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ARTICLE INFO ABSTRACT

Article history: Vismodegib is an oral and high selective hedgehog (Hh) inhibitor used for the treatment of basal

Received cell carcinoma (BCC). In this work, analogs of Vismodegib with deuterium-for-hydrogen

Revised replacement at certain metabolically active sites were prepared and found to have a better

Accepted pharmacokinetic properties in mice. In particular, deuterated compound SKLB-C2211 obviously

Available online altered the blood circulation behavior compared to its prototype, which was demonstrated by
significantly prolonged blood circulation half-life time (ty2) and increased AUCy_.. These

Keywords: results suggested. SKLB-C2211 had the potential to be a long-acting inhibitor against Hh

Vismodegib signaling pathway, and laid the foundation for the further research of its druggability.
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Hedgehog (Hh) signaling pathway is highly conservative
which plays a very important role in cell differentiation,
development of embryo, organ formation, and keeping internal
environment of mature organs.™ This signaling pathway is
mainly composed of Hh protein, two transmembrane receptors
Patched (Ptc) and Smoothened (Smo), and downstream
transcription factors (Gli family).”! Under specific time or
position-dependent stimuli, cells secrete the Hh family ligands
(sonic, desert, and indian),”! whose binding associates with Ptc
on target cells. The role of Ptc, in the absence of Hh ligands, is to
inhibit the activity of Smo, thus blocking Hh signal transduction.
Binding of Hh proteins to Ptc relieves this inhibition and initiates
activation of Smo. The increase in Smo activity leads to an
augment in activated forms of Gli, which serves to regulate the
expression of Hh target genes.*®"! In adults the Hh pathway is
mainly quiescent, activation of the Hh pathway has been
implicated in the development of cancers in various organs,
including brain, liver, prostate, mammary gland, lung and
skin.®B** Bagal cell carcinoma, the most common form of
cancerous malignancy, has the closest association with Hh
signaling pathway.™?

Vismodegib (GDC-0449) is the first oral and high selective
Hh signaling pathway targeting agent for the treatment of
BCC,™ and it is also undergoing clinical trials for metastatic
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colorectal cancer, small-cell lung cancer, advanced stomach
cancer, pancreatic cancer, medulloblastoma and
chondrosarcoma.™™ This drug acts as a cyclopamine-competitive
antagonist of the Smo, Smo inhibition causes the transcription
factors Glil and GIli2 to remain inactive, which prevents the
expression of tumor mediating genes within the Hh pathway,
which is pathogenetically relevant in more than 90% BCCM*°],
Preclinical  pharmacokinetic ~ studies™"*®*®!  shows that
Vismodegib was metabolically stable in mouse, rat, dog, and
human hepatocytes and had a more rapid turnover in. monkey
hepatocytes. The metabolites were identified by using various
LC-MS/MS techniques."™™ The major metabolites and the
metabolic pathways were illustrated in Fig. 1, three oxidative
metabolites (M1, M2 and M3)""*® were formed by oxidation of
the pyridine or the middle benzene ring. Two glucuronide
conjugates (M4, M5) and an oxidative sulfate metabolite (M6)
were also produced subsequently. In addition, three major
pyridine ring-opened metabolites (M7, M8, and M9)*¥ have
been found.

On the basis of this information, we considered that the
blockade of metabolically active sites may slow down the
metabolism rate. Replacing a hydrogen atom with fluorine has
been extensively used to achieve this goal. Recently, the use of
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Fig 1. The structures of metabolites and major metabolic pathways of Vismodegib. UGT, UDP-glucuronosyltransferase; Gluc,

glucuronic acid.
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Fig 2. Recent examples of deuterated drug analogues. Deuterium used as a bioisostere of hydrogen to improve pharmacokinetic

properties.
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Fig 3. Chemical structure of deuterated analogues of Vismodegib.
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Scheme 1. Synthesis of intermediates 3 and 4. Reagents and conditions: (a) HCI/H,O, NaNO,, K1, 0 °Cto.rt; (b) Fe, AcOH, EtOH, 60 °C

to 70 °Cto 23 °C, (c) HCI, D,0O, microwave, 180 °C.
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Scheme 3. Synthesis of Vismodegib analogs. Reagents and conditions: (f) SOCI,, reflux; (g) DMAc, rt; (h) Pd(PPh3),Cl,, NMP,

microwave, 130 °C.

deuterium has also served.-a similar effect.?***?? In fact, well-
known applications  using deuterium exist within every
subdiscipline in‘pharmaceutical discovery and development. %
Because of the isotope effect, deuterium-hydrogen replacement
can have a major impact on improving pharmacokinetic
properties  (ADMET),®%! mainly were: (1) Reducing the
metabolic rate, thus gaining a lower drug dose and improving the
tolerance of drugs. (2) Decreasing the clearance rate and
increasing the biological half-life of the drugs. These clear
benefits result from a slower rate of C-D bond cleavage
compared to C-H bond, making the deuterium-labeled drugs
more resistant to chemical or enzymatic degradation.”” As a
result, many pharmacists devoted to the research of deuterium-
hydrogen replacement at metabolically active sites expecting to
achieve better drug candidates. Clinical trials of some known
drugs have been initiated,’®%3% including D-venlafaxine (SD-
254), D-atazanavir (CTP-518),/*! D,-telaprevir, D,-paroxetine,
De-nifedipine.”?  On April 3rd, 2017, FDA approved the first
deuterated drug-Deutetrabenazine. (Fig. 2)

Here we wish to report the deuterium-for-hydrogen
replacement at the metabolically active sites of Vismodegib to
generate the corresponding deuterium-labeled drugs and the

studies of their pharmacokinetic profiles. Therefore, we designed
deuterated analogues of Vismodegib on the pyridine and/or the
middle benzene ring, namely SKLB-C2209, SKLB-C2210,
SKLB-C2211 (Fig. 3).

The designed deuterated analogues together with their
intermediates (compounds 3, 4, 7) were prepared according to
Schemes 1-3.

The synthesis of key intermediates 3 and 4 commenced from
commercially available 2-chloro-5-nitroaniline (1). As illustrated
in Scheme 1, 1 was first transformed into 2 via a diazotizating
iodination followed by a reduction reaction of nitro group using
Iron to obtain 3. Then 3 was efficiently deuterated at the ortho
position of amino group in the presence of 1 equiv HCI in D,O
under microwave irradiation at 180 °C receiving compound 4
with nearly total deuterium incorporation.

As described in Scheme 2, intermediate 7a was obtained by a
two-step procedure. Bromo-substitution of 2-aminepyridine (5a)
with HBr and Br, afforded compound 6a, followed by
nucleophilic substitution with chlorotributyltin to give compound
7a. Corresponding deuterated compounds 5b, 6b, and 7b were



Table 1. Pharmacokinetic parameters after oral compound administration to mice

GDC-0449 SKLB-C2209 SKLB-C2210 SKLB-C2211
Dose (mg/kg) 5 5 5 5
tnax () 1 1 1 1
ty (h) 5.617 2.556 2.82 8.547
Cinax (Ng/mML) 854 972.3 1606.7 1870
AUC,_, (ng/L*h) 4049.8 6106.538 6284.838 6511.863
AUC,_,, (ng/L*h) 7657.678 6113.538 8290.712 17147.309

prepared from the original material 5a, which was deuterated
using a Pd/C-H,-D,0 system, details are described in Supporting
Information.

Deuterium-labeled analogs SKLB-C2209, SKLB-C2210, and
SKLB-C2211 were synthesized according to Scheme 3.
Compound 8 was first transformed into 9 via reaction with
thionyl chloride followed by an acylation reaction using
compound 3 or 4. The target compounds were obtained via Still
Coupling reaction using 10a / 10b with 7a/ 7b.

The in vivo pharmacokinetic profile studies of Vismodegib
and its deuterated analogues (SKLB-C2209, SKLB-C2210 and

blood circulation behavior compared to its prototype
Vismodegib, and had the potential to be a long-acting inhibitor
against Hh pathway with decreased dosage. These characters are
important for clinical use because lowered dosage administration
can significantly improve the compliance of patients and reduce
side effects.

In conclusion, compound SKLB-C2211 with deuterium-for-
hydrogen replacement in a metabolically active site significantly
exhibited better pharmacokinetics profiles as compared to its
prototype Vismodegib at the same dose and had a better plasma
concentration which could prolong its half-life and improve the
potency with a lower dosage. Thus, SKLB-C2211 may be a novel
long-acting inhibitor of Hh signaling pathway.
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Highlights:

® SKLB-C2211 has prolonged blood circulation half-
life time (t1/2) and increased AUC.

® Three deuterated analogues produced greater AUCy—
than Vismodegib.

® SKLB-C2211 is potential to be a long-acting inhibitor
against Hh signaling pathway.



