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AROMATIC COMPOUNDS AND EPOXIDE FORMATION   

1.1 Benzene and naphthalene  

The presence of aromatic structural elements is extensive in existing drugs and they are also 

frequently found in current drug candidates and test compounds. The use of benzene in particular 

is questionable, especially from a toxicological perspective, as will be outlined here (cf. Claesson 

& Minidis 2018, Claesson & Spjuth 2013). 

Benzene itself is a well-known carcinogenic and toxic chemical. It is metabolized by CYP 

enzymes to benzene oxide which serves as the reactive intermediate. This type of metabolism was 

studied by JW Daly, DM Jerina, B Witkop, and others at NIH starting a pioneering work in the 

1960s (Daly & Jerina, review in Science 1974; see also Guengerich, ABB 2003). Benzene oxide 

itself could not be isolated at that time but was later identified in blood (half-life ~8 min at 37 °C) 

by another scientific group (Carc97). Instead, the NIH research group managed to isolate certain 

halo-substituted benzene oxides and to study their reactions. In comparison with benzene, many 

di- and polycyclic hydrocarbons are more readily metabolized to give oxides which are also 

significantly more stable; the genotoxic (TL2019) naphthalene’s conversion to the 1,2-oxide has 

been studied in some detail by isolation and further conversions (van Bladeren et al. 1984). 

Electron-rich heterocycles such as furans and pyrroles are also easily converted to reactive 

epoxides by CYP enzymes but these epoxides can often undergo unique rearrangements/ 

decompositions not available for benzene oxides, thus differentiating themselves from the latter 

(see separate chapter on five-membered heterocycles, MiC_5mHet). Other heterocycles may 

represent attractive bioisosteric replacements for all-carbon aromatics because of their different 

sensitivity towards oxidation; see RSC 2020  review. 

 

The ensuing conversions of typical arene oxides are summarized in Scheme 1.  

 

 

 

 

 

 

 

 

 

 

Scheme 1. Transformations of a benzene oxide. 

 

It should be noted that the elimination reaction from the 6-alkylthia-cyclohexa-2,4-dienol (1) is 
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https://pubs.acs.org/doi/10.1021/acs.chemrestox.8b00046
http://www.ingentaconnect.com/content/ben/mrmc/2013/00000013/00000005/art00009
http://dx.doi.org/10.1126/science.185.4151.573
http://dx.doi.org/10.1016/S0003-9861(02)00415-0
https://academic.oup.com/carcin/article/18/8/1637/2365323
https://www.sciencedirect.com/science/article/pii/S0378427418317119
http://www.jbc.org/content/259/14/8966.abstract?sid=1927f7ce-d9ee-4db1-96e6-68e2d36be56f
MiC_5mHet.pdf
https://doi.org/10.1039/C9MD00396G
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elimination of water, not of GSH. The isolated intermediate 1 has been shown to only give rise to 

a thioether 2 (CRT05). 

Benzene itself is not easily attacked by the CYP enzymes but electron-donating substituents 

increase the reactivity. When incorporated in drug structures the rate of oxidation on the benzene 

part is heavily dependent on its exposure relative to the rest of the structure (as is true for most 

enzyme-catalyzed reactions, which are sensitive to steric and electronic factors).  

A major question in the current context of hazards of reactive intermediates from drugs is:  

in which type of intermediate from arenes do the dangers stem from? Is it usually the epoxide 

itself which reacts with macromolecules or is it possibly a conversion product of this? A very 

common route for an initial oxidation on an aromatic structure is to end up in various quinoid 

species (cf. the MiC on that type of RMs). The answer will affect the detailed planning of design 

of new analogs of an RM forming compound. In trying to partially answer these questions we 

will look into existing evidence for the various routes.  

Arene oxides, like other epoxides, can definitely be alkylating species by themselves. One can 

think of the observed attachment of polycyclic arene oxides to DNA which, with a reasonable 

degree of certainty, goes directly via the epoxide, e.g. the ones shown in Fig. 1 (cf. review from 

2016). When incubated with liver microsomes, duloxetine is known to form GSH adducts on the 

naphthalene part which must have arisen from an epoxide (Wu et al. 2010; structure of adduct 

not proven, might be other regioisomers). There is more on naphthalene below. 

            

Fig 1. Epoxides of two polycyclic hydrocarbons and the reaction of a duloxetine epoxide with glutathione. 

There are many other examples from the literature of real drugs forming conjugates that must 

have arisen by attack on an epoxide. Lamotrigine, an anticonvulsant which has a 

dichlorobenzene moiety, is known to give rise to allergic skin reactions. Its metabolism was 

studied by Maggs et al. (2000) and by Chen et al. (2009). Both research groups conclude that a 

reactive, but somewhat stabilized, epoxide is formed. 
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Fig 2. Epoxide formation from lamotrigine and ensuing reaction with glutathione. 

https://doi.org/10.1021/tx049781y
http://dx.doi.org/10.3109/15376516.2015.1135223
http://dx.doi.org/10.1021/tx100141d
http://dx.doi.org/10.1021/tx0000825
http://pubs.acs.org/doi/abs/10.1021/tx9003243
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The point of attachment of the thioether in metabolite M-II was unambiguously determined 

but this metabolite could have arisen from either of two isomeric epoxides (only one isomer 

shown). The epoxide appears to be formed in minor amounts in vivo (reaction products isolated 

from bile only) but it might still be a culprit causing the allergic reactions since skin keratinocytes 

can also metabolize the drug to epoxides (Chen et al. 2009).  

Interestingly, the isomeric analogue irsogladine, a PDE4 inhibitor, does not seem to be 

metabolized in vivo to thioethers via the major epoxide-derived pathway but instead forms mostly 

phenols by epoxide isomerization (Sugiyama et al. Arzneimittelforschung 1986; in vivo studies in 

rats, guinea pigs, dogs and monkeys).  

    

Fig 3. Metabolism of irsogladine, an 

antiulcer agent, to an epoxide which 

rearranges to a phenol. 

 

This highlights the known big differences in the behavior of arene oxides where small structural 

differences can tip the balance between reaction pathways. Irsogladine does not seem to have a 

wide therapeutic use, limited to Asia. 

Another drug for which benzene epoxidation/ hydroxylation probably plays a role in causing 

covalent binding is the old antidepressant amitriptyline. The diols are major metabolites indi-

cating the intermediacy of an arene oxide which could be trapped with glutathione (Wen et al 

2008). 
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The condensed benzene system of naphthalene is more susceptible to CYP oxidation than 

benzene itself, forming an epoxide that can be isolated and characterized as was reported in 1968 

by Daly, Jerina, Witkop et al. (JACS 50 6525). There seems to be a current awareness of this 

among medicinal chemists who only hesitantly introduce this ring system in new test compounds. 

The antidepressant duloxetine (Fig. 1) is a case in point: it has one (activated) naphthalene and 

one thiophene. Of these aromatics the naphthalene is oxidized faster (Wu et al. 2010). 

http://pubs.acs.org/doi/abs/10.1021/tx9003243
http://www.ncbi.nlm.nih.gov/pubmed/3778560
amitriptyline.pdf
http://www.sciencedirect.com/science/article/pii/S000927970800104X
http://www.sciencedirect.com/science/article/pii/S000927970800104X
duloxetine.pdf
http://dx.doi.org/10.1021/tx100141d
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Significantly, naphthalene itself gives rise to high levels of covalent protein binding (420 

pmol/mg protein) in human liver microsomes (MCL2014). 

Naphthalene is also present in the withdrawn pronethalol and in the antidepressant 

agomelatine, a melatonin agonist, which is approved but is under discussion in EMA (requires 

monitoring of liver function). Another β-blocker, propranolol, has been associated with rare 

ADRs such as skin rashes, agranulocytosis, and thrombocytopenia.   

                       

         Agomelatine                                 Pronethanol                                    Propranolol 

As will be reiterated in other chapters of “Mechanism in Context” the following observations 

are notable when discussing aromatics in drugs, see also CRT2018.  

A first observation is that about 15% of all approved drugs contain a non-substituted phenyl 

linked via carbon to the rest of the molecule. This can form a reactive epoxide which, eventually, 

may end up in an o-quinone, e.g. as in the case of phenytoin. 

Medicinal chemists at Wyeth (Lovering et al. 2009) proposed that they could see a small 

tendency towards increased success of clinical candidates by increasing saturation. The same type 

of conclusion was reached by Ritchie & Macdonald at GSK (2009) using in-house material as a 

base. Neither group, however, implicated overall diminished toxicity to less formation of toxic or 

reactive metabolites, except that less CYP inhibition of compounds having fewer aromatic rings 

was mentioned by the GSK authors. Among the possible explanations for the lower failure rate 

were instead such factors as diminished solubility and high lipophilicity. The last-mentioned 

factor is indeed known since previously to be a causal factor for toxicity. It would seem, 

however, that a main and important reason to attempt to avoid aromatics would be their potential 

for RM formation. What can be achieved regarding this in the real world of drug design is 

another matter. 

It is also well worth noting that aromatic rings, of all kinds, were found by Roughley and 

Jordan (2011) in 99% of the compounds published by AstraZeneca, GSK and Pfizer between 

2008 and 2010 (with close to 40% showing an aryl-aryl linkage). In the current context of drug 

safety, this does not sound particularly promising. 

1.2 Pyridines and diazines 

(Please, note that five-membered heterocycles are dealt with in in detail in a separate MiC. 

Epoxide formation on pyridines is theoretically possible but trapping or in vivo reactions of an 

‘arene oxide’ on an isolated pyridine ring with, e.g. GSH, do not seem to have been reported. 

This underscores the well-established chemical knowledge that simple pyridines are 

preferentially oxidized on the nitrogen to give pyridine N-oxides. This is not to say that 

theoretically, pyridines can never be oxidized on the ring to give reactive species. Also, other 

metabolically initiated rearrangements involving a pyridine are possible; see for example the 

complex metabolism of vismodegib in the scheme below (Khojasteh et al 2014). Additionally, 

http://dx.doi.org/10.1021/ml500331y
practolol.pdf
file:///C:/Users/Alf/aRM/Monographs/agomelatine.pdf
practolol.pdf
https://doi.org/10.1021/acs.chemrestox.8b00046
phenytoin.pdf
http://pubs.acs.org/doi/abs/10.1021/jm901241e?journalCode=jmcmar&quickLinkVolume=52&quickLinkPage=6752&volume=52
http://dx.doi.org/10.1016/j.drudis.2009.07.014
http://dx.doi.org/10.1021/jm200187y
MiC_5mHet.pdf
http://dmd.aspetjournals.org/content/early/2014/01/03/dmd.113.055715
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Products from extensive 

rearrangements

other groups on the pyridine ring can participate in RM formation to give, for example 

quinoneimine products (see  MiC_BQI and the monograph 2,3-diaminopyridines).  

Diazines (pyrimidine, pyrazine, pyridazine) can undergo oxidation on the aromatic ring to give 

hydroxy metabolites, which however do not seem to generate RMs, see for example buspirone 

(below). 

 

 

Vismodegib 

 

 

 

Buspirone 

They should, however, be able to give rise to quinone methides when suitably substituted with 

alkyls.  

As mentioned, heterocycles may represent attractive bioisosteric replacements for all-carbon 

aromatics because of their different sensitivity towards oxidation; see review in RSC Med Chem 

2020. 

 

 (May 2022) 

MiC_BQI.pdf
2,3-diaminopyridines.pdf
nefazodone.pdf
https://doi.org/10.1039/C9MD00396G

