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Introduction

Selective replacement of hydrogen atoms with deu-
terium (deuteration) has the unique benefit of retaining
the pharmacologic profile of physiologically active com-
pounds while, in certain instances, positively impacting
their metabolic fate. In these favorable cases, deuterium
substitution can in principle improve the safety, efficacy,
and/or tolerability of a therapeutic agent. Selective deu-
teration of compounds such as approved drugs with well-
defined human pharmacological effects can potentially
provide an efficient and accelerated approach to creating
significantly differentiated, patentable new medicines that
address important unmet medical needs.

Deuterated compounds have been extensively stud-
ied in non-clinical settings and have been used clinically
as metabolic or pharmacokinetic probes; however, no
deuterated compound has been approved as a human
medicine.'? Itis unclear as to why a deuterated agent has
not been marketed since there do not appear to be any

regulatory or economic impediments that would prevent
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the registration of a deuterated drug. An increased recent
interest in deuterium substituted medicines is reflected
by a greater number of patent filings, the emergence of
new companies focused on this area, and the recent entry
of several compounds into clinical trials® Early clinical
results have been encouraging, which supports the poten-
tial for important new deuterated drugs to reach the

market.

Deuterium Background

Deuterium is a naturally-occurring, stable, non-radio-
active isotope of hydrogen discovered in 19324
Hydrogen consists of one electron and one proton and
has an atomic mass of approximately 1.0 atomic mass unit
(AMU). Deuterium also has a single electron but its
nucleus contains one neutron and one proton, resulting in
an atomic mass of approximately 2.0 AMU.

Deuterium occurs at a natural abundance of approxi-
mately 0.0015%, which allows it to be sourced from bulk
water to produce highly enriched D,O (heavy water).

D,0 is available on a large scale due to the need for multi-



ton quantities of heavy water used in nuclear reactors.’
Depending on the desired sites of deuteration, in some
cases deuterium from D,O can be exchanged directly
into finished drug compounds or into reagents that are
useful for synthesizing drug molecules.5” Deuterium gas
is also a useful starting material for incorporating deute-
rium into molecules. Catalytic deuteration of olefinic and
acetylenic bonds is a rapid route for incorporation of
deuterium?® Metal catalysts (e, Pd, Pt, and Rh) in the
presence of deuterium gas can be used to directly
exchange deuterium for hydrogen in functional groups
containing hydrocarbons.? It is of particular note that a
fairly wide variety of deuterated reagents and synthetic
building blocks are commercially available from compa-
nies such as C/D/N Isotopes, Quebec, Canada (www.
cdnisotopes.com); Cambridge Isotope Laboratories Inc.,
Andover, MA, USA (www.isotope.com); and CombiPhos
Catalysts, Inc., Princeton, NJ, USA (www.combiphos.
com).

With regard to the shape and size of a molecule, deu-
terium substitution for hydrogen yields a deuterated
compound that is quite similar to the all-hydrogen com-
pound.’® However, minor physical property changes have
been measured in partially or fully deuterated compounds,
which include reduced hydrophobicity,'*'2 decreased
acidity of carboxylic acids and phenols,”® and increased
basicity of amines.! These differences tend to be quite
small and in most cases, deuteration of a non-covalent
drug has negligible effects upon biochemical potency or
selectivity for relevant pharmacological targets. How-
ever, binding isotope effects are well known and recent
data support their unpredictability in that they can con-
tribute positively or negatively to a measured deuterium

kinetic isotope effect.1>17

Primary Deuterium Kinetic
Isotope Effect (DIE)

Due to the greater atomic mass of deuterium, cleav-
age of the carbon-deuterium (C-D) covalent bond requires
greater energy than the carbon-hydrogen (C-H) bond.

C-D bonds have a lower vibrational frequency and,
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therefore, lower zero-point energy than a corresponding
C-H bond.®® The lower zero-point energy results in a
higher activation energy and a slower rate (k) for C-D
bond cleavage. This rate effect is the primary deuterium
isotope effect (DIE) and is expressed as ky/k;, the ratio
of the rate of C-H vs. C-D bond-cleavage and has a theo-
retical limit of 9 at 37C in the absence of quantum
mechanical tunneling.’*? The DIE could potentially affect
the pharmacokinetics of many drugs that are metabolized
by pathways involving C-H bond scission. However, the
observed DIE - (ky/kp),,. — for metabolic reactions is
often “masked”, which means that it can be much smaller
than ky/k, or, in some cases, altogether absent?2!2
There are even reports of inverse deuterium isotope
effects [ (ky/Kp) g <1123

The cytochrome P450s (CYPs) represent the most
important enzymes in drug metabolism and catalyze the
Phase 1 metabolism of most drugs. There are a number
of reviews on the structure, function, mechanism and use
of the DIE to study CYP-catalyzed reactions.'9428 A
proposed catalytic mechanism of the CYP450s is shown
in Scheme 1. This complexity, in addition to potential
alternative clearance mechanisms or sites of metabolism,

can result in a number of competing effects that mask the

S-OH
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Scheme 1. General catalytic cycle for CYP catalyzed oxidative
metabolism. Adapted from reference 25, S-H: substrate;
S-OH: oxidized substrate.
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DIE, thereby making the application of deuterium to drug
discovery highly unpredictable and challenging? When
hydrogen is replaced by deuterium, the C-H bond cleav-
age step must be at least partially rate-limiting in order to
observe a DIE. The masking of ky/k, can arise via
several mechanisms, including the rate of C-D bond
cleavage (Step 7, Scheme 1) contributing little or noth-
ing to the rate limiting step, product release (Step 9,
Scheme 1) contributing significantly to the rate limiting
step, the presence of irreversible steps prior to the bond
cleavage in the catalytic sequence (Step 6, Scheme 1),
and metabolic switching, which is a change from one
metabolic site to a different site.1%202%3%0  Proton abstrac-
tion in some cases is partially or largely due to quantum
tunneling, which is highly sensitive to atomic mass and
can result in unusually large deuterium isotope effects?!
Due to these complexities, the impact of deuterium sub-
stitution for hydrogen upon the rate of CYP450 metabo-
lism is highly unpredictable and will be dependent upon
the specific compound and the deuterium substitution

pattern on the molecule.

Deuterium Safety and
Pharmacology

The ready availability of D,0 and deuterated
compounds has facilitated the exploration of deuterium’s
effects upon a variety of organisms. The available
literature supports that deuterium has remarkably low

systemic toxicity. Single-celled organisms can often be

| 1. Safety/Efficacy

grown in an environment that is fully deuterated and
lower organisms, such as fish and tadpoles, have been
reported to survive in at least 30% D,0.3! Mice and
dogs tolerate long-term replacement of at least 10-15% of
body fluid hydrogen with deuterium; however, toxicity is
observed with sub-acute or chronic exposure above
25%.32

As observed for non-human species, humans can
also tolerate high exposure to deuterium in body fluids.
No evident toxicity was observed upon acute exposure to
levels of 15-23% deuterium replacement in whole body
plasma.*® D,0 is excreted by humans via the urine with a
half-ife of about 10 days, similar to that of H,0.3*

Deuterium Effects upon
Pharmacokinetics

As noted earlier, deuterium incorporation can some-
times significantly alter the metabolic profile of a
molecule, thereby resulting in changes in the ratio of
parent drug to metabolites and changes in the amounts of
metabolites formed. Importantly, we are not aware of
deuteration resulting in unique metabolites that have not
been observed for the all-hydrogen analog. However,
reduced rates of metabolism and metabolic switching,
where the ratio of metabolites is changed, have been
reported.®36 These changes in the exposure to parent
drug and metabolites can have important ramifications
with respect to the pharmacodynamics, tolerability and

efficacy of a deuterated drug. The panels in Figure 1

PRI EIEIZI=il=TaA 3. Bioavailability/Tolerability
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Figure 1. Pharmacological expressions of drug deuteration effects. Panel 1: Metabolic shunting resulting in reduced exposure to
undesirable metabolites or increased exposure to desired active metabolites. Panel 2: Reduced systemic clearance resulting
in increased half-life. Panel 3: Decreased pre-systemic metabolism resulting in higher bioavailability of unmetabolized drug.
AUC is area under the curve and represents drug exposure over time; Cmax is the maximum or peak concentration of a drug.
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show three general categories for the potential effects
of deuterium on the pharmacokinetics and pharmacody-
namics of a drug. Each of these will be discussed sepa-
rately along with literature examples.

Many drugs are metabolized in complex patterns,
resulting in the formation of both active and innocuous
metabolites in addition to reactive or toxic metabolites.
Figure 1, panel 1 illustrates metabolic shunting in which
deuterium substitution reduces the formation of an
undesired or toxic metabolite as well as enhancing the
formation of a desired metabolite. The potential benefits
of metabolic shunting in terms of human medicines will
be discussed for two preclinical examples — nevirapine
and efavirenz — and, in a later section, a clinical example
- CTP-347.

Nevirapine (1, Figure 2) provides an example of
metabolite shunting in which a deuterated analog (2,
Figure 2) was prepared that showed effects upon both
the metabolic clearance and toxicity. 1 Is a non-nucleo-
side reverse transcriptase inhibitor for the treatment of
HIV infection that is associated with a relatively high
incidence of skin rash and hepatotoxicity in humans.>’
The proposed pathways to the hepatotoxicity and skin
rash of 1 are shown in Scheme 2 in which CYP metabo-

lism produces a radical intermediate that can either lose
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a hydrogen atom to produce reactive metabolite 6 or

5, which can be

~,

undergo hydroxylation to metabolite
sulfated to reactive metabolite 7.8 The deuterium substi-
tution pattern of 2 significantly reduces (approx. 5-fold)
covalent binding to hepatic proteins in both mouse and
rat hepatic microsomes. Incubation of 1 with human
expressed CYP3A4 supersomes also resulted in covalent
binding, which was greatly reduced for 2. These data sup-
port the formation of reactive intermediate 6 (Scheme 2)

that not only inactivates CYP metabolic enzymes but may
T T
< Q < Q
N NH CHs X NH CD;
(0] O

Nevirapine (Viramune®) 2

Efavirenz (Sustiva®)
3

Figure 2. Structures of compounds and deuterated analogs that exhibit
effects of deuteration as shown in Figure 1, panel 1.
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Scheme 2. Proposed mechanisms for nevirapine mediated CYP inhibition, hepatic injury and skin rash. Adapted from reference 38.
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also produce the hepatotoxicity observed for 1. After oral
dosing in rats, 2 was rapidly cleared, resulting in plasma
levels that were much lower than observed with the same
dose of 1. This increase in clearance for 2 is attributed
to metabolic switching away from the postulated reactive
metabolite 6 that inactivates CYP450, which results in
less CYP inhibition and faster iz vivo clearance.

The metabolic shunting proposed for 2 that results
in the decreased CYP inhibition and reduced covalent
modification of hepatic proteins has also been used to
understand the mechanism for skin rash induced by 1.3
Using a rat model for the skin rash, 2 was shown
to produce much less 12-hydroxy-metabolite 5, which
reduced the incidence and severity of the rash vs. 1. As
shown in Scheme 2, the authors propose that 1 is
oxidized by CYP enzymes to the 12-hydroxy metabolite 5,
which is then activated by sulfotransferases in the skin to
the sulfate ester 7. This sulfate ester may be the metabo-
lite that covalently modifies skin proteins thereby result-
ing in an immune-mediated rash.

Deuterated efavirenz (4, Figure 2) is an example in
which metabolic shunting was used to elucidate the
mechanism for nephrotoxicity in rodents.36 Efavirenz (3,
Figure 2) is a non-nucleoside reverse transcriptase inhib-
itor used for the treatment of HIV infection® During
safety assessment in preclinical studies, 3 was found to
produce nephrotoxicity in rats but not in other species.
The metabolite profile produced in rat liver and kidney
preparations showed the formation of a glutathione
adduct (9, Scheme 3) that was not observed in similar
tissue preparations from humans and monkeys.*' Since
the nephrotoxicity was only observed in rats, the rat
specific metabolic pathway shown in Scheme 3 leading

to 9 was proposed as producing the reactive metabolite
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3
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responsible for the toxicity. By replacing the cyclopropyl
methine hydrogen with deuterium, thereby reducing the
oxidative metabolism to 8 (Scheme 3), it was shown that
both the incidence and severity of nephrotoxicity was
greatly reduced. Deuterium substitution, therefore,
shunted metabolism away from the reactive metabolite
and established that the nephrotoxicity observed in rats
was specific to a rat metabolite that was not observed in
humans.

Figure 1, Panel 2 illustrates cases where the major
effect of deuteration is to reduce the rate of systemic
clearance. As a result, the biological half-life of the com-
pound is increased. The potential clinical benefits shown
in Panel 2 would include the ability to maintain similar
systemic exposure with decreased peak levels and
increased trough levels. This could result in lower side
effects and enhanced efficacy, depending on the particu-
lar drug’s pharmacokinetic/pharmacodynamic relation-
ship. Indiplon, ML-337, and odanacatib, shown in Figure
3, are examples of this deuterium effect.

The effect of deuteration on the metabolism of the
GABA, agonist sleep agent indiplon (10, Figure 3) pro-
vides an example of improved PK resulting from a
decrease in systemic clearance and longer half-life.*? In
this example, replacement of the N-CH, with N-CD, (11,
Figure 3) resulted in increases in half-life in both rat and
human liver microsomes by 30% and 20%, respectively.
This in vitro result was predictive of the iz vivo pharma-
cokinetics in rat. Individual oral dosing of 10 (20 mg/kg)
or 11 (20 mg/kg) in rats showed a distinct pharmacoki-
netic advantage for the deuterated molecule since the
half-life increased 2-fold and the exposure increased 2.6-
fold. The binding of 11 to the GABA, receptor was found
to be similar to 10 indicating that the receptor affinity of

Scheme 3. Proposed metabolic pathway for efavirenz mediated renal toxicity in rats. Adapted from reference 36.
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Figure 3. Structures of compounds and deuterated analogs that exhibit effects of deuteration as shown in Figure 1, panel 2.

the deuterated agent had not been altered.

ML-337 (12, Figure 3) is a negative allosteric modu-
lator at the sub-type 3 G-protein coupled metabotropic
glutamate receptor.$ It is believed that agents of this
class could have therapeutic utility for the treatment of
cognitive disorders, schizophrenia, depression and
Alzheimer’s disease. The structure-activity relationships
developed during the discovery of 12 showed that the
para-methoxy substituent was required for the desired
pharmacology; however, CYP mediated demethylation
was identified as a major metabolic pathway. Since the
para-methoxy substituent of 12 was required for activity,
the authors prepared the deuterated methoxy compound
13 (Figure 3) to improve the metabolic stability. The
pharmacology was not significantly impacted by deutera-
tion; however, the metabolic stability was positively

impacted. In rat liver microsomes, the intrinsic clearance

(mL/min/kg) was 73.7 for 13 vs. 239 for 12. The observed
improvement of iz vitro metabolic stability translated to
an iz vivo study in rats. An intravenous pharmacokinetic
codose study (0.2 mg/kg each compound) in rats showed
13 to have a slower plasma clearance (2.9 mL/min/kg)
than 12 (5.2 mL/min/kg). Importantly, no new metabo-
lites were observed.

Odanacatib (14, Figure 3) is another example of
deuterium substitution resulting in decreased in wvivo
clearance. 14 is a cathepsin K inhibitor in Phase 3 clini-
cal studies for the treatment of post menopausal osteopo-
rosis.* Cathepsin K appears to be the primary enzyme
involved in osteoclast mediated bone resorption. One of
the major metabolic pathways identified in rats, dogs
and monkeys was hydroxylation of the fluoro-isobutyl
sidechain to produce 16 as shown in Scheme 4% A
deuterated analog (15, Figure 3), was prepared and the
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Scheme 4. A major metabolic pathway for odanacatib in rats, dogs and rhesus monkeys.

pharmacokinetics were studied in monkeys.* When a 1:1
mixture of 14 and 15 (0.75 mg/kg each) was dosed intra-
venously, the deuterated compound had 3-fold greater
exposure (17,700 vs. 5,726 nM*hr) and 3-fold lower clear-
ance (1.4 vs. 4.6 mL/min/kg), which translated to a longer
half-life for 15 vs. 14: 16.0 vs 3.7 hr, respectively. A similar
improvement in PK was also observed when a 1:1 mix-
ture of 14 and 15 (2.5 mg/kg each) was dosed orally to
monkeys. The half-life of 15 was increased 2.5-fold vs.
14.

Figure 1, Panel 3 illustrates a predominantly presys-
temic effect of deuteration, which has been reported for
the compounds in Figure 4: rofecoxib (17) and telaprevir

(19). In these cases, reduced rates of metabolism result

| o
8
(O]
Rofecoxib
17
H 9w

Telaprevir (Incivek®)
19

in an increase in exposure of the drug without changing
the rate of systemic clearance. Deuterated drugs show-
ing this effect may have reduced dosing requirements
and produce lower metabolite loads. Since gastrointesti-
nal irritation has been related to the amount of dosed
compound rather than blood concentration for certain
drugs, this effect could allow enhanced tolerability due to
the need for less dosed drug to achieve the same expo-
sure.

Rofecoxib (17, Figure 4) is a COX-2 selective non-
steroidal anti-inflammatory drug (NSAID) approved by
the FDA in 1999 but withdrawn from the market in 2004
because of safety concerns about increased risk of heart
attack and stroke*” Deuterated rofecoxib (18, Figure 4),

Figure 4. Structures of compounds and deuterated analogs that exhibit effects of deuteration as shown in Figure 1, panel 3.

14. MEDCHEM NEWS No.2 MAY 2014



also known as BDD-11602, was reported to have an
improved pharmacokinetic profile vs. rofecoxib in rats.*®
Parallel groups of rats (8/group; 4 males and 4 females)
were dosed orally with either 18 or 17 at 3 different doses
(0.1, 1.0 and 10 mg/kg) and the plasma levels were
measured. The mean Cmax value for all doses of the
deuterated compound 18 was increased 1.6-fold vs. 17
and the mean exposure was increased 1.5-fold. No
improvement in oral half-life was observed. The inhibi-
tion of COX-2 enzyme activity was unchanged for 18
(IC5,=173 nM) vs. 17 (IC5=169 nM). These data again
show that deuterium can significantly impact the pharma-
cokinetics of a compound without changing the intrinsic
pharmacology.

Telaprevir (19, Figure 4) is an inhibitor of hepatitis
C viral NS3-4A protease that was approved as Incivek® in
2011 for the treatment of hepatitis C infection.* 19 is the
S-diastereomer in which the chiral center adjacent to the

ketoamide moiety has the S-chirality. As shown in

seecseccccccccccccccecce Naoytgrium Medicinal Chemistry: A New Approach to Drug Discovery and Development

Scheme 5, 19 epimerizes iz vivo via an enol intermediate
to the R-diasteromer 21, which is the major circulating
metabolite in plasma and is a 30-fold less active protease
inhibitor than 19. The hydrogen at this chiral center was
replaced with deuterium to provide deuterated telaprevir
(20, Figure 4), which should slow the rate of conversion
to the enol and the resulting epimerization to the R-
diastereomer 21°° Upon incubation in dog, rat and
human plasma, deuterium isotope effects for the rate of
epimerization of 20 ranged from 4- to 7-fold slower than
for 19. When 20 and 19 were orally co-dosed to rats (5
mg/kg of each compound) a modest 13% increase in
exposure for deuterated compound 20 vs. 19 was
observed. As noted for other examples, deuterium
substitution had a negligible effect on the pharmacology
in that the antiviral activity in the replicon assay was not
significantly altered: ICy=4.0 uM and 3.3 uM for 20 and

19, respectively.

i ijz)%W
. m“@

Telaprevir
19

_Z
\\_/g:
Iz

Scheme 5. Reaction scheme for the interconversion of telaprevir (19) to its diastereomer 21 and the conversion of 20 to 19 and

21 via an enol intermediate.

MEDCHEM NEWS No.2 MAY 2014 « 15



Clinical Experience with
Deuterium Containing Drugs

Fludalanine (22, Figure 5), which was advanced into
development by Merck, appears to be one of the earliest
deuterated drug candidates to enter the clinic.’! The
combination of 22 with cycloserine provides a broad-
spectrum and potent antibacterial. The hydrogen analog
is also an effective antibacterial, but preclinical studies
reportedly demonstrated that it was metabolized to form
L-3-fluorolactate (24, Scheme 6), a toxin that caused
brain vacuolization. Kahan reported in a recent letter that

the DIE reduced production of 24 to what were deemed

acceptable levels in healthy volunteers.”? However, these
reduced levels were not observed in patients; therefore,
studies on fludalanine were discontinued at Phase IIb.
Phase 1 clinical results have been reported by
Concert Pharmaceuticals for CTP-347 (25, Figure 5), a
compound advanced to development for the treatment of
hot flashes.” 25 is a selectively deuterated analog of par-
oxetine (26, Figure 5), a centrally acting SSRI (selective
serotonin reuptake inhibitor) for the treatment of major
depressive disorder, panic disorder, social anxiety disor-
der, and premenstrual dysphoric disorder.* Low doses of
26 have been reported to have good efficacy in treating
hot flashes.® However, 26 is not only metabolized by
CYP2D6 but also potently inhibits its own metabolism by
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Figure 5. Structures of deuterated compounds or the all-hydrogen versions of deuterated compounds that have entered clinical
development. *AVP-786 is deuterium modified dextromethorphan. BCTP-354 is deuterium modified L-838417.
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Scheme 6. Proposed metabolism of fludalanine (22) to produce L-fluorolactate (24). D-amino acid
oxidase (D-AAO); lactate dehydrogenase (LDH), and pyruvate dehydrogenase (PDH).
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Scheme 7. Proposed inactivation pathway for CYP2D6 by a paroxetine metabolite. Pathway A produces a putative reactive
metabolite that results in inactivated enzyme. Pathway B rapidly cleared catechol metabolite via formate ester
hydrolysis. Some of the carbene metabolite may also convert to the catechol via decarbonylation.

irreversibly inactivating that enzyme. Its use, therefore,
can be complicated in patients potentially benefiting from
this agent due to possible drug-drug interactions with
other drugs metabolized by CYP2D6.
thioridazine, coadministration of paroxetine is contra-

indicated.5

In the case of

The drug-drug interactions observed for 26 are
believed to be predominantly due to irreversible inactiva-
tion of CYP2D6 by the proposed mechanism shown in
Scheme 7. Metabolism of 26 via pathway A is believed
to form a highly reactive carbene metabolite that can
complex the catalytic iron at the active site of CYP2D6.5
In vitro metabolism experiments with 25 demonstrated

little or no CYP2D6 inactivation, presumably due to

metabolic shunting away from Pathway A to Pathway B,
thereby favoring the ring opening pathway to yield
innocuous metabolites.”” The pharmacology profile of 25
was indistinguishable from paroxetine for serotonin
reuptake inhibition and in a battery of receptor and
enzyme assays.

25 entered a Phase 1 single- and multiple-ascending
dose study in healthy female volunteers to assess its
effect on mechanism-based inhibition.’® Subjects were
dosed for 14 days at doses of 10, 20, and 40 mg once-daily
and 10 mg twice-daily. Subjects received an oral 30 mg
dose of dextromethorphan (33, Scheme 8) on days 1 and
14. As shown in Scheme 8, 33 can serve as a selective

probe for CYP2D6 activity by measuring urinary levels
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33

Dextrorphan
34

Scheme 8. Metabolism of dextromethorphan to dextrorphan by CYP2D6.

of dextrorphan (34, Scheme 8), the CYP2D6 specific
metabolite.”® As shown in Figure 6, the ratio of dextro-
methorphan to dextrorphan (33/34) in subjects receiving
25 was greatly reduced when compared to historical data
for a 20 mg dose of paroxetine.*® The data in Figure 6
indicate that subjects dosed with 25 retained greater
CYP2D6 activity and, therefore, greater ability to metabo-
lize dextromethorphan than has been reported previously
for 26, correlating well with iz vitro data. Minor CYP2D6
inhibition was observed at higher doses of 25, consistent
with reversible, competitive inhibition seen in vitro. The
study was also the first clinical demonstration of the
use of deuterium substitution to ameliorate drug-drug
interactions in humans.

SD-809 (27, Figure 5) is being developed by Auspex
Pharmaceuticals and is currently in a Phase 3 registration
trial for the treatment of chorea associated with
Huntington’s disease.® This agent is a deuterated version

of tetrabenazine (28, Figure 5), which is currently the

.0
D3C D3C/O
D;C 0 N D3C.
H
O
SD-809
27

Scheme 9. SD-809 metabolism adapted from reference 62.
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only FDA-approved treatment for this indication.t' After
oral dosing of 27 or 28, the compounds undergo exten-
sive and rapid metabolism to the major circulating active
metabolites shown for 27 in Scheme 9. The active
metabolites (29, Scheme 9) are then further metabolized
by CYP2D6 to 30 and 31, also shown in Scheme 9. 28 is
associated with high rates of adverse events, which
include sedation/somnolence (31%), fatigue (22%),
insomnia (22%), depression (19%), akathisia (19%), and

nausea (13%) that may be associated with not only the
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Cmax levels of the parent but also the variable levels of
active metabolites due to inter-patient variability in
CYP2D6 activity. Dosing of 28 requires careful titration
to identify a dose (up to three-times daily) that reduces
chorea and minimizes the adverse events mentioned
above.

Oral doses of 27 (25 mg) have been studied vs. 28
(25 mg) in a single-dose Phase 1 cross-over study in
healthy volunteers.? This study showed that the half-
lives of the active metabolites of 27 vs. 28 were almost
doubled, which resulted in more than a doubling of the
exposure with only a slight increase in Cmax. This phar-
macokinetic profile may allow 27 to achieve similar
exposures with a lower Cmax at a lower dose than
tetrabenazine. If the adverse events observed for 28
correlate with Cmax, then 27 may exhibit an improved
tolerability profile.

AVP-786 is a combination of a deuterated dextro-
methorphan and ultra-low dose quinidine that is planned
for clinical development by Avanir Pharmaceuticals in
treatment-resistant major depressive disorder.% Avanir
currently markets Nuedexta®, which is a fixed-dose
combination of dextromethorphan hydrobromide and
quinidine sulfate (20 mg/10 mg) for the treatment of
Pseudobulbar Affect (PBA).% PBA is a neurologic condi-
tion resulting in sudden and exaggerated episodes of
laughing or crying. Combinations of dextromethorphan
and quinidine, referred to as AVP-923, are also in clinical
development for other neurologic indications, including
agitation in Alzheimer’s disease and levodopa-induced
dyskinesia. The quinidine in Nuedexta and AVP-923 acts
as a pharmacokinetic booster by inhibiting CYP2D6, the
major metabolic pathway in humans that converts
dextromethorphan to dextrorphan (Scheme 8). The
deuterated dextromethorphan in AVP-786 maintains the
pharmacologic profile of dextromethorphan but is less
susceptible to CYP2D6 catalyzed metabolism due to the
deuterium isotope effect. In a Phase 1 trial comparing
AVP-923 to AVP-786, which has a substantially lower dose
of quinidine but equivalent doses of dextromethorphan
and deuterated dextromethorphan, AVP-786 provided

essentially identical plasma levels of deuterated dextro-
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methorphan compared to (nondeuterated) dextromethor-
phan from AVP-9235 Subsequently, Avanir announced
that the FDA has agreed to an expedited development
pathway for AVP-786, which would allow referencing of
AVP-923 data to support AVP-786 development.®

CTP-354 is a potentially non-sedating oral therapy for
the treatment of spasticity that is being developed by
Concert Pharmaceuticals.”” CTP-354 is a sub-type
selective GABA, modulator that is a deuterated analog of
1.-838417 (33, Figure 5), a preclinical compound discov-
ered at Merck & Co. 33 was extensively characterized by
both industry and academic investigators and has been
shown to possess promising pharmacology due to its
unique GABA, sub-type selective profile.$8 CTP-354 binds
to the GABA, benzodiazepine binding site, as do both
benzodiazepines and non-benzodiazepine sedatives such
as zolpidem and eszopiclone. Unlike those drugs, CTP-
354 selectively lacks agonist activity at GABA, receptors
containing the «1 subunit and as a result has the poten-
tial to avoid side effects associated with those receptors.®
Preclinical studies with 33 in rodent and monkey models
support a profile with greatly reduced sedation, ataxia,
and memory loss while retaining a number of positive
aspects of benzodiazepine pharmacology: anxiolysis,
muscle relaxation, anti-seizure effects, and reduction of
inflammatory and neuropathic pain.”*”* CTP-354 has been
reported to show substantially improved pharmacokine-
tics in rats and dogs relative to 33 in addition to positive
activity in a rat model of neuropathic pain — the Chung
sciatic nerve ligation model¥ In this model, CTP-354
showed a longer duration of action than 33 and
equivalent efficacy to gabapentin.

CTP-354 has progressed to Phase 1 clinical develop-
ment.”? Brain-receptor occupancy of CTP-354 is being
determined by Positron Emission Tomography in healthy
volunteers with study results anticipated in 2014 (unpub-
lished data, Concert Pharmaceuticals, Inc.).

Concert Pharmaceutical’s most advanced develop-
ment candidate is CTP-499 (34, Figure 5), which is in
Phase 2 development for the treatment of chronic kidney
disease in type 2 diabetics who are receiving stable ther-

apy with angiotensin receptor blockers or angiotensin
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converting enzyme inhibitors.”” CTP-499 is a deuterated
analog of 35, which is an active metabolite of pentoxifyl-
line (Trental®). Pentoxifylline is approved in the US for
the treatment of intermittent claudication; however,
several clinical studies have reported that it also has
potential renoprotective effects, particularly for reduction
of urinary albumin excretion.”* It appears that this posi-
tive pharmacology for pentoxifylline may be due in large
part to the circulating metabolite 35, which Concert has
deuterated to provide 34 with the result of providing high
plasma levels of pharmacologically active species - 34
and active metabolites (unpublished data, Concert
Pharmaceuticals, Inc.).

A Phase 1 study of 34 that determined the range of
tolerated doses and the food effects on exposure has been
completed and contributed to the selection of the dose for
further Phase 2 development.> A Phase 2 study was
conducted to evaluate the safety and efficacy of 34 in
type 2 diabetic patients with mild to moderate chronic
kidney disease and macroalbuminuria, or high levels of
albumin in their urine. These patients are at an elevated
risk for progression to end-stage renal disease and
cardiovascular morbidity.”® The primary endpoint of
the study was the change in urinary albumin excretion,
measured as urinary albumin to creatinine ratio (UACR)
with secondary endpoints related to safety and tolerabil-
ity in addition to effects on renal function and various
biomarkers. A 24 week blinded extension study (48
weeks total treatment with 34 or placebo), designed
to assess renal function endpoints including serum
creatinine concentrations and estimated glomerular
filtration rates in addition to UACR, safety, and tolerabil-
ity, has also been recently completed (unpublished data,
Concert Pharmaceuticals, Inc). Results from these
studies will be presented in 2014.76

Conclusion

Deuterium medicinal chemistry offers a subtle, but
at times powerful tool that is only recently achieving
widespread attention in the context of new therapeutic

agents. The examples presented in this review show the

20. MEDCHEM NEWS No.2 MAY 2014

varied effects that deuterium substitution can have on the
overall pharmacological profile of a compound. As deute-
rium containing compounds continue to advance to the
clinical setting, more data will become available describ-
ing the preclinical to clinical translation of deuterium
isotope effects. It is important to note, however, that the
deuterium effects on the metabolic profile of a therapeutic
are not predictable and must be explored for each
compound as one would typically approach medicinal
chemistry optimization. Uses of deuterium for the poten-
tial improvement of the safety, tolerability, efficacy and
dosing of compounds have been emphasized. The appli-
cation of deuterium medicinal chemistry to compounds
with well understood therapeutic utility can potentially
provide a risk-reduced approach to creating new drugs
that address important unmet medical needs. The
clinical examples presented — CTP-347, SD-809, CTP-354,
and AVP-786 — emphasize the breadth of this approach.
Continued clinical advancement of these and other
deuterated agents to registration trials and marketing

approval will provide the validation of the approach.
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