 

was reported. The results indicated that the production of OH˙ 
radicals that further react with phenol was independent of the 
pure catalytic cycle of the enzyme. Thus HRP must provide a 
source of DHF˙ radicals required for the reaction but it has no 
influence in the last step, the phenol hydroxylation. The 40 

thermodynamic and experimental data showed that HRP cannot 
be used to catalyse hydroxylation reactions instead of cytochrome 
P450 as suggested by some authors. 
In this century, more complicated substrates were used in HRP 
reactions, such as violacein (61) (Fig. 7), the main pigment 45 

produced by Chromobacterium violaceum.111 The reaction result 
was very interesting since two simultaneous transformations 
occurred. In fact, it was observed the hydroxylation at the indole 
group and an unexpected ring contraction in the pyrrole group, 
giving compound 62 (Fig. 7). Furthermore, the formed compound 50 

seems to be less cytotoxic than violacein (61) which may 
unfortunately indicate a decrease in its antitumor activity. 
Recently, Krishna and co-workers developed a 
spectrophotometric assay for the quantification of peroxidase 
based hydroxylation of 4-amino-5-hydroxynapthlene-2,7-55 

disulfonic acid monosodium salt (AHNDSA) (63) by HRP/H2O2 
and posterior formation of quinone (Scheme 19).112 Despite this 
work represent just an example of HRP hydroxylation it allowed 

the development of a rapid and convenient method for peroxidase 
activity determination in plant extracts with comparable values of 60 

catalytic efficiencies of the well-known guaiacol method. Useful 
in this case is the stable chromogenic product obtained with 
intense yellow colour and high molar extinction coefficient.  

 
Fig. 7. Violacein 61 and the product formed by its biotransformation with 65 

HRP. 
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Scheme 19. Hydroxylation of 4-amino-5-hydroxynapthlene-2,7-disulfonic 

acid monosodium salt (AHNDSA) (63) by HRP/H2O2. 

Although the examples presented herein show that HRP may be 70 

used to some extent in hydroxylation reactions, this enzyme 
clearly was not the preferential to catalyse this kind of reaction 
even in the group of peroxidases.113 Regarding this fact, the 
catalytic cycle and conformational structure themselves seem to 
be the principal barriers to HRP action. In fact, this enzyme 75 

undoubtedly prefers the sequential one-electron transfer processes 
instead of two-electron transfer reactions where ferryl oxygen is 
transferred to the substrates.3,114 Furthermore, in conformational 
terms there is a hindrance to direct oxygen transfer since the 
access to the reactive oxoferryl species is obstructed by bulky 80 

amino acids in the distal pocket of the enzyme (e.g. His42) being 
the active site sterically restricted to substrates.3,113-115 To 
overcome these problems some groups have tried to apply genetic 
engineering methodologies, namely site-directed mutagenesis, in 
order to improve the ability to transfer oxygen. The application of 85 

this technique allows the substitution of some amino acid 
residues and the achievement of several mutants. In this context, 
some of them should ideally have cytochrome P450 like 
properties. Nonetheless their hydroxylation capability is 
limited.4ab,116 

90 

6. Enzymatic nitration and sulfoxidation  

The synthesis of nitro compounds is useful taking into 
consideration that a nitro group can be an excellent scaffold to 
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obtain other derivatives. The classic nitration of phenols usually 
involves the use of nitric acid diluted in water or acetic acid, 
which are harmful to the environment. Thereby, as well as other 
hemoproteins, HRP has been used as a green catalyst that is able 
to oxidize NO2

- in the presence of H2O2 to nitrate aromatic 5 

compounds. Dai and co-workers studied a biocatalytic nitration 
of phenol (64a) and m-cresol (64b) in the presence of hydrogen 
peroxide and sodium nitrite under mild conditions (room 
temperature at pH 7.0).117 In the case of phenol (64a), 4-
nitrophenol (65a) (14%) and 2-nitrophenol (66a) (12%) were the 10 

main products obtained. Some minor by-products like 
hydroquinone and catechol were also obtained. In respect to m-
cresol (64b), the products obtained were 4-nitro-3-methylphenol 
(65b) (19%) and 2-nitro-5-methylphenol (66b) (30%), showing 
that nitration by HRP occurs at the same positions in phenol type 15 

structures (Scheme 20).117 

 
Scheme 20. Nitration reactions performed by HRP/H2O2/NaNO2 system 

with phenol (64a) and m-cresol (64b) as substrates. 

Similar approaches have been applied for the nitration of 4’-20 

hydroxy-3’-methylacetophenone (67)118 and 4-hydroxycinnamic 
acid.119 The authors reported that nitration was directed to the 
ortho-position of the hydroxyl group, being obtained 4’-hydroxy-
3’-methyl-5’-nitroacetophenone (68) and 4-hydroxy-3-
nitrocinnamic acid, respectively. However, in the case of 4’-25 

hydroxy-3’-methylacetophenone (67) it was also obtained the 2-
methyl-4-nitrophenol (69) (Scheme 21); this para-nitration only 
occurred because a simultaneously elimination of the acetyl 
group took place.118 

 30 

Scheme 21. Nitration of 4’-hydroxy-3’-methylacetophenone (67) by the 

HRP/H2O2/NaNO2 system. 

Besides the use of simple phenol derivatives more complex 
substrates were also used, from which the use of natural 
compounds can be highlighted. For instance, the enzymatic 35 

nitration of tryptophan derivatives 70 (Fig. 8) by the system 
HRP/NO2

-/H2O2 proved to be dependent on the nitrite 
concentration and also selective to positions 4-, 6-, 7- and N- of 
the indole ring.120 In fact, the study of the nitration of amino acid 
derivatives is quite important. HRP was also used to oxidize 40 

nitrite in the presence of hydrogen peroxide to allow the nitration 
of both free tyrosine and tyrosine residues in proteins, the most 
typical target of nitrating species.121 

 
Fig. 8. Tryptophan derivatives used as substrates in HRP catalysed 45 

nitration reactions. 

Another interesting example involves the nitration of one of the 
principal naturally occurring estrogens, the 17β-estradiol. Since 
geno- and cytotoxic mechanisms in oxidative stress-based 
diseases may be due to nitration reactions targeted to cellular 50 

constituents, studying a HRP/H2O2/NO2
- system to 17β-estradiol 

nitration could give chemical information about the mechanism 
of impairment of estrogen functions under oxidative/nitrosative 
conditions. Pezzella and co-workers studied the 17β-estradiol 
nitration with such system and obtained 2-nitroestradiol (71), 4-55 

nitroestradiol (72) and 2,4-dinitroestradiol (73) when an excess of 
nitrite was used (Fig. 9).122 The nitration seems to be 
regioselective for C-4 position under slow generation of nitrating 
species and that estradiol is at least as susceptible to nitration as 
tyrosine, the nitratable biological target par excellence. 60 

 
Fig. 9. Structures obtained in the 17β-estradiol nitration by the 

HRP/H2O2/NO2
-
 system. 

The same group also studied the pathways of dopamine (74) 
oxidation using HRP as catalyst among other reagent systems 65 

tested.123 They firstly found that the neurotoxin 6-
hydroxydopamine (75) was formed by HRP/H2O2 system.123b 
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However, the presence of nitrite ions (NO2
-) beyond H2O2 led 

also to the formation of 6-nitrodopamine (76) due to the reaction 
of dopamine (74) with NO-derived species (Fig 10).123a 
Additional control experiments revealed that any dopamine 
product of nitration reaction was detectable with various NO2

- 5 

concentrations when neither HRP nor H2O2 were present. The 
authors also gave special attention to pH in order to avoid that it 
dropped below 7.4 and consequent nitration of dopamine occurs 
by the presence of HNO2 in acidic medium. Taking into account 
the two possible products formed it was found that with fixed 10 

amounts of H2O2 the formation of the nitro derivative increase 
when concentration of NO2

- increase whereas the formation of 6-
hydroxydopamine (75) decreases. The system D-glucose/glucose 
oxidase was used to promote a low and constant flux of H2O2 in 

situ generated. Other experiences suggested that reactive nitrogen 15 

radicals are not involved in 6-nitrodopamine (76) formation being 
the nucleophilic attack of NO2

- to dopamine quinone the main 
reason for the reaction, whereas diverse H2O2-dependent 
pathways seems to be involved in 6-hydroxydopamine (75) 
formation. Biological experiences were done to get some useful 20 

information for the study of oxidative stress- and nitric oxide-
induced neurotoxicity related to neurodegenerative disorders. 

 
Fig. 10. Products 75, 76 obtained in nitration reaction of dopamine (74). 

Additionally we found in the literature other class of compounds 25 

used as substrate in a nitration reaction in the presence of HRP. 
Although they are not phenolic compounds, the obtained result is 
an unexpected chain rearrangement of linoleic acid metabolite, 
when exposed to nitrating agents that can elucidate physiological 
important pathways of lipid modification. At mild conditions (pH 30 

7.4 and room temperature) and in the presence of 
HRP/H2O2/NO2

- system, the (13S,9Z,11E)-13-hydroxyoctadeca-
9,11-dienoic acid (77) was transformed in two diastereomeric 
products, methyl (12S)-10,11-epoxy-12-hydroxy-9-
nitromethylheptadecanoates 78,79 (Scheme 22).124 

35 

Besides the above mentioned nitration reactions, HRP can 
catalyse several asymmetric processes leading to the formation of 
valuable products as sulfoxides being many of them chiral. 
Kumar and co-workers claimed that theoretically HRP should be 
as reactive as cytochrome P450 in sulfoxidation reactions, 40 

although HRP acts mainly as an electron sink and not as an 
oxygen-transfer. Compared with P450 enzymes, HRP reactivity 
is normally slow, due predominantly to conformational 
restrictions namely the smaller substrate-binding pocket in HRP 
whereby this result proved quite interesting.125 Although there are 45 

several studies concerning asymmetric sulfoxidation by HRP 
there is no agreement on the best experimental method regarding 
the yield and the ee of the formed sulfoxide. Some conditions as 
concentrations of the sulfide and enzyme, pH or the way how 
H2O2 is added to the reaction may significantly change the 50 

results. Since the early 1990s a series of papers concerning 
sulfoxidations developed mainly by the research groups of 
Colonna and Ozaki highlight that HRP showed some lack of 

selectivity (Scheme 23).5c,126,127 A simple modification on the 
HRP structure, as the replacement of phenylalanine in the native 55 

structure by a leucine, seems to enhance the selectivity towards 
sulfoxidation reactions.5c,127 

 
Scheme 22. Nitration reaction of (13S,9Z,11E)-13-hydroxyoctadeca-9,11-

dienoic acid (77) by the HRP/H2O2/NO2
-
 system. 60 

Tuynman and co-workers studied the asymmetric sulfoxidation of 
thioanisole with HRP as catalyst and found that the process 
depend strongly on the experimental conditions. In fact, 
thioanisole could be completely converted to the corresponding 
sulfoxide (100% yield and 60% ee) (S)-sulfoxide using a slow 65 

continuous influx of H2O2 for 48 hours. This approach for H2O2 
addition allowed the achievement of high ee values but was also 
necessary to prevent the accumulation of H2O2 and the formation 
of catalytically inactive species.128 In order to avoid that HRP 
becomes readily inactive under harsh conditions as organic 70 

solvent and high oxidant and sulfide concentrations, Ferrer and 
co-workers studied the encapsulation of HRP in a sol-gel matrix 
to obtain a heterogeneous catalyst.129 They used the 
enantioselective sulfoxidation of thioanisole as the model 
reaction to investigate the oxygen-transfer catalytic property of 75 

this system, being acetonitrile chosen among other solvents since 
it good for enzyme protection. Although free HRP showed the 
ability to perform the reaction, the total turnover number (i.e. 

mmol product/mmol catalyst) increased up to six-fold with the 
encapsulated system. Furthermore, the sulfoxide selectivity and 80 

the ee also increased greatly upon encapsulation, being possible 
to recycle the heterogeneous catalyst by simple filtration in 
successive runs. Also Xie and co-workers reported an increased 
stereoselectivity for the model sulfide substrate thioanisole when 
the enzyme is co-lyophilized in the presence of lypoprotectants or 85 

ligands.130 
HRP was also used to catalyse the sulfoxidation of promethazine, 
being the reaction studied as a function of pH as well as 
promethazine and H2O2 concentration.131 The authors found that 
oxygen is required, superoxide dismutase has no effect on the 90 

sulfoxidation of promethazine, but ascorbic acid and glutathione 
inhibited the reaction. The sulfoxide derivatives that are part of 
some of the main metabolites of a few drugs, usually lose their 
activity after sulfoxidation. Interestingly, it seems that this 
reaction does not affect significantly the neuroleptic effect of the 95 

original compound suggesting that it could takes place in vivo 
forming the same active species for the aforementioned biological 
effect. 
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Scheme 23. Substrates used in sulfoxidations reactions with HRP as catalyst. 

HRP has also the ability to catalyse thiosulfinations, which means 
that it can stereoselectively catalyse the monooxidation of organic 
disulfides to thiosulfinates. Dzyuba and Klibanov showed that 5 

HRP could catalyse the mentioned reaction and exhibit 
specificity.132 In fact, the thiosulfination of 1,2-dithiane was 
much faster and more stereoselective than that of di-tert-butyl 
disulfide when the reaction took place under buffer conditions. 
The lower solubility of di-tert-butyl disulfide in aqueous media 10 

could explain that result. When the process was performed in 
methanol the rate of products formation increases due probably to 
the greater solubility of the disulfide substrates in the organic 
media, although there is a pronounced drop in stereoselectivity. 

Conclusions 15 

Green chemistry principles have challenged the synthetic organic 
chemists to develop new synthetic routes with low waste methods 
and consequently improve the environmental performance of 
many syntheses. Among these are the development of 
biocatalytic processes from where the use of HRP is certainly one 20 

of the most fruitfully examples. As illustrated herein HRP greatly 
increase flexibility in synthetic design. It is an alternative for the 
efficient synthesis of several types of polymers as well as in the 
synthesis of pharmaceutical agents. For instance the stereo- and 

regioselective introduction of functional groups such as hydroxyl 25 

is tremendously important in the synthesis of drug molecules. 
Further uses in academic labs and future large scale applications 
will expand its use and consequently new green chemical 
synthesis will be developed. 
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