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Abstract—Synthesis and in vivo evaluation of 2-{4-[4-(3-methoxyphenyl)piperazin-1-yl]-butyl}-4-methyl-2 H-[1,2 4]triazine-3,5-
dione (5 or MMT), a high affinity and selective serotonin 5-HToR agonist PET tracer, are described. GTPyS assay shows that
MMT is an agonist with an ECsy comparable to 5-HT. Radiolabeling of 5§ was achieved in 30% yield (EOS) from desmethyl-
MMT (4) with >99% chemical and radiochemical purities and a specific activity >1000 Ci/mmol. PET studies in baboon show that
[''C]5 penetrates the blood—brain barrier but, because of low specific binding and fast clearance of radioactivity it is not a suitable

PET tracer for the in vivo quantification of 5-HTsR.
© 2006 Elsevier Ltd. All rights reserved.

The serotonin; o receptor (5-HT;oR) has been implicat-
ed in the pathophysiology of major psychiatric and neu-
rological disorders and the action of psychotropic
medications such as antidepressants.!”® Successful
radioligands studied to date for 5-HT;oR are antago-
nists ligands such as [carbonyl-''CIWAY100635
(WAY) [carbonyl-''C]desmethyl-WAY 100635 (DWAY)
or p-['"® FIMPPF.”"° The major limitation of using antag-
onist tracers in imaging the 5-HTsR is that these have
comparable affinity to both the G-protein-coupled high
affinity state and uncoupled low affinity state of
5-HT aR. In contrast, agonist PET radiotracers bind
preferentially to the HA state of the receptor, thereby
providing a more meaningful functional measure of 5-
HT;4R.1%-12 An agonist tracer may also be more sensi-
tive to changes in endogenous serotonin concentrations
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and allow measurement of 5-HT ;AR occupancy by
agonist drugs. We have recently reported [''CJMPT as
a 5-HT ;AR agonist PET ligand and this has been evalu-
ated in baboons.!? Parallel to these studies, structural
variants of MPT were examined in order to find an ago-
nist radioligand possessing more favorable kinetics to
quantify 5-HToR in vivo. Here, we report the synthesis
and evaluation of 2-{4-[4-(3-methoxyphenyl)piperazin-
1-yl]butyl}-4-methyl-2 H-[1,2 4]triazine-3,5-dione (5 or
MMT), a phenyl analogue of MPT as an agonist PET
ligand for 5-HT;5R. We have synthesized 5 from 6-aza-
urazil in 5 steps (Scheme 1). Synthesis of the intermedi-
ate  4-methyl-2H-[1,2 4]triazine-3,5-dione  (2) was
achieved in 76% yield by treating acetylated 6-azaurazil
with methyl iodide in the presence of sodium hydride
followed by deprotection with p-TsOH. Substitution of
4-chlorobutyl group in compound 2 was achieved in
70% yield by the addition of 1-bromo-4-chlorobutane
in the presence of sodium hydride. The synthesis of
MMT (5) has been accomplished by the condensation
of  2-(4-chlorobutyl)-4-methyl-2 H-[1,2,4]-triazine-3,5-
dione (3) with 1-(3-methoxyphenyl)piperazine in 86%
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Scheme 1. Synthesis of 5 and desmethyl-MMT. Reagents and condi-
tions: (a) (CH3CO),0 (6 equiv), 130 °C, 1 h; (b) NaH, DMF, CHsl, rt,
12 h; (c) p-TsOH, EtOH, 70°C (3 steps, 85%); (d) NaH, DMF,
Br(CH,)4Cl, 12h, 75%; (e) 3-piperazin-l-ylphenol, TEA, BuOH,
70 °C, 75%; (f) 1-(3-methoxyphenyl)piperazine, TEA, BuOH, 70 °C,
86%.

yield. Under identical conditions, synthesis of desmeth-
yl-MMT (4) was achieved by reacting 3 with 3-pipera-
zin-1-yl-phenol in 75% yield.'*

The affinity (K;) and selectivity of 5 has been determined
by radioligand binding assays through NIMH-psycho-
active Drug Screening Program (PDSP). Results show
that 5 has a K; value of 1.1 nM for the 5-HT 4R and
has no appreciable affinity for a variety of biogenic
amines, receptors, and transporters (Table 1).

We examined the agonist properties of 5 on 5-HT 4R
using [>°S]GTPyS binding in membranes of Chinese
hamster ovary cells stably expressing the human 5-
HT;AsR (CHO-h5-HT,, cells)."> Figure 1 shows the

dose-response  curves for 5-HT{psR stimulated
Table 1. In vitro binding data of 5
Target K; (nM) Target K; (nM)
5.HT, A 1.140.09 5-HT, >10,000
5-HT,p 33.7% 128 5-HTs, >10,000
Alpha »c 109 = 19 DOR >10,000
Sigmal 180 + 44 NET >10,000
5-HTp 228+ 77 AMPA >10,000
Alpha o 250 £ 75 VMAT >10,000
5-HT, 328 £45 GABA >10,000
Alphag 378 £ 15 BZP >10,000
Alpha |5 413+ 25 KO-R >10,000
H, 839+ 90 MDR, >10,000
5-HT,A 2100 EP >10,000
H, 2126 5-HT g >10,000
D, 2575 D, >10,000
Ds >10,000 Dy >10,000
ALALAS, Ay >10,000 Hs, Hy >10,000
HERG >10,000 KA-R >10,000
5-HT; >10,000 M >10,000
mGIluR >10,000 NMDA >10,000
NK >10,000 NT >10,000
Ca*, Na* channels >10,000 \Y >10,000
DAT >10,000 SERT >10,000

A, adenosine; Alpha Beta; BZP, benzodiazepine; AMPA, a-amino-3-
hydroxy-5-methyl-4-isoxazole-propionic acid; V, vasopressin; CB,
cannabinoid; D, dopamine; DAT, dopamine transporters; DOR: delta
opioid receptors; EP, prostanoid receptors: GABA, Gamma-amino
butyric acid; H, histamine; hERG, Human Ether-a-go-go; KOR, kappa
opioid receptors; M, muscarinic; MDR, multidrug resist; MOR, mu
opioid receptor; mGluR, metabotropic glutamate receptors; NMDA,
N-methyl-p-aspartic acid; NK, neurokinin; SERT, serotonin trans-
porter; VMAT, vesicular monoamine transporter; NET, norepineph-
rine transporter; NT, neurotrophin.
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Figure 1. Effect of 5-HT AR agonist concentration on the stimulation
of [**S]GTPyS binding in CHO cells. Values are shown as expressed as
a percentage above basal which is the binding of [*>S]JGTPyS in the
absence of agonists. Data points are means of duplicate determinations
from representative experiments repeated on at least three independent
occasions with similar results.

[**SIGTPYS binding assay for 5 and 5-HT. The dose—
response curves show an increased binding of
[**SIGTPyS with respect to the basal level. The maxi-
mum level of agonist stimulated binding of [**S]GTPYS
is comparable for 5 and 5-HT with an E, ., 95% for 5
relative to 5-HT. The dose-response curve of MMT is
also comparable to that of 5-HT with an ECsy of 0.3
and 0.7 nM, respectively. These results show that 5 is
a 5-HT; AR agonist with intrinsic activity similar to that
of 5-HT. 5-HT, unlike 5, showed a steeper slope at a
lower concentration of the ligand.

Compound 5 was obtained by methylation of 4 using
["'CIMeOTf using standard radiolabeling procedures
for phenols, that we previously optimized.'® Optimum
yields were obtained by treating 4 with [''C]MeOTf in
the presence of NaOH (Scheme 2).'” The crude product
was purified by reverse-phase HPLC followed by C-18
Sep-Pak® purification to obtain [''C]5 in 30% yield at
the end of synthesis (EOS) (n = 4, SD = *5). The forma-
tion of [''C]5 was confirmed by co-injecting the [''C]-
product with non-radioactive compound and comparing
the HPLC retention times of the two compounds. Multi-
ple mobile phases were used for determining the purities
of the radioligand.!” Specific activity obtained for [''C]5
was 1400 Ci/mmol (n = 3, SD = £300) based on a stan-
dard mass curve.
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Scheme 2. Radiosynthesis of [''C]5. Reagents and conditions: (a)
acetone, NaOH, [”C]MeOTf, rt, 5’, heat 70 °C, 2’; (b) semi-PREP
HPLC.



J. Prabhakaran et al. | Bioorg. Med. Chem. Lett. 16 (2006) 2101-2104 2103

PET studies were conducted in adult baboons using
[''C]5.'% The reconstructed brain image shows that
[''C]5 enters brain (Figure 2) however time-activity
curves (TACs) reveal very little retention of radioactivi-
ty in 5-HTsR specific regions (Figure 3). The metabo-
lite analyses show that [''C]5 undergoes fast metabolism
and polar metabolites were found in baboon plasma and
the percentage of unmetabolized fractions were 92%,
87%, 52%, 32%, 22%, and 10% at 2, 4, 12, 30, 60, and
90 min, respectively.!® The lack of specificity of [!'C]5
in baboon brain is possibly due to its metabolism in
brain.

In summary, we synthesized 5, an agonist ligand with a
K; value of 1.1 nM and intrinsic agonist activity compa-
rable to those of 5-HT. The radiosynthesis of [''C]5 has
been achieved with 30% yield (EOS), high purity, and
specific activity. PET studies in anesthetized baboon
show that [''C]5 penetrates the blood—brain barrier.
Kinetic studies of the radiotracer in baboon demonstrate
a fast washout as well as no localized distribution of li-
gand binding, indicating minimal specific binding. The
lack of specific binding is unexpected given the compara-
ble K; values of [''C]5 for 5-HT;aR (1.1 nM) and the
structurally identical [''"CIMPT (K; = 1.36 nM), which

Figure 2. PET and MRI images of [''C]5 in baboon brain (PET images
are normalized to the injected dose). (First column) Sum of 14-40 min
PET images; (Second column) sum of last 60 min PET images; (Last
column) MRI; (Top row) sagittal; (Bottom row) coronal views.
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Figure 3. Time activity curves of the radiotracer in baboon after the

injection of [''CJ5. CER, cerebellum; CIN, cingulate; HIP, hippocam-
pus; PFC, prefrontal cortex; OCC, occipital cortex.

specifically binds to 5-HT;sR regions.!> However, a
structure—activity relationship study of 5 may provide a
better PET ligand with in vivo kinetics that permit valid
and reliable measurement of 5-HT; 4R binding.
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75% yield. 4: '"THNMR (CDCls, 400 MHz): 7.36 (s, 1H),
7.05 (t, 1H), 6.32 (m, 3H), 3.99 (t, 2H), 3.33 (s, 3H), 3.15
(m, 4H), 2.59 (m, 4H), 2.43 (m, 2H), 1.78 (m, 2H), 1.57 (m,
2H): HRMS (EI") caled for C;sH»cO3Ns 360.2036;
Found: 360.2033.

Agonist  stimulated [*>S]GTPyS binding assay. These
experiments were carried out as described previously with
some modification by Newman-Tancredi, A. et al. Mol
Pharmacol. 2002, 62, 590-601. CHO-h5-HT; o, membranes
(30 pg) were preincubated with agonists for 5 min at room
temperature with indicated concentrations in a buffer
containing 20 mM HEPES, pH 7.4, 3mM MgCl,
100 mM NaCl, and 3 uM GDP in a final volume of
0.5 mL. [*S]JGTPS (0.1 nM; 1250 Ci/mmol Perkin Elmer
Life Science, Boston, MA) was added and the incubation
was continued for 60 min at rt. Experiments were termi-
nated by rapid filtration through Whatman GF/B filters
followed by three washes with ice-cold 20 mM Hepes
buffer, pH 7.4, using a cell harvester. Bound radioactivity
was determined by liquid scintillation spectrometry
(Beckman).
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Radiosynthesis of ['!C]5: The precursor desmethyl-MMT
4 (1.0 mg) was dissolved in 500 pL acetone in a capped
5mL V-vial. Sodium hydroxide (10 pL, 5 M) was added
and the resultant solution allowed to stand for 2 min. High
specific active ['!C]CO, produced from RDS112 Cyclo-
tron (~37GBq) was subsequently converted into
[''CJCH;OTf and transported by a stream of argon (20—
30 mL/min) into the vial over approximately 5 min at
room temperature. At the end of the trapping, the product
mixture was diluted with 0.5 ml acetonitrile and was
directly injected into a semipreparative RP-HPLC (Phe-
nomenex C18, 10 x 250 mm, 10 p) and eluted with aceto-
nitrile/ 50 mM sodium phosphate solution (45:55) at a flow
rate of 10 mL/min. The precursor appeared after 4-5 min
retention time during the HPLC analysis. The product
fraction with a retention time of 8-9 min based on a
y-detector was collected, diluted with 100 mL of deionized
water, and passed through a classic C-18 Sep-Pak®
cartridge. Reconstitution of the product in 1 mL of
absolute ethanol afforded [''C]5 (30% vyield, based on
"1CH,1 at EOS). A portion of the ethanol solution was
analyzed by analytical RP-HPLC (Phenomenex, Prodigy

18.

19.

ODS(3) 4.6 x250mm, 5p; mobile phase: acetonitrile/
50 mM sodium phosphate solution (50:50), flow rate:
2 mL/min, retention time: 8 min, wavelength: 240 nm) to
determine the specific activity and radiochemical purity.
The radiochemical purity was further confirmed by RP-
HPLC (Phenomenex, Prodigy ODS(3) 4.6 x 250 mm, 5 p;
mobile phase: acetonitrile/0.1 M ammonium formate/tri-
ethylamine (35:64.5:0.5), flow rate: 2 mL/min, retention
time: 6.4 min, wavelength: 256 nm). Then the final solu-
tion of the [''C]5 in 10% ethanol-saline was analyzed to
confirm the chemical and radiochemical purities.

Baboon PET scanning with [''C]5: fasted animals were
immobilized with ketamine (10 mg/kg, im) and anesthe-
tized with 1.5-2.0% isoflurane via an endotracheal tube.
Core temperature was kept constant at 37 °C with a
heated water blanket. An iv infusion line with 0.9% NaCl
was maintained during the experiment and used for
hydration and radiotracer injection. An arterial line was
placed for obtaining arterial samples for the input
function. After a 10 min transmission scan, 5% 0.5 mCi
of [''CJ5 (S.A. of 1400 + 300 Ci/mmol) was injected as an
iv bolus and emission data were collected for 120 min in 3-
D mode in a SiemensECAT EXACT HR+ (CPS/Knox-
ville, TN). The head was positioned at the center of the
field of view as defined by imbedded laser lines. Regions of
interest drawn on the animal’s MRI scan were transferred
to co-registered (AIR) frames of PET data.

The percentage of radioactivity in plasma as unchanged
[''C]5 was determined by the HPLC method. Blood
samples were taken at 2, 4, 12, 30, 60, and 90 min after
radiotracer injection for metabolite analyses. The super-
natant liquid (0.5 ml) obtained after centrifugation of the
blood sample at 2000 rpm for 1 min was transferred
(0.5 mL) into a tube and mixed with acetonitrile (0.7 mL).
The resulting mixture was vortexed for 10s and centri-
fuged at 14,000 rpm for 4 min. The supernatant liquid
(~1 mL) was removed, the radioactivity measured in a
well counter and the majority (0.8 mL) was subsequently
injected onto the HPLC column and eluted with a mobile
phase; acetonitrile/S0 mM sodium phosphate solution
(45:55) at 2 ml/min (Phenomenex, Prodigy ODS(3), C18,
4.6 x 250 mm, 5p). The metabolite and free fractions
(6.3 min) were collected using a Bioscan gamma detector
and all the acquired data were then subjected to correction
for background radioactivity and physical decay to
calculate the percentage of [''C]5 in the plasma at different
time points.
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