
 

 

 University of Groningen

Electrochemical and enzymatic synthesis of oxidative drug metabolites for metabolism studies
Gül, Turan

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2017

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Gül, T. (2017). Electrochemical and enzymatic synthesis of oxidative drug metabolites for metabolism
studies: Exploring selectivity and yield. [Thesis fully internal (DIV), University of Groningen].
Rijksuniversiteit Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/850b31a7-dd5f-47db-bdde-88af32276ad2


  

1  

General introduction and scope of the thesis 
etabolism studies of drug molecules play a crucial role in drug discovery and development 

since the early detection of possibly toxic drug metabolites can save time and money [1,2]. 

Metabolites of drug candidates are identified and characterized during the pre-clinical phase 

by performing conventional in vivo and in vitro biotransformation studies [3-5]. During the metabolic 

biotransformation process, oxidation of a drug molecule is catalyzed by specific enzymes which can 

lead to activation or inactivation of the molecule [3,4,6]. Phase I metabolism includes primary oxidation 

reactions including heteroatom dealkylation/oxidation and aromatic hydroxylation reactions which are 

mainly catalyzed by the cytochrome P450 (CYP450) enzyme family and to a lesser extent by the flavin-

containing monooxygenase (FMO) enzyme family. Phase II metabolism covers conjugation reactions, 

such as glutathione conjugation, glucuronidation, acetylation, methylation and sulfation.  

The use of experimental models, such as whole animal models, liver microsomes and isolated 

enzymes provides information of drug metabolism in terms of CYP450 and FMO-mediated oxidation 

reactions [3,4]. In order to determine the toxicological characteristics of drug metabolites, mg amounts 

are required [4,7]. Unfortunately, in vivo and in vitro experimental models are often not sufficient for 

preparative scale synthesis. Organic synthesis methods are required to overcome this challenge. 

However, in most cases they require severe reaction conditions, hazardous chemicals and multiple 

reaction steps. In this respect, electrochemistry (EC) is an interesting alternative that may be suitable 

for cleaner and simpler preparative scale synthesis of drug metabolites. In addition, electrochemistry 

in combination with mass spectrometry (MS) is an emerging instrumental technique to study oxidative 

drug metabolism in detail: drug metabolites are synthesized and the on-line monitoring of drug 

metabolites is performed via mass spectrometry [4,8,9]. 

Various electrochemical methods, namely linear sweep, differential pulse and cyclic voltammetry 

have been employed to study oxidative drug metabolism. Synthesis of oxidative metabolites can be 

achieved in commercially available flow-through cells and three-electrode systems, so called batch cell 
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configurations (see Chapter 2). A significant advantage of EC-MS over conventional in vivo methods 

is that both stable and reactive metabolites can be detected in a very fast and accurate manner by 

coupling electrochemical cells online to a mass spectrometer [8,10]. In addition, liquid chromatography 

can be done in conjunction with EC and MS; on-line separation of oxidation products (e.g. isobaric 

oxidation products) via an EC-LC-MS set-up affords more information about metabolic reactions [8]. 

1.1. Aim of the research 

The aim of the research is to expand the toolbox of EC-mediated methods for the selective 

synthesis of Phase I oxidative metabolites of drug molecules in order to produce them in sufficient 

quantities for the further characterization and toxicity screens. Therefore, the focus was on the 

development of selective and efficient methods for electrochemical production of drug metabolites in 

an effort to broaden the range of CYP450 catalyzed reaction products that can be obtained. In addition, 

FMO-mediated oxidation reactions of soft nucleophile containing drug molecules in the focus of this 

project to extend the scope of the reactions of drug metabolism. 

1.2. Phase I drug metabolizing enzymes 

1.2.1. The Cytochrome P450 (CYP450) enzyme family 

The CYP family is a large and ubiquitous enzyme system which plays a key role in catalyzing many 

oxidation reactions in living organisms [11]. CYP450 enzymes have an active site consisting of a 

hydrophobic environment and a prosthetic heme group (i.e. a porphyrin ring with a central iron ion) 

[12,13]. Although the hydrophobic site of CYP450 interacts with the substrate, the active site of the 

CYP450 enzymes, the heme group, functions as a catalytic activator of molecular oxygen and transfers 

a single oxygen atom to a substrate. The catalytic cycle of CYP450 (Figure 1) [14,15] commences with 

the binding of a substrate to the hydrophobic active-site pocket where a water molecule is displaced 

resulting in a penta-coordinated FeIII-porphyrin complex (2). This complex is reduced by P450 

oxidoreductase protein (POR) by transferring an electron forming the corresponding FeII-porphyrin 

complex (3). Coordination of molecular oxygen with FeII-porphyrin results in a good electron acceptor 

called oxy-FeII-porphyrin (4) which is subsequently reduced by POR to a FeII-peroxo species (5). 

Protonation of this species forms a FeII-hydroperoxo species (6). Finally, after the second protonation 

of the oxygen, the O-O bond is split and a water molecule is released resulting in a high-valency FeIV-

oxo radical cation species (7) which is able to insert an oxygen atom into the substrate. Hence, a range 
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of oxidation reactions, namely aromatic/aliphatic hydroxylation, epoxidation, heteroatom oxidation, 

heteroatom dealkylation and dehydrogenation, take place in living organisms. 

 

 

Figure 1. A simplified representation of the catalytic cycle of CYP450, adapted from Shaik et al [15]. 

1.2.2. The Flavin-containing monooxygenase (FMO) enzyme family 

Besides CYP450 enzymes, flavin-containing monooxygenases are also known to be involved in 

Phase I metabolism by catalyzing oxidation of drugs containing soft nucleophiles such as amines and 

sulfides [16-18]. FMO enzymes show a similar activity profile as CYP450s, but FMOs employ a flavin 

adenine dinucleotide (FAD) prosthetic group to oxidize substrates. FMOs initially utilize NADPH to 

reduce the FAD cofactor to FADH2, which is subsequently oxidized by molecular oxygen to the 
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reactive 4a-hydroperoxyflavin. Finally, in the presence of a substrate a nucleophilic attack occurs in 

which an oxygen atom is transferred from the enzyme-bound hydroperoxide either to a carbon-carbon 

bond of a carbonylic substrate (known as the Baeyer-Villiger reaction) or to a heteroatom (N-, S- and 

P-oxidation) [16,18-23]. The catalytic cycle of FMO is shown in Figure 2. 

 

Figure 2. A simplified representation of the catalytic cycle of FMO, adapted from Krueger et al [18]. 

1.3. In vivo Phase I oxidation reactions 

1.3.1. Heteroatom dealkylation 

N-dealkylation, O-dealkylation and S-dealkylation are well studied reactions which are catalyzed 

by CYP450 enzymes. Two competing mechanisms, namely hydrogen atom transfer (HAT) and single 

electron transfer (SET) have been proposed for CYP450-catalyzed in vivo oxidative dealkylation 

reactions (Figure 3). In the HAT mechanism the hydrogen on the alpha-carbon adjacent to the 

heteroatom is directly abstracted while in the SET mechanism initially an electron is transferred from 

the N-atom to the high-valent FeIV oxo radical cation ([Fe=O]3+) resulting in an  aminium cation radical 

which subsequently releases a proton from the adjacent C-H bond. Both mechanisms generate an 

unstable 1,1-aminoalcohol intermediate which is further eliminated to form an aldehyde or ketone and 
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the N-dealkylated product [24]. Although there is debate about these mechanisms, the SET mechanism 

is widely accepted. On the other hand, the HAT mechanism is suggested for O-dealkylation reactions 

[25]. 

 

Figure 3. Hypothesized oxidative dealkylation mechanisms catalyzed by CYP450 via hydrogen atom 
transfer  (HAT) and single electron transfer (SET), adapted from Bhakta et al [24]. 

1.3.2. Heteroatom oxidation 

In vivo heteroatom oxidations have been assumed to be catalyzed by CYP enzymes for many 

years. However, after FMO enzymes were purified to homogeneity it was shown that these enzymes 

play a significant role in the oxidation of soft nucleophile-containing drugs (e.g. N- and S-oxidation) 

[20]. CYP and FMO enzymes follow a distinct mechanism for heteroatom oxidations. Unlike CYP 

enzymes, FMO enzymes cannot oxidize substrates without soft nucleophiles or catalyze heteroatom 

dealkylations.  

N-oxidation and S-oxidation proceed through the SET mechanism in which a hydroxyl group 

is initially inserted on the carbon adjacent to the heteroatom. N-oxidation reactions follow either a 

concerted oxygen atom transfer mechanism or a one electron transfer mechanism which forms an N-

O bond (Figure 4a). On the other hand, only the concerted oxygen atom transfer reaction is suggested 

for S-oxidation. [12,25]. S-oxidation reactions are catalyzed by FMO enzymes with stereochemical 

specificity resulting in sulfoxides with a high enantiomeric excess. Additionally, sulfoxides can be 

oxidized to sulfones by FMO enzymes (Figure 4b) [18].  
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Figure 4. Proposed heteroatom oxidation mechanisms; a) CYP catalyzed N-oxidation and b) FMO 
catalyzed S-oxidation, adapted from Meunier et al and Krueger et al, respectively [18,25]. 

1.3.3. Aliphatic/Aromatic hydroxylations 

CYP enzymes catalyze hydroxylation reactions in both aliphatic and aromatic systems. Insertion 

of an oxygen atom into aromatic systems is faster compared to saturated aliphatic hydrocarbons. 

Aliphatic hydrocarbons can be hydroxylated by two different mechanisms, namely the radical-in-cage 

mechanism (oxygen rebound) and oxygen insertion (concerted mechanism) (Figure 5). Hydroxylation 

of aromatic compounds can be explained according to the oxygen insertion mechanism, also known 

as the NIH (National Institutes of Health) mechanism, which proceeds via an arene oxide intermediate 

or a non-concerted oxygen addition mechanism (Figure 6) [25]. 
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Figure 5. CYP450 catalyzed oxygen insertion and radical-in-cage mechanisms proposed for 
hydroxylation of aliphatic hydrocarbons adapted from Meunier et al [25]. 

 

Figure 6. CYP450 catalyzed aromatic hydroxylation mechanisms: a) NIH (oxygen insertion) 
mechanism via arene oxide intermediate and b) non-concerted mechanism, adapted from Meunier et 
al [25]. The deuterium (D) atom is used to study the reaction mechanism and it indicates the shift to a 
different carbon atom.  

1.3.4. Dehydrogenation and Epoxidation 

In the dehydrogenation reactions, CYP450 acts as an oxidase-dehydrogenase converting 

molecular oxygen and hydrogen atoms from the drug substrate into water. The CYP450 catalyzed 

dehydrogenation reaction of acetaminophen is proposed to proceed through electron transfer and 

subsequent hydrogen abstraction (Figure 7) [26].  Epoxidation of olefins is successfully catalyzed by 

CYP450 enzymes following a concerted oxygen insertion mechanism with retention of 
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stereochemistry. On the other hand, during the epoxidation of some olefins, especially terminal olefins, 

side products are generated which show that epoxidation reactions do not always follow a fully 

concerted mechanism (Figure 8) [25]. 

 

Figure 7. CYP450 catalyzed dehydrogenation mechanism of acetaminophen which is proposed to  
proceed via electron transfer followed by hydrogen abstraction, adapted from Koymans et al [26]. 

 

Figure 8. Mechanism for epoxidation of terminal olefins showing N-alkylation of the porphyrin as 
potential side reaction, adapted from Meunier et al [25]. 

1.4. Electrochemical synthesis of drug metabolites  

Electrochemical synthesis is a versatile method which can produce many of the same products 

as CYP450-mediated oxidation reactions. For example, aromatic and benzylic hydroxylation, N-

dealkylation, N-oxidation, S-oxidation, O-dealkylation and dehydrogenation reactions can all be 

successfully performed by using direct and/or indirect EC oxidation methods [27].  

1.4.1. Direct electrochemistry 

Direct electrochemical oxidation is the most simple and well-known method to emulate CYP450 

catalyzed Phase I oxidation reactions. Direct EC reactions start with single electron transfer, and they 

are therefore analogous to CYP450 mediated SET reactions. In this respect, heteroatom (N, S and P) 
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dealkylation and oxidation and dehydrogenation reactions are proposed to be initiated by the SET 

mechanism. O-dealkylation and hydroxylation of unsubstituted aromatic rings cannot be imitated by 

direct electrochemistry. These reactions are catalyzed by CYP450 following a HAT mechanism, which 

is inaccessible to direct EC under aqueous conditions due to the high oxidation potentials required 

[28]. As discussed earlier, the SET mechanism starts with a one electron transfer from the heteroatom 

forming a radical cation intermediate which undergoes further reactions. For example, in case of N-

dealkylation, an iminium ion is eventually generated after a second electron transfer and deprotonation 

reaction (Figure 3).  

Although direct EC is a simple method to synthesize potential oxidative metabolites, it has some 

drawbacks. The reactions are initiated by one or more single electron transfers and they usually require 

high oxidation potentials which may exceed the oxidation potential of solvents, in particular of water. 

In this respect, the use of indirect electrochemical methods, such as electrochemical -generation of 

reactive oxygen species, can be a good alternative for the synthesis of other oxidative drug metabolites 

involving HAT-initiated reactions in vivo.  

1.4.2. Indirect electrochemistry 

The scope of electrochemical metabolite synthesis may be expanded by using indirect 

electrochemical methods involving electrochemically generated reactive oxygen species or 

electrochemically-assisted Fenton and Gif reactions [29]. Electrochemical reduction of molecular 

oxygen on a gold electrode generates highly reactive oxygen species, namely, superoxide anions, 

peroxide anions, perhydroxyl anions and hydrogen peroxide, in aprotic solvents [30-32]. In the 

presence of residual water or weak acids, superoxide anions are likely to form perhydroxyl radicals as 

shown in Figure 9 [30,33]. Highly reactive oxygen intermediates can be produced by using different 

electrode materials. For example, oxidation of water on boron-doped diamond (BDD), platinum and 

carbon electrodes can generate reactive hydroxyl radicals and molecular oxygen [34].  

Although perhydroxyl radicals (HO2
.) are very strong oxidizing species, which are able to abstract 

hydrogen from allylic positions in HAT reactions, they do not oxidize organic compounds because 

they are very susceptible to recombination and the formation of hydrogen peroxide (H2O2) [33,35]. 

Superoxide anions take part in proton transfer, one electron reduction and hydrogen transfer reactions 

[30]. Moreover, superoxide anions can reduce hydrogen peroxide to form highly reactive hydroxyl 

radicals (Haber-Weiss reaction shown in Figure 9) which promote HAT reactions [36,37]. 
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Figure 9. Electrochemically-generated reactive oxygen species, adapted from Sawyer et al [30]. 

Hydrogen peroxide can be activated homolytically in the presence of Fe2+ cations in solution to 

form freely diffusing radicals. This reaction is known as the Fenton reaction and it is possible to 

produce hydroxyl radicals in sufficient amounts for drug oxidation [38,39]. In a chemical Fenton 

reaction Fe2+ is regenerated by adding a reducing agent, such as ascorbic acid, while in the EC-Fenton 

reaction the reduction of Fe3+ to Fe2+ is achieved at the working electrode [40]. The metallic cation, its 

relative concentration, the dissolved gas and the pH can all affect the selectivity of the reactions [27]. 

 

Figure 10. Principle of the Fenton reaction. Regeneration of Fe2+ from Fe3+ is done by chemical 
reduction [27]. 

EC-Fenton-generated hydroxyl radicals are capable of reacting with aliphatic hydrocarbons, 

aromatic systems and double bonds by following the HAT mechanism and nucleophilic addition by 

the hydroxyl group. The EC-Fenton chemistry is able to produce a wide range of oxidation products 

as a result of aliphatic, aromatic and benzylic hydroxylation and heteroatom oxidation and dealkylation 

reactions [27,41]. 
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1.5. Scope of the Thesis  

This thesis focuses on the development of efficient and selective electrochemical synthesis 

methods that may be adapted for the mg-scale production of CYP450 catalyzed Phase I oxidative 

metabolites. In addition, Flavin dependent monooxygenase-catalyzed incubation reactions were 

performed to study the metabolism of xenobiotics. Characterization and identification of drug 

metabolites was performed using High-Performance Liquid Chromatography coupled to Tandem 

Mass Spectrometry.  

Chapter 2 provides an introduction to the current trends in Electrochemistry-Mass Spectrometry for 

drug metabolism studies. Specifically, the challenges and recent developments of electrochemical 

synthesis methods are discussed in terms of instrumental aspects, EC-reaction parameters and 

reaction-monitoring approaches, in order to produce drug metabolites selectively from parent drugs 

on a preparative scale (1–10 mg). 

Chapter 3 introduces the use of a multi-parametric optimization approach in an effort to increase the 

selectivity and yield of electrochemical drug metabolite synthesis. This approach provides information 

about inter-parameter correlations and interactions from a limited number of experiments. The Design 

of Experiment (DOE) technique was successfully applied to optimize electrochemical reaction 

parameters for the selective synthesis of the N-dealkylated metabolite of lidocaine.  

Chapter 4 presents a novel approach to synthesizing aromatic hydroxylation metabolites of lidocaine 

in the presence of trifluoroacetic acid (TFA) at a Pt-oxide electrode. A striking selectivity of aromatic 

hydroxylation over N-dealkylation metabolites of lidocaine was obtained by changing the solution pH 

from basic to acidic. Experiments are described that elucidate the mechanism of aromatic 

hydroxylation reaction in the presence of TFA at metal electrodes. 

Chapter 5 describes an alternative approach to studying the metabolism of xenobiotics by using flavin-

dependent monooxygenase (FMO) enzymes overexpressed in Escherichia coli. In order to provide 

alternative biocatalytic tools to generate FMO-derived drug metabolites, a collection of microbial FMO 

enzymes was screened for their ability to oxidize a set of xenobiotic compounds. For each tested 

xenobiotic compounds one or more FMO enzymes showed very good chemo-, regio- and 

stereoselectivity which was assessed by chiral HPLC-MS. 

Chapter 6 discusses the future perspectives of EC-MS in drug metabolism research. 
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