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CHEMICAL SYNTHESIS OF CLOPIDOGREL
ACTIVE METABOLITES AND DISULFIDE
CONJUGATE PRODRUGS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is related to and claims the benefit of
priority of provisional U.S. Patent Application Ser. No.
62/906,644, filed Sep. 26, 2019, which is hereby incorpo-
rated by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention generally relates to the field of medicine,
and in particular to the modulation of platelet aggregation.

2. Description of the Related Art

Since launched in 1997, antiplatelet prodrug clopidogrel
(CPG) has been the mainstay medication for treating coro-
nary heart diseases or preventing ischemic strokes. How-
ever, the prevalent treatment of CPG has been associated
with a high level of clinical resistance, leading to FDA’s
black box warning of life-threatening recurrence of ischemic
events.

Referring now to FIG. 1, a schematic of the metabolic
activation of CPG and metabolite derivatization is shown
according to the prior art. CPG (MO, FIG. 1A) is inactive
itself and undergoes extensive metabolism in patients. Only
a very small portion of CPG is converted through a series of
cytochrome P450 (CYP)-catalyzed thiophene degradation to
form active metabolite H4 (FIG. 1A), an irreversible inhibi-
tor of platelet aggregation. The inability to activate H4 due
to various factors, including metabolic enzyme polymor-
phism or drug-drug interactions, has led to the observed
irresponsiveness.

As illustrated, CPG are catalyzed by genetic polymorphic
enzymes including CYP2C19 and CYP3A4. CYP,
cytochrome P450; GSH, L-glutathione (reduced); GS-SG,
L-glutathione disulfide (oxidized) (FIG. 1A). The thio-
phene-degradation substructure of M13 contains an exocy-
clic double bond and a stereogenic carbon center that bears
a mercapto group, which can yield four diastereomers: H1
(3E, 4S), H2 (3E, 4R), H3 (3Z, 4S) and H4 (3Z, 4R) (FIG.
1A).
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Prepared from liver microsomal incubations of MO or M2
in the presence of reductive thiols such as L-glutathione
(GSH), all these isomers have been found to be chemically
unstable and reactive, and their structures were established
in the forms of stabilized derivatives.

Among the four diastereomers, only H3 and H4 have been
detected as circulating metabolites in patients’ plasma, and
in vitro pharmacological studies have shown that H4 is
active while H3 is not, which demonstrates that the con-
figuration of the mercapto carbon is crucial to the antiplate-
let activity. However, the (4R/S)-configuration of H3 and H4
have only been tentatively assigned, and the bioactive ste-
reoisomer has yet to be experimentally elucidated.

The circulating thiol metabolites are stabilized as phen-
acyl derivatives (H3/H4-MP) for clinical monitoring (FIG.
1B). Upon oral administration of CPG, H4 in patients’
plasma is measured as its stabilized 3'-methoxyphenacyl
derivative (H4MP), which has been the best marker of
exposure and the parameter most closely correlated with the
observed pharmacodynamic activities. These have estab-
lished H4 as the putative active metabolite of CPG.

Direct administration of CPG active metabolite or its
releasable derivatives may largely overcome the observed
clinical resistances. Mixed disulfides of H3 and H4, includ-
ing ClopNPT, prepared from human liver microsomal incu-
bations of M2 in the presence of aryl thiols (FIG. 1C), have
been shown to undergo quick reductive cleavage to release
H3 and H4, suggesting that the mixed disulfide conjugates
of active metabolites (e.g. H3/H4-NPT, ClopNPT) as drug
candidates that require no bioactivation (FIG. 1C). In animal
studies, ClopNPT has demonstrated potent antithrombotic
effects along with other advantages such as fast onset and
reduced bleeding risk. The preclinical studies of ClopNPT
not only support the biochemical delineation of CPG irre-
sponsiveness, but also further substantiate the need of syn-
thesizing H4 for overcoming the antithrombotic resistances.

Unlike stable natural products with traceable biosynthe-
sis, the instability and reactivity of the degradation structure
of H4, as well as obstacles associated with its (Z)-exocyclic
double bond, have posed significant challenges to organic
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synthesis. Separate syntheses of the S-phenacyl and S-acetyl
protected H4, respectively, have recently been reported for
clinical monitoring and analyte development. However, the
reported routes are of overall low yields and are not stereo-
selective to the isomeric centers. For the potential release of
H4, the reported derivatives need to undergo harsh depro-
tection procedures such as reflux in acid or treatment with
strong base, which can decompose the labile metabolite.

SUMMARY

According to one or more embodiments of the present
invention, a 10-step synthesis of the clopidogrel active
metabolite, H4 and its analogy H2 is provided that mitigates
the (Z)-conformation challenges through furnishing the (E)-
intermediates followed by (E)-to-(Z) isomerization. The
crucial (4R)-configuration is obtained from an unprec-
edented asymmetric reduction promoted by Zn(OAc),. The
last step of (E)-to-(Z) isomerization is achieved through a
reversible Michael reaction under biomimetic conditions.
The synthetic H4 H2 and H4 mixed disulfides and H2 mixed
disulfide has demonstrated stereospecific potency in mice
and can be flexibly converted to its releasable forms includ-
ing ClopNPT with established therapeutic enhancement.
The synthetic access to H4 and H2 and their mixed disulfides
abrogates the bioactivation dependence of CPG efficacy and
can overcome the clinical resistances of its prevalent treat-
ment. Chemical model studies have also revealed uncon-
ventional “on and off” reactivity of H4 and H2 against thiol
reagents, which can both shed light to the antagonism
mechanism of the G-protein-coupled P2Y,, receptor and
inspire chemical biology exploration of protein modification
and regulation.

BRIEF DESCRIPTION OF THE DRAWINGS

The novel features believed characteristic of the illustra-
tive embodiments are set forth in the appended claims. The
illustrative embodiments, however, as well as a preferred
mode of use, further objectives and features thereof, will
best be understood by reference to the following detailed
description of an illustrative embodiment of the present
disclosure when read in conjunction with the accompanying
drawings, wherein:

FIGS. 1A-C is a schematic of the metabolic activation of
CPG and metabolite derivatization shown according to the
prior art;

FIG. 2 is a schematic of a retrosynthetic analysis of a CPG
active metabolite shown according to an illustrative
example;

FIG. 3 is a schematic of the synthesis of a piperidone
intermediate shown according to an illustrative example;

FIG. 4 is a schematic of an asymmetric reduction of a
piperidone ketone shown according to an illustrative
example;

FIG. 5 is a conceptual design of chirality extension
through metal ion chelation shown according to an illustra-
tive example;

FIG. 6 is an analysis of non-selective ketone reduction
using liquid chromatography with tandem mass spectrom-
etry (LC-MS/MS) shown according to an illustrative
example;

FIG. 7 is an analysis of selective ketone reduction using
LC-MS/MS shown according to an illustrative example;

FIG. 8 is a table of reaction conditions for asymmetric
ketone reduction shown according to an illustrative
example;
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FIG. 9 is a schematic of mercapto installation and double
bond isomerization shown according to an illustrative
example;

FIG. 10 is a schematic of the exocyclic double bond
isomerization through a reversible Michael addition shown
according to an illustrative example;

FIG. 11 is an analysis of the H2 metabolite double bond
isomerization to the H4 metabolite using LC-MS/MS shown
according to an illustrative example;

FIG. 12 is a comparison of metabolites from liver
microsomal incubation and chemical synthesis using L.C-
MS/MS shown according to an illustrative example;

FIG. 13 is a schematic of a chemical derivation of
synthetic H4 metabolite shown according to an illustrative
example;

FIG. 14 are anti-thrombosis tests of synthetic H3 and H4
metabolites in mice, shown according to an illustrative
example;

FIG. 15 are proposed pathways of P2Y, ,R antagonism by
ADP and H4, shown according to an illustrative example;

FIG. 16 is a schematic of chemical model studies of active
metabolites with GSH and ME, shown according to an
illustrative example;

FIG. 17 is a comparison the chemical model studies of
FIG. 16 using LC-MS/MS shown according to an illustrative
example; and

FIG. 18 is a schematic of proposed modification pathways
of the extracellular Sistine residues of P2Y ,R by active
metabolites.

DETAILED DESCRIPTION

The illustrative embodiments recognize and take into
account one or more different considerations. For example,
prodrug clopidogrel (CPG) has been the mainstay antithrom-
botic agent since 1997. The active metabolite, H4, is a trivial
product yielded from multistep metabolism catalyzed by
genetic polymorphic enzymes, which underlines a high level
of clinical resistance. The synthetic pursuit of H4 has long
been hampered by not only its chemical instability and
reactivity but also obstacles associated with its (Z)-exocyclic
double bond.

On the basis of these considerations, the illustrative
examples described herein provide a stereoselective and
efficient synthesis of H4 under mild conditions. The illus-
trative examples provide a 10-step synthesis of H4 that
mitigates the (Z)-conformation challenges through furnish-
ing the (E)-intermediates followed by (E)-to-(Z) isomeriza-
tion. The crucial (4R)-configuration is obtained from an
unprecedented asymmetric reduction promoted by Zn(OAc)
5. The last step of (E)-to-(Z) isomerization is achieved
through a reversible Michael reaction under biomimetic
conditions. The synthetic H4 has demonstrated stereospe-
cific potency in mice and can be flexibly converted to its
releasable forms including ClopNPT with established thera-
peutic enhancement. The synthetic access to H4 abrogates
the bioactivation dependence of CPG efficacy and can
overcome the clinical resistances of its prevalent treatment.
Chemical model studies have also revealed unconventional
“on and off” reactivity of H4 against thiol reagents, which
can both shed light to the antagonism mechanism of the
G-protein-coupled P2Y,, receptor and inspire chemical
biology exploration of protein modification and regulation.

The illustrative embodiments described herein provide a
method of synthesizing a clopidogrel metabolite is provided.
The method includes forming a piperidone intermediate
from a mandelate; performing an asymmetric ketone reduc-
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tion of the piperidone intermediate; after performing the
asymmetric ketone reduction, performing a mercapto instal-
lation to form the clopidogrel metabolite that includes a
4-carbon chiral center having an (R) configuration.

In an illustrative example, the piperidone intermediate can
be formed by reacting methyl 2-chloro-D-mandelate with
nosyl chloride and triethylamine to form a first intermediate;
reacting the first intermediate with 4-piperidinol and potas-
sium hydrogen carbonate to form a second intermediate;
reacting the second intermediate with oxalyl chloride, dim-
ethyl sulfoxide, and triethylamine to form a third interme-
diate; and forming the piperidone intermediate from the
third intermediate. The third intermediate can be reacted
with lithium diisopropylamide and ethyl glyoxalate to form
the piperidone intermediate; alternatively, the third interme-
diate can be reacted with lithium diisopropylamide and ethyl
glyoxalate to form a fourth intermediate that is reacted with
p-toluenesulfonic acid to form the piperidone intermediate.

In an illustrative example, the asymmetric ketone reduc-
tion is performed by using a metal ion chelation to form a
fifth intermediate, wherein the 4-carbon chiral center has
an (S) configuration.

In an illustrative example, the clopidogrel metabolite can
be formed by reacting the product of the asymmetric ketone
reduction with methanesulfonyl chloride and diisopropyl-
ethylamine to form a sixth intermediate; reacting the sixth
intermediate with triisopropylsilanethiol and sodium
hydride to form a seventh intermediate; and reacting the
seventh intermediate with hydrochloric acid to form the
clopidogrel metabolite.

In an illustrative example, the clopidogrel metabolite is
isomerized to the through a reversible Michael addition to
form a second clopidogrel metabolite.

In an illustrative example, the clopidogrel metabolite can
be converted to a stabilized mixed disulfide derivative.

The illustrative examples provided herein describe a
stereoselective synthesis of H4 was accomplished in 10
steps. Without using additional chiral agents, the stereo-
genecity of the starting material, methyl 2-chloro-D-man-
delate, is extended to obtain the crucial (R)-configuration of
the mercapto carbon, which is promoted by Zn(OAc),.
Based on the chemical reactivity of the exocyclic olefinic
acetic acid, a reversible Michael reaction was conducted
under biomimetic conditions to isomerize the (E)double
bond to the desired (Z)-conformation at the final stage of
synthesis. Both of the two stereoselective controls are
achieved through facile but nontraditional approaches. The
synthetic H4 has demonstrated stercospecific potency in
vivo, and its bioactive (4R)-configuration is experimentally
established. Flexible derivatization procedures have also
been established to conveniently transform H4 to its stable
and releasable forms for drug development.

The synthetic access to H4 abrogates the bioactivation
dependence of CPG efficacy and can overcome the clinical
resistances of its prevalent treatment. With the growing
evidence of P2Y ;R involvement in many essential patho-
logical processes, synthetic H4 in its suitable derivatization
forms might be repurposed to treat other diseases such as
cancer metastasis, neuronal disorder, or autoimmune
encephalomyelitis.

EXAMPLES

Retrosynthetic Analysis

Referring now to FIG. 2, a schematic of a retrosynthetic
analysis of a CPG active metabolite is shown according to
an illustrative example. The key consideration is the crucial
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(4R)-configuration of the mercapto carbon. To achieve it, a
piperidone intermediate (4) was employed for an asymmet-
ric ketone reduction followed by an SN2 reaction of mer-
capto installation. Piperidone 4 can be prepared from methyl
2-chloro-D-mandelate (1).

The ketone functionality in 4 can also allow an installa-
tion of the a-olefinic acetic acid fragment through a con-
densation reaction with glyoxylate. However, the conden-
sation is expected to selectively yield the (3E)-product 6.
Although the (E)-conformation is not desired, it keeps the
carboxylate away and makes the ketone functionality in 6
less hindered for selective reduction and subsequent trans-
formation, which have proved to be challenging with the
(Z)-conformation.

Previous studies have also shown that the (Z)-double
bond can foster intramolecular cyclization including the
recovery of thiolactone intermediate (M2) from H3 and H4.
To mitigate the challenges associated with the (Z)-confor-
mation the illustrative examples first furnish the (3E)-inter-
mediates including obtaining the key (4R)-configuration and
isomerize the double bond to the desired (3Z)-conformation
at a late stage of the synthesis.

Synthesis of Piperidone Intermediate 6.

Referring now to FIG. 3, a schematic of the synthesis of
a piperidone intermediate is shown according to an illustra-
tive example. The synthesis is commenced with the prepa-
ration of (6) containing an (E)double bond. As shown,
mandelate (1) was first converted to its nosylate (2) in 98%
yield.

ONs

/O

Piperidinol (4) was employed to react with 2 to invert the
mandelate chiral center and overcoming the poor nucleo-
philicity of the piperidone N-atom to afford 3 in 93% yield.

The resulting alcohol 3 then underwent a Swern oxidation
to form ketone 4 in 89% yield.
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In an illustrative example, 4 first underwent a pyrrolidine-
assisted direct condensation with ethyl glyoxylate in tolu-
ene, and 6 was obtained as the only product in 25% yield.

OEt

In an alternative example, 4 underwent an alternative
reaction with LDA followed by addition of ethyl glyoxylate
to form (5) in 76% yield.

OH

OEt

¢}

The alcohol intermediate 5 was dehydrated through either
refluxing in toluene at 110° C. with p-TSA or stirring at 0°
C. in the presence of POCI; and pyridine; the former
condition offers higher yield (86%) than the latter (74%),
and in both cases, only (F)-condensation product 6 was
obtained.

Asymmetric Reduction of Ketone 6.

As elaborated in FIG. 2, to obtain the crucial (4R)-
configuration in H4, the prochiral ketone functionality in 6
needs to undergo an asymmetric reduction to form (7) with
a (45S)-configuration, which can be inverted to the (4R)-
configuration by an SN2 mercapto substitution.

OEt

The (3E)-double bond in 6 keeps the ketone functionality
relatively open. Although there is an (S)-carbon in the
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mandelate moiety, it is not close enough to the ketone
functionality to cast a stereomeric impact. The free rotation
of'the C—N single bond of this stereogenic center makes the
two prochiral ketone faces nonselective. To obtain the
chemical reference, 6 first underwent a nonselective Luche
reduction (FIG. 4). The resulting 7 shows a pair of diaste-
reomers at equal amounts (7a:7b=1:1) under LC-MS/MS
analysis (FIG. 6). After these, 6 was treated with borane in
THF in the presence of (+)-CBS or (-)-CBS for asymmetric
reduction. No selectivity was observed, suggesting that the
ketone functionality in 6 cannot effectively coordinate with
the chiral catalyst, which might be due to low affinity of the
conjugated ketone or hindrance from the neighboring (E)-
olefin-H.

Free rotation of the C—N single bond of this stereogenic
center (S)-carbon in the mandelate moiety makes the two
prochiral ketone faces nonselective. Restraining free rota-
tion of this single bond enables the two prochiral faces to be
differentiated for asymmetric reduction. As this single bond
rotates, the mandelate methyl ester can get close to the
(E)-olefinic ethyl acetate (4-6 A); these two esters are be
able to chelate to a transition metal ion, which in return can
restrain the C—N bond rotation, as illustrated in FIG. 5.

Metal ion chelation was formulated to exploit the internal
stereogenicity of 6 for the desired asymmetric ketone reduc-
tion. In the initial screening, various acetates of transition
metals were stirred with 6 in THF at room temperature for
1 hour before the addition of borane at 0° C. As shown in
FIG. 6, Zn(OAc), promoted asymmetric reduction among
the tested salts.

The conditions of this Zn**-promoted asymmetric ketone
reduction were optimized, as shown in FIG. 6. An 85% yield
with a diastereomeric ratio of 7a:7b=1:3 was obtained. The
advantage of this asymmetric reduction is that no external
chiral reagent is used while the addition of Zn** extends the
remote chirality of the molecule and enables the asymmetric
reaction.

Ketone groups are known to directly participate in metal
ion chelation to promote selective reduction of itself. How-
ever, since the planar ketone functionality in 6 cannot
participate in metal ion chelation together with the chiral
mandelate, the coordination of the two remote esters creates
the selectivity.

Mercapto Installation and Double Bond Isomerization.

Referring now to FIG. 9, a schematic of mercapto instal-
lation and double bond isomerization is shown according to
an illustrative example Without separation, the diastereo-
meric mixture of 7 (7a:7b=1:3) was converted to mesylate 8
in 85% yield.

O OFt
/
S ¥OMs

An SN2 substitution reaction with TIPS-SH was
employed to afford the protected mercapto derivative 9 in
83% yield. The selectively obtained (4S)-configuration is
inverted to the crucial (4R)-configuration. TIPS can be
deprotected under mild acidic condition while deprotection
of the S-acetyl group requires strong base, which might
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decompose the labile metabolites. Therefore, TIPS-SH is
preferred over the more common sodium thioacetate for the
mercapto installation.

OEt

Using 37% hydrochloric acid at room temperature, 9
underwent quick deprotection of the TIPS group followed
by selective ethyl ester hydrolysis of the E-olefinic acetate to
afford H1 and H2, in 16% and 48% yield, respectively. The
obtained H2 is the (E)-isomer of H4.

Double Bond Isomerization

Biosynthesized H2 has been shown to be similarly potent
as H4 against P2Y,,R in vitro, although it is not detected in
patients. To isomerize the double bond in H2 to the desired
(Z)-conformation under mild conditions, a reversible
Michael reaction was considered. The exocyclic olefinic
acetic acid moiety in H2 is a Michael reaction acceptor but
the cyclic P-carbon might make the addition product
unstable for quick elimination, which will lead to isomer-
ization of the exocyclic double bond. Liver microsomal
studies of CPG have shown that the bioactivated H3 and H4
[(Z)-double bond] undergo isomerization to H1 and H2
[(E)-double bond], respectively, in the presence of GSH.
This double bond isomerization is a result of reversible
Michael reaction. On the basis of these analyses, the final
conversion of H2 to H4 was conducted in potassium phos-
phate buffer (KPi, pH 7.4) at 37° C. using GSH as the
nucleophile for the reversible Michael reaction.

A major consideration of developing a biomimetic pro-
cedure for the final double bond isomerization is to ensure
the stabilities of the labile metabolites. Upon incubation
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with GSH in KPi buffer (pH 7.4), H2 was found to undergo
the desired double bond isomerization, as depicted in FIG.
10. LC-MS/MS studies of FIG. 11 show that H2 and H4
exist as disulfides with GSH or with themselves in the
reaction mixture, and addition of bioreductants such as
DL-dithiothreitol (DTT) or tris(2-carboxyethyl)phosphine
(TCEP) can quickly cleave the disulfides to yield the
metabolites. Inclusion of DTT or TCEP in the incubation
was found to largely inhibit the isomerization, suggesting
that the reversible Michael reaction takes place after the
metabolites form disulfides.

The conditions of this biomimetic reaction were subse-
quently optimized, and the double bond isomerization was
found to reach equilibrium after 2 hours with a ratio of
H2:H4=1:1 (not shown). In scaled-up preparations, metha-
nol and KPi buffer (pH 7.4) (1/1, v/v) was used as solvent
to ensure the solubility of H2 and H4, and hydrophilic GSH
was replaced by 2-mercaptoethanol (ME). H4 was obtained
in isolated yield of 25% (79% brsm). Although this (E)-to-
(Z) double bond isomerization is not highly efficient due to
the nature of the equilibrium, the two isomers can be
conveniently separated by liquid chromatography, and the
recovered H2 can be converted to H4 by using this facile
biomimetic protocol.

Similar to the preparation of H4 from H2, H3 was
obtained from H1 (FIG. 10). LC-MS/MS studies of FIG. 12
confirmed all the synthetic metabolites are identical to those
generated in human liver microsomal incubations. On the
one hand, the successful preparation of these delicate deg-
radation metabolites are attributable to the use of mild
reaction conditions; on the other hand, these procedures
have demonstrated that the metabolites can be stable in
neutral or acidic solutions at up to 37° C.

Chemical Derivatization of H4 to Stabilized Forms for
Clinical Monitoring or Drug Development

In clinic, the treatment of CPG relies on H4 plasma
monitoring for managing the antithrombotic efficacy and the
adverse events of bleeding. Upon oral administration,
plasma samples of patients are treated with derivatization
reagent MP-Br, and the circulating H4, together with its
inactive diastereomer H3, are monitored by LC-MS/MS in
the forms of their stabilized phenacyl derivatives, H4-MP
and H3-MP, respectively (FIG. 1B).

Accurate clinical monitoring requires pure reference com-
pound, and previously reported liver microsomal prepara-
tion or synthetic route proves to be inefficient. As a result,
the commercial references are only available at daunting
prices.

As illustrated in FIG. 13, the active metabolites obtained
from the embodiments described herein can be conveniently
converted to the phenacyl references through adopting the
clinical derivatization procedures followed by facile purifi-
cation. H4-MP and H3-MP were obtained in 85% yield and
80% yield, respectively. The synthetic derivatives have been
confirmed by both LC-MS and NMR studies to be identical
to the reported references (not shown). The improved syn-
thetic access to H4-MP and H3-MP can aid reliable clinical
monitoring on individual’s response to CPG, which can lead
to the optimization of existing dosing regimens or the design
of personalized treatment for overcoming the CPG draw-
backs.

The synthetic H4 can also be conveniently converted to its
stabilized and releasable forms of mixed disulfides including
prodrug candidate ClopNPT. Originally obtained as a mix-
ture of H3-NPT and H4-NPT from human liver microsomal
incubations, as shown in FIG. 1C, ClopNPT is a facile
prodrug that can undergo quick reductive disulfide cleavage
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to release the active metabolite. In the biosynthetic prepa-
ration, only inert aryl thiols can be used to trap the active
metabolite precursor of sulfenic acid (M12) to yield the
mixed disulfides. Alkyl thiols including GSH can over react
with the mixed disulfide to form the fully reduced metabolite
(FIG. 1A).

H2-MDS

H4-MDS

In one or more illustrative examples, the R chemical
moiety can be, for example, but not limited to, one or more
of alkyl, alkenyl, cycloalkyl, alkynyl, arylalkyl, aryl, het-
eroaryl, heterocycle, and cycloalkyl. In one or more illus-
trative examples, the alkyl, alkenyl, cycloalkyl, alkynyl,
arylalkyl, aryl, heteroaryl, heterocycle, and cycloalkyl can
be substituted or unsubstituted with one or more suitable
substituents.

In one or more illustrative examples, the R chemical
moiety can itself be the H2 metabolite, the H4 metabolite, or
combinations thereof. In these illustrative examples, the
metabolites can take the form of a homo-conjugate, such as
H2-H2 and H4-H4,; the metabolites can take the form of the
hetero-conjugate H2-H4.

In these one or more illustrative examples, the R chemical
moiety will render the resulting compound, H2-MDS or
H4-MDS, capable of yielding antiplatelet agent H2 through
reductive disulfide cleavage upon reaction with endogenous
glutathione (GSH), cysteine, homocysteine or other biore-
ductive agents.

Referring now to FIG. 13, a schematic of a chemical
derivation of synthetic H4 metabolite is shown according to
an illustrative example. For chemical preparation of Clo-
pNPT, synthetic H4 was dissolved in a mixture solvent of
KPi buffer (pH 7.4) and methanol (1/1, v/v), and the sulfenyl
chloride form of NPT was added to react with the sulthydryl
group of H4 to afford the desired conjugate in 59% yield.

The individually synthesized H4-NPT and H3-NPT have
shown to be identical to the diastereomeric mixture prepared
according to the reported human liver microsomal proce-
dures. To expand the scope of the mixed disulfide synthesis,
a representative alkyl disulfides, diethyl disulfide, was used
to replace the aryl sulfenyl chloride in the same reaction, and
the corresponding ethyl disulfide of H4 was conveniently
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obtained in 64% yield. In addition to the direct derivatization
of H4, mixed disulfides of H2 and H4 are the double bond
isomerization intermediates of H2 conversion to H4, as
shown in FIGS. 15 and 16, suggesting that the mixed
disulfides of H4 can be obtained directly from the synthetic
precursor, H2, through reaction with free thiols.

To test whether H4 can be obtained directly from the
synthetic precursor, H2 was stirred with excessive ME under
the biomimetic conditions of double bond isomerization.
Mixed disulfide of H4-ME was obtained together with
H2-ME, in 34% and 26% yield, respectively.

These chemical syntheses of H4 mixed disulfides can not
only overcome the aforementioned limitations associated
with biosynthesis, but more importantly, expand the choices
of conjugates from limited ary] thiols to large pools of aryl
or alkyl moieties in the forms of sulfenyl chloride, symmet-
ric disulfides or free thiols. The flexible preparation proce-
dure can channel drug development campaigns of screening
and tuning the physiochemical properties, disulfide cleavage
rate as well as the toxicity profiles of the cosulfide moieties
in discovering the next generation antiplatelet agents.

In vivo Analysis

In vivo studies of synthetic metabolites and mechanistic
exploration of protein antagonism through model thiol reac-
tions. Although CPG has been used in clinic for over twenty
years, the putative active metabolite, H4, including its
tentatively assigned (4R)-configuration, has not been con-
firmed in vivo.

Referring now to FIGS. 14-18, In vivo antiplatelet test of
synthetic H3 and H4 in a FeCl; carotid artery injury-induced
thrombosis mouse model. As shown in FIG. 14, upon tail
vein administration of 1 mg/kg, synthetic H4 was found to
significantly prolong the occlusion time of thrombosis while
synthetic H3 was found to be ineffective, as compared to the
negative control of vehicle and the positive control of CPG.

The results of FIG. 14 are consistent with preciously
reported in vitro studies and can serve as the first in vivo data
that directly supports H4 to be the active metabolite of CPG.
From these studies, the tentatively assigned (4R)-configu-
ration of H4 is also experimentally established. It is impor-
tant to note that the occlusion time deviation of the H4 group
is considerably higher than that of the CPG group, which
suggests that the polar and reactive structure of H4 cannot
effectively overcome absorption and disposition obstacles in
vivo and thus is not amenable for direct administration in its
non-derivatized form.

The (4R)-specific potency observed with H4 (or H2)
underlines its unique sulthydryl-dependent drug action. The
molecular target of CPG is the platelet membrane-bound
G-protein-coupled P2Y |, receptor (P2Y ,R), which is ago-
nized by its endogenous ligand ADP for signal transduction
that leads to cell adhesion and aggregation. In recent years,
P2Y | ,R has been found to not only regulate platelet aggre-
gation but also mediate a wide array of physiological and
pathological processes, which include cancer metastasis,
microglial response to neural injury, differentiation of T cells
in autoimmune encephalomyelitis, schistosomal host
response and bladder smooth muscle modulation.

As shown in FIG. 15, biochemical studies support that
CPG active metabolite intercepts a conserved disulfide bond
between Cys97 of helix III and Cys175 of the extracellular
loop 2 in P2Y,,R, which disrupts the homooligomers and
partition them out of lipid rafts. Mutation studies of indi-
vidual cysteine residues in the extracellular pocket support
that active metabolite adducts with Cys97, and this leads to
the antagonism. Based on the detection of GSH-active
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metabolite mixed disulfide in vitro, it is perceived that
formation of H4-Cys97 disulfide inhibits the receptor.

As depicted in FIG. 16, upon H2 incubation with 10
equivalents of ME in a mixture solvent of KPi buffer (pH
7.4) and MeOH (1/1, v/v) at 37° C. for 2 hours, H4 is already
formed as a result of reversible Michael reaction, as shown
in FIG. 15. LC-MS/MS studies of FIG. 17 also show that the
major conjugates are the mixed disulfides of ME with H2
and H4, ME-mixD (MH*=432).

In addition to these species, another major adduct ME-yA
(MH*=400) is also detected in the reaction mixture. This
adduct is significantly more polar than the other species and
shows as two overlapped peaks under chromatographic
elution. High resolution mass spectral analyses reveal that
ME-yA(MH*=400) contains one S-atom less than ME-mixD
(MH*=432) (not shown). As the incubation goes, the amount
of ME-yA increases, and it becomes the dominant species
after 24 hours, suggesting that MEyA might be formed from
MEmixD.

Overall, these results support the reaction pathway of
FIG. 16: the y-position of ME-mixD can undergo a substi-
tution reaction with another molecule of ME to yield a
“desulfurized” adduct, ME-yA; in this case, the persulfated
ME functions as a leaving group. Subsequently, ME-yA was
purified from the model reaction mixture, and NMR studies
confirm the proposed structure.

In another H2 incubation with a large excess of ME, the
di-adduct intermediate of reversible Michael addition, ME-
diA (MH*=510), was also detected. The detection of ME-
diA confirms that the exocyclic o, p-unsaturated carboxylic
acid moiety of ME-mixD can undergo Michael addition
reaction, and the reversible intermediate can have appre-
ciable half-life depending on reaction conditions.

As depicted in FIG. 16, before the y-mercapto forms
disulfide, both the -carbon and the y-carbon are inert; upon
the vy-disulfide formation, the p-carbon is activated for
Michael addition reaction while the y-carbon is activated for
nucleophilic substitution. As depicted in FIG. 18, this “on
and off” chemical reactivity of the active metabolite can
shed light to its elusive drug action. In the extracellular
pocket of preagonized protein, when H4 (or H2) and Cys97
form disulfide (Cys-mixD), the adjacent Cys175 can react
with the “turned on” B-carbon or the y-carbon in Cys-mixD,
leading to more profound modification of the cysteine
residues.

For example, when the second cysteine residue attacks the
y-carbon of Cys-mixD, the substitution reaction will yield
not only a more stable cysteine adduct (Cys-yA) but also a
persulfated Cys97. As persulfidation (S-sulthydration of
cysteine residue) is a known regulatory pathway of protein
structure and function, the potential persulfidation of Cys97
by H4 (and Cys175) may lead to the observed receptor
disruption. It is of relevance to note that a major signaling
pathway of gasotransmitter hydrogen sulfide (H,S) is
through persulfidation of cysteine residues, which has been
shown to destabilize protein monomers and disrupt the
translocation of certain membrane protein; in addition, H,S
has been established as an antiplatelet agent with a proposed
role of antagonizing P2Y,R through modifying its extra-
cellular cysteines.

Collectively, these results can be consolidated to aid
future mechanistic exploration of P2Y,R antagonism. It is
also important to note that two other cysteine residues, for
example Cys17 and Cys270, are present in the same extra-
cellular pocket, and previous mutation studies have shown
that they are also involved in the antagonistic action of
active metabolite. These results suggest that Cysl7 and

35

40

45

60

14

Cys270 might also be able to perform the second reaction
with Cys-mixD. To sum up, upon disulfide adduct formation
with Cys97, the unconventional reactivity of H4 (or H2)
might compel itself to reacting with a second cysteine
residue in the extracellular pocket, which not only furnishes
some profound protein modification such as cysteine per-
sulfidation, but also in return confer H4 (or H2) the observed
(4R)-specific potency.

Although a pre-agonized crystal structure of P2Y,,R is
not available for assessing the proposed sequential modifi-
cation, the illustrative embodiments described herein can
prompt re-evaluation and reconciliation of the results
obtained from previous studies; the understandings gar-
nished here can also guide the design of new experiments to
fully elucidate the mechanism of antagonism. These future
efforts can lead to the development of novel antiplatelet
agents for improving the onset rate of P2Y,,R inhibition,
mitigating the bleeding risks caused by receptor disruption,
and overcoming irresponsiveness associated with mutated or
constitutively activated protein.

Descriptions of different illustrative examples has been
presented for purposes of illustration and description, and
are not intended to be exhaustive or limited to the examples
in the form disclosed. The different illustrative examples
describe components that perform actions or operations. In
an illustrative example, a component can be configured to
perform action or operation described. For example, a
component can have a configuration or design for a structure
that provides the component an ability to perform the action
or operation that is described in the illustrative examples as
being performed by the component.

Many modifications and variations will be apparent to
those of ordinary skill in the art. Furthermore, different
illustrative examples may provide different features as com-
pared to other examples. The examples or examples selected
are chosen and described in order to explain principles of the
examples, practical application, and to enable others of
ordinary skill in the art to understand the disclosure for
various examples with various modifications as are suited to
one or more particular contemplated uses.

What is claimed is:
1. A composition of matter comprising:

a stabilized mixed disulfide derivative that includes a
4-carbon chiral center having an (R) configuration, and
having a structure selected from the group consisting
of:
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-continued

10

or combinations thereof,

wherein R is an unsubstituted alkyl group. L
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