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Abstract: Enzymatic oxidations of thiophenes, including thiophene-containing drugs, are important
for biodesulfurization of crude oil and drug metabolism of mono- and poly-cyclic thiophenes. Thio-
phene oxidative dearomatization pathways involve reactive metabolites, whose detection is important
in the pharmaceutical industry, and are catalyzed by monooxygenase (sulfoxidation, epoxidation)
and dioxygenase (sulfoxidation, dihydroxylation) enzymes. Sulfoxide and epoxide metabolites of
thiophene substrates are often unstable, and, while cis-dihydrodiol metabolites are more stable, sig-
nificant challenges are presented by both types of metabolite. Prediction of the structure, relative and
absolute configuration, and enantiopurity of chiral metabolites obtained from thiophene enzymatic
oxidation depends on the substrate, type of oxygenase selected, and molecular docking results. The
racemization and dimerization of sulfoxides, cis/trans epimerization of dihydrodiol metabolites,
and aromatization of epoxides are all factors associated with the mono- and di-oxygenase-catalyzed
metabolism of thiophenes and thiophene-containing drugs and their applications in chemoenzymatic
synthesis and medicine.

Keywords: thiophene; thiophene epoxide; thiophene S-oxide; S-oxide dimer; thiophene cis- and trans-
dihydrodiols; thiophene hydrate; dioxygenase; monooxygenase; cytochrome P450; drug metabolism

1. Introduction

Although the link between aromaticity and resulting molecular stability is well es-
tablished, enzymes have a remarkable capacity for dearomatization of many stable and
recalcitrant arene and heteroarene substrates. Enzyme-catalyzed dearomatization reac-
tions have been reported under both oxidative and reductive conditions. Examples of
redox enzymatic dearomatization reactions of benzene rings A (R = H, Me, COSCoA) that
give conjugated cyclohexadiene metabolites include: (i) monooxygenase (MO)-catalyzed
epoxidation to yield an arene oxide B (R = H) [1], (ii) ring-hydroxylating dioxygenase
(DO)-catalyzed cis dihydroxylation to yield a cis-dihydrodiol C (R = Me) [2], (iii) reductase
(CoARed)-catalyzed reduction to give a dihydroarene D (R = COSCoA) (Scheme 1a) [3].

Attempted chemical approaches to the oxidative dearomatization reactions of carbo-
cyclic arenes, shown in Scheme 1a, often result in further oxidation, or rearomatization
of the initial products. Due to their instability, relatively few arene oxide metabolites
B have been isolated from monooxygenase (MO)-catalyzed epoxidations of substituted
benzene substrates A. Ring-hydroxylating dioxygenase (DO)-catalyzed cis-dihydroxylation
of similar substrates A can, however, produce more stable cis-dihydrodiols C. Despite their
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limited stability, cis-dihydrodiol metabolites have been widely used in the chemoenzymatic
synthesis of natural products and other metabolites [4-9].
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Scheme 1. (a) Dearomatization of arenes (A). (b) Dearomatization of thiophene (E).

The ability of similar oxidative dearomatization reactions of a thiophene substrate E to
replicate MO-catalyzed epoxidation to yield epoxide G, DO-catalyzed cis-dihydroxylation
to give cis-dihydrodiol H, and heteroatom oxidation to give sulfoxide F (Scheme 1b) using
either type of oxygenase enzyme is examined in this review.

Aromaticity of the monocyclic six-membered arenes, e.g., benzene, and five-membered
heteroarenes, e.g., pyrrole, thiophene, and furan, confers extra stability and depends on
the descriptor used [10]. Resonance energies have been widely used as an indicator of
decreasing aromaticity in a sequence, from the most stable benzene > thiophene > pyrrole >
furan. Most other qualitative and quantitative descriptors of aromaticity also suggest that
the sequence should be: benzene > thiophene > pyrrole > furan [11].

As acceptable thiophene substrates for ring-hydroxylating dioxygenases are gen-
erally smaller than for monooxygenase substrates, the topic of dioxygenase-catalyzed
cis-dihydroxylation and sulfoxidation of thiophene substrates is initially considered. The
only cis-dihydrodiol metabolites from the monocyclic five-membered heteroarenes, thio-
phene, pyrrole, and furan, of sufficient stability to be isolated and characterized are derived
from thiophene substrates. Thus, the relatively stable cis-dihydrodiol metabolite H was
obtained from toluene dioxygenase (TDO)-catalyzed oxidation of thiophene E along with
the unstable thiophene-S-oxide F (Scheme 1b) [12].

Thiophenes and sulfur-containing polycyclic aromatic hydrocarbons (thiaarenes),
present in the aromatic fraction of crude oil, include monocyclic thiophenes (e.g., dialkyl
thiophenes), bicyclic thiaarenes (e.g., benzothiophenes), and tricyclic thiaarenes (e.g., diben-
zothiophenes, naphthothiophenes) [13,14]. The requirement to remove these organosulfur
constituents of crude oil stimulated interest in their oxidative biodegradation by Pseu-
domonas bacteria (biodesulfurization), as shown by the extensive studies of the Fedorak
group [15-25]. Evidence of enzymatic dearomatization of thiophenes, to yield 2,3-dione,
sulfoxide, sulfoxide dimer, and sulfone metabolites, was supplied by GC-MS and GC-
FTIR analyses.

Early studies of the bacterial metabolism of thiaarenes also showed that dioxygenase-
catalyzed cis-dihydroxylation of carbocyclic and heterocyclic rings could yield chiral cis-
dihydrodiols as transient metabolites. Furthermore, isolation of these intermediates was
possible when using P. putida mutant strains (or E. coli recombinant strains), expressing
dioxygenases where an enzyme that is usually present in the metabolic pathway, a cis-
dihydrodiol dehydrogenase was blocked (or absent) [26-28].

Biotransformations of monocyclic thiophene and polycyclic thiophene (thiaarene)
substrates were conducted using wild-type, mutant, and recombinant bacterial strains
expressing ring-hydroxylating dioxygenases with different active site capacities. The most
widely used enzymes were toluene dioxygenase (TDO), naphthalene dioxygenase (NDO),
and biphenyl dioxygenase (BPDO). The exact nature of the catalytic cycle involved in
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ring-hydroxylating dioxygenase-catalyzed cis-dihydroxylations remains unresolved, but
possible mechanisms for producing arene metabolites are available [29,30].

This review deals with the stability, structure, stereochemistry, and mechanism in-
volved during dioxygenase- and monooxygenase-catalyzed oxidative metabolism and
dearomatization of mono- and poly-cyclic thiophenes via sulfoxidation, cis-dihydroxylation,
and epoxidation. Ring-hydroxylating dioxygenase enzymes generally oxidize only rel-
atively small (mono- to penta-cyclic) arene substrates compared with monooxygenase
enzymes that can catalyze oxidation of much larger and more highly substituted substrates.
Where common dioxygenase- and monooxygenase-catalyzed sulfoxidations occur, the
results are linked by cross-references. The possibility of lessons learned from dioxygenase
metabolism of thiophenes, being of value in monooxygenase metabolism, is explored.

2. Dioxygenase-Catalyzed Dearomatization of Thiophenes la-g
2.1. Enzymatic Oxidation of Thiophenes 1a—g to Yield cis-Dihydrodiols

The thienyl ring system is ubiquitous in the environment, with many monocyclic thio-
phenes being found as plant natural products and constituents of fossil fuels [13,31]. The
bacterial biodegradation of thiophene 1a [12] and alkyl-substituted thiophenes [22,25,32]
present in bitumen and crude oils, was examined as a route to biodesulfurization.

Relatively few reports of dioxygenase-catalyzed cis-dihydroxylation of monocyclic
thiophenes have been reported in the literature. BPDO-catalyzed dihydroxylation of 3-
hexylthiophene yielded a dihydrodiol metabolite with an unknown stereoconfiguration
and showed no evidence of sulfoxide bioproducts [32]. A study of the metabolites isolated
from TDO- and NDO-catalyzed oxidations over a wider range of monocyclic thiophene
substrates revealed cis-dihydrodiols, cis/trans-dihydrodiols, and sulfoxides as common
chiral bioproducts (Sections 2.1-2.3, 3.1 and 3.2) [12].

Enantiomeric excess (e¢) values of thiophene cis-dihydrodiol metabolites were deter-
mined by chiral stationary phase HPLC and GC analyses [33,34]. An alternative method for
enantiopure cis-dihydrodiol metabolites required NMR analysis of diMTPA esters formed
by reactions of (+) and (—)-2-methoxy-2-(trifluoromethyl)phenylacetyl chloride (MTPA-
Cl) [35] with 4-phenyl-1,2,4-triazoline-3,5-dione cycloadducts [36] or with hydrogenated
cis-dihydrodiols [37].

NMR analyses of boronate diastereoisomers, formed by the reaction of thiophene
cis-dihydrodiols with (+)- and (—)-[2-(-methoxyethyl)phenyl]boronic acid (MEPBA), pro-
vided both ee values and absolute configuration assignments [38—40]. Furthermore, X-ray
crystallography of cis-dihydrodiols or their diMTPA derivatives [33,37,41], and compar-
ison of electronic circular dichroism (ECD) spectra with density functional theory ECD
spectra, gave unambiguous absolute configurations for thiophene cis-dihydrodiol metabo-
lites [41-43].

Many enantiopure cis-dihydrodiol metabolites from arene and heteroarene substrates
are used in the synthesis of natural products [4-9], including arene oxides [44]. The potential
use of thiophene cis-dihydrodiols in the future chemoenzymatic synthesis of thiophene
epoxide metabolites produced during monooxygenase-catalyzed oxidations is explored
herein. The cis-dihydroxylation dearomatization of monocyclic thiophenes 1a,h-k, using
TDO, (P. putida UV4) yielded the corresponding cis-diol metabolites 2a, 2h-k, along with
the trans isomers 4a, h-k (Scheme 2, Table 1) [12]. The formation of trans-dihydrodiol 4a
was unusual, since only cis-dihydrodiol metabolites were formed from monocyclic arenes
with TDO [4-9]. trans-Dihydrodiol metabolites of carbocyclic arenes generally result from
monooxygenase-catalyzed epoxidation followed by epoxide hydrolase catalyzed hydrolysis.
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Scheme 2. TDO-catalyzed metabolism of thiophenes 1a—k.

Table 1. Relative yields of metabolites from thiophenes 1a-g [12].

Substrates 1la—g; Strain 5a—g (%) 6a—g (%) 7a-g (%) 2a-g/4a—g (%) 8a—g (%)
la, R=R’=H (TDO)? 0 79 21 <1(0.2) 0
1b, R =Me, R’ = H (TDO) ? 0 25 75 0 0
1c, R=Et, R’ =H (TDO) @ 0 100 0 0 0
1d, R=CL R’ =H (TDO) ? 0 100 0 0 0
le, R =Br, R’ = H (TDO) @ 0 100 0 0 0
1f,R=1 R’ =H (TDO) ? 0 100 0 0 0
1g, R=Ph, R’ =H (TDO) ? 0 67 6 0 27
1g, R = Ph, R’= H (TDO) ® 0 40 0 0 60
1g, R =Ph, R’ =H (NDO) ¢ 0 0 0 0 100
1g, R= Ph, R’ = H (NDO) ¢ 0 0 0 100 0

a P, putida UV4; ® E. coli pBAD-EE; © E. coli pDTG141 (NDO); ¢ E. coli pF352V (NDO).

The hemithioacetal cis-isomer 2a was the initially formed metabolite from thiophene
1a; it spontaneously epimerized with the trans isomer 4a via the undetected aldehyde
intermediate 3a (Scheme 2) [12]. The equilibrium ratio was found to be solvent-dependent,
favoring cis isomer 2a in CDCl3 (ca. 60%) and trans-isomer 4a in more polar solvents
CD30OD and D,O (>90%). A similar type of epimerization process involving aldehyde
intermediates occurs during the mutarotation of a- and B-glucose.

The cis-dihydrodiol metabolites, formed by TDO-catalyzed dihydroxylation, exclu-
sively at the 2,3-bond of monosubstituted benzene substrates except for fluorobenzene,
were enantiopure (>98% ee) [4-9]. Conversely, the isolated thiophene dihydrodiol metabo-
lites were found to be mixtures of cis: trans isomers (2a:4a) and enantiomers (2a:4a, 44%
ee) [12]. The lower ee values for dihydrodiols 2a and 4a could result from the reduced stere-
oselectivity due to weaker binding and more flexibility of the smaller heterocyclic ring 1a
within the TDO active site. Alternatively, the low ee value of cis-dihydrodiol 2a could result
from partial racemization of the aldehyde intermediate 3a. Phenyl ring cis-hydroxylation of
the larger 2-phenyl thiophene 1g was also observed to yield 1R,2S-dihydrodiol 8g, (>98%
ee) (Table 1).
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Biotransformations of mono- or poly-cyclic arenes and azaarenes, using P. putida
mutant and E. coli recombinant strains, yielded only carbocyclic ring cis-dihydrodiol
metabolites [36,45-47]. However, dioxygenase-catalyzed oxidation of monocyclic thio-
phenes 1b-1g involved competing carbocyclic and heterocyclic ring cis-dihydroxylation
and sulfoxidation pathways (Table 1). Replacement of phenylalanine 352 (Phe 352) by
valine, within the NDO active site of E. coli-pDTG141, yielded E. coli-pF352V; this results
in significant regio- and enantio-selectivity changes occurring during cis-dihydroxylation
of polycyclic arenes [45,46]. A further marked change in regioselectivity is observed
during NDO-catalyzed cis-dihydroxylation of 2-phenyl thiophene 1g. One strain (E. coli-
pFDTG141) yielded only a phenyl ring cis-dihydrodiol 8g, while an alternative strain (E.
coli-pF352V) gave thienyl ring cis:trans dihydrodiols (2g:4g) exclusively (Table 1). This
shows the value of having different bacterial strains and dioxygenase enzymes available to
produce preferred metabolites.

2.2. Oxidations of Thiophenes 1a-g to Yield Sulfoxide Metabolites

TDO- and NDO-catalyzed stereoselective sulfoxidations of alkylaryl sulfides using
wild-type, mutant, recombinant strains and purified dioxygenase enzyme often yielded
sulfoxide metabolites with high ee values [48-50]. Competition between cis-dihydroxylation
and sulfoxidation of alkyl aryl sulfides and formation of cis-dihydrodiol sulfoxides was
observed [51]. Results collected using recombinant strains expressing TDO and NDO pro-
vided supporting evidence that dioxygenases were also responsible for thiophene sulfoxi-
dations, with both wild-type and mutant bacterial strains. A contest between sulfoxidation
and epoxidation of monocyclic thiophenes and thiophene-containing drugs was also found
using cytochrome P450 monooxygenases as biocatalysts (Sections 6.2 and 6.3) [52-58].

Sulfoxidation of thiophenes 1a—g was the major metabolic route with the P. putida UV4
strain (Scheme 2, Table 1). The main metabolite isolated from thiophene 1a was sulfoxide
dimer 6a (Table 1) [12]. In addition, traces of the unstable sulfoxide 5a were identified
(GC-MS analysis) among other products. CYP-450 monooxygenase-catalyzed metabolism
of thiophene 1a and peroxyacid oxidation of thiophene 1a yielded sulfoxide 5a, which
rapidly dimerized to form compound 6a [12]

The monosulfoxide structure 5a was both that of a cyclic diene and a dienophile,
resulting in a spontaneous dimerization by Diels Alder cycloaddition to give the dimer 6a
(R =R’ = H). Further biotransformation via stereospecific deoxygenation yielded metabo-
lite 7a (Table 1, Scheme 2) [12]. Some reductases were found to catalyze preferential
deoxygenation of alkylaryl sulfoxides and also the sterically more accessible sulfoxide
group of dimer 6a [59-63]. An unidentified sulfoxide reductase enzyme, expressed in
P. putida UV4 [62] was particularly efficient. Methionine sulfoxide reductase-catalyzed
deoxygenations of sulfoxides were also observed using Pseudomonas strains [59,60].

Sulfoxides formed by dioxygenase-catalyzed oxidation of alkylaryl sulfides [28,48-50]
are configurationally stable, i.e., with inversion barriers (AGi) > 23.0 kecal mol~!. Con-
versely, monocyclic thiophene sulfoxides (e.g., 1a and 1g) were predicted to have much
lower barriers (AG* = 11-14 kcal mol™1), due to aromatic stabilization of their planar
transition states [64—66]. Monocyclic thiophene sulfoxides, with bulky substituents, are
more thermally stable. Thus 2,5-diphenylthiophene-1-oxide is sufficiently stable for X-ray
crystallography studies [67]. Several racemic monocyclic thiophene sulfoxides, with bulky
groups, were sufficiently stable to provide experimental confirmation of these relatively low
barriers by NMR spectroscopic methods (AG7 = 14.8; 15.9 kcal mol ') [68,69]. Thiophene
sulfoxide metabolites 5b—g are susceptible to rapid racemization and cycloaddition, thus
yielding racemic sulfoxide dimers 6b—g (Scheme 2). Individual sulfoxide enantiomers can
have different medical efficacy values, e.g., omeprazole, esomeprazole, modafinil, and
armodafinil [70], but, with low sulfoxide inversion barriers for drugs containing monocyclic
thiophenes, spontaneous racemization will occur.

The results in Table 1 show that TDO-catalyzed sulfoxidation of thiophenes 1a-g is
the major dearomatization pathway, with cis-dihydroxylation of thienyl and phenyl rings,
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respectively, being minor pathways. CYP450-catalyzed oxidation of thiophenes 1a, 1b, and
1g yielded the corresponding sulfoxides 6a, 6b, and 6g, and their dimers 7a, 7b, and 7g, as
major products, but deoxygenation of dimers was not reported (Scheme 2).

2.3. Molecular Docking of Thiophenes 1a and 1g at the TDO Active Site

The Autodock Vina program was used for docking toluene A (R = Me, Scheme 1a) and
other arene and heteroarene substrates within the active site of toluene dioxygenase [71,72].
An X-ray crystal structure of the TDO showed the toluene substrate bound at the active
site by proximate amino acids but without dioxygen complexed to Fe(IlI) [73]. An X-ray
crystal structure of NDO displayed dioxygen coordinated with Fe(III) and indole substrate
bonded at the active site [74]. The O,-Fe(Ill) complex of NDO was then inserted into
the TDO active site employing the reported procedure [72]. The interaction between
dioxygen and Fe(IIl) during the catalysis of the cis-dihydroxylation is considered to involve
a hydroperoxide (Fe-OOH) [29]. Attractive interactions between substrates and proximate
amino acids (Phe-216, His-222, Ile-276, Leu-272, Ile-324, Val-309, Leu-272, Figure 1A) allow
the preferred binding orientation to be predicted; it matched both with the regio-and
stereo-selectivity observed during TDO-catalyzed cis-dihydroxylation of toluene and other
substituted benzene substrates to form cis-dihydrodiols (Scheme 1a) [72,74-79].

(A) (B)

Figure 1. Preferred orientation of thiophene 1a for TDO-catalyzed: sulfoxidation (A) and cis-
dihydroxylation (B).

A similar in situ docking approach, applied earlier to other arene and heteroarene
substrates [71,72], was used to determine the preferred binding orientations of thiophene
1a (Figure 1A,B) and 2-phenylthiophene 1g (Figure 2A,B). As expected for a smaller five-
membered heteroarene substrate, binding energies (+ 0.5 kcal mol~!) for thiophene 1a,
Figure 1A (—3.63 kcal mol~!) and B (—3.3 kcal mol~!), were lower compared to a six-
membered arene substrate, e.g., toluene A (R = Me, —5.0 kcal molfl). The minimum
distances between the nearest oxygen and sulfur atoms (proximity value, 3.8 A, Figure 1A),
or between proximate oxygen atoms and the 2,3-bond (3.0-3.7 A, Figure 1B), are similar to
those found between TDO and toluene A (R = Me). The favored orientation of thiophene
1a in Figure 1A is consistent with TDO-catalyzed sulfoxidation to yield sulfoxide 5a and
derived bioproducts 6a and 7a [12]. The reduced substrate size, lower binding energy, but
favorable proximity factor for compound 1a in Figure 1B could be factors in the reduced ee
value (44%) and lower yield of the isolated heterocyclic cis/trans diols 2a/4a (Table 1).
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(A) (B)

Figure 2. Preferred orientation of 2-phenylthiophene 1g for TDO-catalyzed: cis-dihydroxylation
(A) and sulfoxidation (B).

The preferred orientation of 2-phenylthiophene 1g at the TDO active site (Figure 2A)
has a relatively high binding energy (—5.5 kcal mol~!) and proximity of the phenyl group
to dioxygen (3.4-3.5 A). The predicted regioselectivity and absolute configuration of cis-
dihydrodiol 8g was found, experimentally, to be (15,2R) (Table 1) [12].

The preferred orientation of substrate 1g, at the TDO active site, predicted from
the binding energy (—5.3 kcal mol~!) and the distance of the sulfur to dioxygen (2.9 A),
should yield (15)-sulfoxide 5g. However, the low inversion barrier, predicted for sulfoxide
5g AG =11.2 kcal mol~!) [64], indicated that it would rapidly racemize, and this was
confirmed by the isolation of racemic dimer 6g (Table 1). The docking of substrate 1g did
not present an orientation that would lead to cis-dihydrodiol metabolite 2g, and none of
the possible cis/trans-dihydrodiols 2b—g/4b—g were isolated (Table 1) [12].

3. Dioxygenase-Catalyzed Dearomatization of 3-Substituted Thiophenes 1Th-k
3.1. Oxidations of Thiophenes Th=k to Yield cis-Dihydrodiol and Sulfoxide Metabolites

Biotransformations (P. putida UV4) involving cis-dihydroxylations of 3-substituted
thiophenes 1h—j yielded, mainly, cis-dihydrodiols 2h—j (Table 2) [12]. Spontaneous epimer-
ization of metabolites 2h—j gave mixtures of cis/trans dihydrodiols and enantiomers 2h/4h
(40-48% ee), 2i/4i (49% ee), and 2j/4j (44% ee). This very unusual observation merits
rationalization since most cis-dihydrodiol metabolites from monosubstituted benzene sub-
strates had very high ee values (>98%) [4-9]. It is proposed that the lower ee values found
during TDO-catalyzed cis-dihydroxylation of thiophene 1a and 3-substituted thiophenes
Th—j could result from the reduced size of the substrates and increased flexibility within
the TDO active site. TDO-catalyzed cis-dihydroxylation of the larger substrate 1k yielded
dihydrodiols 2k/4k (>98% ee) and 9k (>98% ee, Table 2).

Table 2. Relative yields of metabolites from 3-substituted thiophenes 1h-k [12].

Substrates 1h-k; Strain 5h-k (%) 6h-k (%) 7h-k (%) 2h-k/4h-k (%) 9k (%)
1h, R = H, R’ = Me (TDO) 2 0 0 24 76 0
1i, R = H, R’ = C1 (TDO) 2 0 59 0 41 0
1j, R = H, R’ = Br (TDO) 2 0 46 0 54 0
1k, R = H, R’ = Ph (TDO) 2 0 35 0 48 17
1k, R = H, R’ = Ph (NDO) P 0 2 0 0 98
1k, R = H, R’ = Ph (NDO) © 0 80 0 20 0

a P, putida UV4;® E. coli DTG141; © E. coli pF352V.

Dioxygenase-catalyzed sulfoxidation was also an important dearomatization route
for 3-substituted thiophenes 1h-k, yielding racemic sulfoxide dimers 6i-k from sulfoxide
intermediates 5i-k (Table 2). Dimer 6h was undetected, as it was further metabolized via a
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stereoselective reductase-catalyzed partial deoxygenation to form monosulfoxide 7h (51%
ee) [12].

The regioselectivity observed, during TDO-catalyzed cis-dihydroxylation of 3-substituted
thiophenes 1h-k, involved exclusive attack at the unsubstituted 4,5-bond of thiophenes
1h-k to yield cis/trans-dihydrodiols 2h-k/4h-k (Scheme 3) [12].

i TDO T
o TDO
S ’ é 1 8\5 0
S A
OH NADH NADH HO OH
2h-k/4h-k 1h-k 1b-g 2b-g/4b-g

Scheme 3. Contrasting TDO-catalyzed dihydroxylations for thiophenes 1h-k and 1b-g.

Molecular docking studies (Figure 2A,B and Figure 3A-C) provided supporting evi-
dence for the preferred regioselectivity found in Scheme 3. TDO-catalyzed dihydroxylation,
at the 4,5-bond of thiophenes 1h-k, is equivalent to cis-dihydroxylation exclusively at the
2,3-bond of monosubstituted benzene substrates (Scheme 1a).

(A) (B) ©

Figure 3. Preferred orientation of 3-phenylthiophene 1k for TDO-catalyzed: thienyl cis-
dihydroxylation (A), phenyl cis-dihydroxylation (B), and sulfoxidation (C).

A remarkable change in chemoselectivity was observed during NDO-catalyzed oxida-
tion of 3-phenyl thiophene 1k; cis-hydroxylation of the phenyl ring gave diol 9k (98% E
coli DTG 141) while oxidation of the thiophene ring produced sufoxide dimer 6k (80% E
coli pF 353V, Table 2).

3.2. Molecular Docking of 3-Phenylthiophene 1k at the TDO Active Site

The preferred orientation of 3-phenyl thiophene 1k had a binding energy (—4.7 kcal mol ')
and proximity of dioxygen to the 4,5-bond of the thiophene ring (3.6-3.7 A, Figure 3A).
This would lead to cis-dihydroxylation and formation of cis-dihydrodiol 2k, prior to equi-
libration with trans-dihydrodiol 4k; it matched the experimental result (>98% ee, Table 2,
Scheme 3) [12].

The orientation of substrate 1k (Figure 3B), with a binding energy (—4.5 kcal mol 1),
and proximity of the 2,3-bond of the phenyl ring to dioxygen (3.3-3.6 A), would also
lead to cis-dihydroxylation and the (1S,2R) absolute configuration of the isolated dihy-
drodiol 9k (>98% ee, Table 2) [12]. The favored orientation of substrate 1k (Figure 3C),
with binding energy (—4.7 kcal mol~!), and proximity of the S atom to the nearest dioxy-
gen atom (3.7 A), would result in sulfoxidation of substrate 1k to yield an excess of one
enantiomer of 3-phenylthiophene-1-oxide 5k, prior to its rapid racemization and dimer-
ization to give disulfoxide 6k (Table 2). Earlier GOLD and Autodock Vina molecular
docking studies of mono- and poly-cyclic arene and heteroarene substrates within the TDO
active site concluded that their preferred orientations were controlled by: (i) attractive
edge-to-face (T-bond) interactions between orthogonal phenyl (Phe-216) groups of TDO
and phenyl or pyridyl groups of substrates, (ii) van der Waals interactions with proxi-
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mate hydrophobic amino acids (Ile-276, Leu-272, Ile-324, Val-309, Leu-272, and Phe-352,
Figure 1A) [72,74-79]. Attractive edge-to-face interactions are also found between phenyl
rings of TDO (Phe-216) and of substrates 1g (Figure 2A) and 1k (Figure 3B). Edge-to-face
interactions, between phenyl and thienyl groups, were earlier identified by NMR and X-ray
crystallographic studies of imines [80]. Similar novel edge-to-face interactions are observed
between phenyl (Phe-216) and thienyl rings in substrates 1a (Figure 1A,B), 1g (Figure 2A,B),
1k (Figure 3A-C).

4. Dioxygenase-Catalyzed Dearomatization of Benzo[b]thiophenes 10a—-d

Biodesulfurization of benzo[b]thiophene 10a and alkyl-substituted benzo[b]thiophenes,
e.g., compounds 10b—d (Scheme 4), present in fossil fuels, was extensively investigated
utilizing wild-type Pseudomonas strains (c.f. 1. Introduction) [15-25]. Metabolites iden-
tified during these studies included: (i) benzo[b]thiophene sulfoxides, derived sulfones
and dimers, (ii) hydroxybenzo[b]thiophenes and dione metabolites, (iii) ring-opened bio-
products (Scheme 4). It was proposed that ring-hydroxylating dioxygenase enzymes
(DO), present in wild-type strains of P. putida, were responsible for the initial steps in the
metabolism of benzo[b]thiophene 10a, leading to cis-dihydrodiols, sulfoxides, and sulfoxide
dimers [26,27]. Other enzymes, including cis-diol dehydrogenases, cis/trans isomerases,
and catechol dioxygenases, catalyzed further metabolism, to yield catechols, diones, and
ring-opened metabolites (Scheme 4). Cytochrome P450 and styrene monooxygenases also
catalyzed sulfoxidation of benzo[b]thiophenes and benzo[b]thiophene-containing drugs
(Section 6.3).

Ho, OH
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. CHO
S : OH SH
OH. [2H 0
/ \ -
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Scheme 4. Metabolic pathways of benzo[b]thiophenes 10a—d using P. putida strains.

4.1. Biotransformations of Benzo[b]thiophenes 10a—d to Yield cis-Dihydrodiols 11a—c

Similar bacterial strains used for thiophene substrates 1a-k, expressing TDO or NDO,
were again utilized for benzo[b]thiophenes 10a-d (Schemes 4 and 5), under similar bio-
transformation conditions. Toluene dioxygenase (P. putida UV4) and isopropylbenzene
dioxygenase (P. putida RE213) oxidation studies of benzothiophene 10a indicated that 4R,5S-
dihydrodiol 11a (>98% ee) was a relatively unstable minor product; partial dehydration
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occurred during the biotransformation, giving hydroxybenzo[b]thiophenes (12a and 13a,

Scheme 4) [26,81-83].

@1

1 Oa-d

@14»@&

24a d

32a H

Scheme 5. Proposed DO-catalyzed metabolic pathways of benzo[b]thiophenes 10a—d.

TDO-catalyzed cis-dihydroxylation of benzo[b]thiophene 10b and 10c similarly gave
cis-dihydrodiols 4R,55-11b (>98% ee) and 4R,55-11c (>98% ee), but the presence of a methyl
group at the C-5 position inhibited cis-dihydroxylation at the 4,5-bond of substrate 10d

(Table 3).

Using NDO-expressing P. putida strains (9816/11, NCIMB 8859, and RE204) a much
wider range of metabolites from benzo[b]thiophenes 10a-c were obtained. Included were
alcohol 15c¢ [83], aldehydes 14a [26], 14b [83], carboxylic acid 16c¢ [83], and cis-dihydrodiol

11b [81].
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Table 3. Relative yields of metabolites from benzo[b] thiophenes 10a-d.

Substrates 10a—d (Dioxygenase) 11a—c (%) 17a-d (%) 23a—c (%)
10a, R =R’ =R” = H (TDO) 2 10¢ 63 121
10a,R =R’ =R” =H (NDO) P 100
10a, R =R’ = R” = H (NDO) © 0 85 15
10a, R =R’ =R” = H (NDO) ¢ 0 86 14

10b, R = Me, R’ =R” = H (TDO) 2 83 10f 7

10b, R = Me, R’ = R” = H (NDO) ® 0 08 90
10b, R = Me, R’ = R” = H (NDO) ¢ 90 0 10
10b, R = Me, R’ = R” = H (NDO) 4 0 60 42
10c, R’ = Me, R = R” = H (TDO) 2 100 0 0

oh 12
10f 90

10¢, R’ = Me, R =R” = H (NDO) ? 0
10c, R’ = Me, R = R” = H (NDO) © 0
10c, R’ = Me, R = R” = H (NDO) 4 0 0 100
10d, R” = Me, R =R’ = H (TDO) 2 0 100 0

2 P, putida UV4; ® P. putida NCIMB 8859; © P. putida 9816/11; ¢ E. coli pF352V; ¢ Also (12a, 7%), (13a, 8%); f Only
cis-dihydrodiol 17b or 17¢; & Also 14b (10%); h Also 15¢ (32%), 16¢ (26%); I Also 27a (4%), 28a (1%), 29a (5%), 30a
(2%); (Scheme 5).

4.2. Biotransformations of Benzo[b]thiophenes 10a—d to Yield cis-Dihydrodiols 17a—d and
trans-Dihydrodiols 19a, 19d

As found in TDO-catalyzed biotransformations (P. putida UV4) of monocyclic thio-
phenes 1h-k, metabolism of benzo[b]thiophenes 10a-d resulted in cis-dihydroxylation of
the thiophene rings to yield thiohemiacetal cis-dihydrodiols 17a, 17b, and 17d (Scheme 4).
Spontaneous epimerization of cis isomers 17a and 17d, via undetected aldehyde intermedi-
ates 18a and 18d, yielded isomeric mixtures with the trans-isomers (25,3R)-17a/(2R,3R)-19a
(62% ee) and (25,3R)-17d/(2R,3R)-19d (>98% ee, Scheme 4, Table 2) [26,81-83]. Tentative
evidence for mercaptoaldehyde 18a, being the intermediate formed during epimeriza-
tion of diols 17a and 19a, was provided by HPLC and UV spectroscopic analyses [27].
2-Methylbenzo[b]thiophene 10b yielded only cis-dihydrodiol (25,3R)-17b (9% ee), which,
as a thioacetal, was less susceptible to ring-opening isomerization and isomer 19b was
not found. Dihydrodiols 17¢ was obtained as a very minor product but only from NDO-
catalyzed oxidation (P. putida 9816/11, Table 3).

Isomeric mixtures of benzo[b]thiophene dihydrodiol metabolites 17a/19a and 17d/19d
in very polar solvents showed mainly the trans isomer (98-100% in CD3OD and D;0),
but, in a less polar solvent, the cis isomer was dominant (78-80% in CDCls3). Fractional
recrystallization of mixtures of dihydrodiol isomers 19a/17a furnished pure samples (>98%
ee) of isomers 19a (from MeOH) and 17a (from CH;,Cl,-hexane) [81,82].

The thiophene ring cis-dihydrodiols (17a,c,d) and trans- dihydrodiol epimers (19a,
19d) are much more stable than the fused benzene ring cis-dihydrodiols (11a—c). This
later led to the use of dihydrodiols 17a/19a in the first synthesis of a thiophene epoxide
(Section 5.4) [82].

Benzol[b]thiophene 2,3-dione metabolites 22a and 22d from substrates 10a and 10d,
were obtained from dihydrodiol intermediates 17a and 17d when using wild-type P. putida
strains (Scheme 4) [16,20,27]. The metabolic sequence progressed via further intermediates
(18a and 18d), — (20a and 20d) — (21a and 21d) and was also observed in other bacterial
strains [84].
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4.3. Biotransformations of Benzo[b]thiophenes 10a—d to Yield Sulfoxides 23a—d

The dioxygenase-catalyzed metabolism of the benzo[b]thiophene 10a results in sulfox-
idation, dimerization, and formation of tetracyclic thiophenes (Scheme 5).

An authentic sample of the racemic monosulfoxide 23a was obtained by peroxyacid
or dimethyldioxirane oxidation of benzo[b]thiophene 10a. It was found to be sufficiently
stable for characterization in solution (CD3COCD3), but, on concentration, it disproportion-
ated to form benzo[b]thiophene 10a and sulfone 24a [83]. As expected, the TDO-catalyzed
(P. putida UV4) sulfoxidation of benzo[b]thiophene 10a yielded the unstable monosulfox-
ide 23a. Dimerization then yielded the undetected bis-sulfoxides 25a and 26a; further
metabolism of these intermediates led to the isolation of minor tetracyclic bioproducts
27a-30a (Scheme 5) [81,83].

Several mechanisms were proposed for the formation of metabolites 27a-30a
(Scheme 5) [19,83,85]. One mechanism involved spontaneous dimerization of monosulfox-
ide 23a to form transient bis-sulfoxide diastereoisomers 25a and 26a, followed by abiotic
rearomatization to yield benzo[b]naphtho[1,2-d]thiophene 30a [19].

An alternative mechanism proposed dimerization of monosulfoxide 23a, yielding
disulfoxide isomers 25a and 26a and extrusion of sulfur monoxide to produce tetracyclic
diastereoisomers 27a and 28a (Table 3) [81,83]. Thermal extrusion of sulfur monoxide, from
thiophene oxide cycloadducts, is a known reaction [86,87]. Direct TDO- and NDO-catalyzed
desaturations could account for the formation of benzo[b]naphtho[1,2-d] thiophene sul-
foxide 29a (3% ee, Table 3) from monosulfoxides 27a and 28a [88,89]. Reductase-catalyzed
deoxygenation of metabolite 29a would yield benzo[b]naphtho[1,2-d] thiophene 30a [83].
Two additional compounds, 31a and 32a, formed when using a Sphingomonas strain, were
also identified by GC-MS analysis (Scheme 5) [84]. Thermal deoxygenation of sulfoxides
25a-29a, during analysis, or sulfoxide reductase activity could account for products 31a
and 32a. The metabolic sequence 10a — 23a — 25a, 26a — 27a, 28a° — 29a — 30a involves
several dearomatization and rearomatization steps (Scheme 5).

The advantage of having different types of dioxygenase available is evident from the
TDO-catalyzed (P. putida UV4) sulfoxidation of 2-methylbenzo[b]thiophene 10b to yield
the stable (1R)-sulfoxide 23b (>98% ee); NDO-expressing strains (P. putida 9816/11 and
E. coli pF352V) also produced sulfoxide 23b, but with P. putida 8859 an excess (56% ee)
of the opposite (1S) enantiomer was found (Table 3) [83]. NDO-catalyzed oxidation of
3-methylbenzo[b]thiophene 10¢, using the same strains, produced the stable sulfoxide
23c with P. putida 8859 yielding an excess of the (1R) enantiomer (41% ee) [83]. Absolute
configurations of sulfoxides 23b and 23c were determined by ECD spectroscopy and ee
values of all sulfoxides by chiral stationary phase HPLC analysis [83].

Ab initio computational and quantum chemistry studies predicted that enantiomers of
benzo[b]thiophene sulfoxide 23a would undergo pyramidal inversion and racemization at am-
bient temperature with predicted inversion barriers of (AG7 = 22.9-23.9 kcal mol 1) [64,65].
Experimental validation was finally provided by the isolation and observed racemization
of the (1R)-benzo[b]thiophene sulfoxide 23a obtained by a styrene monoxygenase-catalyzed
sulfoxidation of substrate 10a (Section 6.3). Further confirmation of predicted inversion
barriers was provided by racemization of (1R)-enantiomers of sulfoxides 23b and 23c,
at ambient temperature. This occurred at a slower rate over a 24 h period, and kinetic
studies provided pyramidal inversion barriers(AG7) of 25.1 and 26.4 kcal mol !, respec-
tively, [83]. Similar inversion barriers are expected for sulfoxide metabolites formed from
CYP450-catalyzed sulfoxidation of benzo[b]thiophene-containing drugs, e.g., zileuton 10e
and brexpiprazole 10g (Section 6).

5. Dioxygenase-Catalyzed Dearomatization of Tri- and Tetra-Cyclic Thiaarenes

Larger thiaarenes, e.g., tricyclic (33) and tetracyclic (30a, 34) compounds (Figure 4),
detected in crude oil, shale, coal, derived tars, and creosote, are generally more resistant
to bacterial biodegradation compared with monocyclic and bicyclic thiophenes [15-25].
As observed during dioxygenase-catalyzed cis-dihydroxylation of polycyclic arenes, e.g.,
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anthracene or phenanthrene [45,46], linear polycyclic thiophenes appear to be more recalci-
trant than angular isomers [24].

Pseudobay Pseudofjord Pseudobay

O Reyy

S T S
33 30a 34
Pseudobay
region

Figure 4. Identification of pseudo-bay and pseudo-fjord regions of polycyclic thiophenes.

The angular junction, between three fused benzene rings found in phenanthrene
or chrysene, is classified as a bay region. A strong preference for BPDO-catalyzed cis-
dihydroxylation of bonds, proximate to a bay region, was found for tricyclic arenes, e.g.,
phenanthrene [45,46,90] and tetracyclic arenes, e.g., benz[a]anthracene or chrysene [91-93].
An angular region, between benzene rings fused with a thiophene ring, as in dibenzo[b,d]
thiophene 33, or between a fused benzene, thiophene, and naphthalene ring, as in benzo[b]
naphtho[2,1-d] thiophene 34, is designated a pseudo-bay region (Figure 4).

The angular junction between four fused benzene rings in benzo[c]phenanthrene is
classified as a fjord region, and BPDO-catalyzed cis-dihydroxylation occurred, exclusively,
at this region [94]. The region between fused benzene, thiophene, and naphthalene rings,
found in benzo[b]naphtho[1,2-d]thiophene 30a, is assigned as a pseudo-fjord region.

Ring-hydroxylating dioxygenases with smaller active sites, e.g., TDO, normally only
catalyze cis-dihydroxylation of mono- and bi-cyclic arenes [4-9]. The inability of its active
site to accommodate many larger polycyclic thiophenes, e.g., tetracyclic substrates 30a
and 34, allied to their limited aqueous solubility, are major factors in their resistance
to metabolism. The larger active sites of NDO and BPDO are of similar structure (44%
sequence identity) [95,96], and the wider entrance to the BPDO active site makes it is among
the most successful dioxygenases for binding and biodegrading tri-, tetra-, and penta-cyclic
arenes and thiaarenes.

5.1. Dioxygenase-Catalyzed Biotransformations of Dibenzo[b,d]thiophenes 33 and 38

Dibenzo[b,d]thiophene 33, one of the most common polycyclic thiophenes present in
crude oil and other fossil fuels, was used as a model substrate for many biodegradation
and biodesulfurization studies [97]. Dioxygenase-catalyzed biotransformations (P. putida, P.
jianii, P. alcaligenes, P. stutzeri, Burkholdia, and Sphingomonas strains) of substrate 33 yielded
sulfoxide 34. Ring-opened bioproducts like aldehyde 36 were derived from cis-dihydrodiol
intermediate 35 (Scheme 6) [98,99]. NDO-catalyzed sulfoxidation of substrate 33 was also
observed using the purified enzyme [100].
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Scheme 6. Dioxygenase-catalyzed oxidation of dibenzo[b,d]thiophene 33 and 4-methyldibenzo[b,d]
thiophene 38.

Mutant (P. putida (9816/11) strain and a recombinant [E. coli JM109(DE3)(pDTG141)]
strain expressing NDO [100], and mutant (Beijerinckia, B8 /36) strain expressing BPDO [101],
reclassified as Sphingomonas yanoikuyae B8/36 [102], were each utilized in the biotrans-
formation of dibenzo[b,d]thiophene 33. In all cases, cis-dihydroxylation occurred at the
favored pseudo-bay region to yield metabolite (1R,25)-1,2-dihydrodiol 35 (>98% ee). The
minor cis-3,4-dihydrodiol 37 was identified from NMR analysis of the unseparated isomeric
mixture of cis-diols 35/37; it was also detected using other strains (P. putida 9816-11, P.
fluorescens TTC1, and E. coli JIM109(DE3)(pDTG141) (Scheme 6) [100,103].

Autodock Vina molecular docking studies of dibenzo[b,d]thiophene 33 as substrate
led to the unexpected prediction that it could accommodate a tricyclic substrate within
the relatively small active site of TDO [79]. Furthermore, it was predicted that the pre-
ferred in vitro orientation of dibenzo[b,d]thiophene 33 would result in the formation of
(1R,2S)-dihydrodiol 35. This proposition was validated in vivo, when TDO-catalyzed (P.
putida UV4) cis-dihydroxylation occurred within the pseudo-bay region, to give exclusively
(1R,2S)-dihydrodiol 35 (>98% ee, 16% isolated yield) [79].

Dioxygenase-catalyzed oxidation of 4-methyldibenzo[b,d]thiophene 38, using wild-
type Pseudomonas strains, yielded a wider range of metabolites including sulfoxide 39, ben-
zylic alcohol 41, cis-dihydrodiol 40, sulfone 42, and aldehyde 43 (Scheme 6) [104]. A kinetic
study of the racemization (130 °C) of an enantioenriched sample of sulfoxide 39 produced
a higher inversion barrier (AG” = 33.0 kcal mol~!) compared with benzo[b]thiophene
sulfoxides 23a and 23b; it was, however, very similar to the calculated value for sulfoxide
34, AG” =32.3 kcal mol ! [64].

5.2. Dioxygenase-Catalyzed Biotransformation of Benzo[b]naphtho[1,2-d]thiophene 30a and
Tetrahydrobenzo[blnaphtho[1,2-d]thiophene 45

Benzo[b]naphtho[1,2-d]thiophene 30a and the corresponding sulfoxide 29a were iso-
lated as metabolites from the biotransformations (P. putida strains, expressing TDO and
NDO, and Sphingomonas XLDN2-5) of benzo[b]thiophene 10a (Scheme 5) [12,83,84,97]. No
further TDO-catalyzed metabolites of compound 30a were detected due to its relatively
large size. The larger active site of the BPDO (S. yanoikuyae B8/36) was able to accommo-
date and facilitate the metabolism of tetracyclic substrates 30a and 45 (Scheme 7). BPDO-
catalyzed cis-dihydroxylation occurred exclusively within the fjord region of benzo|c]
phenanthrene [94]. Under similar conditions, biotransformation of benzo[b]naphthol[1,2-
d]Jthiophene 30a resulted in cis-dihydroxylation within the pseudo- fjord region to give
(10S,11R)-dihydrodiol 44 exclusively (>98% ee; Scheme 7) [94].
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Scheme 7. BPDO-catalyzed oxidation of benzo[b]naphtho[l,2-d]thiophene 30a and tetrahy-
drobenzo[b]naphtho[1,2-d]thiophene 45.

Biotransformation (BPDO) of tetrahydrobenzo[b]naphtho[1,2-d]thiophene 45 resulted
in an unexpected (2:1) mixture of (1R,25)- cis-dihydrodiols 46 and 47 and was separated
by PLC (Scheme 7) [94]. Dioxygenase-catalyzed desaturations (TDO, NDO, or BPDO) are
well documented reactions [105-107]. A BPDO-catalyzed stepwise double desaturation of
metabolite 46, via a transient dihydrobenzo[b]naphtho[1,2-d]thiophene intermediate, could
account for the minor (10S,11R) cis-dihydrodiol 47. This study demonstrates the importance
of a pseudo-fjord region on the regiochemistry of BPDO-catalyzed cis-dihydroxylations.

5.3. Dioxygenase-Catalyzed Biotransformation of Benzo[b]naphtho[2,1-d]thiophene 34

Benzo[b]naphtho[2,1-d]thiophene 34 contains two pseudo-bay regions, and BPDO-
catalyzed cis-dihydroxylation (S. yanoikuyae B8/36) occurred exclusively at one pseudo-bay
region to form (1R,2S)-dihydrodiol 48 as the major metabolite (Scheme 8) [93].

= ,O ol

NADPH NADPH

48
Ho O

Scheme 8. BPDO-catalyzed oxidation of benzo[b]naphtho[2,1-d]thiophene 34 to yield cis-dihydrodiol
48 and bis-cis-tetrahydrodiol 49.

A more polar minor metabolite, resulting from a further cis-dihydroxylation within
the alternative pseudo-bay region, was identified as bis-cis-(1R,25,7R,8S)-tetrahydrodiol 49.
Confirmation for this metabolic sequence (Scheme 8) was obtained by using cis-dihydrodiol
metabolite 48 as a substrate, and, further, cis-dihydroxylation yielded cis-tetraol 49. Metabo-
lite 49 was the first identified member of the heteroarene bis-cis-dihydrodiol series but a
similar type of BPDO-catalyzed tetrahydroxylation was observed when using chrysene as
a substrate, which contained two bay regions [93].

Benzo[b]naphtho[2,1-d]thiophene 34 is a carcinogenic polycyclic thiaarene that has
been identified as an environmental hazard [13]. It was tested as a substrate for CYP450
monooxygenase-catalyzed studies to identify the suspected metabolites responsible for
its mutagenicity and carcinogenicity [108,109]. As found in CYP450 studies of monocyclic
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thiophenes [53-56], epoxidation, sulfoxidation, and hydroxylation of tetracyclic thiophene
34 was also reported (Scheme 14, Section 6.3) [108,109].

5.4. Application of Thiophene cis-Dihydrodiols in Thiophene Epoxide Synthesis

Enantiopure cis-dihydrodiols, derived from enzymatic cis-dihydroxylation of sub-
stituted arene substrates, have been widely used as precursors in the chemoenzymatic
synthesis of many chiral natural products and other types of metabolites, including arene
oxides and trans-dihydrodiols [4-9,44,71]. While few cis-dihydrodiol metabolites of het-
eroarene substrates have been utilized in synthesis, a small number of relatively stable
bicyclic metabolites, derived from quinoline, 2-chloroquinoline, and 4-chloroquinoline,
have proved to be useful chiral synthons. Thus, chemoenzymatic syntheses of chiral
ligands [110,111], chiral metal organic frameworks [112], and arene oxide metabolites,
resulting from CYP450-catalyzed oxidations [71], were achieved by the application of
these metabolites.

The paucity of reports on the synthetic applications of thiophene sulfoxides and cis-
dihydrodiols is possibly due to their unavailability and perceived instability. Monocyclic
thiophene sulfoxides, although generally considered as unstable, can be stabilized by the
presence of bulky substituents. More stable sulfoxides of this type have been used to
determine sulfoxide inversion barriers by spectroscopic methods [68,69].

A further example of the synthetic application of thiophene sulfoxides is provided by
the reaction of the relatively stable 3,4-di-tert-butylthiophene-1-oxide with dimethylacety-
lene dicarboxylate. This formed an unstable cycloadduct that decomposed spontaneously,
providing a source of singlet sulfur monoxide [113]; its reaction with dienes and alkynes
delivered a useful synthetic route to thiirane and thiirene oxides.

To test the potential application of thiophene cis-dihydrodiols in chemoenzymatic
synthesis, it was important to select a relatively stable metabolite. The stability of cis-
and trans-dihydrodiol metabolites 17a and 19a, formed by dioxygenase-catalyzed cis-
dihydroxylation of benzo[b]thiophene 10a (Scheme 4), prompted a study of their use in the
synthesis of a thiophene epoxide.

The three-step reaction sequence in Scheme 9 started from an isomeric mixture of
metabolites 17a and 19a, proceeded via dioxoles 50, and trans-chloroacetate 51 as interme-
diates and yielded benzo[b]thiophene-2,3-oxide 52. A similar sequence was used in the
synthesis of K-region arene oxides [114]. Epoxide 52 was identified by NMR spectroscopy
(THF-dg) and MS analysis. On attempted chromatographic purification, it isomerized to a
mixture of 3-hydroxybenzo[b]thiophene 53 and the keto tautomer 54 [82].

OH

19a

OM%% OAc o
i o OMe i i
OH —> — ~Cl > s
S S S
50 51 52

Reagents: i MeC(OMe); PhCOH, benzene; ii Me3SiCl, CH,Cly; iii NaOMe, THF

o) OH
oy — Qo
S S
54 53

Scheme 9. Synthesis of benzo[b]thiophene epoxide 52 from cis-diol metabolite 17a.
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6. Monooxygenase-Catalyzed Sulfoxidation and Epoxidation of Thiophenes
6.1. CYP450-Catalyzed Sulfoxidation of Monocyclic Thiophenes

While thiophenes are considered as contaminants of fossil fuels [14-25], the thio-
phene ring is regarded as a useful bioisosteric building block for many important drugs
(Figure 5) [57]. The results from monooxygenase (CYP450)-catalyzed sulfoxidation of thio-
phenes, in the context of metabolite identification, toxicity, and mechanism of drug metabolism,
are rarely compared with sulfoxidations obtained using ring-hydroxylating dioxygenases.
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Figure 5. Thiophene- and benzothiophene-containing drugs and analogs tested in metabolic studies.

Thiophenes were reported to be hepato- and nephro-toxic to rats [115,116], and these
early reports proposed the formation of reactive intermediates, derived from thiophenes
rings, which react with cellular nucleophiles; a thiophene sulfoxide N-acetylcysteine conju-
gate was isolated from urine of rats treated with thiophene [117].
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In common with the dioxygenase-catalyzed results (Scheme 2), mammalian monooxy-
genase (CYP450)-catalyzed sulfoxidations of: (i) the model substrates, thiophene 1a, 2-
phenyl-thiophene 1g, and 3-phenyl thiophene 1k and (ii) the thiophene-containing drugs
analog, tienilic acid isomer 1m (Figure 5), was observed.

CYP450 isozymes in liver microsomes, and in recombinant pure form, catalyzed formation
of the corresponding unstable sulfoxides as initial metabolites 5a,g,k,m (Scheme 10) [52-57].
TDO-catalyzed oxidations of thiophenes 1a,b,g k also formed sulfoxides 5a,b,g k. In both
mono- and di-oxygenase studies, rapid dimerization occurred to give the correspond-
ing dimers 6a,b,g k, respectively (Schemes 2 and 10). Monocyclic thiophene sulfoxide
metabolites 5a,m,p,q, s were also trapped as cycloadducts by other dienophiles, including
N-methyl-maleimide (NMM), yielding cycloadducts 55a,m,p,q,s (Scheme 10) [53,118-120].
Michael addition of thiols, e.g., glutathione (GSH), N-acetylcysteine, or mercaptoethanol,
proved to be a particularly useful method for trapping transient monocyclic sulfoxide
metabolites 5a,g,k,m as adducts 56a,g,k,m and 57a,g,k,m (Scheme 10) [52-58,64,65]. A
major advantage of this trapping method, for unstable thiophene sulfoxides, is that these
thiols can also trap transient thiophene epoxide metabolites. If the rate of thiol addition is
much faster than the rate of thiophene sulfoxide racemization [64-66], the configurationally
stable thiol adducts could, in principle, provide indirect evidence of sulfoxide enantiomeric
excess values.
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Scheme 10. CYP450-catalyzed sulfoxidation of thiophenes 1a, g, k, m, p, q, s, t, v, z.

Cytochrome P450-catalyzed oxidation of the monosubstituted thiophene-containing
drugs, tienilic acid isomer 1m, methapyrilene 1s, and the disubstituted thiophenes ticlo-
pidine 1p, clopidogrel 1q, and OSI-930 1t was found to give transient sulfoxide metabo-
lites 5m,s,p,q, and 5t, respectively, that rapidly dimerized to 6m,s,p,q,t (Scheme 10 and
Figure 5) [57,121,122]. In the presence of NMM in the incubation, cyclo-adducts 55m,p,q,
and 55s were obtained at the cost of the thiophene sulfoxide dimers [120]. Incubation of
tri-substituted thiophene dimethenamid-P (Figure 5) herbicide with basidiomycete Irpex
consors produced a stable thiophene sulfoxide and two isomeric 2-thiolenones [123].

6.2. CYP450-Catalyzed Epoxidation of Monocyclic Thiophenes

Both benzene oxide and benzene cis-dihydrodiol metabolites have been chemically
synthesized and characterized. Scheme 1a illustrates that CYP450-catalyzed epoxidation
of mono- and poly-cyclic arene substrates [124,125] can provide an alternative oxidative
dearomatization pathway compared to dioxygenase-catalyzed cis-hydroxylation. Three
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major enzymatic oxidative dearomatization pathways (sulfoxidation, cis-dihydroxylation,
and epoxidation) are possible for mono- and poly-cyclic thiophene substrates (Scheme 1b).

An important difference between cis-dihydroxylation and epoxidation of thiophenes
is that thiophene cis-dihydrodiols have been isolated and fully characterized while, to
date, thiophene epoxide metabolites have not. It is important to consider what evidence
is available for the involvement of transient benzene oxide metabolites prior to their
detection, isolation, and synthesis when attempting to identify transient thiophene epoxide
metabolites.

Benzene oxides can: (i) aromatize to phenols, (ii) react with thiols and to yield trans-
hydroxysulfides, and (iii) hydrolyze to yield trans-dihydrodiols, via epoxide hydrolase
catalysis. Similarly, thiophene epoxide metabolites derived from thiophenes 1a,g k1, might
be expected to aromatize to hydroxythiophenes [122], to form trans-hydroxysulfide adducts
with thiols, and to hydrolyze, giving trans-dihydrodiols as shown in Scheme 11.
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COAr, Ar = 2,3-dichlorophenoxyacetic; 1r, R = Phenyl-2-propionic

Scheme 11. CYP450-catalyzed oxidation of thiophenes 1a,gk 1-u,z.

The isolation of hydroxythiophene metabolites from monooxygenase-catalyzed model
thiophene substrates and thiophene-containing drugs is consistent with thiophene epoxi-
dation and isomerization [126,127]. Thus it was proposed that CYP450-catalyzed oxidation
of monosubstituted thiophenes 1a,g,k and tienilic acid 11 could yield unstable thiophene
epoxide intermediates 58a,g,k,1 (Scheme 11); spontaneous isomerization of these epoxides
could then account for the isolation of monohydroxylated thiophenes 59a,g,k,1 and their
corresponding keto tautomers 60a,g k1 and 61a,gkl [54,57,128]. Thus, 2-aroylthiophenic
drugs tienilic acid 11, suprofen 1n, tenidap 1o, and nocodazole 1u were 5-hydroxylated to
produce hydroxythiophene 581,n,0,u in equilibrium with the corresponding two thiolac-
tones 60 and 61 having a strong chromophore around 390 nm [126,129-131]. Three of these
2-aroylthiophenic drugs were found to exhibit idiosyncratic toxicity and were withdrawn
(tienilic acid 11, liver toxicity; suprofen 1n, kidney toxicity), and use of tenidap 1o was
stopped at the end of the clinical studies.

Other thiophene-containing drugs, tiquizium bromide 1w, morantel 1x, and tenoxicam
1y, were also oxidized in microsomal incubations in the thiophene ring, but the position of
oxidation was not determined [132-134]. For two thiophene-containing drugs, duloxetine
and eprosartan, and one benzothiophene-containing drug, raloxifene, metabolic oxidation
of the thiophene ring was researched and not detected, other parts of the molecules being
oxidized [57].
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Following the report of an unusual rearrangement reaction of arenes during enzymatic
aromatic hydroxylation, the NIH Shift, this observation was widely used as strong evidence
for the intermediacy of transient arene oxides [125,135]. The NIH Shift requires migration
of an atom (e.g., D or T) or group and retention at an adjacent site during aromatic hy-
droxylation of substituted arenes. A similar migration and retention of label was observed
during TDO-catalyzed arene cis-dihydroxylation and dehydration of the D-labelled cis-
dihydrodiol metabolites to give phenols [136]. In addition to these two mechanisms for the
NIH Shift, other mechanisms have since been reported [137]. The NIH Shift was, however,
not observed during CYP450-catalyzed oxidation of thiophenes 1a,g k1 during formation
of the corresponding hydroxythiophene metabolites 59a,g,k,1 and, therefore, could not be
used as evidence for epoxidation.

Arenes can be oxidized by dioxygen and CYP450s forming arene oxides that are
then enzymatically hydrolyzed by microsomal epoxide hydrolase (mEH) to give stable
trans-dihydrodiols. Arene oxides are relatively stable and have been produced by either
chemical or enzymatic synthesis. Thiophene trans-dihydrodiols 4a,h-k have been iso-
lated from TDO-catalyzed oxidations of thiophenes as epimers of the initially formed
cis-dihydrodiols 2a,h-k [12]; they were relatively stable and did not readily dehydrate.
Thus, it was expected that trans-dihydrodiols could be formed from thiophene epoxides
58a,g,k,1, during liver microsomal incubations, as presented in Scheme 11. Neither trans-
dihydrodiols 4a,g,k,1, nor the corresponding cis epimers 2a,g,k,1, have been detected as
metabolites during CYP450-catalyzed oxidation of any monocyclic thiophenes including
compounds 1a,g,k,1 [54,57,128].

Why were thiophene trans-dihydrodiols not found? One possibility would be that
they are formed below the level of detection. Quantum chemical analysis results predicted
that the energy barrier to direct hydrolysis of a thiophene epoxide by water was too
high [122]. However, since arene oxide hydrolysis requires catalysis by mEH, a similar
outcome might be expected for thiophene epoxides. The size of the active site of mEH is
able to accommodate arene oxide sizes from one aromatic ring up to five fused rings and
aliphatic epoxides and, thus, should accept small thiophene epoxides. The hydrophobicity
of thiophene epoxides should be close to that of arene oxides of similar size. Maybe mEH
is not the appropriate enzyme or the half-life of thiophene epoxides is too short for being
transferred to the catalytic site of mEH. Despite some thiophenes and thiophene-containing
drugs having similar types of substituents, no trans-dihydrodiols nor their cis epimers have
been yet detected directly during microsomal incubations.

The stability of thiophene epoxides [122] could be increased using the same approach
adopted for arene oxides [135] that were stabilized by the presence of bulky or electron-
withdrawing substituents [137,138]. Despite some model thiophenes and thiophene-
containing drugs having similar types of substituents, no epoxide metabolites have been
detected directly.

The most convincing indirect evidence for thiophene epoxide intermediates being
formed by CYP450-catalyzed oxidation of thiophenes comes from the formation of trans-
hydroxysulfide adducts (Scheme 11). Nucleophilic attack of thiols, e.g., glutathione or
mercaptoethanol, on thiophene epoxide metabolites, e.g., 58a,g,k, was found using liver
microsomes and individual monooxygenase-expressing strains, e.g., recombinant CYP450
1A [55-57,121,128]. The initially formed trans-hydroxysulfides, e.g., 62a,g,k, were found
to epimerize with the corresponding cis isomers. Dehydration of trans-hydroxysulfides
62a,g k under acidic conditions formed alkylthienyl sulfides 63a,g k.

A substituted 2-phenyl thiophene, (5)-2-[4-(3-methyl-2-thienyl)phenyl]propionic acid
1r (MTPPA), as an anti-inflammatory agent, was metabolized to the 5-hydroxy-thiophene
metabolite 59r and its thiolenone tautomers 60r and 61r in vivo and in vitro by CYP2C9 [139].
Incubation of thiophene 1r in the presence of glutathione did not yield adducts, but the de-
tectable proportions of thiolenones decreased with increasing production of an unexpected
metabolite. It was identified by NMR spectra and mass spectrometry as the thiophene
hydrate 5-hydroxy-4,5-dihydro-3-methylthiophene 64r [140]. While stable at room temper-
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ature, metabolite 64r dehydrated in an acid medium, yielding thiophene 1r. Under similar
conditions, 2-phenylthiophene 1g and 4-(2-thienyl)-benzoic acid 1z substrates also formed
thiophene hydrates 64g and 64z, but the hydration mechanism was unclear [140].

Relatively few examples of hydrate formation during mono- or di-oxygenase-catalyzed
oxidations of arenes or heteroarenes are available. Metabolites 64g, 64r, and 64z are rare
examples of heteroarene hydrates formed through CYP450-catalyzed epoxidation of the
corresponding thiophenes 1g,1, and 1z. [140]. Monohydroxylation (CYP450) at allylic or
benzylic positions of dihydroarenes yielded polycyclic arene hydrates [141]. Dioxygenase-
catalyzed cis-dihydroxylation of monosubstituted phenols also produced hydrates, and
their keto tautomers, as minor metabolites [78]. The formation of thiophene hydrates
and phenol hydrates, during oxidative biotransformations of the corresponding phenol
and thiophene substrates, could be regarded as dearomatizations. However, in each case,
several steps are involved rather than direct hydration reactions.

Monocyclic thiophene epoxides and sulfoxides have also been identified as biologically
reactive intermediates, that react in situ with the enzyme responsible for their production.
Several thiophene-containing drugs have been identified as mechanism-based inactivators
of cytochrome P450s and to react with the apoenzyme [142-146].

No convincing evidence was found for epoxide hydrolase (EH)-catalyzed hydrolysis
of thiophene epoxide metabolites, yielding trans-dihydrodiols from metabolism of thio-
phenes and thiophene-containing drugs (Scheme 11). It is, however, noteworthy that the
bioactivation of thiazole-containing drugs 65 also involves CYP450-catalyzed formation of
unstable thiazole epoxides 66 but is followed by hydrolysis yielding trans-dihydrodiols 67
during metabolism (Scheme 12) [147-149].

R" P450 R R" OH
Nj\ ﬁ other
/ \ H O —
RAS R' NADPH [R/Q R’ ’< "I'OH products
65 67

Scheme 12. CYP450-catalyzed epoxidation of thiazoles 65.

6.3. Monooxygenase-Catalyzed Oxidation of Polycyclic Thiophenes

Benzol[b]thiophene sulfoxide 23a, obtained by the chemical oxidation of benzo[b]
thiophene 10a (Section 4.3), and benzo[b]thiophene epoxide 52, synthesized from cis-
dihydrodiol 17a (Scheme 9), were unstable in the neat state but were found to be more
stable in solution. This prompted a reexamination of the metabolism of benzo[b]thiophene
10a by monooxygenases from rat liver microsomes (expressing CYP450 enzymes) and
a bacterial recombinant strain [E. coli BL21 (DE3)] (expressing styrene monooxygenase,
SMO) [52,83,150,151]. Following CYP450-catalyzed oxidation of benzo[b]thiophene 10a,
benzo[b]thiophene sulfoxide 23a was identified as a major metabolite by HPLC analysis. In
the presence of mercaptoethanol (pH 8.5), sulfoxide 23a was trapped as thiol adduct 68;
no evidence of the epoxide intermediate 52 was obtained by trapping hydroxy sulfide 69
(Scheme 13) [52].

The major metabolite, isolated from styrene monooxygenase-catalyzed [E. coli B121
(DE3)] sulfoxidation of benzo[b]thiophene 10a, was (1R)-benzo[b]thiophene-1-oxide 23a, [150];
benzo[b]thiophene-1,1-dioxide 24a was found as a very minor metabolite. Sulfoxide 23a,
isolated at 0°C and identified by NMR analysis and slowly racemized over several hours
in CDCl3 solution at ambient temperature, without decomposition [83].
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Scheme 13. Monooxygenase-catalyzed oxidation of benzo[b]thiophene 10a.

SMO-catalyzed epoxidation of indene and indole was reported to yield the correspond-
ing epoxides. Indene 1,2-oxide was formed using E. coli B121 (DE3) [151], while indirect
evidence for indole 2,3-oxide was obtained using P. putida strains S12 and CA-3 [152]. There-
fore, it was anticipated that SMO might catalyze epoxidation of the bioisosteric substrate
benzo[b]thiophene 10a. Despite efforts to detect thiophene oxide 52 (Scheme 13) or to trap
it as a hydroxysulfide adduct 69, epoxide 52 remains an undetected potential metabolite.

CYP450-catalyzed oxidation of the benzo[b]thiophene-containing drugs zileuton 10e,
its analog 2-acetylbenzothiophene 10f, and brexpiprazole 10g (Figure 5) yielded thio-
phene sulfoxides without any evidence of epoxide metabolites [57,153,154]. Another
benzo[b]thiophene-containing drug candidate, JNJ-26990990, was also converted to a
sulfoxide[155].

Mono- and di-oxygenase-catalyzed oxidative metabolism of benzo[bJnaphtho[2,1-
d] thiophene 34 was studied, due to its mutagenicity, carcinogenicity, and presence in
the environment [108,109]. While BPDO-catalyzed oxidation of thiophene 34 yielded
cis-dihydrodiol 48 and cis-tetrahydrodiol 49 (Scheme 8, Section 5.3), an early CYP450-
catalyzed metabolism study of substrate 34 yielded only sulfoxide 74 and sulfone 75
(Scheme 14) [156].

Later studies of CYP450-catalyzed metabolism of tetracyclic thiophene 34 also iden-
tified sulfoxide 74 and sulfone 75; in addition, two trans-dihydrodiols, derived from the
transient arene oxides 70 and 71 and two phenols, resulting from undetected arene oxides
72 and 73, were identified (Scheme 14) [109]. The proposed CYP450-catalyzed oxidations
shown in Scheme 14 involve five enzymatic dearomatization reactions during production
of one sulfoxide 74 and four arene oxide intermediates 70-73.

6.4. Monooxygenase-Catalyzed Thiophene Ring Oxidation of Thienopyridine Prodrugs

Some important antiplatelet and antiaggregant prodrugs, with a tetrahydro-thienopyridine
structure 76 (Ticlopidine 1p, Clopidogrel 1q, Figure 5 and Scheme 15), are metabolized in
mammals by a series of reactions on the thiophene ring, leading to a thiol acid derivative
that inhibits the G-protein ADP receptor P2Y12 [157]. This family of compounds was
discovered in 1978 [158], the receptor was located in 2000 and the complex formation of the
active metabolite was deciphered during 2009-2013 [158].
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Scheme 14. CYP450-catalyzed oxidation of benzo[b]naphtho[2,1-d] thiophene 34.
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The important role played by CYP450 and unspecific fungal peroxygenase (UFO)-
catalyzed epoxidation and sulfoxidation is exemplified by the thienopyridine drug metabolism
route in Scheme 15. Further reactions of the unstable epoxide and sulfoxide metabolites led
to the formation of many other products, including sulfoxide dimers, hydroxythiophenes,
thiolactones, sulfenic acids, and thiols.

One of the first steps in the metabolism of thienopyridines 76, clopidogrel 1q, and ticlo-
pidine 1p was oxidation of the thiophene ring by a CYP450 monooxygenase (or UFO per-
oxygenase) to yield an unstable thiophene epoxide 77. This intermediate isomerized into a
2-hydroxythiophene 78 and its thiolactone tautomers 79a and 79b (Path A, Scheme 15) [159].
Further CYP450- or peroxygenase-catalyzed oxidation of tautomers 78/79a/79b led to a
reactive thiolactone S-oxide 80 that hydrolyzed to a sulfenic acid 81 and was trapped using
dimedone [120,160-164]. The sulfenic acid metabolite 81 was reduced, in vivo, to thiol acid
diastereoisomers 82, only one being active with the receptor P2Y12. Reducing species, like
thiols, ascorbic acid, and tricarboxyethyl-phosphine, were used in vitro [120,160-165]. Thiol
acid metabolites 82 were eliminated in vivo [166,167] and also as S-methylated adducts 83.
The dialkyl sulfides 83 were also obtained in vitro after methylation of 82 by S-adenosine-
methionine dependent S-methyl transferase [168,169].

Some metabolites of the 2-substituted thiophene razuprotafib 1v, including a methylth-
ioether, may also be formed by Path A with Path B being also involved in formation of
other metabolites [170,171]. Metabolic reactions of thiophenes catalyzed by cytochrome
P450 were reviewed recently [172].

During the metabolism of ticlopidine 1p and clopidogrel 1q, a competitive CYP450
monooxygenation pathway (Path B, Scheme 15) led to thiophene-S-oxide 84 and S-oxide
dimers 85. The unstable S-oxide 84 was trapped by dienophiles, e.g., N-methyl- (NMM)
and N-ethyl-maleimide (NEM) [119,120] to give product 86, or thiols, e.g., glutathione
(GSH) to give adducts 87 [173]. The oxidation reactions (Path A and Path B) were also
catalyzed by unspecific fungal peroxygenases (UFO) in the presence of ascorbic acid and
hydrogen peroxide [159].

7. Conclusions

A major emphasis of this review has been on the complementary nature of monooxy-
genase and dioxygenase enzyme activities, in the context of oxidative dearomatization of
mono- and poly-cyclic thiophenes. Monooxygenase enzymes, expressed by mammalian,
fungal, and bacterial cells, were used in the oxidative aromatization of a wider range of
types and sizes of thiophenes compared with ring-hydroxylating dioxygenases.

Wild-type bacteria, expressing ring hydroxylating dioxygenase enzymes, have been
employed to metabolize and remove thiophenes from fossil fuels. Mutant and recombi-
nant bacterial strains, expressing these enzymes, were utilized to intercept and scale up
the production of thiophene sulfoxide and dihydrodiol metabolites from relatively small
thiophene substrates. Factors influencing chemo-, regio-, and stereo-selectivity, stability
and mechanisms of dioxygenase-catalyzed oxidations of thiophenes are discussed.

Enantioenriched thiophene sulfoxide metabolites were used to determine inversion
barriers and compare with predictions from calculated values. These barriers are of poten-
tial importance within the context of individual sulfoxide enantiomers from drugs having
different efficacies. A range of inversion barriers were predicted for sulfoxide metabolites
obtained during CYP450-catalyzed oxidation of thiophene-containing drugs. The applica-
tion of a thiophene cis-dihydrodiol metabolite in the first synthesis a thiophene epoxide
suggests that more stable thiophene epoxides could be obtained using this method.

Lessons can be learned from comparisons of mono- and di-oxygenase-catalyzed ox-
idation of arenes with thiophenes where metabolite instability is often a major problem.
Factors to address this include the use of bulky or electron-withdrawing substituents or
benzo-fusion to stabilize thiophene sulfoxides and epoxides. Factors found to influence the
thermal stability and dynamic stereochemistry (racemization, cis/trans isomerization) of
metabolites, isolated from dioxygenase-catalyzed oxidation of thiophenes, are also applica-
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ble to those derived from monooxygenases. Metabolism of carbocyclic arenes by dioxyge-
nases can yield cis-dihydrodiols while transient arene oxides produced by monooxygenases
hydrolyze to isolable trans-dihydrodiols. Possible reasons are discussed for the almost
reverse scenario, where dioxygenases catalyze formation of thiophene trans-dihydrodiols
as major metablites under aqueous condations while monooxygenases do not.

Further research using suitably substituted thiophene substrates with appropriate
dioxygenases could produce cis-dihydrodiol metabolites for use in the synthesis of more sta-
ble thiophene epoxides and sulfoxides. Monooxygenase-catalyzed production of transient
thiophene epoxide metabolites in the presence of a range of epoxide hydrolases might fi-
nally lead to frans-dihydrodiol production. The question of why model benzo[b]thiophenes
and benzo[b]thiophene-containing drugs and monooxygenases do not appear to produce
either epoxides or trans-dihydrodiols remains unanswered.
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