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SMALL MOLECULE THERAPEUTIC INHIBITORS AGAINST PICORNAVIRUSES,
CALICIVIRUSES, AND CORONAVIRUSES

CROSS-REFERENCE TO RELATED APPLICATIONS
The present application claims the priority benefit of U.S. Provisional Patent Application
Serial No. 62/352,294, filed June 20, 2016, and Serial 62/376,097, filed August 17, 2016, both
entitted SMALL MOLECULE THERAPEUTIC INHIBITORS AGAINST CORONAVIRUSES
INCLUDING MERS-CoV, and incorporated by reference in their entireties herein.

STATEMENT REGARDING FEDERALLY-FUNDED RESEARCH
This invention was made with U.S. Government support under grant number RO1 AT109039
awarded by the National Institute of Health. The U.S. Government has certain rights in the

invention.

SEQUENCE LISTING
The nucleic and amino acid sequences listed in the accompanying Sequence Listing are
presented in accordance with 37 CFR. 1822 Ounly one strand of each nucleic acid sequence is
shown, but the complementary strand is understood as included by any reference to the displayed
strand. The Sequence Listing is submitted as an ASCH computer readable text file, created on June

15, 2017, 1KB, which 13 incorporated by reference herein,

BACKGROUND OF THE INVENTION
Field of the Invention
The present invention relates to small molecule antiviral compounds targeting the 3C or 3C-
like proteases of the picornavirus-tike supercluster, and specific coronaviruses, caliciviruses, and

picornaviruses.

Description of Related Art

Coronaviruses infect humans and animals causing a broad spectrum of diseases. Many
viruses, including coronaviruses, encode polyproteins with proteases which catalyze their subsequent
cleavage to the mature functional proteins and are essential for viral replication. In 2003, a severe
acute respiratory syndrome coronavirus {(SARS-CoV) emerged as the cause of outbreaks of a life

threatening form of pneumonia. More recently, a novel highly-pathogenic coronavirus, Middle East
1
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respiratory syndrome (MERS-CoV), emerged suddenly in Saudi Arabia as the cause of severe
respiratory illness in humans. MERS-CoV expresses two polyproteins which undergo proteolytic
processing by two virus-encoded proteases, a 3C-like protease (3CLpro) and a papain-like protease
{PLpro), to generate functionally active proteins. 3CLpro processes the majority of the cleavage sites
on the polyprotetns, making it an atiractive therapeutic target.

Since its occurrence in 2012, MERS-CoV infection has largely been confined to the Middle
East. However, the unexpected outbreaks in South Korea in 2015 raises concerns that MERS-CoV
may become a threat to global public health and MERS-CoV 1s designated as a Category C Priority
Pathogens by the National Tnstitute of Allergy and Infectious Diseases (NIAID). Despite the high
mortality rate of ~40% and the significant potential for a public health emergency, there are no
approved therapies or vaccines for the prevention or treatment of MERS.

Consequently, there i1s an urgent and unmet need for the development of antiviral
therapeutics for the treatment and prevention of MERS infection. There 1s also a need for antiviral
therapies for treating and preventing other types of coronaviruses, as well as caliciviruses and

picomaviruses.

SUMMARY OF THE INVENTION

This work involves small molecule peptidyl transition state inhibitors that are active against
3CLpro of coronaviruses, and other members of the picornavirus-like superchuster.  These
compounds are highly effective against MERS-CoV 3CLpro in enzyme or cell-based assays with
ICs0 or ECso values in submicromolar ranges. Feling infectious peritonitis coronavirus (FIPV) was
used as a model for preliminary i vive testing, because its pathogenesis is primarily
immunemediated (similar to SARS- and MERS-CoV).  One of the compounds has been
demonstrated to reverse the progression of fatal FIP. The results suggested that an effective viral
protease inhuibitor alone could reverse the immune-mediated pathogenesis in affected hosts. The
compounds disclosed in this form are new compounds more specific to MERS-CoV. These
compounds are also effective against other coronaviruses, and other members of the picomnavirus-
like supercluster, including caliciviruses and picornaviruses, and have potential to develop further
preclinical/clinical test compounds.
In one aspect, an antiviral compound comprising formula (I) or formula (II), or a

pharmaceutically-acceptable salt thereof is provided:

b2
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m and n are each individually 1, 2, or 3; pis 4, 5,6, 7, 8, 9, or 10; each X 1s CH or N, each Y 18
selected from the group consisting of ~O{C=0}-, ~8OC»-, and ~NH{C=0)-; each Z is selected from
the group consisting of ~CHO, -CH{OH)SO:Na, -CH{O(C=0)R)S0;3Na, —-CH{O(C=0)OR}S03Na,
~CH{O{C=0)NHR)SO:Na, — (C=0)C=0)NHR, ~H{C=0)P=0}OR),, —-CN, —«(C=0)COOR, and
substituted or unsubstituted heterocvcles, where each R is selected from the group consisting of
alkyls, haloalkyls, phenyls, and arylalkyls; each Q 15 CH, CR, or N; each Ry is Gln or a Gln
surrogate side chain; each R: is selected from the group consisting of branched or unbranched alkyls
and natural or unnatural amino acids; each R; 1s selected from the group consisting of —H, branched
or unbranched alkyls, substituted or unsubstituted aryls, and arviatkyls; and each Ry is selected from
the group consisting of branched or unbranched alkyls, substituted or unsubstituted aryls, arylalkyls,
=SOR, ~SOuNH,, ~-SONRR, and ~COOR, where each R s selected from the group consisting of
alkyls, haloalkyls, phenyls, and arvlalkyls.

Novel antiviral dipeptidyl compounds are also disclosed. Such compounds comprise formula

(11D):
R
M) @A CHy)g Y )\r§ z
N \T/
H
o) R4

where 7 is selected from the group consisting of ~CHO, ~CH{(CH)SO;Na, ~-CH{O(C=0)R)50:Na, —
CH{O(C=0)OR)SO:Na, -CH(O(C=0)NHR}SO3Na, (C=0}C=0)NHR, «(C=0}P=0)0OR}),, -CN,
~(C=0)COOR, and substituted or unsubstituted heterocycles, where each R is selected from the
group consisting of alkyls, haloalkyls, phenyls, and arvialkyls; Ry is selected from the group
consisting of is Gln or a Gln surrogate; R» is selected from the group consisting of branched or
unbranched alkyls, and natural or unnatural amino acids; Y is selected from the group consisting of —

O(C=0)-, ~$0r—, ~NH(C=0)— qis 1,2,3.4,5,6,7, 8,9, 10, 11, or 12, and Q' is a -H. substituted
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or pharmaceutically-acceptable salis thereof
A method of treating or preventing viral infection in a subject from one or more viruses

XTZ
HED

selected from the group consisting of caliciviruses, picornaviruses, and/or coronaviruses is also

provided. The method comprises administering to said subject a therapeutically-effective amount of

a first antiviral compound according to the various embodiments described herein.
A broad spectrum antiviral composition is also disclosed. The composition comprises a first

10
antiviral compound according to the various embodiments described herein dispersed in a

pharmaceutically-acceptable carrier.
A kit is also provided herein. The kit comprises: an antiviral compound according to the

various embodiments described herein; and instructions for administering the compound to a subject

i5
in need thereof,
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A method of preventing or inhibiting replication of a virus in a cell is also disclosed. The
method comprises contacting the cell with a compound according to the various embodiments
described herein, wherein the virus is selected from the group consisting of caliciviruses,
picornaviruses, coronaviruses, and combinations thereof,

The invention is also concerned with the use of a compound according to the various
embodiments described herein to prepare a therapeutic or prophylactic medicament for the treatment
or prevention of a viral infection from caliciviruses, picornaviruses, and/or coronaviruses in a

subject.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 18 an illustration of an overview of the organization and proteolytic processing of
MERS-CoV polyproteins, ppla and pplb. Scissor images indicate cleavages by 3CLpro, and black
arrowheads by PLpro.

FIG. 2 is an tmage of X-ray co-crystallization of MERS-CoV 3CLpro: GC376 and MERS-
CoV 3CLpro: GCR13;

FIG. 3 1s a reaction scheme depicting the synthesis of GC813 and prodrug variants;

FIG. 4 is a table of the results of enzyme and cell-based assays of effectiveness of dipeptidyl
inhibitor compounds against MERS-CoV, FIPV, and MHV;

FIG. 5 1s a graph of the results of FRET-based assay of dipeptidyl inhibitor compounds
against MERS-CoV and FIPV;

FIG. 6 1s a reaction scheme for synthesis of GC861, GCB67, and GLBES,

FIG. 7 is a reaction scheme for synthesis of GC833;

FIG. B 1s a table of the results of enzyme and cell-based assays of effectiveness of dipeptidyl
inhibitor compounds and piperidine-based derivatives against MERS-CoV, FIPV, and MHY,

FIG. 9 is a graph of the results of FRET-based assay of etfectiveness of dipeptidy! inhibitor
compounds and piperidine-based derivative against MERS-CoV and FIPVY,

FIG. 10 depicts the crystal structure of GC861. A) Electron density, B) Hydrogen bonding
interactions. ) Electrostatic surface with GC861 and G813 superimposed;

FIG. 11 depicts an electrostatic surface representation of Ay GC861 and B) GC868. The N-
Boc-piperidiny! ring was modeled 1n an idealized position for each structure. C) Distances between
the piperidine and BOC groups in the idealized structure of GCR6S;

FIG. 12 illustrates a reaction scheme of design of R4 substituent of GCR6E;

U
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FIG. 13 illustrates a reaction scheme of the synthesis of alpha-ketoamides using Passerini
reaction and design of the R’ group;

FIG. 14 illustrates a reaction scheme of design of Rs substituent of GC86S;

FIG. 15 depicts a representation of benzyl ring substitution for GCB61. Addition of a
methoxy group at the ortho position would place the oxygen atom of the substituent approximately 3
A from Glu 169 and permit formation of a new hydrogen bond; and

FIG. 16 illustrates a reaction scheme of the general synthesis of piperidine-based derivatives

of structure IL

DETAILED DESCRIPTION

Among positive sense RNA viruses, genetic analysis has demounstrated that certain vituses
can be classified as members of the picornavirus-like “supercluster,” which includes picornaviruses,
caliciviruses, and coronaviruses. A common feature of these viruses is that they possess a viral 3C
or 3CL protease which is responsible for most cleavages of the corresponding viral polyprotein.
These 3C and 3CL proteases share some common characteristics, including a typical chymotrypsin-
like fold and a catalytic triad (or dyad) with Cys-His-Glu (or Asp) on the protease, and a preference
for a Glu or Gin residue at the P1 position on the substrate. High resolution 3D structures of these
proteases have confirmed the conservation of active sites with the catalytic triad or dyad and
substrate binding pockets. Viruses in the picornavirus-like supercluster include important human and
anirnal pathogens. For example, caliciviruses include noroviruses (Norwalk virus [NV]), feline
calicivirus, MDD 145, murine norovirus [MINV], vesicular exanthema of swine virus, and rabbit
hemorrhagic disease virus. Picornaviruses include enteroviruses {such as enterovirus 71}, poliovirus,
coxsackievirus, foot-and-mouth disease virus (FMDV), hepatiis A virus (HAV), porcine
teschovirus, and rhinovirus {cause of common cold). Coronaviruses include human coronavirus
{cause of common cold such as 229E strain}, transmuissible gastroenteritis virus (TGEV), murine
hepatitis virus (MHV), bovine coronavirus (BCV), feline infectious peritonitis virus (FIPV), severe
acute rvespiratory syndrome coronavirus {SARS-Co), and Middle East respiratory syndrome
coronavirus (MERS-CoV).

A series of novel protease inhibitors have been synthesized and demonstrated to possess
efficacy against viruses that belong to the picornavirus-like supercluster in enzyme and/or cell based
assays, as well as in /7 vivo animal models. These antiviral compounds are inhibitors of virally-
encoded 3C-like protease (3CLpro} with broad activity specifically against MERS-CoV, as well as

other human and animal coronaviruses. The compounds include dipeptidyl viral protease inhibitors,
o
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including piperidine-based compounds and macrocyclic derivatives thereof. Members of this series
of compounds are highly effective as antiviral therapeutics targeting a specific virus or, more
importantly, they are broad-spectrum antivirals targeting multiple viruses. The wide applicability of
the latter constitutes a significant advance in antiviral research and public health.

Embodiments described herein include antiviral compounds having broad-spectrum
(multivalent) activity against viruses that belong to the picornavirus-like supercluster, including
caliciviruses, picornaviruses and coronaviruses.  The compounds are small-molecule based
antivirals. These compounds have broad-spectrum therapeutic value against multiple viruses of the
picornavirus-like supercluster, which includes important classical and emerging animal and human
pathogens. The compounds effectively target and inhibit viral 3C or 3CL protease activity across
multiple virus species, strains, and subtypes, thereby preventing formation of the mature virus and
inhibiting virus replication in the host cell. In some embodiments, the compounds are prodrugs that
are converted into active compounds that target and inhibit viral 3C or 3CL protease activity. The
compounds have a therapeutic index (ratio of lethal or toxic dose to therapeutic dose) of greater than
about 500:1, indicating the relative safety of such compounds for use in human and veterinary
applications.

In some embodiments, antiviral compounds comprising (consisting essentially or even

consisting of) formula (I}, or the pharmaceutically-acceptable salt thereof, are provided:

Re
(CHalm Yo N. 2

VA V' G
N/ O Ry
{CHaln R,

where, Z 15 selected trom the group consisting of ~CHO, ~CH{OH)}S80:Na, ~-CH{{C=0)R)S0O;Na,
—CH(O{C=0)OR)SO:Na, -CH(O(C=0)NHR)S503Na, «(C=0)C=0)NHR, (C=0}P=0)¥OR), —
CN, «(C=0)COOR, and substituted or unsubstituted heterocycles, where each R is selected from the
group consisting of alkyls (preferably Ci-Cs alkyls), haloalkyis, phenyls, and arylalkyls (preferably
C4-Cyz arylalkyls);, Ry is Gln or a Gin surrogate (i.e, any side chain capable of functioning like Gln
by engaging in critical hydrogen bonding interactions with Thri34 and His157, such as -CHoW
where W is 1-pyrrolidinyl, 3-pyrrolidinyl, ~CHCON(CHs), or ~CH2NHCOR;, where Rs 18 alkyl,
phenyl or arylakyl);, Rz is selected from the group consisting of branched or unbranched Ci-Ce
alkyls, and natural or unnatural amino acids; Rs is selected from the group consisting of —H,

branched or unbranched alkyls (preferably Ci-Ce alkyls), substituted or unsubstituted C5-Cq aryls

~d
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(e.g., substituted or unsubstituted phenyl), and arvlalkyls {preferably Cus-Cry arylalkyls); Y is selected
from the group consisting of —O(C=0)—, —SO»—, and -NH(C=0)—;, m and n are each individually 1,
2,0or3; Xis CH or N; Q1s CH, CR, or N; and Ry is selected from the group consisting of branched
or unbranched alkyls (preterably C;-Cs alkyls), substituted or unsubstituted aryls (preferably C3-Cs
5 aryls, e.g, substituted or unsubstituted phenyl), arylalkyls (preferably Cu-Cyy arvlalkyls), -8R, —
SO:NHz, -SO;NRR, and -COOR, where each R 13 selected from the group consisting of alkvls
{preferably C1-Cs alkyls), haloalkyls, phenyls, and arylalkyls (preferably Cs-Cyp arviatkyls). The
term “pharmaceutically-acceptable salt” refers to an acid or base salt of a compound of the
invention, which salt possesses the desired antiviral activity and is neither biologically nor otherwise

10 undesirable.
In some embodiments, the compounds are piperidine-based or cyclohexane-based derivatives

selected from the group consisting of’

30868 Q{/‘\N
15 H ;
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or a pharmaceutically-acceptable salt thereof.
In some embodiments, macrocyclic antiviral compounds comprising {consisting essentially

or even consisting of) formula (I1), or the pharmaceutically-acceptable salt thereof, are provided:

Ry

oz
(CHM e NJ\( Y
/ >< Hool
—X
AN (CHa)p )
(CH;Z:)B’E \N
H

G

Uy

where 7 ts selected from the group consisting of ~CHO, ~-CH{CH)SOsNa, ~-CH{G{C=0)R)5(:Na, ~
CH{O(C=0)0R)80:Na, -CH(O(C=0)NHR)SO3Na, {(C=O}C=0)NHR, (C=0}P=0)OR}, —-CN,
—{C=0)COOR, and substituted or unsubstituted heterocycles, where each R is selected from the
group consisting of alkyls {preferably C;-Cs alkyls), haloalkyls, phenvyls, and arvlatkyls (preferably
Ca-Crp arylalkyls), Ry is selected from the group consisting of branched or unbranched alkyls
{preferably C1-Cs alkvls), and natural or unnatural aminc acids; Y is selected from the group
consisting of “O(C=0)- and —-S0>—; m and n are each individually T or2; pis 4, 5,6, 7, 8, 9, or 10;
X 15 CH or N; and Ry 1s selected from the group consisting of branched or unbranched alkyls
{(preferably C1-Cs alkyls), substituted or unsubstituted aryls (preferably Cs-Ce aryls, e.g., substituted
or unsubstituted phenvl), arylalkyls (preferably C4-Cry arylalkyls), ~SO:R, ~8GC2NH», ~-SOHNRR,
and —-COOR, where each R 1s selected from the group consisting of alkyls {preferably Ci-Ce alkyls),
haloalkyls, phenyls, and arvlalkyls (preterably C4-Cry arylalkyls). Macrocyclic antiviral compounds
of structure (I} constitute the first class of spiro macrocyclic compounds that potentially offer
advantages in terms of binding Specifically, because the piperidine and macrocyclic rings are
oriented perpendicular to one anocther in the compound, the piperidine ring is envisaged as inserting
itself into the hydrophobic S84 pocket of the protease, augmenting favorable binding interactions.

An exemplary piperidine-based macrocyclic derivative inclades:
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in some embodiments, the compounds are dipeptidyl compounds comprising (consisting

essentially or consisting of) tormula (IH):

Ry
H
(D Q'm——-—{CHg}qu\N N z
N \T/
O Ry

where 7 is selected from the group consisting of ~CHO, -CH{OH)}SO:Na, ~-CH(O(C=0)R)S03Na, —
CH{O(C=0)0OR)S0OsNa, ~CHO(C=0)NHR)}SO3Na, «{C=OHC=NHR, ~«(C=O)}P=0)ORh, ~CN,
—~C=0)COOR, and substituted or unsubstituted heterocycles, where each R is selected from the
group consisting of alkyls (preferably Ci-C¢ alkyis), haloalkyls, phenyls, and arylalkyls (preferably
Cy-Cra arvlalkyls); R; is selected from the group consisting of is Gln or a Gin surrogate {(i.e, any
side chain capable of functioning like Glin by engaging in critical hydrogen bonding interactions with
Thr134 and His157, such as -CHyW where W is 1-pyrrolidinyl, 3-pyrrolidinyl, CH:CON(CHz}, or
CHoNHCOR, where Rs is alkyl, phenyl or arylalkyly; Ry is selecied from the group consisting of
branched or unbranched alkyls (preferably C-Cs alkyls), and natural or unnatural amino acids; Y is
selected from the group consisting of -O(C=0)—, -SO—, -NH(C=0}—; qi1s 1, 2,3, 4,5,6,7, 8, 9,
10, 11, or 12; and Q' is a -H, substituted or unsubstituted phenyl, halogenated phenyl, or
combination thereof.

In some embodiments, the compounds are dipeptidyl compounds selected trom the group

consisting of:
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of one or more of the foregoing

pharmaceutically acceptable salts thereof  Combinations
compounds can also be used in the invention. Embodiments of the invention are also concerned

with compounds for treating new diseases, such as MERS-CoV. Such compounds have increased

specificity for MERS-CoV. Exemplary compounds include compounds comprising formula (1),
compounds comprising formula (I}, and dipeptidyl antiviral compounds described above.

10 Prophvlactic and/or therapeutic compositions with specific or broad-spectrum antiviral

activities are also disclosed. The compositions comprise an antiviral compound described herein

The term carrier 18 used herein to refer to

dispersed in a pharmaceutically-acceptable carrier.
11
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diluents, excipients, vehicles, and the like, in which the antiviral may be dispersed for
admunistration.  Suitable carriers will be pharmaceutically acceptable.  As used herein, the term
“pharmaceutically acceptable” means not biologically or otherwise undesirable, in that it can be
administered to a subject without excessive toxicity, trritation, or allergic response, and does not
cause unacceptable biological effects or interact in a deleterious manner with any of the other
components of the composition in which it is contained. A pharmaceutically-acceptable carrier
would naturally be selected to minimize any degradation of the compound or other agents and to
minimize any adverse side effects in the subject, as would be well known to one of skill in the art.
Pharmaceutically-acceptable ingredients include those acceptable for veterinary use as well as
human pharmaceutical use, and will depend on the route of administration. For example,
compositions suitable for administration via injection are typically solutions in sterile isotonic
aqueous buffer. Exemplary carriers include aqueous solutions such as normal {n.) saline (~0.9%
NaC(l), phosphate butfered saline (PBS), sterile water/distilled autoclaved water (DAW), various oil-
in-water or water-in-oil emulsions, as well as dimethy! sulfoxide (DMSO), or other acceptable
vehicles, and the like.

The composition can comprise a therapeutically effective amount of the compound dispersed
in the carrier. As used herein, a “therapeutically effective” amount refers to the amount that will
elicit the biological or medical response of a tissue, system, or subject that 13 being sought by a
researcher or clinician, and in particular elicit some desired therapeutic or prophylactic effect as
against the viral infection by preventing and/or inhibiting 3C or 3CL protease activity and/or viral
replication. One of skill in the art recognizes that an amount may be considered therapeutically
“effective” even if the condition is not totally eradicated or prevented, but it or its symptoms and/or
effects are improved or alleviated partially in the subject. In some embodiments, the composition
will comprise from about 5% to about 95% by weight of an antiviral compound described herein,
and preferably from about 30% to about 90% by weight of the antiviral compound, based upon the
total weight of the composition taken as 100% by weight. In some embodiments, combinations of
more than one type of the described antiviral compounds can be included 1o the composition, n
which case the total levels of all such compounds will preferably fall within the ranges described
above.

Other ingredients may be included tn the composition, such as adjuvants, other active agents,
preservatives, buffering agents, salts, other pharmaceutically-acceptable ingredients. The term
“adiuvant” ts used herein to refer 1o substances that have immunopotentiating effects and are added

to or co-formulated in a therapeutic composition in order to enhance, elicit, and/or modulate the
12
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innate, humoral, and/or cell-mediated immune response against the active ingredients. Other active
agents that could be included in the composition include other antiviral compounds (e.g., cathepsin
inhibitors, polymerase inhibitors such as GS8-5734, interferons) or any immunogenic active
components {(e.g., antigens) such as those that resemble a disease-causing microorganism or
infectious agent, and/or are made from weakened or killed forms of the same, its toxins, subunits,
particles, and/or one of its surface proteins, such that it provokes an immune response to that
microorganism or infectious agent. In addition to live, modified, or attenuated vaccine components,
active agents using synthetic peptides, carbohydrates, or antigens can also be used.

Compositions according to the embodirnents disclosed herein are usetul in treating and/or
preventing viral infection from caliciviruses {(noroviruses), picornaviruses, and/or coronaviruses in a
subject. Thus, embodiments described herein have broad-spectrum therapeutic and/or prophylactic
uses. The terms “therapeutic” or “treat,” as used herein, refer to processes that are intended to
produce a beneficial change in an existing condition (e.g., viral infection, disease, disorder) of a
subject, such as by reducing the severity of the clinical symptoms and/or effects of the infection,
and/or reducing the duration of the infection/symptoms/effects. The terms “prophylactic” or
“prevent,” as used herein, refer to processes that are intended to inhibit or ameliorate the effects of a
future viral infection or disease to which a subject may be exposed (but is not currently infected
with). In some cases the composition may prevent the development of observable morbidity from
viral infection (i.e., near 100% prevention). In other cases, the composition may only partially
prevent and/or lessen the extent of rorbidity due to the viral infection (i.¢, reduce the severity of the
symptoms and/or  effects of the infection, and/or reduce the duration of the
infection/symptoms/effects). In either case, the compounds are still considered to “prevent” the
target infection or disease.

In use, a therapeutically-effective amount of an antiviral compound is administered to a
subject. In some embodiments, a composition comprising a therapeutically-effective amount of an
antiviral compound is administered to a subject. Regardless, the compound or pharmaceutically
acceptable salt thereof will preferably be admunistered to the subject in an amount sufficient to
provide antiviral compound levels {independent of salt, if any) of from about 0.1 mg to about 1,000
mg of compound per kg of body weight of the subject, preferably from about 1 mg/kg to about 100
mg/kg of body weight of the subject, and more preferably from about 10 mg/kg to about 50 mg/kg of
body weight of the subject. Thus, it will be appreciated that in the case of compound salts, for
example, the formulation may be administered in amounts greater than the above ranges to provide

sufficient levels of the active compound. In one or more embodiments, treatment protocols include
13
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oral or parenteral administration, including intravenous, subcutaneous and intramuscular routes, of
the antiviral compound one to four times per day with a total daily dosage of from about 1 to about
200 mg/day per kg of the subject’s bodyweight for up to 24 weeks.

In some embodiments, the subject 15 afflicted with or suffering from a condition (e.g.,
infection, disease, or disorder) before the compounds are administered, wheretn methods described
herein are useful for treating the condition and/or ameliorating the effects of the condition. In one or
more embodiments, the methods are useful for reversing progression of the disease or condition. In
other embodiments, the subject is free of a given condition before administering the compound,
wherein the methods described herein are useful for preventing the occurrence or incidence of the
condition and/or preventing the effects of the condition, as described above. As noted, the disclosed
embodiments are suitable for various routes of admimstration, depending upon the particular carrier
and other ingredients used. For example, the prophylactic and/or therapeutic compounds or
compositions can be injected intramuscularly, subcutaneously, intradermally, or intravenously. They
can also be administered via mucosa such as intranasally or orally. The compounds or compositions
can also be administered through the skin via a transdermal patch.

In some embodiments, the compound or compositions can be provided in unit dosage form in
a suitable container. The term “unit dosage form” refers to a physically discrete unit suitable as a
unitary dosage for human or animal use. Each unit dosage form may contain a predetermined
amount of the inventive compound {and/or other active agenis) in the carrier calculated to produce a
desired effect. In other embodiments, the compound can be provided separate from the carrier (e g.,
in its own vial, ampule, sachet, or other suitable container) for on-site mixing before administration
to a subject. A kit comprising the antiviral compound(s) is also disclosed herein. The kit further
comptises instructions for administering the compound to a subject. The antiviral compound(s) can
be provided as part of a dosage unit, already dispersed in a pharmaceutically-acceptable carrier, or it
can be provided separately from the carrier. The kit can further comprise instructions for preparing
the antiviral compounds for administration to a subject, including for example, instructions for
dispersing the compounds in a suitable carrier.

It will be appreciated that therapeutic and prophylactic methods described herein are
applicable to humans as well as any suitable animal, including, without himitation, dogs, cats, and
other pets, as well as, rodents, primates, horses, cattle, pigs, etc. The methods can be also applied for
clinical research and/or study. Additional advantages of the various embodiments of the disclosure
will be apparent to those skilled in the art upon review of the disclosure herein and the working

examples below. It will be appreciated that the various embodiments described herein are not
14



10

15

30

WO 2017/222935 PCT/US2017/037920

necessarily mutually exclusive unless otherwise indicated herein. For example, a feature described
or depicted in one embodiment may also be included in other embodiments, but 1s not necessarily
included. Thus, the present invention encompasses a variety of combinations and/or integrations of
the specitic embodiments described and claimed herein.

As used herein, the phrase “and/or,” when used in a list of two or more items, means that any
one of the listed items can be employed by 1tself or any combination of two or more of the listed
items can be employed. For example, if a composition is described as containing or excluding
components A, B, and/or C, the composition can contain or exclude A alone; B alone; C alone; A
and B in combination; A and C in combination; B and C in combination; or A, B, and C in
combination,

The present description also uses numerical ranges to quantify certain parameters relating to
various embodiments of the invention. It should be understood that when numerical ranges are
provided, such ranges are to be construed as providing literal support for claim limitations that only
recite the lower value of the range as well as claim himitations that only recite the upper value of the
range. For example, a disclosed numerical range of about 10 to about 100 provides literal support
for a claim reciting “greater than about 107 (with no upper bounds) and a claim reciting “less than

about 100” {with no lower bounds).

EXAMPLES
The following examples set forth methods in accordance with the invention. It is to be
understood, however, that these examples are provided by way of lustration and nothing therein
should be taken as a limitation upon the overall scope of the invention. Except where noted,
precursor, intermediate, and final compounds described in the synthesis reactions below are

independently numbered 1n each Example.

Introduction

The coronavirus envelope contains three major viral proteins: the spike glycoprotein (8),
small envelope protein (E), and M glycoprotein (M). Coronavirus entry is initiated by the binding of
S protein to cell receptors (human CD26/dipeptidyl peptidase 4 [hDPP4] for MERS-CoV}. In the
endosome, the fusion peptide in the S protein induces fusion to endosomal membranes leading to
viral RNA entry into the cytoplasm. RNA-dependent RNA polymerase (RdRp) is responsible for
replication and transcription of the coronavirus RNA genome fo produce genome-size and

subgenomic RNAs. The viral RNAs produce polyproteins, ppla and pplb, that are subsequently
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cleaved by two virus proteases, a papain-like protease (PLpro) and 3CLpro (the main protease) into
the mature functional proteins. The structural proteins, including S, M and E, assemble to form
nucleocapsids containing the viral genome and are encased with its membrane on ER. These viral
progenies are transported by the Golgi vesicles to the cell membrane and then released.

Coronavirus Genome Orgonization and Polvprotein Processing. MERS coronavirus is an
enveloped virus with a single-stranded, positive sense RNA genome of ~29.7 kb. The two large open
reading frames (ORFla and ORF1b) on the 5° end of the MERS-CoV genome encode nonstructural
proteins, while those on the 37 end encode the spike glycoprotein (8), the small envelope protein (E),
the membrane glycoprotein (M), and the nucleocapsid structural proteins and several accessory
proteins. Translation of the genomic mRNA of ORFla vields polyprotein ppla. A second
polyprotein {ppl1b) is the product of a ribosomal framue shift that joins ORFla together with ORF1b.
ORFla encodes a PLpro and a 3CLpro. Polyproteins ppla and pplb are processed by 3CLpro (11
cleavage sites) and PLpro (three cleavage sites), resulting in 16 mature nonstructural proteins (nsp)
(FIG. 1). Both proteases are essential for viral replication, making them attractive targets for drug
development.

MERS-CoV 3CLpro. MERS-CoV 3CLpro is a chymotrypsin-like cysteine protease. It has
two N-terminal domains containing two B-bairel chymotrypsin-like folds with the active site in the
cleft between the domains, and a globular cluster comprising five helices. MERS-CoV 3CLpro has a
catalytic Cys148-His41 dyad in the active site and displays a primary substrate specificity for a Pl
Glo residue which 1s held tightly in the 51 pocket via an array of hydrogen bonds. The largely
hydrophobic 582 subsite shows a strong preference for a P2 Leu residue, although Met and Phe are
also accommodated. The P3 residue side chain is oriented toward the solvent, thus P3 can be highly
diverse (Val, Thr, Lys), while the 54 pocket is shallow, preferring a small P4 side chain {Ala).
Functional and structural studies have revealed the similarities between the 3CLpro of coronaviruses
which may be exploited in the design of broad-spectrum inhibitors. Furthermore, the stringent
requirement for a P1 Gln provides a measure of assurance that inhibitors of 3CLpro may display
high selectivity since no host-cell proteases are known with this specificity. In summary, MERS-

CoV 3CLpro is an attractive target for the design and development of MERS-CoV therapeutics.

EXAMPLE 1
Structure-guided design of dipeptidyl inhibitor GC813 and piperidine-based compounds. The
high resolution crystal structure of MERS-CoV 3CLpro in complex with a previously-developed

inhtbitor compound designated as GC376 was determined. The results are shown in FIG. 2. GC 376
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is described in detail in U.S. Patent No. 9,474,759, filed September 27, 2012, incorporated by

reference herein.
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Examination of the active site of the MERS 3CLpro:GC376 complex revealed that the aldehyde
bisulfite adduct had reverted to the precursor peptidyl aldehvde, which subsequently formed a
tetrahedral hemithiocacetal upon reaction with Cys 148. The structure reveals a network of backbone
hydrogen bonds which ensure correct positioning of the inhibitor to the active site, as well as two
critical hydrogen bonds with the P1 Gln surrogate side chain. The inhibitor P2 Leu side chain is
snugly nestled into the hvdrophobic 82 subsite of the enzyme. Importantly, the structure indicates a
hydrophobic-driven interaction between the benzyl group of the inhibitor and the Gln surrogate side
chain.

Based upon our extensive expertise with these viruses and the original compounds, additional
structures were developed in which the “cap” i1s extended to permit the inhibitor compound to
assume an extended conformation and orient the phenyl ring toward the hydrophobic 84 pocket of
the target enzyme. Validation of these ideas was obtained by synthesizing a new antiviral compound,

according to the reaction scheme illustrated in FIG. 3. This new compound 1s designated as GC813:

OH
SOsNa

GC813 m\\>

The high resolution X-ray crystal structure of the MERS-CoV 3CLpro:GC813 complex was then

v

determined. As shown tn FIG. 2, the m-Cl phenethyl side chain occuptes the 54 subsite and engages
in additional favorable binding interactions with the target enzyme.  Additional dipeptidyl

compounds were synthesized for further investigation:
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Enzyme and cell based assay to screen compounds effective against coronaviruses including
feline infectious peritonitis virus (FIPV), mouse hepatitis virus (MHV) and MERS-CoV. The
antiviral effects of each compound on the replication of FIPV (1146 strain}, MHV {(AS9 strain) or
MERS-CoV (EMC2013 strain} were examined in cell culture systems using CRFK, CCL-9.1 or
Vero-81 cells, respectively. Briefly, confluent or semiconfluent cells were inoculated with each virus
at a multiplicity of infection of 0.05 for 1 h, and the inoculum was replaced with medium containing
DMSO or each compound (up to 100 uM). The virus-infected cells were further incubated for up to
96 h, and the rephication of virus was measured by the 50% tissue culture infective dose (TCID30)
method or plague forming assay. The EC50s of compounds were determined using a software.

The results are shown in FIG. 4, and overall, the compounds displayed broad activity against tested
coronaviruses with minimal cytotoxicity.

The protease inhibition potential of the dipeptidyl compounds was also assessed using a
fluorescence resonance energy transtfer (FRET) protease assay. In this assay system, substrates have
a fluorescence donor and a quencher on each end, and the donor fluorescence signal in the uncleaved
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substrate is inhibited by the interaction of the fluorescence donor and quencher. Once substrates are
cleaved by a protease, the donor fluorescence is no longer quenched, yielding an increase in
fluorescence intensity. Addition of protease inhibitors to the assay inhibits the cleavage of the
substrates, which leads to reduced fluorescence intensity, enabling screening of potential protease
inhibitors. For the enzyme assay, the codon-optimized, full-length 3CLpro from FIPV or MERS-
CoV were generated and their enzymatic activity was characterized using a FRET substrate, Dabceyl-
KTSAVLQ/SGFRKME-Edans (SEQ 1D NO:1), derived from the cleavage sites on the coronavirus
polyproteins. To examine the effects of compounds against the 3CLpro, each protease was mixed
with serial dilutions of each compound, followed by the addition of assay buffer containing the
substrate. Fluorescence readings were obtained, and Relative fluorescence units (RFU) were
determined by subtracting background values (substrate~-containing well without protease). The IC50

of each compound was determined using a sottware. The results are shown in FIG. 4 and FIG. 5.

EXAMPLE 2

As shown in FIG. 2, the high resolution X-ray crystal structure of MERS-CoV 3CLpro in
complex with dipeptidyl transition state inhibitor GC813 shows that in addition to an array of H-
bonds with GIn192, Glul69, and GIn167, and the backbone of the inhibitor which serve to correctly
position the inhibitor at the active site, the inhibitor interacts with the S1, S2 and S4 subsites but not
the S3 subsite.

Structurally novel compounds were generated by attaching a piperidine moiety to the
dipeptidyl component, to render the compound capable of (a) orienting recognition elements R3 and
R4 in a correct vector relationship for optimal interactions (R4/54 and R3/83), resulting in a
cotresponding enhancement in pharmacological activity, and (b) providing a flexible means for the
structure~-guided parallel optimization of ADMET/PK and physicochemical properties using
diversity sites R3 and R4 in inhibitor (I). Further structure-guided design based on GC813 vielded a
structurally-novel and IP-robust series of compounds (1), depicted below with their respective

subsite interactions indicated:
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The following specific compounds are generated:

W

Materials and Methods
Reagents and dry solvents were purchased from various chemical suppliers (Aldrich, Acros

10 Organics, Chem-Impex, TCI America, and Bachem) and were used as obtained. Silica gel (230-450

20



10

15

30

WO 2017/222935 PCT/US2017/037920

mesh) used for flash chromatography was purchased from Sorbent Technologies (Atlanta, GA). Thin
layer chromatography was performed using Auvaltech silica gel plates. Visualization was
accomplished using UV light and/or iodine. NMR spectra were recorded in CDCly or DMSO-ds
using a Varian XL-400 spectrometer. Melting points were recorded on a Mel-Temp apparatus and
are uncorrected. High resolution mass spectrometry (HRMS) was performed at the University of
Kansas Mass Spectrometry lab using an LCT Premier mass spectrometer (Waters, Miltord, MA)
equipped with a time of flight mass analyzer and an electrospray ion source. The purity of the
compounds was established using HPLC and was >95%.

The reaction scheme for synthesis of GC861, GC867, and GCREE 13 illustrated in FIG. 6.
The reaction scheme for synthesis of GC833 is illustrated in FIG. 7.

Synthesis of substituted 1-Boc-4-piperidinols 1. To a solution of 1-Boc-4-piperidinone (10
mmol} in dry THF (15 ml) in ice bath at 0 °C was added appropriate Grignard solution (11
mmol/1.1 eq) drop wise under Nz atmosphere. After the completion of addition of Grignard solution
reaction mixture was stirred over 3 h at room temperature under Ny atmosphere while monitoring
completion of the reaction by checking TLC. After the completion of reaction, the reaction mixture
was diluted with water (25 mL}. The solution was acidified to pH ~3 using 5% hydrochloride acid.
Then THF was removed on the rotary evaporator and the residue was taken up in ethyl acetate (75
mL) and extracted product in to organic layer from aqueous phase. The organic layer then washed
with brine (40 mL) and was separated organic layer from aqueocus layer. The EtOAc organic layer
was dried over anhydrous sodium sulfate, filtered and concentrated to yield a colorless oily product.
Puritication by flash chromatography yielded ester / as a white solid,

Svnthesis of amino acid methyl esters 2. To a 250 mL RB flask (oven dried and purged with
nitrogen) was added absolute methanol (30 mL) and the solution was cooled to 0 °C in an ice bath
while kept under a nitrogen atmosphere. Thionyl chioride (8 mL) was added to the cooled methanol
with stirring, followed by the addition of the amino acid (100 mmol). The ice bath was replaced by a
water bath and the reaction mixture was heated to ~50 °C for 3 h with stirring. Removal of the
solvent left a white residue which was washed with diethyl ether (250 mL) and collected by vacuum
filtration to yield the amino acid methyl ester hydrochloride 2 as a white solid.

Synthesis of amino acid methyl ester isocyanates 3. Amino acid methyl ester hydrochloride
{100 mamol) was placed in a dry 500-mL RB flask and then dried overnight on the vacuum pump.
The flask was flushed with nitrogen and dry dioxane (200 mL) was added followed by

trichloromethy! chloroformate (29.67 g, 150 mmol)}, and the reaction mixture was refluxed for 10 h.
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The solvent was removed on the rotary evaporator and the residue was vacuum distilled to yield pure
isocyanate 3 as a colorless oil.

Symthesis of substituted piperidine-derived carbamates 4. A solution of substituted 1-Boc-4-
piperidinol (20 mmol} in dry acetonitrile (15 mL) was treated with triethylamine (4.05 g, 40 mmol}
followed by the amino actd methy! ester isocyanate (20 mmol). The resulting solution was refluxed
for 2 h and then allowed to cool to room temperature. The solution was concentrated and the residue
was taken up in ethyl acetate (75 mL). The organic layer was washed with 5% HCIH (2 x 20 mL} and
brine (20 mb) The organic layer was dried over anhvdrous sodium sulfate, filtered and
concentrated, leaving a colorless oil (compound 4). Synthesis of compound 13 for GCE33 followed
this same general procedure.

Synthesis of acids 5. A solution of ester 4 (20 mmol}) 1o tetrabydrofuran (30 mL) was treated
with 1M LiOH (40 mL) The reaction mixture was stirred for 3 h at room temperature and the
disappearance of the ester was monitored by TLC. Most of the solvent was evaporated off and the
residue was diluted with water (25 mbL). The solution was acidified to pH ~3 using 5%
hydrochloride acid {20 mL) and the aqueous layer was extracted with ethyl acetate (3 x 100 mL).
The combined organic layers were dried over anhydrous sodium sulfate, filtered, and concentrated to
vield compound 5 as a colorless oil. Synthesis of compound 13 for GCE33 followed this same
general procedure.

Synthesis of compounds 6. To a solution of compound 5 (10 mmol} in dry DMF (20 mL} was
added EDCI (2.40 g, 12.5 romol, 1.25 eq), HOBt (1.92 g, 12.5 mmol, 1.25 eq) and the mixture was
stirred for 30 minutes at room temperature. In a separate flask, a solution of deprotected glutamine
surrogate /2 (223 ¢ 10 mmol} in DMF (15 ml) cooled to 0-5 °C was treated with
ditsopropylethylamine (BIEA} (9.5 g, 40 mmol, 4 eq), stirred for 30 minutes, and then added to the
reaction mixture containing acid. The reaction mixture was stirred for 12 h while monitoring the
reaction by TLC. The solvent was removed and the residue was washed between ethyl acetate (100
ml) and 10% citric acid (2 x 40 mL). The ethyl acetate layver was further washed with saturated
aqueous NaHCO; (40 mL), followed by saturated NaCl (50 mL). The organic layer was dried over
anhydrous sodium sulfate, filtered and concentrated to yield a yellow-colored oily product.
Purification by flash chromatography yielded ester 6 as a white solid. Synthesis of compound 14 for
(G833 toliowed this same general procedure.

Svnthesis of compounds 7. To a solution of compound 6 (10 mmol) in dry DCM (5 mL) was
added 4M HCl in dioxane (8 mL} and the mixture was stirred for an hour at room temperature. The

solvent was removed and dried under high vacuum for couple of hours before the product dissolve in
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dry THF (20 mL). Then appropriate suifonyl chloride derivative or chloroformate denvative (11
mmol/ 1.1 eq) was added to stirring solution. Reaction mixture was stured for 12 h at room
temperature. The solvent was removed and the residue was washed between ethyl acetate (50 mL)
and 5% HCU (2 x 20 mL). The ethyl acetate layer was further washed with saturated NaCl (20 mL).
The organic layer was dried over anhvdrous sodium sulfate, filtered and concentrated to yield a
crude product. Purification by flash chromatography vielded ester 7 as a white solid

Symthesis of alcohols 8. To a solution of ester 7 (5 mmol} in anhydrous THF (30 mL) was
added lithium borohydride (2M in THF, 7.5 mL, 15 mmol) dropwise, followed by absolute ethyl
alecohol (15 mL), and the reaction mixture was stirred at room temperature overnight. The reaction
mixture was then acidified by adding 5% HCI and the pH adjusted to ~2. Removal of the solvent left
a residue which was taken up in ethyl acetate (100 mL). The organic layer was washed with brine
{25 mL), dried over anhydrous sodium suifate, filtered, and concentrated to vield compound 8 as a
white solid.

Synthesis  of aldehydes 9. Compound & (5 mmol} was dissolved in  anhydrous
dichloromethane (50 mL) under a nitrogen atmosphere and cooled to 0°C. Dess-Martin periodinane
reagent (3.18 g, 7.5 mmol, 1.5 eq) was added to the reaction mixture with stirring. The ice bath was
removed and the reaction mixture was stirred at room temperature for 3 h (monitoring by TLC
indicated complete disappearance of the starting material). A solution of 10% aqueous sodium
thiosulfate (20 mL) was added and the solution was stirred for ancther 15 minutes. The aqueous
layer was removed and the organic layer was washed with 10% aqueous sodium thiosulfate (20 mL),
followed by saturated agueous sodium bicarbonate (2 x 20 mL), water (2 x 20 mbL) and brine (20
ml). The organic layer was dried over anhydrous sodium sulfate, filtered and concentrated. The
yvellow residue was purified by flash chromatography (silica gel/methyiene chioride/ethyl
acetate/methanol) to yield a white solid 9. Synthesis of aldehyde 16 for GC833 foliowed this same
general procedure.

Synthesis of bisulfite adducts 0. To a solution of aldehyde 9 (5 mmol} in dry ethyl acetate
(20 mL) was added absolute ethanol (12 ml) with stirring, followed by a solution of sodium
bisulfite (540 mg; 5 mmol) in water (5 mL). The reaction mixture was stirred for 3 h at 50 °C. The
reaction mixture was allowed to cool to room temperature and then vacuum filtered. The solid was
thoroughly washed with absolute ethanol and the filtrate was dried over anhydrous sodium sulfate,
filtered, and concentrated to vield yellowish oil. The otly product was treated with ethyl ether (2 x 50

mL} to form white solid. The white solid was stirred with ethyl ether (30 mL} and ethyl acetate (15
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mL)} for 5 minutes. Careful removal of the solvent using a pipette left compound /0 as a white solid.
Synthesis of bisulfite adduct 17 for GC833 followed this same general procedure.

fn vitro and cell-based screening with the foregoing derivatives of structure (1} demonstrate
the effectiveness of (1), were carried out using the same protocols described above. As shown in
FiG. 8 and FIG. 9, these compounds were found to be non-toxic, selective, and highly effective
against MERS-CoV, FIPV and murine hepatitis virus (MHV). GC376 was used as a positive control
for the tests. Two piperidine-based compounds (including GUB68) were tested for selectivity against
several human proteases, including a-chymotrypsin, trypsin, thrombin, Factor Xa and plasmin. No or
minimal inhubition of these enzymes by the compounds was observed following a 15-minute
incubation time at an inhibitor to enzyme ratio of 250, Overall, these compounds displayed broad
spectrum  activity against the tested coronaviruses with minimal cytotoxicity and excellent

selectivity.

EXAMPLE 3
Optimize the piperidine-derived lead series of MERS-Col” 3CLpro inhibitors by iterative medicinal
chemistry and structure-based drug design
High resolution X-ray crystal structures of several derivatives of (I} bound to MERS-CoV
3CLypro were obtained, including the cocrystal structure of the MERS-CoV 3CLpro:inhibitor GC861
complex. The cocrystal structure of the complex showed that, under the crystaliization conditions
used, the aldehyde bisulfite adduct reverted to the precursor aldehyde which subsequently formed a
tetrahedral adduct with the active site cysteine (Cys148) (FIG. 10A). Inspection of the active site
revealed the presence of prominent electron density consistent with inhibitor GCR61, however, the
N-Boc-piperidinyl motety was disordered. Inhibitor GC861 is bound to the active site of the enzyme
via a network of backbone H-bonds with GIn192, GIn167, and Glul69 (FIG. 10B). Additionally, an
H-bond with His41 serves to stabilize the hemi-thicacetal tetrahedral adduct. Also clearly evident are
three critical H-bonds involving the P1 Gln surrogate ring oxvgen and nitrogen with Glul69, His166
and Phel43. Importantly, the H-bonding interactions are identical to those of inhibitor GC813 (FIG.
2}. Furthermore, the structural complementarity of inhibitors GC861 and GC&13 is also evident in
the electrostatic surface representation of the enzyme with the two inhibitors nestled in the active site
{(FIG. 10C).
Increased potency and optimal PK can be accomplished using appropriate R3 and R4
substituents, as well as the Z “warhead” component. It should be noted that the proposed piperidine-

based design stratagem is a hitherto unrecognized effective way of rendering a dipeptidyl inhibitor
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equivalent to a tetra-peptidyl inhibitor capable of engaging in optimal binding interactions with all
four 51-84 subsites but which should display diminished PK liabilities because of its reduced
peptidyl character.

Design of Z component. Warheads () of varying reactivity and physicochemical properties
, aldehyde bisulfite adducts where Z= -CH{OH)}SOsNa, -
C(OHYS0:Na)CONHX, and bisulfite adducts of a-ketoamides where Z= {C=0)yCONHX, where X
is alkyl (preferably C:i-Cs alkyl}, -OR, or -CHRCOOCH;. Dipeptidyl aldehyde bisulfite adducts

are being investigated, specifically

show promising characteristics of high potency (comparable to that of the precursor aldehydes), no
cytotoxicity, and favorable PK characteristics. The PK profiles of the aldehyde bisulfite adducts can
also be effectively modulated through the use of ester and carbonate ester precursors (Z= -
CH({OCOR)SO3Na or -CH(OCOOR)SO:Nay. We have also demounstrated for the first time that
bisulfite adducts of a-ketoamides function as potent inhibitors of viral 3CLpro and we propose
herein to evaluate these compounds in greater detail. These u-ketoamides afford greater design
flexibility by varying R’, which projects toward the S” subsites. Additional work is being carried out
on structural variants of a-ketoamides which provide an additional hydrogen bond acceptor site
{(R’=0R} and are capable of engaging in favorable binding interactions with the S17 subsite of
MERS-CoV 3CLpro (R'=CHRCOOCH;:). To our knowledge, alkoxy and amino acid-derived
structural variants of a-ketoamides have not been described before. In summary, the proposed
approach endows inhibitor (I} with superior characteristics, including the ability to exploit favorable
binding interactions with the S and §° subsites of the protease and enhances the likelihood of
attaining optimal potency, PK, and oral bicavailability profiles, as compared to previcus compounds.

Svnthesis and Optimization of inhibitor (I). A structure-guided approach will continue to be
used to subject the identified lead series (I} through iterative cycles of lead optimization to further
improve potency, selectivity, and ancillary parameters, such as metabolic stability, solubility,
permeability, toxicity {cytotoxicity, CYP enzymes, hERG channel, and P-glycoprotein inhibition),
PK characteristics, oral bicavailability, and in vive efficacy in an animal model. This goal will be
achieved by pursuing a lead optimization program that utilizes an integrated and iterative approach
involving medicinal chemistry {(SAR studies), structure-based drug design, X-ray crystallography,
enzyme and cell-based assays, and in vivo animal studies. Thus, compounds will continue to be
designed, synthesized, and screened in in virro and cell-based assays in an iterative fashion with pre-
defined benchmarks established for prioritization and advancement. Most importantly, during the
lead optimization process, special emphasis will continue to be placed on concurrently optimizing

physicochemical properties known to impact tavorably PK and oral bicavailability properties by
2
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giving due consideration to Lipinski’s rule of 5 (MW <500, HBD <5, HBA <10, clog P <5) and
Veber’s guidelines (number of rotatable bonds <10, sum of HBD and HBA <12, PSA <140 A). The
incorporation of structural features into the lead compounds that are predeminantly congruent with
these guidelines will likely ensure that drug-likeness is optimized Our initial focus has been to
explott the high synthetic tractability of (I) and diversity sites R3 and R4, as well as R’ in the case of
a-ketoamides (the P1 and P2 residues are already optimized and will remain invariant, namely, Pl
Leu and P2 Gin surrogate) to develop structure-activity relationships and improve potency while
profiling in parallel the ADMET properties of lead compounds using fast pharmacokinetic studies to
rapidly ascertain the PK properties of the compounds and conduct full PK studies only with the most
promising compounds. In short, antiviral activity and ADMET/PK will be optimized in parallel. The
high synthetic tractability of (I), the methodologies employed, and the extensive synthetic and
medicinal chemistry expertise available to the project, are expected to yield the desired analogs
expeditiously. As mentioned earlier, a P1 Gln surrogate will be used for synthetic tractability and a
P2 Leu (the P2 residue strongly preferred by MERS 3CLpro) for optimal hydrophobic interactions
with the S2 subsite. Because the Pl and P2 residues remain invariant, the optimization plan entails
the sequential optimization of R4, then X {in a-ketoamides) and, finally, R3.
Structure-guided Design of R4 of Infiibitor GC868.

G868

R4 = -COOC(CH3)s H

|
2,048
N
ol Lo
...... 0 :j\»
‘N
C° oy

The N-Boc-piperidinyl in the structure of GC861 is disordered, however, since the position of the
benzyl group could be discerned from the electron density maps, the N-Boc-piperidinyl moiety was
placed in an idealized position and is positioned in a relatively hydrophobic cleft of the S4 subsite
surrounded by Alal71, Leul70, Val193, His194 and Gin19S (FIG. 11A). The lack of hydrogen bond
contacts for this segment of the inhibitor most likely results in the observed disorder. Likewise, the
N-Boc-piperidinyl moiety in the idealized structure of GCB68, which does not possess the benzyl
group, ts expected to adopt a similar binding mode (FIG. 11B). Inspection of FIG. 11B revealed
opportunities tor additional binding interactions with a more efficient use of chemical structure. By
way of illustration, one such opportunity was recognized by observing that the N-Boc-carbonyl and
methyl groups are positioned 4.5 A from the backbone nitrogen atoms of Alal71 and His194 (FIG.

11C). Thus, we envisage that the replacement of the N-Boc group n inhibitor GC868 with an
26
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appropriate functional group (computational and docking studies suggest R4=RS0O, and RO(C=0)
are optimal) could serve as a locus for the formation of one or more H-bounds with Alal71 and
His194, as well as engage in hydrophobic interactions, thereby increasing binding affinity by
stabilizing the N-Boc-piperidine moitety and “locking” the inhibitor in the $4 subsite.

Because the precise position of the N-substituted piperidine motety is not currently known,
the aforementioned hypothesis will be evaluated via the construction of two focused libraries (ten
members each) with Ry=RS80; and RO(C=0) using commercially-available sulfonyl chlorides and
alkyl chloroformates pre-filtered in terms of computational- and modeling-based active site fit,
ability to engage in H-bonding and hydrophobic interactions, and high stability. Thus, coupling of
N-Boc-4-piperidinol with readily-available dipeptide (A} using N N’-disuccinimidyl carbonate
(DSC) followed by removal of the Boc group vields a piperidine-based dipeptide ester which is
subsequently coupled individually to a ten-member set of sulfony! chlorides and a ten-member set of
alkyl chloroformates. Further elaboration of each member of the generated libraries is anticipated to
yield the aldehyde bisulfite adducts as shown in FIG. 12.

Screening of the bisulfite adducts will likely reveal the identity of the optimal R4 group in
GCB68. Such “cap” modifications have been highly successful in improving the pharmacological
activity, selectivity and PK profiles of HCV NS3/4A protease inhibitors.

Structure-guided Design of R’ of Inhibitor GCU868. Once R4 1s optimized and, since the P1
and P2 residues are already fixed, the design of R’ will be expeditiously accomplished using the

Passerini reaction,

Thus, a structurally-diverse set of alkyl, alkoxy and amino acid-dertved isonitriles will be used to
generate a focused library of a-hydroxyketoamides (B) as shown tn FIG. 13

The desired alkyl, alkoxy and amino acid-derived isonitriles can be readily synthesized from
the precursor N-formamides. The a-hydroxyketoamides will be subsequently coupled individually to
the appropriate 4-piperidinol bearing previously-optimized R4 (vide supra) using NN’-
disuccinimidyl carbonate (DSC) followed by Dess-Martin oxidation to yield a series of structurally-

diverse u-ketoamides which will be evaluated for their activity against MERS-CoV 3CLpro in vitro
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and cell-based assays. The generated a-ketoamides will be prioritized and the top 2-3 g-ketoamides
will be used to evaluate enzyme selectivity, conduct preliminary PK studies, and obtain high-
resolution cocrystal structures with MERS-CoV 3CLpro. Our primary objective at this stage is to
wdentify optimal R4 and Z moieties in inhibitor (I} that result in improved potency and selectivity
and, most importantly, display satisfactory PK characteristics,

Structure-guided Design of R3. Further design of pharmacological activity, selectivity and
ancitlary PK parameters is envisioned to involve optimization of R3 as shown in FIG. 14, as a means

of ultimately identifying 2-3 lead compounds suitable for conducting further pre-clinical studies.

O
Y §
— N Z
N 0] N e
R4 N ! { :
R; oo
/>
07N
H

Inspection of the crystal of the MERS-CoV inhibitor GC861 suggests that the presence of a H-bond
acceptor, such as a —OCH; group, at the ortho position would allow the formation of a H-bond with
Glul69 (FIG. 15). The main objective is to optimize lead series (I) and identify a preclinical
candidate, as well as 1-2 back up compounds, with optimal pharmacological activity and PK profiles
that are well-suited to conducting further preclinical studies. In summary, the long term goal of these
endeavors s the identification of a drug candidate for the treatment of MERS-CoV infection (Target

milestones; EC50<0.05 uM, CC50>100 pM).

EXAMPLE 5
Macrocyclic inhibitors
In this Example, new classes of coropounds is described that are macrocyclic-derivatives of
Structure I, described above,

Ry

JY“ 2
CHolm ey :
(0 / ‘>4 Hoo U
Ra—X
\ (CHE)p

(CHaIn N
H

g

Ty

N

Piperidine-based spiro macrocycles are particularly promising and novel, as illustrated in the

exemplary reaction scheme depicted in FIG. 16,
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CLAIMS:
1.

An antiviral compound comprising formula T or formula IE

: ol

2 ~
H CHal ¥ :

(CHom ¥ z Frem 8

mih
e
pom
oo
ooy
Neoe”
L

q N
R i " . O
D &wx/ \Q/ Ho 4 R X >4<<::Hz>p
AN (CHa)y N
(CHan Ry H

or O

or a pharmaceutically-acceptable salt thereof, where:

m and n are each individually 1, 2, or 3;
pis4d 56,7, 8,9 or 10
each Xis CHor N;

each 7 is selected from the group consisting of —-CHO, —-CH(OH)SO:;Na, -

CH{O(C=0)R)80:Na, ~CH(O(C=0)0R)SO:Na, ~CH(O(C=0NHR}SOsNa,
(C=0XC=0)NHR, —{(C=0}P=0)0R);, -CN, H{C=0)COOKR, and substituted or
unsubstituted heterocycles, where gach R 1s selected from the group consisting of

alkyls, haloalkyls, phenyls, and arylalikyls;

each Qs CH, CR, or N;

each Ry 18 Gln or a Gln surrogate side chain;

each Ry is selected from the group consisting of branched or unbranched alkyls and natural or

unnaiural amino acids;

each R3 is selected from the group consisting of —H, branched or unbranched alkyls,

substituted or unsubstituted aryls, and arylalkyls; and

each Ry is selected from the group consisting of branched or unbranched alkyls, substituted

2.

or unsubstituted aryls, arylalkyls, -SOsR, —=SO;NH», —SO;NRR, and -COOR, where
each R is selected from the group consisting of alkyls, haloalkyls, phenyls, and

arylalkyls.

The compound of claim 1, wherein said compound inhibits viral replication of one or

more viruses selected from the group consisting of calictviruses, picornaviruses, coronaviruses.
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3. The compound of claim 2, wherein said compound inhibits 3C or 3C-like protease

activity of said virus.

4. The compound of claim 1, wherein said compound is selected from the group

5 counsisting of:

O i
GC833 )\ \)

10 and pharmaceutically-acceptable salts thereof.
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5 The compound of claim 1,wherein said Gin surrogate side chain is ~CH: W, where W
—CHoCON(CHs ), or -CHNHCORSs, where Rs 15 alkyl, phenyl or

is I-pyrrolidinyl, 3-pyrrolidinyl

arylakyl.
6. An antiviral dipeptidyl compound selected from the group consisting of
OH
H
LA
= SGgNEﬁ
o
o OH
/ﬂ\ H\/i\
PN NN N
o N SONa
H H
GC819 © m\\>
o N
0
E:/\i\/‘\g,/lkhg \/j‘\ggsNa
H i
G821 m\~>
o N
10 and pharmaceuticaliv-acceptable salts thereof

A method of treating or preventing viral infection from one or more viruses selected

7
I

from the group consisting of caliciviruses, picornaviruses, and/or coronaviruses in a subject, said

e . :w‘w" g
method comprising administering to said subject a therapeutically-effective amount of a first

1S antiviral compound according to any one of claims 1-6
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8. The method of claim 7, wherein said compound has a therapeutic index of greater

than about 500:1.

9. The method of claim 7, wheretn said compound is dispersed in a pharmaceutically-

acceptable carrier.

10, The method of claim 9, further comprising providing a unit dosage form of said

compound dispersed in said pharmaceutically-acceptable carrier prior to said administering,

i1 The method of claim 7, further comprising administering a second antiviral

compound to said subject.

12, The method of claim 11, wherein said second compound is an antiviral compound

according to any one of claims 1-6, said first compound being different from said second compound.

13. The method of claim 11, wherein said first and second compounds are co-
administered.
14. The method of claim 11, both of said compounds being dispersed or dissolved in a

pharmaceutically-acceptable carrer.

15 The method of claim 7, wherein said virus is selected from the group consisting of
Norwalk virus, feline calicivirus, middle east respiratory syndrome coronavirus, MDD 145, murine
norovirus, vesicular exanthema of swine virus, rabbit hemorrhagic disease virus, enterovirus 71,
poliovirus, coxsackievirus, foot-and-mouth disease wvirus, hepatitis A, porcine teschovirus,
rhinovirus, human coronavirus, transmissible gastroenteritis virus, murine hepatitis virus, bovine

coronavirus, feline infectious perttonitis virus, and severe acute respiratory syndrome coronavirus,

16, The method of claim 7, wherein said subject is suffering from a viral infection from a

calicivirus, picornavirus, and/or coronavirus prior to satd administering,

17. The method of claim 7, wherein said subject is free from a viral infection from

caliciviruses, picornaviruses, and/or coronaviruses prior to said administering,
32
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18. The method of claim 7, wherein said compound is administered intramuscularly,

subcutaneously, intradermally, intranasally, intravenously, orally, or via a transdermal patch.

19. The method of claim 7, wherein said subject is a human.
20. The method of claim 7, wherein said subject is a non-human animal,
21 A broad spectrum antiviral composition comprising a first antiviral compound

according to any one of claims 1-6 dispersed in a pharmaceutically-acceptable carrier,

22. The composition of claim 21, wherein said carrier is selected from the group
consisting of sterile isotonic aqueous buffer, normal saline, phosphate buffered saline, DMSO,

sterile water, oil-in-water emulsion, water-in-o1l emulsion, and mixiures thereof

23. The composition of claim 21, further comprising a second antiviral compound, both

of said compounds being dispersed in said pharmaceutically-acceptable carrier,

24, The composition of clairn 23, wherein said second compound is an antiviral
compound according to any one of claims 1-6, said first compound being different from said second

compound.

25. The composition of claim 21, further comprising adjuvants, other active agents,

preservatives, buffering agents, salts, and mixtures thereof.

25. A kit coraprising: an antiviral compound according to any one of claims 1-6; and

instructions for administering said compound to a subject in need thereot.

26. The kit of claim 25, wherein said compound is provided in unit dosage form.

27 The kit of claim 25, wherein said compound is provided in a first container, said kit
further comprising a carrier in a second container; and instructions for preparing said antiviral

compound for administration to said subject.
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28. A method of preventing or inhibiting replication of a virus in a cell, said method
comprising contacting said cell with a compound according to any one of clairs 1-6, wherein said
virus is selected from the group consisting of caliciviruses, picornaviruses, coronaviruses, and

combinations thereof,

29. The method of claim 28, wherein said virus is selected from the group consisting of
Norwalk virus, feline calicivirus, MDD 145, middle east respiratory syndrome coronavirus, muring
norovirus, vesicular exanthema of swine virus, rabbit hemorrhagic disease virus, enterovirus 71,
poliovirus, coxsackievirus, foot-and-mouth disease virus, hepatitis A, porcine teschovirus,
rhinovirus, human coronavirus, transmissible gastroenteritis virus, murine hepatitis virus, bovine

coronavirus, feline infectious peritonitis virus, and severe acute respiratory syndrome coronavirus.

30.  The method of claim 29, wherein said compound inhibits 3C or 3C-like protease

activity of said virus.
31 Use of a compound according to any one of claims 1-6 to prepare a therapeutic or

prophylactic medicament for the treatment or prevention of a viral infection from caliciviruses,

picornaviruses, and/or coronaviruses in a subject.
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Synthesis of GCB13 and prodrug varients (I-1ii)

R 1) ClLCO(C= 0)0; EDCYHOBYDIEA
COOCH3 >

HaN COOCHg 2) OA’* then
{(HCH) O/{‘\x {nm;’z) HaNL_-COOCH;

3) LiOGH/ag THF >\\>
H
O
O Ry

0 Ry
1) LIBH/ THF/CH,OH o H
! ;Krr vcam%—sg _ MOJ\N)\(N\/[\SQ@N@

O

5 2} Dess-Martim periodinane N \)
S-n 3} EtOAC/EIOH/NaHSOy/Ha0 )\
4} (RCOL0 or CHC=OYOR or Rp= R (i)
O=C=NCHRCOOCH; OR{H
NHCHRCOGCHS (1)
FIG. 3
MERS-CoV FIPY MHY Ces0

IC50 EC50 IC50 EC50 EC50 (xM)

GC376 1.6 0.9 0.7 0.05 1.1 > 150
G{813 0.7 0.5 1.8 0.6 0.6 > 150
GC817 1.8 1.1 ND 0.4 0.8 > 150
GCE1Y 2.1 0.3 ND 0.5 1.2 > 150
GC821 3.1 0.7 ND 1.1 0.6 > 150
G{833 0.6 0.3 ND 0.4 0.5 > 150
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MERS-CoV FIPV MHV

cC
R1 R2 50
IC;, EC,, IC,, EC,, ECy,, (kM)
GC376 - - 1.6 09 07 002 11 > 150
GC813 - - 07 05 18 06 06 >150
GC867 H CHSO, 05 ND 35 20 05 >150
GC868 H Boc 0.3 0.2 24 15 03 > 150
GC861 CHCH, Boc 0.6 08 15 08 0.6 >150
FIG. 8
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Design of R, of GC8ES

TRY 9 H
2!
(HE1) o )LN N._COOCH;
H H
G \\\\d‘\
: >
Boc—N_ )-oH N G}\NH e
- 1
DSCIDIEA Boc

(R4 = RSO, or RICOIO )

SHCUTHF; bRSQZCE/{fﬁiENDCM or RO(CO)YCYDIEA/DCM,; °LiBH,/ THF/ CH30OH; “Dess-
Martin pericdinane/DCM; ®*NaHS04/ag EICAC/EIOH

FiG. 12

Synthesis of aipha-ketoamides using the Passerini reaction/design of R’
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Design of Ry of GCB68
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