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Abstract—The cytochrome P450 catalysed biotransformation of 4-halogenated anilines was studied in
vitro with special emphasis on the dehalogenation to 4-aminophenol metabolites. The results
demonstrated that a fluorine substituent at the C4 position was more easily eliminated from the aromatic
ring than a chloro-, bromo- or iodo-substituent. HPLC analysis of in vitro biotransformation patterns
revealed that the dehalogenation of the C4-position was accompanied by formation of non-halogenated
4-aminophenol, without formation of NIH-shifted metabolites. Changes in the apparent V,,, for the
microsomal oxidative dehalogenation appeared to correlate with the electronegativity of the halogen
substituent at C4, the fluorine substituent being the one most easily eliminated. A similar decrease in
the rate of dehalogenation from a fluoro- to a chloro- to a bromo- to an iodo-substituent was observed
in a system with purified reconstituted cytochrome P450 IIB1, in a tertiair butyl hydroperoxide supported
microsomal cytochrome P450 system as well as in a system with microperoxidase 8. This microperoxidase
8 is a haem-based mini-enzyme without a substrate binding site, capable of catalysing cytochrome P450-
like reaction chemistry. Together, these results excluded the possibility that the difference in the rate
of dehalogenation with a varying C4-halogen substituent arose from a change in the contribution of
cytochrome P450 enzymes involved in oxidative dehalogenation with a change in the halogen substituent.
Rather, they strongly suggested that the difference was indeed due to an intrinsic electronic parameter
of the various C4 halogenated anilines dependent on the type of halogen substituent. Additional in
vitro experiments with polyfluorinated anilines demonstrated that elimination of the C4-fluorine
substituent became more difficult upon the introduction of additional electron withdrawing fluorine
substituents in the aniline-ring. ’F-NMR analysis of the metabolite patterns showed that the observed
decrease in 4-aminophenol formation was accompanied by a metabolic switch to 2-aminophenols and
N-hydroxyanilines, while products resulting from NIH-type mechanisms were not observed. For a C4-
chloro-, bromo-, or iodo-substituted 2-fluoroaniline the V., for the oxidative dehalogenation was
reduced by the additional electron withdrawing fluorine substituent at the C2 position in a similar way.
In conclusion, the results of the present study strongly indicate that the possibilities for cytochrome
P450 mediated dehalogenation of 4-halogenated anilines to 4-aminophenol metabolites are dependent
on: (i) the characteristics of the halogen that has to be eliminated, the most electronegative and smallest
halogen being the one most easily eliminated, and (ii) the electron-withdrawing capacities of other
substituents in the aromatic ring, electron-withdrawing substituents decreasing the relative rate of the
reaction. Together these data lead to the conclusion that the halogen is eliminated as a halogen anion.

Key words: cytochrome P450; oxidative dehalogenation; halogenated anilines; aromatic hydroxylation;
N-hydroxylation; microperoxidase 8

The accumulation of halogen-containing aliphatic
and aromatic compounds is a major factor adding
to environmental pollution. The phenomenon
originates in the widespread use of halogenated
compounds in industry, commerce and medicine and
in the relatively high persistence of these xenobiotics.
Removal of halogen substituents is considered to be
acrucial stepin the bioconversion and biodegradation
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Abbreviations: MP-8, microperoxidase 8; HXO, hypo-
halous acid (for example, HCIO = hypochlorous acid);
tBuOOH, rert-butyl hydroperoxide; NMR, nuclear mag-
netic resonance; HPLC, high-performance liquid chroma-
tography.

of halogenated compounds [1-5]. In mammals and
microorganisms cytochrome P450 are important
enzymes involved in biodehalogenation processes
[6,7].

In our previous studies on the dehalogenation of
4-fluorinated anilines and phenols a reaction
mechanism was proposed for the cytochrome P450
mediated oxidative defluorination of 4-fluoroanilines
to 4-aminophenol metabolites and of penta-
fluorophenols to tetrafluorohydroquinone meta-
bolites [8, 9]. Figure 1 schematically presents this
pathway. The reaction proceeds by formation of
chemically reactive benzoquinone(imine) as the
primary reaction product. Because of this possible
formation of reactive primary reaction products the
cytochrome P450 mediated oxidative dehalogenation
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Fig. 1. Proposed reaction pathway for the cytochrome P450 catalysed dehalogenation of 4-halogenated
anilines and phenols. X represents a fluoro atom [8, 9].

of aromatic compounds is of considerable interest
[8-10]. Subsequent chemical reduction of benzo-
quinone(imine) leads to the formation of the final
4-aminophenol (or hydroquinone) metabolite (Fig.
1). Based on the electron balance of the cytochrome
P450 reaction and formation of benzoquinone(imine)
as the primary reaction product, the fluorine
substituent is supposed to be eliminated as an anion.

Studies on the cytochrome P450-catalysed
dehalogenation of aliphatic-halogenated hydro-
carbons demonstrated the ease with which halogen
elimination decreased in the order iodine >
bromine > chlorine >fluorine  [3,5,11-13]. The
strength of the carbon-halogen bond is known to
increase in the same order {1,7]. As a result, a C~
F bond is generally considered inert and difficult to
break, suggesting that dehalogenation of chlorinated,
brominated and iodinated compounds is easier
than dehalogenation of the fluorinated analogues.
Incorporation of a fluorine substituent into drugs or
agrochemicals has even been suggested as a means
of blocking biodegradation or bioactivation of the
compounds [14-20].

Daly et al. [21], however, studying the conversion
of various aniline derivatives, reported 4-chloro-
aniline to be less readily converted to 4-amino-
phenol than 4-fluoroaniline, although the pheno-
menon was not studied in more detail. In addition,
in a previous study on the conversion of penta-
fluorochlorobenzene, the cytochrome P450 cata-
lysed reaction appeared to preferentially elim-
inate the C4 fluorine substituent and not the chlorine
substituent [10], again suggesting that for an aromatic
compound andincontrast to the aliphatic compounds,
the elimination of a fluorine might occur more
readily than elimination of a chlorine substituent.
Furthermore, the observation reported by Li et al.
[22] of a much lower net rate of 2-dehalogenation
of 2-bromoestradiol compared with that of 2-
fluoroestradiol also suggests the relatively easier
elimination of an aromatic fluorine substituent than
of other aromatic halogen substituents. These
authors attributed their observation to the inability
of the brominated substrate to bind to the cytochrome
P450 enzyme due to steric hindrance, but the
phenomenon might also be due to electronic
differences between the fluoro- and bromo-substitu-
ent.

The objective of the present study was to
investigate the influence of the nature and number
of the halogen substituents on the cytochrome P450

catalysed biodehalogenation of aromatic compounds
in more detail. The results are expected to provide
additional information on the importance of halogen
characteristics for their possible elimination from an
aromatic molecule in a cytochrome P450 catalysed
reaction and, thus, on the mechanism of the reaction.
Furthermore, an extension of the studies from
fluorinated to other halogenated aromatics is of
importance considering the more widespread use of
chlorinated and brominated aromatics than of their
fluorinated analogues.

4-Halogenated anilines were taken as the model
compounds because defluorination of 4-fluoroaniline
was already extensively demonstrated to occur in
previous studies [23-25].

EXPERIMENTAL PROCEDURES

Chemicals. Aniline, 2-fluoro-, 3-fluoro-, 4-fluoro-,
4-chlora-, 4-bromo- and 4-iodoaniline were pur-
chased from Janssen Chimica (Beerse, Belgium).
All di- and polyfluoroanilines and nitrobenzenes
were obtained from Fluorochem (Derbyshire, UK).
2-Aminophenol and 4-fluoronitrobenzene were from
Aldrich and 4-aminophenol was from Merck
(Darmstadt, Germany). The purity of all compounds
was >98%.

Nitrosobenzene was purchased from Aldrich. 4-
Fluoro-, 4-chloro-, 4-bromo- and 4-iodonitroso-
benzene were synthesized according to Kennedy
and Stock [26]. For 3min 25mL 15% (w/v)
potassium peroxomonosulphate (minimal 4.5%
active oxygen, Janssen Chimica) were added to a
solution of 10 mmol C4-halogenated aniline in 20 mL
glacial acetic acid, cooled in an ice bath. After 2 min
mixing, the reaction mixture was immediately
extracted twice with 25 mL hexane. The nitrosoben-
zene was further purified on a LiChroprep Si60
column using an ISCO HPLC system with hexane
as the eluent. The flow-rate was 6.0 mL/min and
fractions of 10 mL were collected. Detection was at
295 nm. The characteristic green-coloured nitroso-
benzene containing fractions were collected and
concentrated to a volume of 5 mL by evaporation of
the solvent. In order to prevent the decomposition
of the unstable nitrosobenzenes this fraction was not
evaporated to dryness. The concentration of the C4-
halogenated nitrosobenzene was determined by 'H
NMR on a Bruker AC 200 spectrometer using
dichloromethane as the internal standard. The stock
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solutions of the nitrosobenzene derivatives thus
obtained were immediately used for the deter-
mination of molar extinction coefficients in the
chemical assay for N-oxidation products (see below).

Synthesis of the fluorinated N-hydroxyanilines was
performed by the chemical reduction of the
nitrobenzene analogue essentially as described by
Vogel [27] and Coleman et al. [28] or by the chemical
reduction of the synthetized nitrosobenzenes in
0.1 KPi buffer (pH 7.6) containing 20 mM ascorbic
acid.

3-Fluoro-4-aminophenol, 2-fluoro-4-aminophenol
and S5-fluoro-2-aminophenol were synthesized as
described before [24].

2-Amino-3,5-difluorophenol, 2-amino-5-chloro-
phenol, 2-amino-5-bromophenol and 2-amino-5-
iodophenol were synthesized according to Boyland
and Sims [29] using 2,4-difluoroaniline, 4-chloro-
aniline, 4-bromoaniline and 4-iodoaniline, respect-
ively, as the starting material. In short, 15 g potassium
persulphate (Janssen Chimica) were added to a
solution of 5g 4-halogenated aniline in 20mL
ethanol, 250 mL water and 50 mL 2N potassium
hydroxide for 8 hr under continuous stirring. The
mixture was kept overnight and filtered. After
washing with ether, the solution was acidified with
2N sulphuric acid and the precipitate separated from
the mixture by filtration. The filtrate was neutralized
with 2N potassium hydroxide and the water content
reduced to 25-50 ml. by freeze-drying. The solution
was extracted three times with 100 mL butanol, the
collected butanol phases were evaporated under
reduced pressure and the residue obtained was
crystallized from 90% ethanol. The sulphate esters
obtained were hydrolysed for 45 min at 100° in 3N
HCI. After cooling, the solution was neutralized and
the 2-aminophenols extracted from the mixture with
diethylether. After evaporation of the solvent,
the brownish precipitate was dissolved in 3mL
dichloromethane and applied to a LiChroprep Si60
column (310 mm X 25 mm, particle size 40-63 uM)
(Merck) using an ISCO HPLC system with 2% (v/v)
ethanol in dichloromethane as the eluen. The flow-
rate was SmL/min and fractions of 10 mL were
collected. Detection was at 295 nm using an ISCO
absorbance detector. The fractions were analysed
for 2-aminophenol content by monitoring their
reaction in a chemical assay for 2-aminophenols as
described elsewhere [30].

The 2-aminophenol-containing fractions were
collected and after crystallization the purity of these
aminophenols was verified using a Kratos 400
HPLC system, with a LiChrosorb Cg; column
(100 mm x 3 mm) (Chrompack, Middelburg, The
Netherlands). After eluting for 5 min with nanopure
water, a linear gradient from 0 to 80% (v/v) methanol
in 22 min followed by 80% (v/v) methanol for 6 min
was applied. Detection was at 240nm using a
Waters™ 996 photodiode array detector. From the
elution patterns obtained, the purity of the
synthesized compounds was judged to be >95%.

The identity of the synthetized 2-aminophenols
was derived from their F-NMR and/or 'H-NMR
sg)ectral characteristics. 5-Fluoro-2-aminophenol:

-NMR (0.1M potassium phosphate pH 7.6,
relative to CFCl;) (ppm): —127.5 (F5) (m, 3Jgsy4 =

1237
12.0 HZ 3JF5 H6 = 12.0 HZ 4JF5 H3 = =90 HZ) and 1I'I'
NMR (acetone) (ppm): 9.29 (H3) (tr, JH3 He =

9.0 HZ JH3 F5 = =90 HZ) 9.22 (H4) (dd JH4 Bs =
12.0 HZ JH4 H3 = 9.0 HZ) 9.07 (H6) (d JHG FS
=12.0Hz); 5-chloro-2-aminophenol: 'H-NMR

(acetone) (ppm): 9.42 (H6) (s) 9.33 (H4) (d,
JH4 H3 = =8.3 HZ) 9.29 (H3) (d JH3 H4 = 8.3 HZ)
5-bromo-2-aminophenol: 'H-NMR (acetone) (ppm):
9.55 (H6) (s) 9.42 (H4) (d, 3Jyuys = 8.5Hz), 9.29
(H3) (d, 3Jy3 4 = 8.5 Hz); S-iodo-2-aminophenol:
'H-NMR (acetone) (ppm): 9.71 (H6) (s), 9.60 (H4)
(d JH4 H3 — 8.5 HZ) 9.19 (H3) (d JHS H4 = =8.5 HZ)
3-fluoro-2-aminophenol: *F-NMR (0.1 M potassium
phosphate pH 7.6, relative to CFCl;) (ppm): —136.9
(F3) (dd JF3 H4 = 10.0 HZ Jp3 Hs = =8.5 HZ) and 1I‘I'
NMR (acetone) (ppm): 9.25 (HS) (m, Jysye =
85HZ JH5H4_85 z, JH5F3 85HZ)911(H6)
(d JH6 H5 = =8.5 HZ) 9.02 (H4) (dd JH4 Hs = =8.5 HZ
SHyyp; = 10.0 Hz); 3,5-difluoro-2-aminophenol: 19
NMR (0.1 M potassium phosphate pH 7.6, relative
to CFC]3) (ppm) —134.5 (F3) (d, 3JF3-H4 =9.0 HZ),
-127.1 (FS) (tr JF5 Hé = =90 HZ JFS He = =9.0 HZ)
and 'H-NMR (acetone) (ppm): 9.17 (H6) (d)
( JH6F5 =9, OHZ) 9.10 (H4) (tr) ( JH4F3 =9, OHZ

All d1- and polyﬂuonnated 4-aminophenols were
prepared by biosynthesis, purified and their identity
derived from F-NMR and 'H-NMR spectral
characteristics essentially as described previously
[31].

Preparation of microsomes. Microsomes were
prepared from the perfused livers of male Wistar
rats (+400g) pretreated with isosafrole (Janssen
Chimica) as described previously [24]. For the in
vitro experiments liver microsomes of isosafrole
pretreated rats were used, since this type of
microsome was demonstrated to possess the highest
capacity to convert 4-fluoroaniline to its 4-
aminophenol [25]. This was also the case for
other 4-halogenated anilines (unpublished results).
Cytochrome P450 content of the microsomes was
measured as described by Omura and Sato [32].

Purification of MP-8. MP-8 was purified by
proteolytic digestion of horse heart cytochrome ¢
(Sigma, St Louis, MO, USA) essentially as described
in the literature [33]. The sample was more than
96% pure based on HPLC analysis [33] performed
on a Waters™ 600 Controller HPLC with a Baker
bond WPC 4 column (25cm X 4.6 mm). A linear
gradient from 0.1% trifluoroacetic acid in water to
50%, 0.1% trifluoroacetic acid in water and 50%,
0.1% trifluoroacetic acid in acetonitrile was applied
in 50 min, which was continued isocratically for
Smin. Detection at 214 nm was performed on an
ISCO V* absorbance detector and detection at
395 nm was performed on an Applied Biosystems
757 absorbance detector. The haem content was
determined essentially as described previously [34].

Purification of cytochrome P45011B1 and NADPH-
cytochrome PA50 reductase. Cytochrome P450 IIB1
and NADPH-cytochrome P450 reductase were
purified from liver microsomes of phenobarbital
(Brocacef BV, Maarssen, The Netherlands) (0.1%
in drinking water for 7 days) pretreated male and
female Wistar rats essentially as previously described
by Boersma et al. [35].



1238

In vitro incubations. Cytochrome P450-dependent
conversion was studied in vifro in microsomal
incubations containing (final concentrations) 0.1 M
potassium phosphate pH 7.6, between 0 and 15 mM
of the halogenated aniline (as indicated) added as
1% (v/v) of a 100-fold concentrated stock solution
in dimethylsulphoxide and 1 uM microsomal cyto-
chrome P450. The reaction was started by the
addition of NADPH (1 mM final concentration) or
tBuOOH (10 mM final concentration) and carried
out at 37° for 10min. The incubations with
tBuOOH as the artificial oxygen donor additionally
contained NADH (1mM final concentration)
in order to reduce benzoquinoneimine to 4-
aminophenol. The conversion of halogenated anilines
to their 4-aminophenol metabolites is linear for at
least 10 min. Incubations with purified, reconstituted
cytochrome P450 IIB1 were conducted using similar
final incubation conditions as described for the
microsomal incubations. Instead of microsomes, the
incubations contained 0.5 nmol cytochrome P450
IIB1, 1.24 units NADPH-cytochrome reductase and
20 ug dilauroyl phosphatidylcholine (Sigma) per mL
incubation mixture and were preincubated for 6 min
at 37°.

MP-8 catalysed conversion was studied in
incubations containing (final concentrations) 0.1 M
potassium phosphate pH 7.6, with between 0 and
12.5 mM of the halogenated aniline (as indicated)
added as 1% (v/v) of a 100-fold concentrated stock
solution in dimethylsulphoxide, 7.5 uM MP-8 and
1mM NADH in order to reduce the primary
metabolite 4-benzoquinoneimine to 4-aminophenol.
The reaction was started by the addition of H,0,
(2.5 mM final concentration) and carried out at 37°
for 1 min.

For chemical analysis of 4-aminophenol or N-
hydroxyaniline the reaction was terminated by the
addition of 0.8 mL of the incubation mixture to
0.24 mL of 20% (w/v) trichloroacetic acid. Upon
mixing and centrifugation (5 min, 13,000 rpm) the
supernatant was used for the chemical determination
of 4-aminophenol or N-hydroxyaniline metabolites
as described hereafter. For the chemical analysis of
2-aminophenol metabolites (described below) the
reaction was terminated by freezing the sample into
liquid nitrogen.

Incubations for HPLC and '"F-NMR analysis
additionally contained 1 mM ascorbic acid to prevent
autoxidation of the aminophenols especially during
the overnight F-NMR measurement. These incu-
bations were terminated by freezing the samples into
liquid nitrogen. Samples were stored at ~20°, thawed
and centrifuged (5 min, 13,000 rpm). HPLC analysis
of these incubations was performed essentially as
described above for the check on purity of the
synthesized aminophenols. The samples for the °F-
NMR measurements were made oxygen-free by four
cycles of evacuating and filling with argon.

Chemical determination of hydroxylated metab-
olites. 4-Aminophenols were determined essentially
as described by Brodie and Axelrod [36]. In short,
100 L. phenol reagent (5% w/v phenol in 2.5N
NaOH) and 200 uLL 2.5M Na,CO; were added to
1mL trichloroacetic acid precipitated supernatant.
After 60 min at room temperature absorbance
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at 630 nm was measured. The presence of a halogen
in the indophenol formed in this assay influences its
molar extinction coefficient at 630 nm [37]. For this
reason the molar extinction coefficient of the
halogenated aminophenol-derived indophenols was
determined to allow quantification of the 4-
aminophenol metabolites from the various aniline
derivatives. Molar extinction coefficients were 30.5,
26.7,26.3,14.5,20.0, 16.8, and 12.5mM ' cm ! for
the indophenols derived from 4-aminophenol, 3-
fluoro-4-aminophenol, 2-fluoro-4-aminophenol,
3,5-difluoro-4-aminophenol, 2,6-difluoro-4-amino-
phenol, 2.3-difluoro-4-aminophenol and 2,3,5-tri-
fluoro-4-aminophenol, respectively.

Products of C2 hydroxylation of the 4-halogenated
anilines were determined by a chemical assay
developed for the detection of 2-aminophenols. This
newly developed assay is described in detail
elsewhere [30]. In short, a 1mL microsomal
incubation, frozen into liquid nitrogen to stop the
reaction, was thawed and centrifuged at 13,000 rpm
for 10 min at 4°. The supernatant was extracted three
times with 3 mL of diethylether. After evaporation
of the diethylether, 300 uL of 20% (w/v) trichloro-
acetic acid, 1 mL demineralized water and 100 uL
40 mM ammonium iron(IIT) sulphate dodecahydrate
(Janssen Chimica) were added to the residue. After
45 min at room temperature, the reaction mixture
was extracted with 2mL chloroform and the
absorbance of the chloroform phase was
measured at A, of the halogenated 2-aminophenol-
derived yellow derivative. The values for the 2-
aminophenol concentrations of the samples were
determined from the calibration curves of 2-
aminophenol, 2-amino-5-fluorophenol, 2-amino-5-
chlorophenol, 2-amino-5-bromophenol and 2-amino-
S-iodophenol.

The chemical determination of N-oxidation
products (N-hydroxyaniline plus nitrosobenzene
derivatives) was performed essentially as described
by Herr and Kiese [38]. Potassium ferricyanide
0.3mL, 10% (w/v)) in 1IN HCl and 1mL
demineralized water were added to 1mL tri-
chloroacetic acid precipitated microsomal super-
natant in order to oxidize the N-hydroxyaniline to
the corresponding nitrosobenzene. These samples
were extracted with 2 mL CCl, and the CCl, phases
washed twice with 5N H,S0,. Glacial acetic acid
(1.0 mL) and 50 uL 20% (w/v) sodium nitrite were
added to 1.0 mL of the washed CCl, phases. After
15 min, 100 uL 50% (w/v) ammonium sulphamate
(Janssen Chimica) were added and the samples
mixed for 10 min. Finally, the colour formation was
started by the addition of 250 ul. 80% (v/v) acetic
acid and 50ul. N-(1-naphthyl)ethylenediamine
dihydrochloride (Aldrich, Steinheim, Germany).
After 2 hr in the dark the absorbance of the water
phase at 555 nm was measured. Using nitrosobenzene
and synthesized 4-fluoro-, 4-chloro-, 4-bromo- and
4-iodo-nitrosobenzene, molar extinction coefficients
of 40.4, 329, 41.3, 409 and 422mM ! cm™!
respectively, were determined.

Kinetic analysis. The apparent V,,, and K|, values
for C4-, C2- and N-hydroxylation were determined
by fitting the data to the standard Michaelis~Menten
equation: v = V. *[SJ(K,, + [S]) with the program
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of KaleidaGraph, version 2.0.2 (Abelbeck Software).
The correlation coefficient of the fits was above 0.97
in all cases.

NMR measurements. “F-NMR measurements
were performed on a Bruker AMX 300 NMR
spectrometer essentially as described previously by
Vervoort et al. [39]. Chemical shifts are reported
relative to CFCl;. Quantification of the fluorinated
compounds in the samples was achieved by
comparison of the integrals of their “F-NMR
resonances to the integral of the resonance of 4-
fluorobenzoic acid added as an internal standard.
The splitting patterns of the 'H-NMR and F-NMR
resonances of the (bio)synthesized 2- and 4-
aminophenols dissolved in acetone-ds were measured
onaBruker AMX 500 MHz. '°’F-NMR measurements
were performed using a 'H probehead tuned to the
F frequency (470.5 MHz). "H-NMR chemical shifts
are reported relative to acetone, present in acetone-
ds, used for locking the magnetic field.

RESULTS

Microsomal cytochrome PAS0 catalysed conversion
of 4-halogenated anilines

The influence of the type of C4 halogen substituent
in an aniline molecule on cytochrome P450 catalysed
dehalogenation to 4-aminophenol was investigated
by HPLC analysis of microsomal incubations.

Figure 2 presents HPLC chromatograms of the
microsomal metabclite patterns of the four 4-
halogenated anilines and—for comparison—aniline
itself. The reaction is cytochrome P450 mediated as
no conversion was observed without NADPH,
without microsomes or in the presence of CO [25].
Peaks were identified on the basis of their retention
times compared to the retention times of the
synthesized reference compounds and the similarity
of the absorption spectra provided by the diode
array detector. From these results it follows that
microsomal cytochrome P450 catalysed conversion
of the anilines results in the formation of 4-
aminophenol, (halogenated) 2-aminophenols and/
or N-oxidation products (N-hydroxyaniline and
nitrosobenzene derivatives). Formation of (hal-
ogenated) 3-aminophenols or NIH-shifted metab-
olites is not observed. In contrast, metabolites
resulting from hydroxylation at C4 accompanied by
dehalogenation are readily observed, especially for
4-fluoroaniline and 4-chloroaniline. These results
support the hypothesis that cytochrome P450
catalysed C4-hydroxylation of 4-halogenated anilines
proceeds by dehalogenation of the aromatic ring
rather than by hydroxylation at C4 accompanied by
an NIH shift of the halogen to the adjacent C3 or
C5 position.

In addition to the HPLC experiments, metabolite
formation in microscmal incubations was quantified
by chemical analysis using specific methods for
detection of 2-aminophenol, 4-aminophenol and N-
oxidation  products (N-hydroxyaniline-  plus
nitrosobenzene-derivatives). Table 1 presents the
kinetic parameters obtained for the microsomal
conversion of aniline and the four halogenated
anilines. The apparent V,,,, for the formation of 4-
aminophenol decreases to 66.8% of the value of
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ABSORBANCE (240 nm)
kS

ABSORBANCE (240 nm)

ABSORBANCE (240 nm)
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Fig. 2. Reversed-phase HPLC chromatograms of the
microsomal conversion of (A) aniline, (B) 4-fluoroaniline,
(C) 4-chloroaniline, (D) 4-bromoaniline, and (E) 4-
iodoaniline with detection at 240 nm. The peaks marked
with an asterisk were also present in the chromatograms
of control incubations carried out in the absence of
NADPH, in the absence of microsomes, or in the absence
of the aniline derivatives.
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Table 1. Kinetic characteristics of the cytochrome P450 catalysed aromatic C4-
hydroxylation of aniline and its 4-halogenated derivatives determined using liver
microsomes from isosafrole pretreated male Wistar rats (N = 2-4)*

Apparent V., (nmol product/

Apparent K,

Compound min/nmol cyt P450) (mM)

Aniline 5.55 % 0.20 (100%) 17.0 2.0
4-Fluoroaniline 3.71 £ 0.28 (66.8%) 93+17
4-Chloroaniline 0.54 % 0.09 (9.7%) 1.2+0.2
4-Bromoaniline 0.39 +0.10 (7.0%) 0.7x0.2
4-Todoaniline 0.38 = 0.16 (6.8%) 0.3+0.1

* Values presented are the mean * standard error of the mean. Values in
parentheses represent the % relative to the value for C4-hydroxylation of aniline.

Table 2. Apparent V,,, values of cytochrome P450 catalysed C2 hydroxylation and N-

hydroxylation and the total conversion of aniline and its 4-halogenated derivatives

determined using liver microsomes from isosafrole pretreated male Wistar rats
(N =2-4)*

Apparent Vi,
(nmol product/min/amol cyt P450)

Vmax fOr total

Compound 2-Aminophenol N-Hydroxyaniline conversiont
Aniline 1.13+0.12 1.42 +0.07 8.10 £ 0.39
4-Fluoroaniline 2.27+0.07 3.34£0.09 9.32+0.44
4-Chloroaniline 2.93 +0.12 4.35+0.09 7.82+0.30
4-Bromoaniline 2.67 +0.04 4.39 = 0.09 7.45 +0.23
4-Todoaniline 2.93 =0.47 2.93+x0.17 6.24 = 0.80

* Values presented are the mean * standard error of the mean.
+ Calculated as the sum of apparent V,,, for C2-, N- and C4-hydroxylation (Table 1).

aniline when the hydrogen at C4 is replaced by a
fluorine. Replacement of the hydrogen at C4 by a
chlorine, bromine or iodine substituent even further
decreases the apparent Vi, of this reaction.
However, the apparent V,,, values observed for 4-
chloro-, 4-bromo- and 4-iodo-aniline vary only
slightly (Table 1).

To verify whether the observed change in apparent
Vuax for dehalogenation to C4 aminophenols was
not the result of a general decrease in metabolism
from fluorine > chlorine > bromine > iodine, the
conversion rates for formation of metabolites
resulting from C2 and N-hydroxylation were also
determined. Table 2 presents the apparent Vi,
values for microsomal C2 and N-hydroxylation and
also the total maximal conversion rate, calculated as
the sum of the V.. values obtained for the
conversion to 2-aminophenol, 4-aminophenol and N-
hydroxyaniline metabolites. The results in Table 2
demonstrate that the total V,,, for the C2, C4 plus
N-hydroxylation is not significantly influenced by the
type of C4 halogen substituent. The decrease in the
apparent V,, for the 4-hydroxylation is accompanied
by an increase in hydroxylation of the 4-halogenated
anilines at their C2- and N-position. Thus, the results
in Table 2 indicate that the observed change in
dehalogenation is not a result of a reduced overall
capacity of cytochromes P450 to convert the 4-
halogenated anilines.

Dehalogenation of 4-halogenated anilines by recon-
stituted cytochrome P450 IIB1, by a model haem-
based catalyst and by a tertiair hydroperoxide
supported microsomal cytochrome P450 system

To demonstrate that the change in the extent of
C4 hydroxylation with a change in the type of
halogen substituent is not due to a change in
cytochrome P450 enzymes actually contributing to
oxidative dehalogenation, experiments with purified
reconstituted cytochrome P450 IIB1 and MP-8 were
performed. MP-8 is a haem-containing mini-enzyme
without a substrate binding site. This mini-enzyme,
consisting of a protoporphyrin IX haem covalently
bound to an oligopeptide of eight amino acids, has
been reported to form an (FeO)** intermediate
similar to the cytochrome P450 enzyme and to
catalyse P450-like reactions [40, 41]. Table 3 presents
the results for cytochrome P450 IIB1 and MP-8
mediated conversion of aniline, 4-fluoro-, 4-chloro-,
4-bromo- and 4-iodoaniline to 4-aminophenol. The
results clearly demonstrate, for both systems, a
decrease in 4-aminophenol formation from
aniline > 4-fluoroaniline > 4-chloroaniline > 4-
bromoaniline > 4-iodoaniline. Moreover, for cyto-
chrome IIB1 as well as for MP-8, the same
dependency inreduction of the rate of 4-aminophenol
formation exists as is observed for the conversion
by liver microsomes of isosafrole pretreated rats,
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Table 3. Apparent maximal reaction rates for the microperoxidase 8, purified reconstituted cytochrome
P-450 IIB1 and microsomal tBuOOH supported catalysed C4-hydroxylation of aniline and its 4-
halogenated derivatives*

Apparent V., (nmol product/min/nmol cyt P450)

Compound MP-8

Cytochrome P450 1IB1

Microsomal tBuOOH
supported cytochrome
P450

Auniline
4-Fluoroaniline

3.14 * 0.06 (100%)

0.

4-Chloroaniline 0.
0.

0.

42+ 0.01 (13.4%)
18 * 0.01 (5.7%)
15 + 0.01 (4.8%)
14 * 0.01 (4.5%)

4-Bromoaniline
4-Jodoaniline

0.97 + 0.07 (100%)
0.28 + 0.02 (28.9%)
0.12 + 0.01 (12.4%)
0.07 + 0.00 (7.2%)
0.04 + 0.01 (4.1%)

5.76 + 0.42 (100%)
1.94 £ 0.05 (33.7%)
0.35 + 0.05 (6.1%)
0.21 + 0.02 (3.6%)
0.34 + 0.02 (5.9%)

* Values presented are the mean * standard error of the mean. Values in parentheses represent
the % relative to the value for C4-hydroxylation of aniline.

containing mainly cytochrome P450 IA1/IA2 [42]
(Table 1).

Additional experiments were performed to
investigate whether the change in the extent of C4
hydroxylation with a change in the type of halogen
substituent is not due to a change in rate-limiting
steps in the P450 catalysis. The use of the alternative
oxygen donor tertiair butyl hydroperoxide is known
to provoke a short-cut in the reaction cycle, thereby
circumventing several possible rate-limiting reaction
steps in a NADPH/oxygen supported reaction [43].
Table 3 presents the results for the tertiair butyl
hydroperoxide supported microsomal cytochrome
P450 mediated C4 hydroxylation of aniline, 4-
fluoro-, 4-chloro-, 4-bromo- and 4-iodoaniline to 4-
aminophenol. The results show a similar decrease
in 4-aminophenol formation from aniline to 4-
iodoaniline as observed for the three other systems
used in this study. This observation strongly suggests
that, for the oxidative dehalogenation of the 4-
halogenated anilines occurring in this study, the rate-
limiting step might indeed be related to the actual
step in which the substrates are converted, and,
thus, not, for instance, to electron-donating steps.

Effect of additional electronegative substituents on
the microsomal C4 hydroxylation of 4-fluorinated
aniline derivatives

To gain insight into the influence of electronic
characteristics of the substrate on the dehalogenation
of 4-halogenated anilines to 4-aminophenol deriva-
tives, we investigated whether the presence of
additional electron withdrawing substituents would
affect the elimination of fluorine from the C4 position
of the aniline substrate. When electron withdrawing
possibilities of the halogen atom to be eliminated
are a main factor in determining whether aromatic
dehalogenation can take place, it can be expected that
additional electron withdrawing fluorine substituents
at C2, C3, C5, and/or C6 might hamper C4-
defluorination. Furthermore, in addition to the
electronegative characteristics of halogen substitu-
ents, the observed decrease in C4 hydroxylation with
achange in the type of C4 halogen-substituent (Table
1) might be the result of (i) a change in the reaction
mechanisms for dehalogenation with a change in the

type of halogen atom, or (ii) increased steric
hindrance by the halogen substituent hampering the
initial attack of the cytochrome P450 (FeO)**
intermediate at the substituted C4 position of the
aniline. However, the van der Waals radius of a
fluorine atom almost equals that of a hydrogen atom,
resulting in minimal steric influences when the
dehalogenation of a series of polyfluorinated anilines
is investigated.

Table 4 presents the results obtained. From the
data it is clear that the relative ease of fluorine
elimination from the C4-fluorinated anilines
decreases with an increase in the number of fluorine
substituents. Thus, the presence of additional
fluorine substituents makes elimination of the
fluorine at C4 somewhat more difficult. The data
also demonstrate that an additional fluorine
substituent at C3 results in stronger reduction of the
relative apparent V,,, than an additional fluorine at
C2. This observation is in accordance with the more
pronounced effect of the electron withdrawing
fluorine when it is in an ortho rather than meta
position with respect to the fluorine to be removed.

Metabolite profiles of the microsomal cytochrome
PAS0 catalysed conversion of fluorinated aniline-
derivatives

To characterize the overall conversion charac-
teristics of the fluorinated anilines for the apparent
Vmax studies on C4 hydroxylation ’F-NMR spectra
of the microsomal incubations were determined.

Figure 3 presents the ""F-NMR spectra of the
microsomal conversion of the fluorinated anilines.
The F-NMR resonances of the metabolites were
identified on the basis of (synthesized) reference
compounds. For metabolites 5,6-difluoro-2-amino-
phenol (Fig. 3D), 4,5-difluoro-2-aminophenol (Fig.
3D), 4,6-difluoro-2-aminophenol (Fig. 3F) and
4,5 6-trifluoro-2-aminophenol (Fig. 3F) *F-NMR
resonances were identified on the basis of a
characteristic shift of the ?’F-NMR resonance known
to exist upon the introduction of a hydroxyl moiety
at positions ortho, meta or para with respect to the
fluorine substituent [43, 44].

The F-NMR spectra presented in Fig. 3 clearly
demonstrated that the fluorine substituent at C4 is
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Table 4. Apparent V. values for the C4-hydroxylation of 4-fluorinated anilines compared
to the apparent V., values of their non-C4 fluorinated analogues, determined using liver
microsomes from isosafrole pretreated male Wistar rats (N = 2-4)*

Apparent V,,
(nmo} 4-aminophenol/min/

Relative apparent V.
as % of the non-C4-

Substrate nmol cyt P450) fluorinated analogue
Aniline 5.55%+0.20

4-Fluoroaniline 371028 66.8
2-Fluoroaniline 6.23 +0.20

2,4-Difluoroaniline 2.99 +0.07 48.0
2,6-Difluoroaniline 8.89 = 0.05

2,4,6-Trifluoroaniline 3.21+0.16 36.1
3-Fluoroaniline 4.85+0.12

3,4-Difluoroaniline 0.90 = 0.03 18.6
2,3-Difluoroaniline 9.46 = (.39

2,3,4-Trifluoroaniline 1.18 £ 0.04 12.5
3,5-Difluoroaniline 6.82 £0.39

3,4,5-Trifluoroaniline 0.42 = 0.02 6.2
2,3,6-Trifluoroaniline 323+0.12

2,3,4,6-Tetrafluoroaniline 0.66 =0.16 20.3

* Values presented are the mean * standard error of the mean.

eliminated from the aromatic aniline-ring upon
cytochrome P450 catalysed hydroxylation to flu-
orinated 4-aminophenols. Metabolites resulting from
C4 hydroxylation accompanied by an NIH shift of
the fluorine substituent at C4 are not observed.
Furthermore, the metabolic patterns show that, as
for 4-fluoro-, 4-chloro-, 4-bromo- and 4-iodoaniline,
the incorporation of a halogen atom at the C4
position in the (poly)fluoroanilines leads to a
metabolic switch from formation of 4-aminophenol
to 2-aminophenol and N-hydroxyaniline metabolites.

Effect of an additional electron-withdrawing sub-
stituent on the oxidative dehalogenation of C4
chlorinated, brominated or iodinated aniline d/efiva-
tives ; =

Analogous to the experiments presented in Table
4, the influence of an additional fluoro-substituent
on the oxidative dehalogenation of a C4-chlorinated,
brominated and iodinated aniline was studied. This
was done to investigate whether an electron
withdrawing substituent would also affect oxidative
dehalogenation in the case of a chloro-, bromo-, or
an iodo-substituent. Table 5 presents microsomal
cytochrome P450 catalysed conversion of 2-fluoro-
4-halogenated anilines to 3-fluoro-4-aminophenol.
The results are in accordance with the observations
for the defluorination of the di- and poly-fluorinated
anilines. Firstly, the formation of 3-fluoro-4-
aminophenol decreases in the order hydrogen >>
fluoro >> chloro = bromo = iodo. Secondly, the
presence of the additional fluoro substituent hampers
oxidative elimination of the halogen at C4 as
compared with the non-C2-fluorinated analogues for
which the V,, of their conversion was already
presented in Table 1.

DISCUSSION

The mechanism of dehalogenation of halogenated

aromatic xenobiotics is still a matter of considerable
debate. Recently, we proposed a mechanism for the
cytochrome P450 catalysed oxidative defluorination
of 4-fluorinated anilines and phenols proceeding by
the mechanism depicted in Fig. 1. This reaction
scheme was based on the formation of a primary
reaction product that could be reduced through a
two electron step to the hydroxyaniline or phenol
indicating it to be the reactive benzoquinone(imine)
[8, 9]. Elimination of the halogen as a halogen anion
then follows from the net two electron balance of
the cytochrome P450 reaction. Results of the present
study demonstrate that the cytochrome P450
catalysed 4-hydroxylation of 4-halogenated anilines
proceeds by dehalogenation rather than by hydroxy-
lation accompanied by an NIH-shift. A fluorine
substituent is significantly more easily eliminated
than a chlorine, bromine or iodine substituent, the
dehalogenation rate of 4-chloro-, 4-bromo- and 4-
iodoaniline being much more similar. These findings
are in accordance with the observations of Ullrich
et al. who studied the conversion of a comparable
group of compounds, the 4-halogenated acetanilides
[46].

Using purified reconstituted cytochrome P450
I1B1, tBuOOH supported microsomal cytochrome
P450 catalysis and MP-8, a haem-based model system
able to catalyse cytochrome P450-like chemistry
[41], similar changes in the rate of oxidative
dehalogenation with a change in the C4 halogen
substituent were observed. Based on these obser-
vations it may be concluded that the observed
decrease in dehalogenation with a change in the
halogen is not dependent on (i) different P450
enzymes contributing to the reaction, nor on (ii)
changes in orientation of the substrates by the
protein core in the large active sites of P450. The
observation of similar effects on the V,, of the
oxidative dehalogenation in the tBuOOH driven
reaction with a change in the halogen substituent
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Fig. 3. YF-NMR spectra of the microsomal cytochrome P450 catalysed conversion of the non-C4
fluorinated anilines (upper part) and their 4-fluorinated analogues (lower part); (A) 4-fluoroaniline,
(B) 2-fluoroaniline and 2,4-difluoroaniline, (C) 2,6-difluoroaniline and 2,4,6-trifluoroaniline, (D) 3-

fluoroaniline and 3,4-difluoroaniline, (E) 2,3-difluoroaniline and 2,3,4-trifluoroaniline,

(F) 3.5

difluoroanilinz and 3,4,5-trifluoroaniline, (G) 2,3,6-trifluoroaniline and 2,3,4,6-tetrafluoroaniline. The

resonances marked with an asterisk were also present in the YF-NMR spectra of control incubations

carried out in the absence of NADPH. The resonance marked IS is from the internal standard 4-

fluorobenzoic acid. The arrows in the spectrum indicate the ppm value where NIH-shifted metabolites
are expected.

supports the hypothesis that the actual rate-limiting
step follows formation of the activated cofactor, and
might thus indeed be related to the effect of the
halogen substituent on the actual dehalogenation
step. Taken together, these results with the purified
reconstituted cytochrome P450 IIB1 system, the
tBuOOH supported microsomal cytochrome P450
and the MP-8 model compound point to the
importance of the clectronic characteristics of the
halogen substituents for the reactivity of the C4-

halogenated anilines to participate in cytochrome
P450 mediated oxidative dehalogenation reactions.

For all systems tested (i.e. microsomes, purified
reconstituted cytochrome P450 IIB1, tBuOOH
supported microsomal cytochrome P450 and MP-8),
the observed relative apparent V., values for
dehalogenation of the anilines correlate (r=
0.95, 0.98, 0.93 and 0.97, respectively) with the
electronegativity of fluorine (4.10), chlorine (2.83),
bromine (2.74) and iodine (2.21). The changes in
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the apparent V., for C4 hydroxylation with a change
in the C4 substituent do not correspond to the
strength of the carbon halogen bond known to
increase in the opposite order, namely,
iodine < chlorine < fluorine [1, 7]. Together, these
results point to the importance of electronegativity
of the halogen to be eliminated in cytochrome P450
catalysed oxidative dehalogenation. This observation
supports the conclusion that the halogen is eliminated

as a halogen anion. However, steric hindrance of
the initial cytochrome P450 (FeO)>* attack on C4
by the larger chloro-, but especially bromo- and
iodo-substituents with Van der Waals radius of,
respectively, 1.80A, 1.95A and 2.15A, might
provide an additional explanation for the observed
effects of the type of halogen on the apparent V,,,,
for the dehalogenation. Such steric hindrance, in
combination with the susceptibility of an iodo-
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substituent in particular to become oxidized by
cytochromes P450, as demonstrated by Guengerich
using 4-tert-butyl-2,5-bis[1-hydroxy-1-(trifluoro-
methyl)-2,2 2-triflucro-ethyl]-iodobenzene [47], may
even result in a different mechanism. For iodinated
aromatic molecules a mechanism for cytochrome
P450 catalysed deiodination has been suggested that
proceeds by an interaction of the reactive cytochrome
P450 (FeO)** intermediate with non-bonding

halogen electrons of the iodine [47,48]. This
interaction results in the formation of a haloso
compound, and, finally, the formation of the
hydroxylated substrate and elimination of the
halogen as HXO [49]. Such a possible change in the
actual mechanism of dehalogenation may add to a
change in the rate of the dehalogenation reaction,
especially for 4-iodoaniline. Therefore, additional
dehalogenation experiments were performed to
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Table 5. The cytochrome P450 catalysed biotransformation of a series of 2-fluoro-4-
halogenated anilines to 3-fluoro-4-aminophenol

Apparent V.

(nmol 4- Relative apparent V,,
aminophenol/min/ as % of the non-C4

Compound nmol cyt P450) halogenated analogue
2-Fluoroaniline 6.23 £0.20 100.0
2,4-Difluoroaniline 2.99 £ 0.07 48.0
2-Fluoro-4-chloroaniline 0.29 = 0.00 4.7
2-Fluoro-4-bromoaniline 0.27 £ 0.00 43
2-Fluoro-4-iodoaniline 0.29 = 0.00 4.7

provide further evidence for the mechanism
proceeding by elimination of the halogen as an
anion. The effect of additional electron withdrawing
fluorine substituents on the cytochrome P450
catalysed oxidative dehalogenation of 4-halogenated
aniline-derivatives to 4-aminophenol metabolites
was studied. The results obtained demonstrate that
the presence of additional electron withdrawing
substituents at the aromatic ring is another factor
influencing dehalogenation. The introduction of
additional fluorine substituents in a 4-halogenated
aniline molecule lessens the possibility of its oxidative
dehalogenation and, consequently, leads to a
metabolic switch to fluorinated 2-aminophenol and
N-hydroxyaniline metabolites. Formation of NIH-
shifted metabolites was not observed. The decreasing
effect of a fluorine substituent ortho with respect to
the halogen to be eliminated is larger than that of
an additional meta fluorine substituent. This
observation further lends weight to a mechanism in

which the fluorine elimination is dependent on (i.e.
hampered by) additional electron withdrawing
substituents in the aromatic ring and, thus, a
mechanism proceeding by elimination of the halogen
as anion.

Altogether, the results of the present paper
demonstrate that the possibilities for the cytochrome
P450 mediated oxidative dehalogenation of hal-
ogenated anilines do not depend exclusively on
factors previously reported: i.e. the capacity of the
amino moiety to lose a proton and donate electrons
to create the quinoneimine primary metabolite as
indicated by the mechanism depicted in Fig. 1 [9].
Additional factors influencing cytochrome P450
catalysed oxidative dehalogenation are: (i) the
electronegativity of the halogen to be removed, the
more electronegative fluorine being more easily
eliminated than a chlorine, bromine or iodine; and
(ii) the position, number and electron-withdrawing
capacities of other substituents in the aromatic ring,
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electron withdrawing substituents decreasing the
relative rate of the reaction, with an ortho positioned
electron withdrawing substituent being more efficient
than one positioned meta with respect to the reaction
centre.

Thus, the results of the present study demonstrate
that for the dehalogenation of aromatic halogenated
compounds the electronegativity of the halogen to
be eliminated is more important than the bond
energy of the carbon-halogen bond, known to
follow the order fluoro > chioro > bromo > iodo.
Surprisingly, this implies that the ease of oxidative
dehalogenation of the aromatic 4-halogenated
anilines follows the opposite order than that
reported for dehalogenation of aliphatic halogenated
hydrocarbons [3, 5, 11-13]. Previous studies on 2-
fluoro- and 2-bromo-estradiol [22] and penta-
fluorochlorobenzene [10], suggest that for other
aromatic halogenated compounds the order of
elimination of the halogen substituents also decreases
in the order fluorine > chlorine > bromine > iodine,
and, thus, opposite the order for aliphatic hal-
ogenated hydrocarbons. This difference between
aromatic and aliphatic dehalogenation might be
due to a different reaction mechanism. The
dehalogenation of aliphatic compounds by cyto-
chrome P450 might proceed by one or two electron
reductive pathways [3, 5, 50] or—as proposed for
the conversion of dihalomethanes—by oxidative a-
hydroxylation followed by the loss of a halogen as
a result of nonenzymatic collapse of an unstable
intermediate. In contrast, aromatic dehalogenation
most likely proceeds by the mechanism for oxidative
dehalogenation as presented in Fig. 1 [8,9, 51].
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