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Following the identification of trisubstituted ureas as a promising new chemical series of allosteric mod-
ulators of the calcium sensing receptor (CaSR), we further explored the SAR around the urea substitution,
leading to the discovery of benzothiazole urea compound 13. This compound is a potent calcimimetic
with an ECsg = 20 nM (luciferase assay). Evaluated in an in vivo model of chronic renal failure (short term
and long term in 5/6 nephrectomized rats), benzothiazole urea 13 significantly decreased PTH levels after
oral administration while keeping calcemia within the normal range.

© 2013 Elsevier Ltd. All rights reserved.

Secondary hyperparathyroidism (sHPT) is characterized by an
excessive production of parathyroid hormone (PTH) following re-
nal failure.!? PTH is secreted by parathyroid glands and PTH level
is controlled by the extracellular calcium concentration via the cal-
cium sensing receptor (CaSR), a family C GPCR3* Treatment of
sHPT by positive allosteric modulators of the CaSR also called calc-
imimetics-proved to be a successful approach with the discovery of
the exploratory compound R-568,>° followed by cinacalcet (AMG-
073, Sensipar®).”® Other calcimimetics have also been indentified,
most of them containing the o-methylbenzylamine group.>!!

Earlier, we described the identification of a new chemical series
of trisubstituted ureas represented by 1. Oxazole 1 is a potent
in vitro agonist of the CaSR, leading to the in vivo reduction of ser-
um PTH level in normal rats.'? The gem diphenyl-propyl group and
the N-ethylmorpholinyl substituent of the urea 1 appeared to be
important for in vitro potency, while some flexibility on the aro-
matic substitution on the phenyl ring was tolerated.

In our search towards new compounds with improved biologi-
cal profile on the CaSR, we describe here the identification of the
benzothiazole compound 13 (Fig. 1) including a SAR analysis and
pharmacological profile, indicating that benzothiazole 13 is a
potent calcimimetic in vitro and in vivo.

Urea compounds were prepared as described in previous
publications.'?"'* We present here the optimized synthesis'® of
benzothiazole 13 from two commercially available building
blocks: amino-ethyl morpholine and the gem-diphenyl ethyl
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carboxylic acid (Scheme 1). The intermediate acyl chloride derived
from gem-diphenyl ethyl carboxylic acid was generated with thio-
nyl chloride and was coupled to amino-ethylmorpholine to give
amide 2 which was collected by filtration and used in the next step
without additional purification. The reduction of the amide func-
tion of compound 2 was achieved using LiAlH, in diethyl ether.
However, for kg scale synthesis, replacement of diethyl ether by
THF led to low yield and eventually, the use of the combination
of LiAIH,4/AICI; in THF'® proved to be critical for improving the
yield to 72% in 3 h.

The secondary amine 3 was then purified by crystallization in
ethanol after acidic treatment (see Scheme 1).

Conversion of 3-13 was accomplished by stirring a mixture of
2-amino benzothiazole and carbonyl di-imidazole in dichloro-
methane overnight, followed by addition of 3. After 5 h of stirring,
the desired urea benzothiazole 13 was isolated in 84% yield. The
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Figure 1. Identification of lead compound benzothiazole urea 13.
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Scheme 1. Reagents and conditions: (a) SOCl,, CH,Cly, rt, 88%; (b) 1 equiv LiAlH,, 0.1 equiv AlCl3, THF, 0 °C to rt, 3 h, then EtOH/ HCl 72%; (c) 2-aminobenzothiazole, CDI,

CH,Cl,, rt, overnight, then addition of compound 3, CH,Cl,, rt, 84%.
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HCI salt was formed in EtOH and the compound was crystallized
with more than 98% purity. The overall yield was 61% without
any chromatography and this optimized process has been used
on a kilogram scale.

Urea compounds were tested in a dose response luciferase as-
say, with increasing calcium concentration.!” We observed a left-
ward shift of the hCaSR calcium responses by increasing
concentration of calcimimetics. The values indicated in this paper
correspond to an ECsg at 2 mM of calcium. In our assay conditions,
reference compound R-568 and urea compound 1 exhibited potent
activity with ECsqg values of 80 nM and 60 nM, respectively.

Previously, we described the optimization of the trisubstituted
urea series by varying the meta substitution of the aniline ring with
a large number of functional groups.'?

In this paper, we describe the replacement of the phenyl ring by
five- and six-membered ring heterocycles and fused aromatics.

The potent activity (ECso <200 nM) of a few compounds in this
set confirmed the importance of the substitution of the urea for
modulating potency, and also the flexibility in this region. Pyridine
(5), thiazole (9) and isoxazole (10) substitutions of the urea proved
to be active, and a heterocycle bearing a nitrogen atom adjacent to
the -NH- of the urea was most efficient, as indicated by the
comparison of pyridine 5 and 4 (80 nM vs 1000 nM), or isoxazole
10 and 11 (200nM vs 1700 nM). Based on this observation,
bicyclic aromatic rings with a nitrogen atom suitably positioned
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were further explored (Table 1), leading to potent benzimidazole,
benzoxazole and benzothiazole compounds. Benzothiazole 13
proved to be the most potent compound identified (ECso = 20 nM),
fourfold more potent than R-568.

Exploration of various substitutions around the benzothiazole
moiety was then undertaken (Table 2).

No further improvement was observed upon substitution of the
4-, 5- and 6-positions of benzothiazole. Most of the substitutions at
R! and R? resulted in analogs that were potent (ECs, below
100 nM).

Based on in vitro SAR studies, benzothiazole urea 13 was se-
lected for further characterization of its pharmacological and
safety profile.

Compound 13 was a potent candidate (ECsq = 20 nM) with four-
fold improvement over R-568. It was evaluated in in vivo models as
a dihydrochloride salt. This compound was stable over time in ser-
um, intestinal fluid, and over a pH range of 2-12. Its aqueous sol-
ubility was 0.3 mg/mL at pH 2.

A PK experiment in CRF rats (Chronic Renal Failure) with benzo-
thiazole 13 (iv dose, 0.3 mg/kg) indicated an AUC of 162 ng h/mL
associated with a Cy,x of 546 ng/mL. The clearance was moderate
(1.85L/h/kg), and due to a high volume of distribution
(Vd =5.17 L/kg), the T]/z was 6.73 h.

Further profiling of this compound was carried out to evaluate
the in vivo effect on serum PTH levels.

Benzothiazole urea 13 was evaluated'® in CRF rats (Fig. 2), a rel-
evant model for secondary hyperparathyroidism linked to renal
insufficiency. One week following a 5/6 nephrectomy (left kidney
and 2/3 of right kidney surgically removed), CRF rats were charac-
terized by high PTH level (177 pg/mL vs 38 pg/mL for intact rats) as
well as increased serum creatinin (63 vs 28 uM) and urea (10 vs
4 mM).

Benzothiazole 13 was administered orally at 10 mg/kg in CRF
rats and PTH was measured over 24 h along with calcium and

Table 2
Calcimimetic activity of urea 18-34%: variation of substitution on the benzothiazole
ring
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Figure 2. In vivo serum PTH and Ca after a single oral dose of compound 13 (10 mg/
kg) in 5/6 nephrectomized male Sprague-Dawley rats (PTH (W), Ca (¢)). n=9-12,"p
<0.05, *p <0.01, **p <0.0001 significantly different from ‘CRF vehicle’ group,
ANOVA, t-test.

phosphorus. As indicated in Figure 2, compound 13 exhibited a
rapid and significant decrease in PTH (95% decrease at 2 h, —75%
at 6 h) and this effect was still significant after 24 h (—49%).

As described with other calcimimetics,'® this strong decrease in
PTH is usually associated with a significant decrease in serum cal-
cium. However, interestingly, only a slight decrease in serum cal-
cium was observed, with serum calcium being maintained above
2 mM. Therefore, no hypocalcemia was observed at the dose of
10 mg/kg despite the strong effect on PTH. In addition to its po-
tency, this was a striking feature of benzothiazole urea 13, indicat-
ing that a window between strong PTH decrease and hypocalcemia
was possible with this compound. Serum phosphorus levels in-
creased as expected (Fig. 3).

The in vivo potency was confirmed in a long term (2-month
treatment) CRF model (Figs. 4 and 5). 20 days after surgery, 5/6
nephrectomized rats were provided with a high level of phospho-
rous in their drinking water (6 g/L NaHPO,) for a total of 114 days.2°
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Figure 3. In vivo serum phosphorus and CaxP after a single oral dose of compound
13 (10 mg/kg) in 5/6 nephrectomized male Sprague-Dawley rats (P (@), CaxP (a)).
n=9-12, *p <0.05, *p <0.01, **p <0.0001 significantly different from ‘CRF vehicle’
group, ANOVA, t-test.
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Figure 4. In vivo serum PTH after a two month-oral administration of compound 13
(10 and 30 mg/kg/day) in male 5/6 nephrectomized Sprague-Dawley rats, 24 h after
last administration. n =6-10, **p <0.01 significantly different intact rats, *p <0.05,
**p <0.01, significantly different from ‘CRF vehicle’ group, ANOVA, t-test.
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Figure 5. In vivo serum Ca after a two month-oral administration of compound 13
(10 and 30 mg/kg/day) in male 5/6 nephrectomized Sprague-Dawley rats, 24 h after
last administration. n=6-10, *p <0.05 significantly different from ‘CRF Vehicle’
group, ANOVA, t-test.

After surgery, the rats were left without treatment for 65 days.
Then, compound 13 was administered orally at 10 and 30 mg/kg
once a day for 2-months. No mortality or side effects were observed
during the period of the treatment. Rats were then sacrificed and
PTH levels measured 24 h after the last administration. We ob-
served a decrease in PTH level of —76% (at 10 mg/kg/day) and of
—88% (at 30 mg/kg/day), confirming the potency and safety of the
compound in the two month-treatment (Fig. 4). As observed previ-
ously, calcium levels stayed within the normal range, with no statis-
tical difference at 10 mg/kg/day compared with the untreated CRF
rats (—4% ns), and decreased by 9% (p <0.05) at 30 mg/kg/day,
(Fig. 5). Histological analysis of aortic calcification was also carried

out and none of the rats at either dose were affected by aortic
calcification.

In conclusion, benzothiazole compound 13 was identified as a
promising compound for preclinical studies. In addition to its phar-
macological properties, this compound proved to be selective over
a large panel of receptors and enzymes at 10 uM (Cerep screen),
without any genotoxicity (Ames) and hERG inhibition at 10 pM.
A 14-day toxicity study carried out did not show serious side effect
up to 1000 mg/kg.

However, despite the efficacy of benzothiazole 13 in CRF rats,
we observed a difference in the PK profile between CRF rats and
normal rats, with lower bioavailability in normal rats and higher
clearance (4.96 L h/kg vs 1.85 L h/kg), which made it difficult to
predict PK parameters in humans, thus preventing further develop-
ment of this compound in clinical trials.
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Neomycin and puromycin resistant colonies were subcloned and assayed for
activation against a range of calcium concentration. Clone 8-5-5 was used to
assess the effects of compounds on [Ca?*]i. This stably transfected cell line is
termed ET8-5-5.

For measurements of [Ca?*]i, the cells were recovered from tissue culture flasks
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with the substrate for Luciferase from SteadyLite Kit (Perkin-Elmer). The
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In vivo measurements:

Single oral administration: Male Sprague-Dawley rats (250-300 g BW, CERJ,
France) underwent surgical 5/6 nephrectomy or sham-operation according
to a protocol approved by Internal Ethical Committee for the care and use
of animals. One week post-nephrectomy, rats received a single oral
gavage (5 mL/kg) of compound or vehicle. Compound 13 (dihydrochloride
salt) was formulated in methylcellulose 0.5% and administered at 10 or
30 mg/kg. Vehicle-treated control rats were given the same volume of
vehicle.
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The rats were fasted 24 h before necropsy and were sacrificed by
decapitation at various times (2, 6, 24 h) after the gavage with vehicle
or calcimimetic. Blood samples were collected in Sarstedt Z tubes,
allowed to clot for 20 min and centrifuged (3000 rpm, Jouan CR422) at
4°C. Serums were removed and stored at —20°C until assayed. Serum
PTH was quantified according to the provider’s instructions using a rat
IRMA kit (Immutopics, 50-2000). Serum Ca, P, creatinin and urea were
measured using a blood chemistry analyzer (Cobas Mira) according to the
manufacturer’s protocols. Increased levels of urea and creatinin confirmed
the renal failure. Comparisons among the groups were made using one-
way analysis of variance (ANOVA) and unpaired t-test.
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In vivo measurements:

Two-month treatment in long-term chronic renal failure:

Male Sprague-Dawley rats (250-300 g BW, CERJ, France) underwent surgical
5/6 nephrectomy or sham-operation according to a protocol approved by
Internal Ethical Committee for the care and use of animals.

The dosings started 12 weeks post-nephrectomy and lasted 7 weeks. The rats
were orally dosed at 10 and 30mg/kg/day with compound 13,
(dihydrochloride salt) formulated in methylcellulose 0.5%. Vehicle-treated
control rats received the same volume of vehicle (5 mL/kg).

The rats were fasted 24 h before necropsy and were sacrificed by decapitation.
Blood samples were collected in Sarstedt Z tubes, allowed to clot for 20 min
and centrifuged (3000 rpm, Jouan CR422) at 4 °C. Serums were removed and
stored at —20 °C until assayed. Serum PTH was quantified according to the
provider’s instructions using a rat IRMA kit (Immutopics, 50-2000). Serum Ca,
P, creatinin and urea were measured using a blood chemistry analyzer (Cobas
Mira) according to the manufacturer’s protocols. Increased levels of urea and
creatinin confirmed the renal failure. Comparisons among the groups were
made using one-way analysis of variance (ANOVA) and unpaired t-test.
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