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Abstract—Synthesis of [*F]4-[5-(4-methylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl]benzenesulfonamide (['*F]celecoxib), a selec-
tive COX-2 inhibitor, is achieved via a bromide to ['®F]JF~ exchange reaction. Synthesis of the precursor for radiolabeling was
achieved from 4’-methylacetophenone in four steps with 22% overall yield. Under non-radioactive conditions, fluorination was
achieved using TBAF in DMSO at 135 °C in 80% yield. Synthesis of ['®F]celecoxib was achieved using ['*F]TBAF in DMSO at
135°C in 10 2% yield (EOS) with >99% chemical and radiochemical purities. The specific activity was 120 + 40 mCi/pumol
(EOB). ['®F]celecoxib was found to be stable in ethanol, however, de['®F]fluorination (6.5%) was observed after 4 h in 10% etha-
nol-saline solution. Rodent PET studies show bone labeling indicating in vivo de['*F]fluorination of ['*F]celecoxib. PET studies
in baboon indicated a lower rate of de['®F]fluorination than rat and retention of radioactivity in brain regions consistent with
the known distribution of COX-2. A radiolabeling method that can generate consistent high specific activity is needed for routine

human use.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

The discovery of cyclooxygenase-2 (COX-2) and its role
in inflammation led to the recognition that COX-2 selec-
tive inhibitors might have an anti-inflammatory effect
without the gastrointestinal side effects of non-selective
COX inhibitors.! ¢ Subsequent discoveries suggesting
an involvement of COX-2 in many diseases or disease
processes’  raised the possibility that quantification of
COX-2 expression might be a useful biological marker
for early diagnosis, monitoring disease progression,
and an indicator of effective treatment. Positron emis-
sion tomography (PET) is a non-invasive imaging tech-
nique used in nuclear medicine to study various
biochemical and biological processes in vivo because it
can detect targets at subnanomolar concentrations.!®!!
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Efforts undertaken thus far to develop a specific PET
probe for COX-2 expression have been unsuccessful.!??
Recent%y, synthesis and in vivo evaluation of ['**IJIMTP
and ['*’IJIATP are reported as potential SPECT tracers
for COX-2 expression in rats.?’ The COX-2 ICs, values
of these ligands are 5.16 and 8.20 pM and have a COX-
1/COX-2 selectivity ratio of 19 and 13, respectively. The
micromolar affinity and poor selectivity of ['*’IJIMTP
and ["*’IJIATP would not qualify them as PET tracer
candidates. The biodistribution studies of these ligands
also show uniform retention of radioactivity in all areas
examined indicating a lack of measurable specific bind-
ing. Moreover, the affinity of IMTP and TATP for other
enzymes, biogenic amines, transporters, and receptors is
not reported. Hence the retention of radioactivity of
["**IJIMTP and ['*IJIATP in various tissues may be
due to the contribution of non-specific binding and per-
haps some binding to other sites where the ligands may
have higher binding affinity. Hence, currently no specific
imaging agent is available for COX-2. In this report, we
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present the ['*F]radiolabeling of 4-[5-(4-methylphenyl)-
3-(trifluoromethyl)-1H-pyrazol-1-yl]benzenesulfonamide
(celecoxib), a selective COX-2 inhibitor, and the results of
in vivo imaging studies in rats and baboons. COX-2 and
COX-1 K; values of celecoxib are 40 and 17,000 nM,
respectively, with a COX-1/COX-2 selectivity ratio of
425.4 These properties coupled with known safe toxicity
data of celecoxib in human subjects suggest that celecoxib
can be a suitable candidate PET tracer for the in vivo
quantification of COX-2.

2. Results and discussion
2.1. Chemistry

Synthesis of N-[bis(4-methoxyphenyl)phenylmethyl]-4-
[3-(bromodifluoromethyl)-5-p-tolylpyrazol-1-yl]benzene-
sulfonamide (5), the precursor for radiolabeling of
celecoxib, and standard celecoxib was achieved as de-
scribed in Scheme 1. The synthesis of 2-bromo-2,2-diflu-
oro-1-imidazol-1-yl-ethanone (2) has been achieved via
the N-acylation of N,N’-carbonyldiimidazole (1) with
2-bromo-2,2-difluoroacetyl chloride in 90% yield.?! Reac-
tion of 4’-methyl acetophenone with 2 afforded bromo-
4,4-difluoro-1-p-tolylbutane-1,3-dione (3). The coupling
reaction proceeded smoothly in 1 h to afford 65% of the
dione 3 in presence of compound 2,>> whereas using
bromodifluoroacetyl chloride as the coupling agent the
reaction resulted in poor yield of 3. A subsequent conden-
sation reaction of 3 with 4-hydrazinobenzenesulfonamide
by refluxing in ethanol resulted in the formation of 4-[3-
(bromodifluoro-methyl)-5-p-tolyl-pyrazol-1-yl]benzene-
sulfonamide (4) in 45% yield. Compound 4 was protected
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Scheme 1. Synthesis of celecoxib and radiolabeling precursor.
Reagents and conditions: (a) 2-bromo-2,2-difluoroacetyl chloride, rt,
THF, 90%; (b) p-tolylethanone, THF, reflux, 65%; (c) 4-hydrazino-
benzenesulfonamide, ethanol, reflux, 45%; (d) DMT/CI, TEA, CH,Cl,,
82%; (e) 1—TBAF (4 equiv), DMSO, 135 °C, 40 min; 2—TFA/DCM
(1:1), 60 °C, 5 min, 80%.

as dimethoxytrityl (DMT) derivative 5, in 82% yield.'$!°
The pharmacologic screen from NIMH-Psychoactive
Drug Screening Program (PDSP) shows that celecoxib
has no significant affinity (K; > 10 uM) for brain biogenic
amines, receptors or transporters. To derive conditions of
radiolabeling for obtaining optimum yield in minimum
time, experiments were first performed under non-radio-
active condrtrons After reacting precursor 5 with KF-
Kryptofix® at elevated temperature, in solvents such as
acetonitrile or dimethylsulfoxide, only negligible amount
(<3%) of celecoxib 6 was formed after deprotecting the
sulfonamide group (1:1; TFA/DCM). Whereas, heating
5 with tetrabutylammonium fluoride at 135 °C (TBAF)
in DMSO for 40 min followed by sulfonamide deprotec-
tion afforded 6 in good yield (80%, Scheme 1).

2.2. Radiochemistry

Incorporation of [ISF]ﬂuorlne to precursor 5 was also
not effective using [ *F]KF- Kryptoﬁx as the radiolabel-
ing reagent, even under rlgorous conditions such as
using high temperature and microwave irradiation.
Optimum yield of ['®F]6 was obtained while heatrng pre-
cursor 5 with ['|F]TBAF? in DMSO for 20 min at
135 °C followed by treating with a 1:1 mixture of TFA
and DCM (Scheme 2). The reaction mixture was puri-
fied by RP-HPLC followed by passing through a C-18
Sep-Pak® cartridge. The radiochemical yield of ['*F]6
was 10 £ 2% (n = 6) at the end of synthesis (EOS). The
chemical identity of ['*F]6 was confirmed by co-injecting
the radio-product with non-radioactive celecoxib on an
analytical RP HPLC. The chemical and radiochemical
purities of ['®F]6 were found to be >99% with a specific
activity of 120 £ 40 mCi/umol at EOB. Multiple mobile
phases were used to determine the purities of the
radioligand. Our efforts to improve the yield and specific
activity of ['®F]6 were not effective. We observed that
lowering the temperature or decreasing the time of
experiment did not improve the outcome of the reaction.
We hypothe51ze that in the reaction mixture, a
competltlve [F] to ["*F]~ exchange may compete with
[**F]” incor oratlon resulting in low yield and specific
activity of ['®Flcelecoxib.??

2.3. In vitro stability

In vitro stability of ['®F]celecoxib was determined in
ethanol and 10% ethanol-saline usmg silica gel TLC,
in which ['®F]fluoride stays at the origin and ['®F]cele-
coxib stays at the solvent front.!® No significant

[18F]6

Scheme 2. Radiosynthesis of ['®F]celecoxib. Reagents and conditions:
(a) 1—["*F]TBAF, DMSO, 135°C, 20 min; (b) TFA/DCM (1:1),
60 °C, 5 min; (c) Semipreparative HPLC purification.
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Figure 1. In vitro stability of ['®F]celecoxib. Data points presented are
the average determinations from representative experiments repeated
at least on two-independent occasions with similar results.

de["®FJfluorination was observed for ['®F]celecoxib for-
mulation in ethanol up to 4h, but a low rate of
de["®FJfluorination (6.5% in 4 h) was observed for the
radiotracer formulation in saline containing 10% etha-
nol (Fig. 1).

2.4. In vivo imaging in rats

Since the in vitro de['®F]fluorination rate of ['®F]cele-
coxib was relatively slow in the imaging time-frame
(2-3% in 90-120 min), in vivo imaging was performed
in rats using a small animal PET Scanner (microPET).
PET images in a rat during 0-20min (A) and
60-120 min (B) are shown in Figure 2. The PET images
show significant bone uptake, most likely be attributed
to in vivo de['®F]fluorination of ['®F]6 (Fig. 2B). The
time—activity curves (TACs) generated from the PET
studies show higher skeleton uptake of ['*F]6 compared
to brain or heart, regions where COX-2 is known to be
present (Fig. 3).2* The uptake ratio of ['®F]6 in heart,
cerebellum, and rest of the brain with reference to skel-

Figure 2. microPET images of ['®F]celecoxib in rat. PET images of
['®F]celecoxib in rat (images are normalized to the injected dose). (A)
Sum of 0-20 min PET images; (B) sum of 60-120 min PET images.
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Figure 3. Time-activity curves of the radioactivity in rat after the
injection of [lgF]celecoxib (CER, cerebellum; HT, heart; SK, skeleton;
ROB, rest of brain).

eton at 112 min was found to be 0.70, 0.54 and 0.45,
respectively (Fig. 3).

2.5. PET studies in baboon

PET studies in anesthetized baboon show that ['*F]cele-
coxib (dose =2.0 + 0.4 mCi, specific activity = 120 £
40 mCi/umol) penetrated the BBB and accumulated in
brain (Fig. 4).>> The TACs of several brain regions
and skull were examined and show relatively poor skull
uptake indicating a low degree of in vivo de['®F]fluori-
nation of radioligand (Fig. 5) in baboon. Uptake of
['®F]6 peaked in most regions within 3.5-13 min and
then declined relatively slowly. The fastest washout
was observed in skull followed by cerebellum,
hippocampus, cingulate cortex, putamen, caudate, and
thalamus. The distribution of ['®F]6 accumulation in ba-
boon brain is consistent with known distribution of
COX-2.22% The binding ratios of thalamus, caudate,
putamen, cingulate, hippocampus, and cerebellum in
comparison to skull are 1.60, 1.48, 1.46, 1.43, 141,
and 1.20, respectively, at 115 min. The brain to skull
ratio of baboon is 3-4 times higher than the ratio ob-
tained for rats indicating a lower rate of de['*F]fluorina-
tion in non-human primates in comparison to rodents.
The metabolite analyses show that ['®Flcelecoxib
undergoes fast metabolism.?> Polar metabolites were
found in baboon plasma and the % of unmetabolized
fractions at 2, 4, 12, 30, and 60 min are 93.2%, 84.9%,
47.5%, 30.2%, and 17.0%, respectively (Fig. 6).%*

3. Conclusion

Synthesis of ['®F]celecoxib was achieved via a bromide
to ['®F]fluoride displacement reaction in 10 * 2% vyield
(EOS) and a specific activity of 120 = 40 mCi/ pmol.
Poor specific activity of ['®*F]celecoxib obtained from
the bromine to ['*F]fluorine displacement reaction may
be attributed to the comlpetitive defluorination from 5,
which may dilute the [°F]anion during the labeling
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Figure 4. Sum of the (0-120 min) PET images of baboon brain after the injection of 1.2 mCi ['®F]celecoxib. First column, sagittal; middle column,

coronal; last column, axial views.
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Figure 5. Time-activity curves of the radioactivity in baboon after the
injection of ['*F]celecoxib (CIN, cingulate; CER, cerebellum; CAU,
caudate; HIP, hippocampus; PUT, putamen; THA, thalamus).
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Figure 6. Unmetabolized parent fraction of ['*F]celecoxib in baboon
plasma. Filled circles represent the average of two studies.

process. The radiotracer was found to be stable in etha-
nol solution, but de['®F]fluorinated slowly in 10% etha-
nol-saline solution. microPET studies in rat show that
['®F]celecoxib has uptake in heart and brain. Due to
the in vivo de['®F]fluorination of ['®F]celecoxib in nor-

mal rats the ligand is unlikely to allow imaging of
COX-2 expression in rats. However, the de['*F]fluorina-
tion rate is lower in baboon and could be much slower in
human subjects due to a slower metabolism. Further
studies are required to demonstrate the utility of
['®F]celecoxib in human subjects as a PET tracer for
the in vivo imaging of COX-2 expression, and specifical-
ly an improved radiolabeling method is needed for rou-
tine human use.

4. Experimental
4.1. General

The commercial chemicals used in the synthesis were
purchased from Sigma—Aldrich Chemical Co. or Fisher
Scientific Inc. and were used without further purifica-
tion. Melting points were determined on a Fisher melt-
ing point apparatus and are uncorrected. '"H NMR
spectra were recorded on a Bruker PPX 300 and
400 MHz spectrometer. '°F NMR spectra were generat-
ed on Bruker PPX 282.5 MHz spectrometer. Spectra are
obtained in CDCl; and chemical shifts are reported in
ppm relative to TMS for 'H and CFCl; for '°F as inter-
nal standards. The mass spectra were recorded on JKS-
HX 11UHF/HX110 HF Tandem Mass Spectrometer in
the FAB+ and EI+ mode. Semipreparative HPLC anal-
yses were performed using a Waters 1525 HPLC system.
Semipreparative analyses were performed by Phenome-
nex, Prodigy ODS(3) 10 %250 mm, 10 p column and
analytical studies were performed by Phenomenex,
Prodigy ODS@3) 4.6x250mm, 5p  column
(4 =254 nm). Flash column chromatography was per-
formed on silica gel (Fisher 200-400 mesh) using the sol-
vent system indicated in the experimental procedure for
each compound. ['®F]Fluoride was generated from
RDS112 cyclotron (Siemens, Knoxville,). The radio-
TLC was performed on silica gel plates (EM science, sil-
ica gel 60 F,s4) using Bioscan, AR-2000 Instrument and
ethanol as the mobile phase. microPET studies were per-
formed with Seimens R4, Microsystem Inc.

4.2. Chemistry

4.2.1. 4-Bromo-4,4-difluoro-1-p-tolylbutane-1,3-dione (3).
At 0°C, bromodifluoroacetyl chloride (386 mg,
2mmol) was added to a solution of imidazole
(285 mg, 4.2 mmol) in 2.5 mL anhydrous THF. The
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solution was warmed to room temperature and stirred
for an additional hour. The precipitate formed was
filtered off and the filtrate was washed with ether (2x
5mL), the combined filtrates were evaporated and
dried under high vacuum to give compound 2
(400 mg, 90%). The imidazole derivative 2 thus
obtained was dissolved in anhydrous THF (1 mL)
and added to a previously stirred solution of 4’-methyl
acetophenone (268 mg, 2 mmol) in 10 mL THF treated
with NaHMDS solution (1 M in THF, 3 mL, 3 mmol)
at —78 °C. After the addition of 2, the reaction mixture
was warmed to room temperature and stirred for 1 h.
The reaction was quenched by adding saturated ammo-
nium chloride solution and diluted with water (10 mL).
The products were extracted into ethyl acetate (3x
25 mL), washed with water and brine, and dried over
anhydrous magnesium sulfate. Solvent was evaporated
under reduced pressure and the product was purified
using silica gel column chromatography using 15%
ethyl acetate in hexane to afford dione 3 (380 mg,
65%) as a viscous liquid.

Compound 3: 'H NMR (300 MHz, CDCls) &: 7.83 (d,
J=9, 2H), 7.26 (d, J=9, 2H), 6.55 (s, 1H), 2.43 (s,
3H), HRMS (EI+) calculated for C]]HloozBrFQZ
289.9754. Found: 289.9759.

4.2.2. 4-[3-(Bromodifluoromethyl)-5-p-tolylpyrazol-1-yl]-
benzenesulfonamide (4). 1,3-Dione (3, 291 mg, 1 mmol)
and 4-hydrazino-sulfonamide (224 mg, 1 mmol) were
dissolved in anhydrous ethanol (20 mL) and the mixture
was refluxed for 16 h. Ethanol was evaporated, and the
residue was dissolved in ethyl acetate, washed with
water and brine. The organic layer was dried over anhy-
drous MgSO,, concentrated, and the product was puri-
fied by silica gel column chromatography using 20%
ethyl acetate in hexane to afford sulfonamide 4 as a
white solid (200 mg, 45%), mp 184-185 °C.

Compound 4: 'H NMR (300 MHz, CDCl5) 8: 7.95 (d,
J=9, 2H), 7.51 (d, J=9, 2H), 7.15 (m, 4H), 6.76 (s,
1H), 4.98 (s, 2H), 2.39 (s, 3H); ’F NMR (282.5 MHz,
CDCls) &: —42.31 (s); HRMS (EI") calculated for
C,7H,50,N3BrF,S: 443.0017. Found; 443.0064.

4.2.3. N-|Bis(4-methoxyphenyl)phenylmethyl]-4-[3-(bro-
mo-difluoromethyl)-5-p-tolylpyrazol-1-yl] benzenesulfona-
mide (5). To a solution of sulfonamide 4 (256 mg,
0.6 mmol) in dichloromethane (10 mL) at 0 °C was add-
ed dimethoxytrityl chloride (245 mg, 0.72 mmol) in
dichloromethane (5mL). Triethylamine (0.2 mL,
1.45 mmol) was added to the above solution and stirred
at room temperature for 1 h after which the solution was
evaporated under reduced pressure and the residue was
directly charged onto a silica gel column. The product
was eluted using 15% ethyl acetate in hexane (350 mg,
82%) as a colorless solid; mp 135-136 °C.

Compound 5: '"H NMR (400 MHz, CDCl5) 6: 7.20-7.12
(m, 17H), 6.71 (m, 4H), 5.79 (s, 1H), 3.75 (s, 6H), 2.35 (s,
3H); "F NMR (282.5 MHz, CDCl;) o: —42.10 (s);
HRMS (FAB") calculated for CsgH3,04N;BrF,S:
744.1343. Found; 744.1343. Elemental analysis calculat-

ed for C38H3204N3BI'F25, C, 6129, H, 433, N, 5.10.
Found: C, 61.41; H, 4.62; N, 5.38.

4.2.4. Synthesis of celecoxib (6) from bromoderivative 5.
Compound 5 (51 mg, 0.07 mmol) was dissolved in
DMSO (2mL) and 0.27mL (0.27 mmol) TBAF in
THF was added to it. The solution was heated at
135 °C for 40 min after which it was cooled to room
temperature and 5 mL of 20% TFA in DCM was added.
The solution was stirred for 5min and treated with
water (2 mL). The product was extracted into ethyl ace-
tate (3x 5 mL), washed with water and brine, and puri-
fied by silica gel column chromatography using 40%
ethyl acetate in hexane to afford celecoxib (6) (21 mg,
80% yield). 'H and "’F NMR of synthesized 6 are iden-
tical to the reported data.*

4.3. Radiosynthesis of ['®F]celecoxib

The aqueous solution of ['®F]fluoride generated from
RDS 112 cyclotron is passed through an activated
QMA and eluted with a mixture of 50 umol of tetrabu-
tylammonium bicarbonate in 1 mL of acetonitrile to a
reaction vial. The reaction mixture was heated at
110 °C under a stream of argon while it dried azeotrop-
ically with the addition of acetonitrile (3x 0.4 mL). A
solution of 3 + 0.5 mg of precursor 5 in 0.5 mL of ana-
hydrous DMSO was added to the reaction vial, sealed,
mixed well, and heated for 20 min. The reaction mixture
was allowed to cool at room temperature and 1 mL of
50% TFA in DCM was slowly added. The solution
was purged with argon at 60 °C for 5 min to remove
DCM. The reaction mixture was then treated with
0.5mL of 1:1 methanol/water, mixed well and further
diluted with 4 mL water. The reaction mixture was sub-
sequently passed through a classic C-18 Sep-Pak car-
tridge, washed with 20 mL water to remove unreacted
['"®F]fluoride and other polar impurities, eluted with
1 mL of acetonitrile, and injected onto a semiprepara-
tive RP-HPLC (mobile phase; 60:39:1, acetonitrile/
water/acetic acid, flow rate 5 mL/min). The product
fraction with a retention time (fg) of 11 min based on
v-detector was collected, diluted with 100 mL of deion-
ized water, and passed through a classic C-18 Sep-
Pak® cartridge. The DMT-deprotected precursor ap-
pears at 12-14 min. Reconstitution of the product in
1 mL of absolute ethanol afforded ['®F]celecoxib. A por-
tion of the ethanol solution was analyzed by analytical
HPLC (mobile phase; 60:39:1, acetonitrile/water/acetic
acid, flow rate 1 mL/min, tg = 10 min) to determine
the specific activity, chemical and radiochemical puri-
ties. The chemical and radiochemical purities of
['®F]celecoxib were confirmed by RP-HPLC (mobile
phase; 1:1 acetonitrile/50 mM sodium phosphate, flow
rate: 2 mL/min, tg = 14 min).

4.4. PET studies of ['®F]celecoxib in rodent

All animal experiments were carried out with the
approval of the Institutional Animal Care and Use
Committees of Columbia University Medical Center
and the New York State Psychiatric Institute. Spra-
gue-Dawley rats (male) weighing 300-400 g (Hilltop
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Lab Animals, NY) were anesthetized with isoflurane (1-
5%) and positioned head and upper thorax at the center
of the field of view of a microPET R4 camera (Seimen’s
Microsystems, Inc., Model R4). A polyethylene catheter
(PE90, 1.27 mm od, Intramedic) filled with heparinized
saline was inserted into the left femoral vein for radioli-
gand injection and a terminal KCI (4 M) injection at the
conclusion of the experiment. The femoral arteries were
cannulated (PE50, 0.965 mm od, Intramedic) for mea-
surement of arterial pressure, blood gases, and hemato-
crit. A tracheotomy was performed (PE360, Intramedic)
for artificial ventilation. Transmission scans were ac-
quired with a rotating germanium-68 point source and
used attenuation correction. ['*F]6 (0.2 mCi) was inject-
ed into the left femoral vein and initiated camera acqui-
sition. List-mode data were collected for 120 min and
reconstructed using attenuation correction and Fourier
rebinning. The dynamic images were reconstructed
using a filtered back-projection algorithm and interpo-
lated to give nCi/cc (microPET Manager, Concorde
Microsystems Inc.). The regions of interest (ROIs) were
drawn on the PET images. Time-activity curves were
generated for ROIs including heart, bone, and
brain.3%-3!
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