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SUMMARY

Cytochrome P450 can catalyze a wide array of remarkable
oxidations, including O-dealkylations, which are performed via
oxidation of the α-carbon of the ether. When C-H bonds are replaced
with C-F bonds, however, the bond strength is much greater, and
it significantly deters oxidation at the carbon. Another recently eluci-
dated reaction catalyzed by P450, ipso substitution, results in displace-
ment of aromatic ring substituents such as an alkoxy group via
hydroxyl substitution. Through LC/MS/MS, we show the CYP-
mediated oxidative displacement of the trifluoromethoxy group from
the phenyl constituent in OSI-930, a novel small molecule c-
Kit/VEGF-r inhibitor in clinical studies to treat cancer. Based on C-F
bond strength, reported phenacetin studies, and α-quaternary alkyl-
phenol studies, we propose an zpjo-substitution mechanism for this
oxidative biotransformation. In vivo, this hydroxylated metabolite
goes on to form the ether conjugate with glucuronide.

KEY WORDS

P450, ipso substitution, trifluoromethoxy, oxidation biotransformation

* Author for correspondence:
William W. Johnson
Drug Metabolism and Pharmacokinetics
OSI Pharmaceuticals, Inc.
2860 Wilderness Place
Boulder, CO 80301, USA
e-mail· bjohnson@osip com

©Freund Publishing House Ltd., 2009 95

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:07 AM



Vol. 24, No. 2-4, 2009 Oxidative Displacement ofAlkoxy Substituent

INTRODUCTION

Cytochrome P450 monooxygenases catalyze diverse oxidations
including hydroxylation of aliphatic and aromatic carbons, epoxida-
tions of olefins, ./V-dealkylation of amines, and O-dealkylation of
ethers by activation of molecular oxygen /1,2/. Many drugs are meta-
bolized by cytochrome P450 catalyzed oxidation to result generally in
more hydrophilic and, hence, expellable compounds. CYP-mediated
oxidation of alkoxy xenobiotics (aromatic ethers) generally results in
O-dealkylation from a hemiacetal intermediate via oxidation of the a-
carbon of the ether, as illustrated in Figure l /3-5A The initial step in
the activation of substrates by cytochrome P450 is either one-electron
oxidation (abstraction of an electron) or hydrogen abstraction (abstrac-
tion of an electron and a proton). After the initial one-electron step,
the oxidized substrate can either recombine with the activated oxygen
species to yield oxygenated products or undergo a second one-electron
step leading to hydrogen abstraction. O-Dealkylation reactions are
mediated by direct insertion of the oxygen into the vicinal C-H bond,
as electron abstraction from the oxygen is too difficult due to its high
oxidation potential relative to nitrogen or sulfur heteroatoms, then the
resulting hemiacetal breaks down to the corresponding phenol and
aldehyde (Fig. 1).

Incorporation of a fluorine substituent in drug molecules has been
widely exploited to abrogate biotransformation 16,11. The ease of
halogen elimination in cytochrome P450-catalyzed oxidative dehalo-
genation decreases in the order F > Cl > Br > I /8/. Fluorine, the most
electronegative element in the periodic table, forms a very strong bond
with carbon (C-F bond energy =116 kcal/mol) as compared with the
carbon-hydrogen bond (C-H bond energy = 99 kcal/mol). Con-
sequently, the introduction of fluorine can block hydroxylation or
enhance metabolic stability at the modified position 191. CYP-
mediated defluorination of the fluoromethyl group is extremely rare,
although 5-trifluoromethyluracil is converted to 5-carboxyuracil with
the release of fluoride /10/, and the presence of a/7-hydroxyl group can
lead to spontaneous decomposition to a carboxylic acid formed from
an intermediate quinone methide /I I/. Oxidative C-F bond scission in
a trifluoromethoxy group is very different from the above examples,
however, and has only recently been demonstrated for a system with a
methoxy in the para position, CP-122,721 /12/, as shown in Figure 2.
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In the course of investigating the biotransformation of OSI-930 we
isolated and characterized various P450-mediated metabolites. Among
the various plausible metabolites of OSI-930 in vivo and in vitro we
have observed the unexpected loss of the trifiuoromethoxy group
which is para to an aminoacyl moiety and the cytochrome P450-
mediated metabolism is thought to involve ipso substitution. The
objective of this report is a description of this ifey-trifluoromethoxy
OSI-930 metabolite and support for an /pso-substitution mechanism.

MATERIALS AND METHODS

In vitro and time-based intensity analysis

HPLC was carried out by an Agilent 1100 pump and degasser
system coupled to a Leap CTC Pal auto-sampler. A gradient HPLC
method was developed using 10 mM ammonium formate in water (A)
and 10 mM ammonium formate in 10% water/90% methanol (B). The
initial starting conditions ran for 10 minutes at 50% B and then
increased linearly for 25 minutes to 100% B and held for 9 minutes.
The %B was then linearly decreased for 1 minute to the starting
conditions and held for 5 minutes with a total method run time of 45
minutes. The gradient was applied to a Phenomenex® Gemini™ C6-
phenyl 2.0 χ 150 mm, 5μ column with a corresponding guard column
at 250 μΐ/minute.

Plasma from rats given a single oral dose of OSI-930 (3-[(quinolin-
4-ylmethyl)amino]-W-[4-(trifluoromethox)phenyl]thiophene-2-carbox-
amide) at 1000 mg/kg was used to identify the de-trifluoromethoxy
(dTFM) metabolite and also for the time-course study. Nominal time
points were 0.5, 1, 2, 4, 8, 12, 24 and 48 hours. The OSI-930 Cmax was
11 μΜ. An aliquot of plasma (200 μΐ) was diluted with methanol (200
μΐ), vortexed, and then centrifuged at 14,000 g for approximately 10
minutes. The clear supernatant was transferred to a clean HPLC vial
for analysis. The injection volume was set at 20 μΐ.

Pooled human liver microsomes, purchased from In Vitro
Technologies, Inc., Baltimore, MD, USA, were supplemented with
appropriate cytochrome P450 co-factors such as NADPH. Incubations
were conducted at 37°C for 60 minutes. Final reaction mixtures
contained 1 mg/ml human liver microsomal protein, 2 mM NADPH,
5 μΜ test compound (comparable to systemic in vivo exposures in the
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high-dose rats, Cmax was about 11 μΜ). Control assays with no
NADPH and no test compound were performed. Incubation reaction
mixtures were brought to a final volume of 300 μΐ with the addition of
50 mM potassium phosphate buffer (pH 7.4). Acetonitrile (0.6 ml)
was used to terminate incubations. Reaction mixtures were centrifuged
for 15 min at 17,000 g. Supernatants were then transferred to another
tube and stored at -20°C until analysis.

Recombinant cytochrome P450 incubations

The individually expressed cytochrome P450s were purchased
from Xeno Tech, LLC Lenexa, Kansas. The relative purities of
cytochromes P450 2D6, P450 3A4, P450 2A6, and P450 2B6 were
6.4, 8.5, 3.0, and 1.5 nmol/ml at a total protein amount of 10 mg/ml.
Conditions were equivalent to the microsomal incubations except for
the following: final reaction mixtures contained 1 mM NADPH, and
P450 concentrations varied from 8-13 pmol/ml with OSI-930 concen-
tration at 9.95 μΜ and incubation at 37°C for 20 minutes. Samples
were prepared similarly to the plasma sample method, i.e., stopped
and precipitated with the addition of two volumes of methanol.
Testosterone was used as a positive control.

LC-MS/MS

Supernatant (200 μΐ) was transferred to a 96-well plate and
evaporated to dryness under a nitrogen stream at 35°C. Samples were
resuspended in 100 μΐ water/methanol, 95%/5% v/v, matching the
initial Chromatographie conditions.

A Sciex® API 4000QTrap mass spectrometer (MDS Sciex,
Concord, Ontario, Canada) with a Q3 region that is convertible from a
quadrupole to a linear ion trap (LIT) was used for all experiments. The
standard quadrupole function of the Q3 region allows for standard
multi-reaction monitoring (SRM), neutral loss (NL), and product ion
(PrI) and precursor ion (PI) scan modes that can be used to identify the
parent drug and reveal metabolites using MS/MS. The conversion of
Q3 from the quadrupole to the LIT function can be triggered on a
millisecond time scale using an information-dependent acquisition
(IDA) script to give high resolution product ion spectra. Also, the LIT
function in conjunction with Ql MS and Q2 collision induced
disassociation (CID) and further fragmentation in the LIT allowed for
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high resolution MS/MS/MS (MS3) experiments to identify secondary
product ions.

Source and analyte conditions were optimized by infusion of a 10
ng/ml solution of OSI-930 in 10 mM formic acid in 50% water/50%
methanol at a flow of 10 μΐ/min. For all experiments, source
conditions were set at values of 5500 V for the ionization energy
setting and 400°C for temperature setting, a setting of 30 for curtain
gas, and settings of 40 and 70 for gas 1 and 2, respectively. Analyte
conditions were set at 30 V for the declustering potential and 10 V for
the exit potential. Collision gas was set at high, while collision energy
was set at 35 eV. For SRM data, Ql and Q3 resolution were set at unit
and low resolution, respectively. For product ion spectra, Ql was set
at low, and the LIT fill time was set on DYNAMIC (an automated
optimization setting) with a scan rate of 4000 amu/sec.

Data were analyzed using Analyst 1.4.1 Metabolism ID software
and by visual inspection using Analyst 1.4.1 software graphics
(Applera Corporation, Applied Biosystems, Foster City, CA).

Spectral data

Plasma from rats given a single oral dose of OSI-930 at 500 mg/kg
was used for the generation of product ion spectra. Aliquots of 50 μΐ
from four individual animals at a 24 hour time point were pooled. This
pooled sample (200 μΐ) was added to ethyl acetate (400 μΐ), mixed for
approximately 10 minutes and then centrifuged at 14,000 g for
approximately 10 minutes. The cleared supernatant was transferred to
a clean HPLC vial for analysis. Authentic dTFM (OSIP691251) was
added to blank rat plasma at an approximate concentration of 100
pg/ml. Sample extraction was identical to pooled samples. The
injection volume for all samples was set at 20 μΐ. The HPLC method
described above was changed to 0.1% formic acid in water (A) and
0.1% formic acid in 10% water/90% methanol (B). The initial starting
conditions ran for 10 minutes at a ratio of 55:45 A to B. Then the
gradient was increased linearly for 25 minutes to a ratio of 0:100 and
held for 9 minutes. The gradient was then linearly decreased for
1 minute to the starting conditions and held for 5 minutes. The total
method run time was 45 minutes.
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MS spectrum of synthetic standard

Source and analyte conditions were optimized by infusion of a 10
ng/ml solution of OSI-930 in 10 mM formic acid in 50% water, 50%
methanol at a flow rate of 10 μΐ/min. For all experiments source
conditions were set at values of 5500 V for the ionization energy
setting and 400°C for temperature setting, a setting of 30 for curtain
gas, and settings of 40 and 70 for gas 1 and 2, respectively. Analyte
conditions were set at 30 V for the declustering potential, 10 V for the
exit potential. Collision gas was set at high and collisions energy was
set at 35 eV. For SRM data resolution for Ql and Q3 were set at unit
and low resolution, respectively. For product ion spectra Ql was set at
low and the LIT fill time was set on DYNAMIC (an automated
optimization setting) with a scan rate of 4000 amu/sec. Data were
analyzed using Analyst 1.4.1 Metabolism ID software and by visual
inspection using Analyst 1.4.1 software graphics (Applera Corpora-
tion, Applied Biosystems, Foster City, CA).

Synthesis of 7V-(4-hydroxyphenyl)-3-[(quinolin-4-ylmethyl)amino]
thiophene-2-carboxamide

Commercially available reagents, anhydrous solvents, and HPLC-
grade solvents were used without further purification. Flash chromato-
graphy was performed over silica gel (400-230 mesh). Mass-directed
purification was performed on a Waters system composed of the
following: 2767 Sample Manager, 2525 Binary Gradient Module, 600
Controller, 2487 Dual λ Absorbance Detector, Micromass ZQ for
mass ionization, Phenomenex Luna 5μ C18(2) 100 A 150 χ 21.2 mm
5μ column with mobile phases of 0.01% formic acid acetonitrile (A)
and 0.01% formic acid in HPLC water (B). The flow rate was 20
ml/min, run time of 13 min, and a gradient profile of 0.00 min 2%A,
2.10 min 10%A, 8.00 min 50%A, 12.0 min 99%A, 12.8 min 2%A.
LC-MS data were collected on either OpenLynx or ZQ3. OpenLynx is
an Agilent 1100 HPLC equipped with a Gilson Auto injector and
Waters Micromass ZQ for ionization. The column used was an Xterra
MS C18, 5μ particle size, 4.6 χ 50 mm with a mobile phase of
acetonitrile (A) and 0.01% formic acid in HPLC water (B). The flow
rate was 1.3 ml/min, run time of 5 min, and a gradient profile of 0.00
min 5%A, 3.00 min 90%A, 3.50 min 90%A, 4.00 min 5%A, 5.00 min
5%A. Ή-NMR (400 MHz) and 13C-NMR (100.6 MHz) spectra were

102

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:07 AM



L Dihel et al Drug Metabolism and Drug Interactions

recorded at ambient temperature with TMS or the residual solvent
peak as the internal standard. The line positions or multiples are given
in ppm (δ), and the coupling constants (J) are given as absolute values
in Hertz (Hz). High resolution mass spectral analysis (HRMS) was
obtained by M-Scan Inc., West Chester, PA.

A solution of 4-aminophenol (122 mg, 1.12 mmol) in anhydrous
toluene (2.7 ml) was treated drop-wise with 2.0 M trimethylaluminum
in toluene (1.46 ml, 2.90 mmol) at room temperature (rt). The mixture
was then heated at 70°C for 2 h. Methyl 3-[(quinolin-4-ylmethyl)
amino]thiophene-2-carboxylate' (1, 0.300 g, 1.00 mmol) was added in
one portion and the mixture heated at 70°C for 2 h. The reaction was
then cooled to rt, and after being stirred for 72 h, the reaction was
poured into saturated NaHCCh (20 ml) and extracted with EtOAc (3 χ
20 ml). The combined organics were washed with water and brine,
and dried over MgSCV The suspension was filtered and concentrated
in vacua to afford title compound 2 as an off-white solid (140 mg,
34% yield) (Fig. 3). A sample was further purified using mass-directed
purification to provide the title compound 2 as an off-white solid. Ή-
NMR (400 MHz, DMSO): δ 5.05 (d, J= 5.6 Hz, 2H), 6.70 (ddd, J =
10.0, 3.2, 3.2 Hz, 2H), 6.79 (d, J = 5.6 Hz, 1H), 7.37-7.42 (m, 3H),
7.54 (d, J = 5.6 Hz, 1H), 7.66 (ddd, J = 8.0, 6.8, 0.8 Hz, 1H), 7.79
(ddd, J= 8.0, 6.8, 1.2 Hz, 1H), 8.02 (dd, J= 6.8, 6.8 Hz, 1H), 8.06 (d,
J= 8.0 Hz, 1H), 8.22 (d, J= 8.0 Hz, 1H), 8.83 (d,7= 4.8 Hz 1H), 9.18
(s, 1H). I3C-NMR (100 MHz, DMSO): δ 44.9, 101.5, 114.8, 117.6,
118.7, 123.0, 123.2, 123.6, 126.0, 126.6, 129.3, 129.4, 129.6, 130.3,
145.5, 147.6, 150.4, 153.6, 163.3. MS (ES+): m/z 376 (M++H). HRMS
m/z calculated for C2iHi7N3O2S 376.1120, found 376.1115.

Glucuronide hydrolysis

A solution of -glucuronidase was prepared by adding 5 mg -
glucuronidase at 10,400 U/mg to 500 μΐ of phosphate buffered saline
to make a 10 mg/ml stock. Plasma from Sprague-Dawley rats given a
single oral dose of OSI-930 was pooled. 100 μΐ of rat plasma with the
addition of 30 μΐ of PBS'was mixed and set aside at 4°C; an identical
sample was prepared and incubated at 37°C overnight (approximately
14 hours) along with 100 μΐ plasma sample with the addition of 30 μΐ

' Synthesis of 1 can be found in: Wynne G, Doyle K, Ahmed S, Li An-Hu, et al. (2-
Carboxamido)(3-amino)thiophene compounds. US6949563B2
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of PBS containing ß-glucuronidase. The above samples were extracted
with an equal volume of 0.1% formic acid in methanol. Extracted
samples were analyzed by LC/MS/MS.

RESULTS

Liquid chromatography tandem quadrupole mass spectrometry
(LC/MS/MS) positive ion constant neutral loss (NL) scanning at a
differential of 176 M (unified atomic mass unit) revealed a unique and
substantial metabolite peak with a molecular ion at 552 m/z in the
plasma of Sprague-Dawley rats given a single oral dose of OSI-930
(Fig. 4). The enhanced product ion spectrum of this peak suggested a
possible molecular structure that was consistent with the loss of the
trifluoromethyl group followed by conjugation with glucuronide at the
newly exposed hydroxyl group. The neutral loss of 176 M is charac-
teristic of a glucuronide conjugate. Various predictable OSI-930
metabolites were characterized by LC/MS/MS, and several structures
were confirmed by synthetic reference standards. These results
provided consistent characteristic fragment ion peaks important for
structural assignments. One such metabolite showed a molecular ion
at 552 m/z with distinguishing product ions at 376 and 267 m/z that are
known to be representative of the ifei-trifiuoromethyl (dTFM) and
thiophene-containing molecular substructures (Fig. 4). The peaks at
267 and 239 m/z represent product ions of the quinoline thiophene
compound with or without the carbonyl, respectively, as shown in the
figure insert. The enhanced product ion spectrum (EPI) of the novel
OSI-930 ifej-trifluoromethyl + glucuronide (dTFM + glucuronide)
metabolite extracted from rat plasma is shown in Figure 4. The EPI
spectrum has a molecular ion at m/z 552 and a novel product ion at
m/z 376. Characteristic ions in common with OSI-930 are shown at
267, 249, 239, 234, 143, 130, and 126 m/z.

The identification of the 552/376 m/z <&s-trifluoromethyl-glucuro-
nide metabolite indicated that a ifes-trifluoromethyl intermediate
(dTFM) transformation product should also be present in the plasma
of rats given OSI-930. This intermediate molecule should be missing
the trifluoromethyl group for a net loss of 68 u (relative to OSI-930
parent molecule at m/z 444), yielding a molecular ion at 376 m/z, and
should have product ions characteristic of OSI-930. The molecular
structures are shown in Figure 5. A dTFM molecule was then
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dTFM

376/267 m/z

O^OH

dTFM + Glucuronide

552/376 m/z

Fig. 5: Schematic of the proposed intermediate metabolite, OSI-930 ifoy-trifluoro-
methyl (dTFM) and OSI-930 ifey-trifluoromethyl + glucuronide (dTMF +
glucuronide). Mass to charge (m/z) transitions are shown.

chemically synthesized, identical to OSI-930 except that a hydroxyl
group was substituted in place of the trifluoromethoxy group. This
molecule, OSIP691251, was characterized by infusion at 100 ng/ml
into the ABI4000QTrap. A high-resolution enhanced product ion
spectrum is shown in Figure 6, with product ion assignments shown in
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the insert. Note that ions at 376, 267, 249, 239, 234, 143, 130, and 126'
m/z are also present in the enhanced product ion spectrum of the
dTFM + glucuronide metabolite shown in Figure 4. When mixed with
blank rat plasma, extracted, separated by HPLC, and analyzed by mass
spectrometry, OSIP691251 shows an XIC peak at an m/z transition of
376/267 and at a retention time of 5.0 minutes (Fig. 7). At this time,

„ iw'ij II I . J i
40 45

Fig. 7: XIC retention time peak of the synthetic dTFM molecule, OSIP691251,
extracted from fortified rat plasma. Retention time is at 5.0 minutes. The x-
axis is in m/z and the y-axis is intensity in counts per second (cps). A: XIC
of 376/267 m/z from blank rat plasma. B: XIC of 376/267 m/z from plasma
of rats given a single oral dose of OSI-930. C: XIC of 376/267 m/z blank
rat plasma fortified with authentic/synthetic OSIP691251.
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however, the XIC peaks at 4.1 and 6.5 cannot be ruled out since a
precursor ion survey did not find potential precursor ions for the peaks
at 4.1 and 6.5 minutes. The compound at 4.1 minutes is likely a regio-
isomer.

A search was initiated for the inferred intermediate dTMF meta-
bolite in rat plasma. Spectral results are shown in Figure 7. Panel A
shows the spectrum of the 376/276 m/z from rats given a single oral
dose of OSI-930. The 5.0 minute peak is the most likely candidate for
the dTFM molecule because of the coincident retention time with the
synthetic molecule, OSIP691251. A high-intensity, high-resolution
EPI spectrum from the apparent dTFM candidate, shown in Figure 8,

I
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a 2.0e5S"

f l.SeS
1

I . Of S

5.0*4

o.q

2<

143

14
130

τΐΐ
206

239I-
etf LlaETflLk

A

376

Τ. , ...3^Τ..3ί8 .
H) 120 140 160 180 200 220 240 260 280 300 320 340 360 380

m/z, a mu

1

267
S.OeS

8.0«5

7.0«S

6.0e5§>

i S.Oe5

4.O*5

3.0eS

2.0cS

1.0e5

1

143

13O

12«

-ill
206 23'

iJ-
Jf ^ τ^ίΓΪ,,Ιΐ. Γ , .

Β

37β

. Τ , τ_
9O 120 140 160 180 200 220 240 260 280 300 320 340 360 380

m/z, am u

Fig. 8: A: Enhanced product ion spectrum derived from the 5 minute HPLC
putative dTFM retention time peak from the plasma of rats given a single
oral dose of OSI-930. B: Enhanced product ion spectrum derived from the
5 minute HPLC retention time peak from authentic dTFM reconstituted
into blank rat plasma and extracted. Product ions at 267, 249, 239, 234,
143, 130 and 126 m/z are shown in both figures and are characteristic of
the spectra of OSI-930 and infused OSIP691251.
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has a remarkable quantity of product ions (>7) in common with the
spectrum of OSIP691251. Both spectra show a molecular ion at m/z
376 and product ions in common at 267, 249, 239, 234, 143, 130, and
126 m/z. The EPI spectrum of the dTFM metabolite and the synthetic
standard show these characteristic peaks represented in the·previously
illustrated substructures.

With the addition of the hydrolysis enzyme ß-glucuronidase to the
purported conjugate, the aglycone can be liberated. This reaction can
therefore confirm a glucuronide conjugate as a substrate thus charac-
terizing this precursor. This experiment was performed on the plasma
samples from an in vivo study in which the animals had adequate
exposure to OSI-930. Plasma of Sprague-Dawley rats given a single
oral dose of OSI-930 was incubated with ß-glucuronidase at 37°C.
The results of the incubation revealed a decrease in the area of the 552
m/z peak and the formation of a new peak with a molecular ion at 376
m/z and characteristic dTFM product ions, including an ion at 267 m/z,
indicative of OSI-930. Incubation with glucuronidase produced a more
lipophilic compound that is equivalent to the hydroxyl analogue
without the trifluoromethyl, thus showing O-dealkylation of the tri-
fluoromethyl or displacement of the trifluoromethoxy group (data not
shown). The identity of this compound was confirmed by LC/MS/MS
comparisons with the synthetic standard.

Intensity versus time data were collected from plasma at nominal
times of 0.5, 1, 2, 4, 8, 12, 24, and 48 hours for three rats given a
single oral 1000 mg/kg dose of OSI-930. Individual HPLC/MS peak
area values and calculated median, minimum, and maximum values
are shown for OSI-930 öfei-trifiuoromethyl + glucuronide (552/267
m/z) and for dTMF (376/267 m/z). Median peak area values are shown
in area versus time graphs in Figure 9. The largest median area
values for both OSI-930 i/es-trifluoromethyl + glucuronide and dTFM
occurred at the 12-hour time point. This is later than the median OSI-
930 Tmax value of 8 hours in the same dose group. The OSI-930 des-
trifluoromethyl + glucuronide and dTFM curves roughly approximate
each other over the time course of the experiment, with the median
OSI-930 des-trifluoromethyl + glucuronide intensity being about
1000-fold greater than that of the dTFM metabolite. The intensity of
the dTFM is comparativelytoo small to make any judgments about the
Tmax or any other kinetics of formation and clearance of the dTFM.
Taken together, these two observations suggest that dTFM formation
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is slow and likely the rate-limiting step leading to the formation of
OSI-930 ifey-trifluoromethyl + glucuronide. The conjugation reaction
is comparatively very efficient as the dTFM is usurped to the sub-
sequent glucuronide which is about lOOOx higher in concentration.

Incubations with rat and human hepatic microsomes also demon-
strated the production of the dTFM. The MS spectrum also agreed
with the standard. This observation reveals that the oxidative meta-
bolism producing the dTFM can be performed with microsomal
fraction constituents.

Since humans have been dosed with OSI-930 we were able to
evaluate the circulating blood to determine whether the human species
also systemically produces detectable amounts of the dTFM. Human
plasma from Phase I patients, which also presents the dTFM meta-
bolite product, demonstrated that the human liver enzyme produces
sufficient quantities to be detectable systemically (data not shown).

We also determined the specific P450 isoform pathway responsible
for catalyzing the trifluoromethoxy displacement by examining the
product formation after in vitro incubations. Reaction product from
selected P450 isoforms contained the dTFM from CYP3A4-mediated
catalysis. A selection of P450 isoforms (CYP3A4, CYP2D6, CYP
2B6, and CYP2A6) from cloned cDNA · expression systems were
tested for the ability to produce the dTFM, with only CYP3A4 and to
a negligible extent CYP2D6 catalyzing this biotransformation to the
dTFM metabolite (Fig. 10). Thus the formation of the dTFM is CYP-
mediated, and CYP3A4 is the major facilitator of this pathway with a
detectable contribution by CYP2D6.

DISCUSSION

The observation described herein indicates the existence of a novel
biotransformation beyond the already diverse set of atypical reactions
that cytochrome P450 can catalyze /1,2/. To our knowledge, this is the
first report of the CYP-mediated dealkylation of a trifluoromethoxy
constituent para to an aminoacyl moiety.

This reaction is similar to the apparent ipso substitution at the para
position of the aromatic ring of the trifluoromethoxy anisole moiety in
CP-122,721 which was recently described /12/. Conventional O-
dealkylation occurs via a hemiacetal intermediate produced by
oxidation of the α-carbon of the ether /4/ as characterized in Figure 1.
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With the superior bond strength of the C-F bond over even the C-H
bond, however, it is improbable that the trifiuoromethoxy carbon is
directly oxidized by the P450. Therefore, the O-detrifluoromethylation
at this group was confounding which led to the consideration of a
detrifluoromethoxylation via hydroxyl replacement and the conclusion
that an ipso attack or radical mechanism appears operative. Con-
sequently, we propose a CYP-mediated ipso substitution to displace
the trifiuoromethoxy group with a hydroxyl group (Fig. 11). Oxygen
substitution at the phenyl radical and trifluromethoxy elimination
produce the benzoquinone intermediate (similar to the phenacetin
mechanism described below). Finally, benzoquinone reduction to the
hydroquinone with glucuronidation produces the observed metabolite.

Certain halogenated benzenes demonstrate the essentials of ipso
mechanism oxidation reactions. Following an electron and proton
abstraction from 4-fluorinated anilines, the iron moiety donates a
hydroxyl radical for recombination /13-15/. The unstable intermediate
can lose a proton and fluoride anion to form the benzoquinoneimine
(similar to Fig. 12a). Notably, the CFsCT moiety is very 'halogen-like'
in terms of chemistry and electronegativity.

The /pso-substitution mechanism is not limited, however, to halo-
gen-substituted phenols /13A Type I ipso substitutions eliminate an
anion from the quinol to p-benzoquinone, while type II substitutions
eliminate a carbocation (hydroxylated with water) with hydroquinone
as the intermediate /16/. The oxidative O-deethylation of phenacetin to
paracetamol occurs through the formation of an unstable hemiketal
at the α-methylene carbon atom, which decomposes rapidly till.
Because phenacetin is also converted to the arylating metabolite N-
acetyl-p-benzoquinone imine (NAPQI) that reacts with GSH /18/,
however, this latter reaction provides a more important pathway for
potential toxicity. Only about 50% of the oxygen in the phenolic group
of the phenacetin conjugate came from l8O-labeled molecular oxygen
/19,20/. An unstable intermediate could convert to a geminal diol
intermediate at position 4 of the ring, with one of the hydroxyl groups
randomly lost during dehydration to the quinone-imine metabolite
/19,20/. Alternatively, a hydrogen abstraction from the nitrogen atom
in the acetylamino side chain yields a hydroxyl radical and the
corresponding nitrogen radical which can rearrange to the para
aromatic carbon and then recombine with the hydroxyl radical to form
the hemiketal /21/. In the presence of a thiol (GSH), the sulfur
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OH

Fe3* + Γ + H+

+ ROH

OH
nonylphenol, NP

Fig. 12: a: Fluoroanaline dehalogenation by ipso mechanism, b: Nonlyphenol
dealkylation by ipso mechanism

OH

hydrogen may form a hydrogen bond with the hemiketal oxygen,
while a coincident hydrogen bond between the hemiketal hydroxyl and
the sulfur may also exist /21/, thus catalyzing quinone production with
100% incorporation of the activated oxygen. Conversely, a hydrogen
bond between the sulfur and the hydroxyl can lead to 100% retention
of the alkoxy oxygen. These possible alternate parallel pathways are
consistent with the results showing about 50% incorporation of 18O-
labeled oxygen into the phenolic oxygen /19/.

Furthermore, product and kinetic analysis of hydrolysis reactions
with several phenacetin analogues have indicated a nitrenium ion
mechanism wherein oxygen is incorporated with coincident loss of the
alkoxy of phenacetin 1221. P450-mediated reactions with aromatic
substrates having N-H, O-H, C-H, or S-H substituents have been
generalized to occur by this type of hydrogen abstraction, a deloca-
lized radical to the center of substitution, and an iron-bound hydroxyl
radical recombination mechanism /23/.
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The P450-mediated conversion of pentahalogenated benzenes to
quatra-halogenated phenols (Fig. 12a) has been demonstrated: the
halogen atom para to the amino or hydroxyl moiety is released from
the molecule as a halogen anion, resulting in a benzoquinone, which is
then reduced to the corresponding aminophenol or hydroquinone /14/.
The mechanism appears to involve formation of a benzohaloquinone
with a positive charge on halogen substituents para to the dehalo-
genated position - stabilized through mesomeric structures. The penta-
halogenated phenol is formed via a chemical two-electron reduction
by NADPH. Monooxygenation at a fluorinated para position, such as
in pentafluorophenol, results in the formation of the reactive tetra-
fluorobenzoquinone derivative as the primary reaction product /24/.
P450-mediated halogen displacement is increasingly facile in the order
I < Br < Cl < F, with additional electron-withdrawing halogen ring
substituents further easing elimination /15/, despite the suggestion of
fluorine substituents blocking drug biotransformation.

A comparable ipso substitution by the active oxygen species atom
has been described with 4-(4-nitrophenoxy)phenol and other 4-
hydroxyarylether analogues 787. When there is a phenolic hydroxy
para to the ether bond, a phenoxy radical via abstraction by the iron-
oxenoid will delocalize and distribute to the ipso position, followed by
recombination of the hydroxyl-radical equivalent on the heme iron to
give a hemiketal 787. Using 18O2 along with various analogues with a
requisite para-group 787 also showed that cytochrome P450 could
catalyze this zpso-substitution reaction. They further demonstrated
significant elimination of the most electronegative halogen fluorine
substituent attached to an aromatic ring /16/. Finally, of the many
functional active oxidants in CYP-catalyzed reactions, the hydro-
peroxo-iron species is implicated as the electrophilic oxidant for ipso
substitution of various para-substituted phenols via a transient inter-
mediate involving the substituent para to the hydroxyl 7257. This study
demonstrated P450-catalyzed hydroquinone formation from i-butyl-
phenol by ipso substitution of the alkyl group 7257. In another
molecular example (Fig. 12b), the hydroxylation at the C-4 position of
the α-quaternary nonylphenol (to a hemiketal) leaves the alkylated
quinol as a carbocation or radical species, producing hydroquinone via
a type II ipso substitution mechanism in microbial degradation 726-
287. The /pjo-hydroxy group from side-chain cleavage of an a-
quaternary 4-nonylphenol was derived from molecular oxygen as
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shown by 18O-labeling experiments. The resulting nonanol metabolite
contained an oxygen atom from water 7297. Our results and obser-
vations supplement the corroboration of an uncommon reaction that
CYP catalysis can produce. Additionally, an ipso hydroxylation of the
8-prenylnaringenin B ring at a quaternary α-carbon site has been
described 7307. Indeed, the bisphenol A degradation occurs via a type
II z/wo-substitution mechanism resulting in scission of the C-C bond
between the phenolic moiety and the isopropyl group of bisphenol.
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