wo 2010/083384 A2 |1 IO 0K 0 O 000

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

ot VAP,
(19) World Intellectual Property Organization /g [} 1M1 AN 000 1.0 D OO0 O
ernational Bureau V,& ‘ ) |
. . . ME' (10) International Publication Number
(43) International Publication Date \,!:,: #
22 July 2010 (22.07.2010) WO 2010/083384 A2

(51) International Patent Classification: [US/US]; Richmond, VA 23298 (US). DEWEY, William

CO7D 491/10(2006.01) A61K 31/4355 (2006.01) [US/US]; Richmond, VA 23298 (US).

CO7D 403/12 (2006.01) A61P 25/32 (2006.01)

CO7D 405/12 (2006.01) (74) Agents: WHITHAM, Michael, E. et al.; WHITHAM,

CURTIS, CHRISTOFFERSON & COOK, PC, 11491

(21) International Application Number: Sunset Hills Road, Suite 340, Reston, VA 20190 (US).
PCT/US2010/021157 (81) Designated States (unless otherwise indicated, for every
(22) International Filing Date: kind of national protection available). AE, AG, AL, AM,
15 January 2010 (15.01.2010) AOQ, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
25) Filing L . Fnelish CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
(25) Filing Language: nglis DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(26) Publication Language: English HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
L. KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
(30) Priority Data: ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI
61/145,379 16 January 2009 (16.01.2009) UsS NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
(71) Applicant (for all designated States except US): VIR- SE, SG, SK, SL, SM, ST, SV, 8Y, TH, TJ, TM, TN, TR,

GINIA COMMONWEALTH UNIVERSITY [US/US]; TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

800 E. Leigh Street, Richmond, VA 23219 (US). (84) Designated States (unless otherwise indicated, for every
(72) Inventors; and kind of regional protection available): ARIPO (BW, GH,
(75) Inventors/Applicants (for US only): ZHANG, Yan [CN/ GM, KE, LS, MW, MZ, NA, 8D, SL, 82, TZ, UG, ZM,
US]; Richmond, VA 23298 (US). SELLEY, Dana, E. ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,

TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,

[Continued on next page]

(54) Title: NON-PEPTIDYL, POTENT, AND SELECTIVE MU OPIOID RECEPTOR ANTAGONISTS

(57) Abstract: Seclective, non-peptide
antagonists of the ma opioid receptor
{ MOR) and methods of their use are
provided. The antagonists may be used,
for example, to identify MOR agonists
in competitive binding assays, and to
treat conditions related to addiction in
which MOR is involved, e.g. heroin,
prescription drug and alcohol addiction.

5 (NAR) 3 (NAQ)

Figure 10



WO 2010/083384 A2 I 0000 )00 U0 TR A A

ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV, Published:
MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

—  without international search report and to be republished
upon receipt of that report (Rule 48.2(g))



10

16

20

25

WO 2010/083384 PCT/US2010/021157

NON-PEPTIDYL, POTENT, AND SELECTIVE MU OPIOID RECEPTOR
ANTAGONISTS

DESCRIPTION
BACKGROUND OF THE INVENTION

Field of ithe Invention
The invention generally relates to seléctive, non-peptide antagonists of the mu opioid

receptor (MOR) and methods of their use.

Background of the Invention

Opioid dependence is one of the most serious chroni¢ and relapsing medical disorders.
Heroin and prescription opioid abuse and dependence are very common and still increasing.
According to the National Household Survey on Drug Abuse 2001, there are about 800,000
persons addicted to heroin and 3.5 million prescription opioid abusers in the United States. It
has been proved that for many clinically available opiates, not only their analgesic function but
also their notorious side effects (such as-addiction and abuse liability) are primarily due to their
iﬁteraction with the mu opioid receptor (MOR). There is an. ongoing need to develop selective

antagonists for MOR as chemical probes to characterize the mu opioid receptor structure-

- function relationship, and to develop analgesics without or with less addiction and abuse

liability.
SUMMARY OF THE INVENTION
The invention provides selective, non-peptide antagonists of the mu opioid receptor
(MOR) and methods of using the antagonists to identity MOR agonists, or as agents to treat
various disorders that involve MOR (e.g. drug addiction).
In one embodiment, the invention provides selective, non-peptide mu opioid receptor

(MOR) antagonists with a general formula
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where Z1 and Z2 are spacer elements which may be present or absent and are selected from: an
aliphatic moiety; NH; CO; (NHCO)n where n = 1-5; (CONH)n where n = 1-5;

5 (NHCO)(CH2)n(NHCO), where n = 1-5; (NHCO)(CHz)n where n =1-5; (CH2)n(NHCO), where
n = 1-5; and O; and wherein one or both of Z1 and Z2 and one or both of R1 and R2 are present,
with the proviso that the Z1 and Z2 spacer elements may be present or absent; and where R1 and
R2 are substituted or unsubstituted aromatic or aliphatic moieties; and stereoisomers thereof.
For this formula, the following caveat applies: if Z1 and R1 are absent, and if Z2 = NHCO, then

10 R2 cannot be phenyl! or naphthalene.

In some embodiments, the non-peptide MOR antagonist is represented by formula

15 where spacer element Z may be present or absent and:is selected from aliphatic (e.g. short
aliphatic chain (CHz)n where n = 1-5);NH; CO; (NHCO)n where n = 1-5; (CONH)n where n=
1-5; (NHCO)(CH;)n(NHCO), where n = 1-5; (CONH)(CH;)n(CONH), where n = 1-5;

-2-
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(NHCO)(CHz)n where n =1-5; (CONH)(CH;)n where n =1-5; (CH2)n(NHCO), where n = 1-5;
(CH2)n(CONH), where n = 1-5; O; CxHy (x = 1-5,y = 0 - 10).
In other embodiments, the selective, non-peptide MOR antagonist is represented by

formula

where spacer element Z may be present or absent and is selected from the group consisting of an
aliphatic moiety; NH; CO; (NHCO)n where n = 1-5; (CONH)n where n = 1-5;
(NHCO)(CH2)n(NHCO), where n = 1-5; (NHCO)(CH3)n where n =1-5; (CHz)n(NHCO), where
. n = 1-5; and O; and where R is a substituted or unsubstituted aromatic or aliphatic moiety;
10 and stereoisomers thereof; with the caveat that if Z = NHCO, then R cannot be phenyl or
naphthalene.

In yet other embodiments, the non-peptide MOR antagonist is represented by formula

where X = O or NH; and Y may be present or absent and if present, is an aliphatic moiety; and
15 where R is a substituted or unsubstituted aromatic or aliphatic moiety.

In further embodiments, the non-peptide MOR antagonist is represented by formula
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where X = O or NH; and Y may be present or absent and if present, is an aliphatic moiety; and

where R is a substituted or unsubstituted aromatic or aliphatic moiety; and stereoisomers

thereof; with the caveat that if X = NH and Y is absent, then R cannot be.phenyl or naphthalene.
Further embodiments of the non-peptide MOR antagonist include

and
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In some embodiments of the-invention, the substituted or unsubstituted aromatic

moieties are selected from the:group which includes but isnot limited to.

10 The invention further provides a method of testing whether or not a candidate compound
is a MOR angonist. The method comprises the step of conducting competitive inhibition tests

between the candidate compound and a MOR antagonist of general formula
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where Z1 and Z2 are spacer elements and may be present or absent and are selected from: an
aliphatic moiety; NH; CO; (NHCO)n where n = 1-5; (CONH)n where n = 1-5;

5 (NHCO)(CH,)n(NHCO), where n = 1-5; (NHCO)(CHz)n where n =1-5; (CHy)n(NHCO), where
n = 1-5; and O; wherein one or both of Z1 and Z2 and one or both of R1 and R2 are present,
with the proviso that the Z1 and Z2 spacer elements may be present or absent; and where R1 and
R2 are substituted or unsubstituted aromatic or aliphatic moieties; and stereoisomeré thereof.

In other embodiments, the invention provides a method of treating symptoms of
10 addiction related to MOR in a patient in need thereof, the method comprising administering to

the patient a MOR antagonist of general formula

15 where Z1 and Z2 are spacer elements and may be present or absent and are selected from: an
aliphatic moiety; NH; CO; (NHCO)n where n = 1-5; (CONH)n where n = 1-5;
(NHCO)(CH2)n(NHCO), where n = 1-5; (NHCO)(CHz)n where n =1-5; (CH)n(NHCO), where

- 6 -
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n = 1-5; and O; wherein one-or both of Z1 and Z2 and one or both of R1 and R2 are present,
with the proviso that the Z1 and Z2 spacer elements may be present or absent; and where R1 and

R2 are substituted or unsubstituted aromatic or aliphatic moieties; and stereoisomers thereof.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1. Morphinan derivatives as opioid selective antagonists
Figure 2. Naltrexone in MOR Binding pocket; Mu ppiqid"feiceptor model: ribbon = the residues
in mu opioid receptor: ball and stick = Naltrexone molecule. .
Figure 3. The designed ligand for primary study.
Figure 4. The synthetic route for the 14-O-subsituted naltrexone derivatives.
Figure 5. The synthetic route for the target compounds designed.
Figure 6. The kappa opioid receptor selective antagonist norBNI, GNTI and the delta opioid
receptor selective antagonist NTI
Figure 7. The mu opioid receptor selective antagonists.
Figure 8. The sequence.alignment of the MOR (SEQ ID'NO: 1), DOR(SEQ ID NO:.2), and
KOR (SEQ ID NO: 3), with hurnan B2AR (SEQ ID NO: 4); and-bovine rhodposin(SEQ ID NO:
5). The Ballesteros-Weinstein numbering system was adopted to mark-all the conserved amino
acid residues among most of the GPCRs and colored in réd. The extracellular loop 2 (EL2) was
numbered following the assignment proposed by Johnson (Xhaard, H.; Nyronen, T.; Rantanen,
V. V.; Ruuskanen, J. O.; Laurila, J.; Salminen, T.; Scheinin, M.; Johnson, M. S. Model
structures of alpha-2 'adrenoceptors in complex with automatically docked antagonist ligands
raise the possibility-of interactions dissimilar from agonist ligands. J Struct. Biol. 2005,1 50(2),
126-43.) The MOR protein was numbered accordingly above its sequence. The secondary
structure of the MOR receptor 3D conformation based on bovine rhodopsin crystal structure was
marked out below all the sequences. The conserved aspartate residues among all three opioid
receptors are residues 3 and 32. The two non-conserved residues x12.43 and 7.35 are also
indicated.
Figure 9A-C. Naltrexone (NTX) docked in the homology models in the MOR, DOR and KOR.

NTX and the amino acid residues are in stick form. The receptor homology models are in

-7-
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ribbon. NTX is in A) MOR, B) DOR and C) KOR.
Figure 10A and B. The docking of compounds 6 and 9 in the mu opioid receptor model. The
ligands and the amino acid residues are in stick. The receptor homology models are in ribbon,
A) Lead 6 and B) lead 9 in MOR.
Figure 11. Chemcial structures:of compounds 6 and 9.
Figure 12. The chemical synthesis routes for compounds 24, 25, and 26.
Figure 13. The chemical synthesis of side chains of compound 31.
Figure 14. The chemical synthesis routes for compound 37, 38 and 39.
Figure 15. Derivatives of compound 1.
Figure 16. Compound 31 isomers.
Figure 17. Isomer synthesis scheme.
DETAILED DESCRIPTION

The present invention‘provides novel non-peptide selective-mu opioid receptor (MOR)
antagonists. The molecules display high affinity for MOR and, because they do not include
amino acids, they are relatively stable in vivo, The ligands carry structural features that enable
them to interact with the aromatic binding locus built by the amino acid residues which form the
extracellular part of MOR, and may also satisfy hydrogen binding requirements from the
binding locus. The molecules will find use in methods for identifying MOR agonists. In
addition, the molecules themselves may be used to treat-addiction symptoms, -such as heroin or
prescription opioid drug addiction.

In'some embodiments of the invention, then the compounds are C-14 substituted

compounds represented by Formula 1:

Formula 1:
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where Z is a spacer element and R is an aromatic or aliphatic moiety, which may be substituted
or unsubstituted. Z may be present or absent. If Z is present, Z may be: aliphatic (e.g. short
aliphatic chain (CHz)n where n = 1-5); NH; CO; (NHCO)n where n = 1-5; (CONH)n where n =
1-5; (NHCO)(CH2)n(NHCO), where n = 1-5; (CONH)(CH;)a(CONH), where n = 1-5;
(NHCO)(CHz)n where'n =1-5; (CONH)(CHz)n where n =1-5; (CH2)n(NHCO), where n = 1-5;
(CH2)n(CONH), where n = 1-5; O (in which case Z is a single atom); CxHy (x = 1-5,y=0 -
10).

Exampleés of unsubstituted aromatic moieties that may be R include but are not limited to
phenyl or naphthalene. The aromatic substitutent R may be a substituted aromatic (i.e. a
heteroaromatic) and.rﬁay be substituted at.one or more positions, either within the ring, or
bonded or attached to the ring. Aromatic ring sizes (i.e. number of carbon dtoms in the ring) are
generally in the range of from about 3 to. about 6.

Exemplary moieties that may be included in the aromatic rinig(s) include but are not
limited to N, methyl and various branched and unbranched aliphatic chains; COOH, halogen,
CN, NO;, OCHj, eétc., and coinbinations thereof, e.g. (CH,)nCOOH where n = 1-5), (CH;)nNO,
where n = 1-5, (CH,)nNH; where n = 1-5, etc. If multiple substitutions are present, they may be
the same or different.

~ Examples of aliphatic moiety that may be R include but are not limited to various
branched and unbranched aliphatic chains and various sizes and numbers of aliphatic rings (e.g.
various sizes of cycloalkanes): The chains or rings can-also be substituted with different types of
heteroatoms, including but not limitéd to N, S; P, O, étc. Aliphatic ring;sizes (i.e. number of
carbon atoms in the ring) are generally in the range of from about 3 to about 6. Rings may’
contain one or more double bonds, and may be substituted (i.e, may be heterocyclic rings) or
branched (i.e. may have various substitutions attached to the ring systém).

In some embodiments of the invention, the compounds are C-6 substituted compounds

represented by Formula 2:



10

15

20

© WO 2010/083384 PCT/US2010/021157

Formula 2

where Z is a spacer element; R is an aromatic or aliphatic moiety (as described for Formula 1),
which may be substituted or unsubstituted; and * indicates a chiral carbon. The invention
encompasses all stereoisomers (e.g. o and B isomers) of C6. In this embodiment, Z may be.
present or absent. If Z.is present, Z may be: aliphatic (e.g. short aliphatic chain (CHz)n where n
= 1:5); NH; CO; (NHCO)n.where n = 1-5; (CONH)n where n =.1-5; (NHCO)(CH;)n(NHCO),
where n = 1-5; (CONH)(CH,)n(CONH), where n = 1-5;{(NHCO)(CH;)n where n =1-5;
(CONH)(CH3)n where n =1-5; (CH)n(NHCO), where n = 1-5; (CHz)n(CONH), where n = 1-5;
O (in which case Z is a single atom), CxHy (x= 1-5, y = 0 — 10), etc; with the caveat that if Z =
NHCO, then R cannot be phenyl or naphthalene.

Examples of unsubstituted aromatic moieties.that may be R include but are not limited to
phenyl, naphthalene, and other aromatic moieties. The aromatic substitutent R may be a
substituted aromatic (i.e. a heteroaromatic) and may be substituted at one or more-positions,
either within the ring, or bonded or attached to the ring. Exemplary moieties that may be
included in the aromatic ring(s) include but are not limited to N, methyl and v:irious branched
and unbranched aliphatic chains; COOH, halogen, CN, NO;, OCH3, etc., and combinations
thereof, e.g. (CH)nCOOH where n ='1-5), (CH,)nNO;, where n = 1-5, (CH)nNH, where n = 1-
5, etc. If multiple substitutions are present, they may be the same or different. '

Examples of aliphatic moiety that may be R include but are not limited to various
branched and unbranched aliphatic chains and various sizes of aliphatic rings (e.g.
cycloalkanes). The chains or rings can also be substituted with different type of heteroatoms,

Y

-10~-
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including but not limited to N, S, P, O, etc., or as described for the aromatic rings, or branched
(e:g. may have various substitutions attached to the ring system).

For Formulas 1, 2 and 3 (below), aromatic and aliphatic ring sizes (i.e. the number of
carbon atoms in the ring) are generally in the range of from about 3 to about 6, and R may be a
single ring or may contain two or more (generally from about 2 to about 5, e.g. 2, 3, 4, or 5)

fused rings. Aliphatic rings may contain one or more double bonds, and may be substituted at

one or more positions, either by substituting a constituent of the ring (i.e. the rings may be

heterocylic rings), or by attaching a modifying chemical group to the ring (e.g. may have various
substitutions attached to the ring system). 1
In yet further embodiments of the inverition, the compounds are substituted at both the

C6 and C14 positions, as depicted in Formula 3:

Formula 3.

In Formula 3, Z1 and Z2 may be the same or different-and R1 and R2 may also be the
same or different (i.e. all these groups may vary independently). Possible equivalents for Z1 and
Z2 are the same as those listed for Z of Formulas 1 and 2, and, as noted above, may the spacers
Z1 and Z2 may be present or absent. Possible equivalents for R1 and R2 are the same as those
listed for R of Formulas 1 and 2. All stereoisomers of the compound represented by Formula 3
are also contemplated. For this formula, the following caveat applies: if Z1 and R1 are absent,
and if Z2 = NHCO, then R2 cannot be phenyl or naphthalene.

In some embodiments of the invention, the compounds substituted at C14 may also be

-11-
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represented as in Formula 4:

Formula 4

5 where X = O or NH; Y = an aliphatic moiety, or, in some embodiments, absent; and R is defined
as for Formula 1.

Examples of suitable aliphatic moieties that may be Y include but are not limited to
unbranched aliphatic moieties such as (CHz)n, where n ranges from about 0 to about 10. For
example, n may be 0 (i.e. Y is absent), or n may be 1, 2, 3, 4, 5, or more, and is preferably 0,1,2

10 or 3. Other possible Y equivalents include but are not limited to CxHy (x = 1-5, y =0-10).

With respect to Formula 4, when X = O, the resulting compound is represented as in

<

2

FSrmula 5:

Formula 5

15

and when X = NH, the compounds are represented as in Formula 6:

-12-
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Formula 6.

5 For Formulas § and 6, Y and R are as represented in Formula 4.
In some embodimeiits of the invention, the compounds substituted at C6 may be

represented as in Formula 7:

10 Formula 7
where X = O or NH; Y = an aliphatic moiety (as defined for Formula 4 above), or, .in some
embodiments, absent; and R is defined as for Formula 2, with the caveat that if X =NH and Y is
/" absent, then R cannot be phenyl or naphthalene.
With respect to Formula 7, when X = O, the compounds may be represented as in

15 Formula 8:

-13-
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Formula 8

and when X' = NH, they are represented as in Formula 9:

/-

OH

o ‘
H
5

Formula 9.

For Formulas 8 and 9, Y and R are as described for Formula 7. For Formula 9, if Y is absent,
then R cannot be phenyl or naphthalene.
10 In some embodiments of the invention, the R group is phenyl or naphthalene or a

substituted phenyl or naphthalene (for example, N substituted phenyl or naphthalene, as follows:

-14-
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The compounds of the invention display seléctivity for MOR in comparison to other
receptors, €.g. other related receptors of interest such as one or both-or DOR and KOR. By
“selective” or “selectivity” we mean that the compounds of the invention display at least a 10-
fold greater binding affinity for MOR than for one or more other receptors (at least one other
receptor) of interest. In some cases, the compounds display binding affinities that are about 10,
about 50, about 100, about 500 or about 1000-fold or greater for MOR than for other receptors,
as measured by standard techniques that are known to those of skill in the art, and described, for
example, in the Examples section herein. Further, in some embodiments, the antagonists may be
used to identify or characterize other receptors as well.

The compounds of the invention are generally MOR antagonists. By “antagonist” we
mean a receptor ligand that does not provoke a biological response upon binding to a receptor,
but which.blocks or dampens (decreases, lessens, etc.) agonist-mediated responses. (An
“agonist” is a ligand that binds to a'receptor and trig'ger's a response, i.e. an agonist produces an
action, often mimicking the action.of a naturally occurring substance.) Antagonists thus have
affinity but no efficacy for théir cognate receptors, aiid binding of an antagonist to a recéptor
will disrupt the interaction and.inhibit the function of an agonist or inverse agonist at receptors.
Antagonist activity may be reversible or irreversible depending on the longevity of the
antagonist-receptor complex, which, in tum, depends on the nature of antagonist receptor
binding.

The MOR opioid antagonists of the invention have a variety of applications. For
example, they may be used in competitive assays to identify MOR agonists. MOR agonists are,
in fact, defined as opoid agonists only if their effect is competitively inhibited by a known
opioid antagonist. The application thus provides methods of identifying a substance as a MOR
opioid agonist by analyzing the results of competitive binding assays. Those of'skill in the art
are familiar with such competition experiments, which are typically carried out under controlled
conditions in the absence of antagonist (to establish a baseline.of binding by the possible

agonist) and also in the presence of antagonist at a variety of concentrations of antagonist while

-16-
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the concentration of candidate agonist is held constant. Levels of binding of the candidate
agonist in the absence of the antagonist.and at increasing concentrations of antagonist are
measured by any suitable means, and may be measured directly or indirectly. If the presence of
the antagonist interferes with (inhibits) the binding of the test substance to the receptor (i.e. if
the presence of antagonist prevents or decreases binding of the test substance to the receptor),
then the substance being tested is deemed to be a receptor agonist. Variations of competitive
assays, the mathematical and statistical analysis of results obtained in this manner, and the
interpretation of such analyses, are well known. :

Further testing of the:compounds of the invertion may reveal agonist activity on the part
of one or more compounds, in which case the compounds may be used and administered as
agonists or partial agonists of MOR.

In some embodiments of the invention, the selective antagonists of the invention may be
used, for example, in medical applications. For example, the antagonists of the invention may be
administered to a subject or patient in need of treatment for addictions that involve the MOR
receptor, such as drug and alcohol addictions. MOR is the receptor that is accessed by heroin
and by several other opioids (e.g. commercial or prescription opioids such as morphine,
oxycodone, oxymophone, etc.). Other naturally occurring opiates and semi-symthetic opiods also
access this receptor Several such substances are known and patients to whom they are
prescribed and/or more frequently subjects who obtain them illegally for recreational use are
liable to become addicted, and to exhibit symptoms of addiction. Symptoms of addiction which
may be lessened or treated by the administration of the antagonists of the invention include but
are not limited to craving for the addictive substance, physical and psychological dependence,
CNS-mediated respiration depression, dysphoria, sweating, nausea, rhinorrea, depression, severe
fatigue, vomiting and pain, insomnia, etc. The MOR selective antagonists of the invention may
be used to treat,such addictions, e.g. to lessen or alleviate symptoms of withdrawal, e.g. during
addiction treatmerit.

In addition, the MOR antagonists of the invention may be used to treat conditions such
as pain, neuropathic pain, alcoholism, cocaine addiction, Parkinson’s disease, gambling

addiction, obesity, epilepsy, depression, schizophrenia, bipolar disorder, schizoaffective

-17-
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disorder, inflammation, gastrointestinal tract disturbance, AIDS, etc.

The invention thus also provides compositions and formulations comprising the
antagonists. The compositions includé oné or more substantially purified antagonists and a
pharmacologically suitable carrier. The preparation of such compositions is well known to those
of skill in the art. Typically, such compositions are prepared either as liquid solutions .or
suspensions, however solid forms such as tablets, pills, powders and the like are also
contemplated. Solid forms suitable for solution in, or suspension in, liquids prior to
administration may also be prepared. The preparation may also be emulsified. The active
ingredients may be mixed with excipients which are pharmaceutically acceptable and
compatible with the active ingredients. Suitable excipients are, for example, water, saline,
dextrose, glycerol, ethanol and the like, or combinations thereof. In addition, the composition
may contain minor amounts of auxiliary substances such as wetting or emulsifying agents, pH
buffering agents, and the like. If it is desired to administer an oral form of the composition,
various thickeners, ﬂa,vorihgs, diluents, emulsifiers, dispersing aids or binders and the like may
be added. The composition of the present-invention may contain any such additional ingredients
50 as to provide the composition in a form suitable for administration. The final amount of
antagonist in the formulations may vary. However, il general, the amount in the formulations
will be from about 1 to about 99%.

The antagonist compositions (preparations) of the present invention may be administered
by any of the many suitable means which are well known to those of skill in the art, including
but not limited to by injeétion, inhalation, orally, intranasally, by ingestion of a food product
containing the antagonist, topically, as eye drops, via sprays, etc. In preferred embodiments, the
mode of administration is orally or by injection. In addition, the compositions may be
administered in conjunction with other treatment modalities such as other medicaments, other
types of therapy (e.g. psychological or psychiatric treatment), and the like.

The amount of antagonist that is administered to an individual (who is usually a
mammal, typically a human) will vary based on several factors, as will be understood by those
of skill in the art. For example, the dose and frequency of administration may vary according to

the gender, age, weight, general physical condition, ethnic background, etc. of the individual, as
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well as whether or not the individual has other diseases or conditions that might impinge on the
treatment. Generally, the dose will be in the range of from about 0.01 to about 100 mg/kg of
body weight.

_The ensuing Examples are intended to further illustrate the present invention, but should

not be interpreted as limiting in any way.

EXAMPLES
EXAMPLE 1. 14-O-Heterocyclic-Substituted Naltrexone.Derivatives as Non-Peptide Mu
Opioid Receptor Selective Antagonists: Design, Synthesis and Biological Studies

Abstract: Mu opioid receptor antagonists have clinical utility and are important research
tools. In order to develop non-peptide and highly selective-mu opioid receptor antagonist, a
series of 14-O-heterocyclic substituted naltrexone derivatives were designed, synthesized and
evaluated. These compounds showed subnanomolar to nanomolar binding affinity for the mu
opioid receptor. Among them, compound 1 exhibited the highest selectivity for the mu opioid
receptor over the delta and kappa receptors. These results implicated an alternative “address”
domain in the extracellular loops of the mu.opioid receptor.

Opioid receptors were generally classified into three subtypes based on the
pharmacological, behavioral, and biochemical studies. I3 Opioid antagonists have played very
important roles in the study of opioid receptors. In fact, an agonist is.characterized as opioid-
receptor-mediated only if its effect is competitively inhibited by an opioid antagonist.*” It is
important to have receptor-selective opioid antagonists as tools to identify the receptor types
related to the interaction with opioid agonists.*® The mu opioid receptor (MOR) is the major
type that mediates opioid analgesic effects of morphine, although all three opioid receptors can
be involved in analgesia. The characterization of the MOR structure-function relationship is
essential because it has been found that morphine’s analgesic effect, addictive properties, and
other major side effects are abolished in MOR knock-out mice.”® Moreover, it has been
demonstrated that the-analgesic effects and the adverse side effects (including addiction and
abuse liability) of morphine are primarily due to its interaction with the MOR.4 In fact,

naltrexone, an opioid antagonist with moderate selectivity for the MOR, has been shown to
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block relapse and curb drug craving in post-dependent opiate addicts.”'® Recent research results
also indicate that MOR antagonists can be used in the treatment of obesity, psychosis and
Parkinson’s disease.'' Furthermore, highly selective MOR antagonists can be used as probes to
characterize the MOR binding pocket. Yet the lack of a non-peptidyl, highly selective, and
potent MOR antagonist limits our understanding of the structure-function relationship of the
MOR, the interaction of non-peptidyl MOR agonists with the receptor, and more specifically,
the activation mechanism of the recéptor related to its.role in drug abuse and addiction.

Schwyzer et al proposed the “message-address” concept in his analysis of the structure-
activity relationship of ACTH, adrenocorticotropic hormoneg, and related hormones.12 By
applying the “message-address” concept, highly selective non-peptide antagonists for the kappa
opioid receptor (KOR) (e.g. norbinaltorphimine (norBNI) and 5'-guanidinonaltrindole
(GNTI)),"*'* and for the delta opioid receptor (DOR) (e.g. naltrindole (NT D)'® were designed
and synthesized several years ago. (Figure 1) Thus far no potent and highly selective antagonist
derived from morphinan’s structural skeleton has been developed. for the MOR, although some
moderately potent ligands, €.g. cyprodime,'® are available. Compared with the high selectivity of
GNTI for the KOR (Ki value ratios are mu/kappa<120, delta/kappaz250)M and NTI for the
DOR (Ki value ratios are mw/delta=~152, kappa/delta=:276),15 cyprodime only has a moderate
selectivity for the MOR over the DOR and KOR (Ki value ratios are kappa/mu=~45,
delta/mu~40)."” At the same time, B -funaltrexamine (B-FNA), clocinnamox, and other
compounds, act as-selective but irreversible antagonists for the MOR.'® Therefore the
development of a highly selective, non-peptidyl, and reversible MOR antagonist is highly
desired.

It was reported that the extracellular loop (EL) domains of the MOR are critical for the
binding of MOR selective agonists, such as morphine, sufentanil, lofentanil and DAMGO." At
the same time, site-directed mutagenesis studies have revealed that certain amino acid residues
in this domain may be essential for ligand (including agonist and antagonist) selectivity for the
MOR over the other two opioid receptor types.?® Therefore, a non-peptide ligand with potential
interaction with the EL domains of the MOR, would be favorable for its selectivity for the
MOR.

-20-



10

15

20

25

WO 2010/083384 PCT/US2010/021157

Due to the lack of the crystal structure of the MOR, so far most molecular design efforts
directed toward development of selective opioid ligands have been based on structure-activity-
relafionsh‘ip studies. As a matter of fact, in the entire superfamily of GPCRs, only the X-ray

2124 opsin,zsvand the human p 2-2*% and B 1-adrenergic

crystal structures of bovine rhodopsin,
receptor’’ have been successfully obtained-with high resolution. Thus far, most of the molecular
models of other GPCRs have been constructed using rhodopsin’s:structure as a template via
homology modeling. Homology modeling of GPCRs has been successfully applied to further
understand ligand-protein interactions, and to identify new and potent ligands. It is believed that
with all the lessons learned from previous experience, GPCR homology modeling based on the
bovine rhodopsin X-ray crystal structure can aid in structure-based drug design and virtual
screening for therapeutic applications.’'*® For example, a homology model of the Angiotensin
I Type 1 (AT1) receptor was used to further explore the binding sites of several non-peptide
AT1 receptor antagonists‘39 A homology model of the M1 muscarinic acetylcholine receptor
was applied to understand the mechanism by which the agonist-receptor complex activates G
proteins. 40

Recently, we reported the construction of a MOR homology model based on the crystal
structure of bovine rhodopsin.*' This model contained not only the transmembrane helical
domains, but also the extracellular and intracellular loops so that the model we obtained was
integrated and complete. This model was further optimized in a membrane-aqueous system by
molecular dynamics simulations. Similar homology models of the DOR and KOR were then
constructed (see supplementary information for details). Naltrexone is an ideal template for the
design of selective MOR antagonists, because it-has subnanomolar to nanomolar affinity for all
three opioid receptor types and shows moderate selectivity for the MOR over the other two
opioid receptor types. Figure 2 shows that in a representative binding mode of naltrexone in the
MOR, the 14-hydroxyl group of naltrexone is pointing to the EL3 loop and the upper-level
region of TM6/7. Compared to the amino acid residues in the corresponding domains of the
KOR and DOR, some non-conserved residues, e.g. Tyr212 and Trp320, in MOR could act as
hydrogen bonding donor/acceptors. This unique feature in the MOR antagonist binding locus

might form an alternative “address” domain to differentiate the antagonist binding mode of the
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MOR over the DOR and KOR. Therefore, a new compound containing specific structural
features to interact with these amino acid residues might have increased selectivity for the MOR
over the DOR and KOR.

Based.on tliis hypothesis, a series of novel .14-O-siibstituted na_]tfgxone;dcrivatives
(Figure 3) have béen desi-gned and synthesized. The ester bond in these novel ligands was
assumed to provide a flexible conformation for the whole side chain. The nitrogen atom in the
hetero-aromatic moiety on the 14-O-position of naltrexone was introduced to provide an
opportunity for hydrogen bonding and/or aromatic stacking interaction with the amino acid
residues Tyr212 and Trp320 in the MOR binding pocket (compound 1-3 and.5-7). Compound 4
and 8 were designed as control compounds to test this hypothesis. These ligands could also be
considered as dérivatives of'clocinnamox without the Michael acceptor character.

Using naltrexone as the starting material, the:syntheses of these 14-O-heterocyclic
substituted derivatives was straightforward (Figure 4). To be noticed, in the second step of the
synthesis route, K;COs aqueous solution was used to prepare the control compounds 4 and 8
instead of using the acidic condition. All the final compounds were obtained with reasonable
yield and characterized with NMR, IR, MS, and HPLC (See supplementary information).

The primary biological studies of these ligands included competitive radioligand-binding assays
using mono-cloned opioid receptors expressed in CHO cell lines. [*H]DAMGO, [*H] NTI and
[*H] norBNI were used to label the MOR, DOR and KOR respectively. The binding affinities
of these ligands for the MOR, DOR 'and KOR, and coriparative selectivities were summarized
in Table 1. These compounds-showed binding affinities in the subnanomolar to nanomolar range

for the MOR.

Table 1. Binding affinity and functional assay results for the 14-O-substituted naltrexone

derivatives.
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Ki £ SEM(nM) Selectivity Percent
Compoun.ds CHIDAMGO ) Max of
| BH] NTI(5) [*H) norBNI (k) 5l Ky DAMGO
)

Naltrexone 0.26 £ 0.02 117.00 £ 8.90 5.15+0.26 450 20 0.00
B-FNA 0.41+0.04 27.78 £ 4.60 0.94 + 0.05 68 2 0.00
CTAP 2.0210.71 1441.00 ¢ 1012.70 £ 17480 713 501

0.00

106.10
1 0.14 £ 0.03 117.38.£ 17.97 25.50 1 6.50 838 182 0.00
2 1.59 £ 0.61 170.30 £ 12.64 47.81 1 8.48 107 30 0.00
3 558+ 134  40532%23468  49.21+20.37 73 9 0.00
12323 ¢
4 >10,000.00 586.42 £ 32.39  >81 5 0.00
38.23
5 68.40 t 6.04 >10,000.00 >10,000.00 >146  >146 0.00
6 1.44 1 0.32 22.81+19.52 67.15% 36.72 16 47 0.00
. , 2200

7 269%0.72 81843150723 148.23+55.53 304 55

10.30
8 22527+ 466 907.18+192.99  46.57+13.53 4 <1 0.00

The Ki values for the mu, delta and kappa opioid receptors were n=3. The averages were
reported along with their standard error of the means, SEM, for each compound. The
comparison to percent stimulation of DAMGO was the Emax of the compound compared to the
Emax of DAMGO (normalized to 100%). The DAMGO ECsg value was 45.1 + 6.63 nM and its
Emax value was 366 + 23% stimulation over basal using a [*°S] GTPyS functional assay.

Naltrexone, p-FNA and CTAP were tested along as positive controls under the same conditions.
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Also as shown above, all of these compounds exhibited different levels of selectivity for
the MOR over the KOR and DOR. Among these, compound 1 had approximately 800-fold
selectivity for the MOR over the DOR and nearly 200-fold selectivity over the KOR. Compound
5 also showed over 100-fold selectivity for the MOR over the other two receptor types, although
its binding affinity for the MOR was significantly lower than compound 1. In addition, all of
these compounds acted as MOR antagonists in **[SJGTPyS functional assays except for
compound 7, which was a partial agonist.

Compared to the control compounds 4 and 8, the MOR selectivity over DOR and KOR
had been enhanced greatly in all of the other compounds. This result suggested that the 14-O-
substitutions introduced onto the naltrexone skeleton might interact with the proposed
alternative “address” domain in the MOR, and the nitrogen atom in the heterocyclic ring might
act as a hydrogen bond acceptor and play aﬁ important role for the selectivity. Among all of
these ligands, compound 1 showed the highest selectivity, which suggested that it had the most
favorable orientation of its side chain towards this plausible “address” binding domain in the
MOR. For compound $, its side chain might confer selectivity for the MOR, whereas the
bulkiness of its side chain also might have reduced its binding affinity for the MOR.

To further characterize compound 1 as the lead for our next generation molecular design, its
antagonism was evaluated against DAMGO in 33[SIGTPyS functional assay. The concentration
of compound 1 was 1.5 nM while DAMGO was in the range of 10 nM to 10,000 nM. The Ke
value of compound was 0.20 + 0.04 nM and apparent pA2 value was 9.72 + 0.10. This
observation was consistent with the binding affinity results and further verified that compound 1
could be used as the lead for future molecular design.

It has been reported by Schmidhammer et al., that 14-alkoxymorphinans showed very
high opioid receptor affinity. These compounds exhibited significantly increased binding
affinities at all opioid receptors without any specific preference for any one receptor type.*>*

Recently, Husbands et al. investigated the SAR of the analogs of clocinnamox, 14-
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aminodihydromorphinones and 14-aminodihydrocodeinones, in order to explore the effect of
changing the chain linking and substitution in the aromatic ring of cinnamoylaminomorphinones
and codeinones.***” These authors found that a modest selectivity for the MOR over the DOR
and KOR was achieved when the side chain on the 14 positions was comparably rotatable in
these 14-aminiodihydromorphinone compounds.

Comparing to the compounds reported by Schmidhammer and Husbands, the
compounds reported here showed similar affinity for the MOR, but much higher selectivity over
the DOR and KOR. One possible-explanation might be that the introduction of a shorter side
chain and a more flexible ester bond in our compounds might lead to a more favorable
conformation and orientation of the side chain to target the-*“address” locus and thereby improve
s.electivity for the MOR. Certainly this “address” locus needs to be further verified, e.g. by site-
directed mutagenesis, in future studies.

In summary, a series of 14-O-heterocyclic substituted naltrexone derivatives were
designed, synthesized and evaluated as selective MOR antagonists. Most of these novel ligands
exhibited subnanomolar to nanomolar binding affinity for the MOR, with compound 1 showing
the highest selectivity for the MOR over the DOR and KOR. These results implicated a
plausible “address™ domain in the extracellular loops of the MOR. The knowledge gained from
these studies will enrich the “message-address” concept that has been applied successfully in
opioid research and may lead to the identification of potent MOR selective non-peptide
antagonists.
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EXAMPLE 2. Design, Synthesis and Biological Evaluation of 6a-and 6B-N-Heterocyclic
Substituted Naltrexamine Derivatives as Mu Opioid Receptor Selective Antagonists
Abstract

Opioid receptor selective antagonists are important pharmacological probes in opioid

receptor structural characterization and opioid agonist functional study. Thus far a nonpeptidyl,

-28-



10

15

20

25

WO 2010/083384 PCT/US2010/021157

highly selective, and reversible mu opioid receptor (MOR) antagonist is unavailable. Based on
our modeling studies, a series of novel naltrexamine ,derivatives have been designed and
synthesized. Among-them, two compounds were identified as leads based on the results of in .
vitro and in vivo assays. Both of them displayed high binding affinity for the MOR (Ki = 0.37
nM and 0.55 nM). Compound 6 (NAP) showed over 700-fold selectivity for the MOR over the
delta receptor (DOR) and more than 150-fold selectivity over the kappa receptor (KOR).
Compound 9-(NAQ) showed over 200-fold selectivity for the MOR over the DOR and
approximately 50-fold selectivity over the KOR. Thus these two novel ligands will serve as
leads to further develop more potent and selective antagonists for the MOR.

Introduction

Opioid antagonists have played very important roles in the study of opioid receptors. In
fact, the action of an agonist is characterized as opioid-receptor-mediated only if it is
competitively antagonized by an opioid antagonist.'? Receptor-selective opioid antagonists are
important tools to.identify the receptor types that mediate the effects of opioid agonists.’ The
characterization of the mu opioid receptor (MOR) is essential because the analgesic function
and addiction/abuse liability of many clinically available opiates are primarily due to their
interaction with the MOR."** Thus, MOR selective antagonists are essential for the study of
MOR function in drug abuse and addiction. In fact, some antagonists with relatively low
selectivity for MOR, e.g. naltrexone, have been shown to inhibit relapse and curb drug craving
in opiate addicts.””’

Based on the “message-address concept”, highly selective non-peptide antagonists for
the kappa opioid receptor (e.g. norbinaltorphimine (norBNI) and 5'-guanidinonaltrindole
(GNTD)),%? and for the delta receptor (e.g. naltrindole (NTD)'® (Figure 5) were designed and
synthesized several years ago. These compounds are widely used as selective ligands in
pharmacological studies.

Thus far, however; no optimal non-peptide antagonist has been developed for the MOR,
although some moderately potent ligands, e.g. cyprodime'! are available. Compared with the
high selectivity of GNTTI for the kappa opioid receptor (KOR) (Ki values ratios are
mwkappa=120, delta’kappa~250)9 and NTI forthe delta opioid receptor (DOR) (Ki values
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ratios are mu/delta=152, kappa/delta=276),lo cyprodime only has a moderate selectivity of the
MOR over the DOR and KOR (Ki values ratios are kappa/mu=45, delta/mu=~40).'> Another
drawback of cyprodime is that it has much lower affinity for the MOR than naloxone and
naltrexone,'’ which limits its utility. Further structure-activity relationship studies of cyprodime
derivatives did not generate any additional antagonist with significantly improved affinity or
selectivity for the MOR.'*""" Although B-funaltrexamine (B -FNA), clocinnamox, and others
(Figure 6), have been reported as selective and irreversible non-peptide antagonists for MOR,'*
*! the fact that they bind covalently with the receptor largely limits their utility. In most cases, a
reversible antagonist would be preferred because it caﬁ.inhibit the receptors temporarily for
pharmacological study.and then ¢an be washed out from the binding locus to “revive” the
receptors afterwards:..

Most highly selective and reversible mu opioid receptor antagonists currently available
are conformation-constrained peptides, e.g. CTOP and CTAP. 2228 They are relatively
metabolically stable and have been used to target the MOR in in vitro and in vivo studies while
their ]im,itea bioavailability may not be suitable for many types of in vivo studies and for
medical applications. Optimal utility of antagonists as pharmacological tools requires both in
vitro and in vivo activity. Non-peptide ligands are pfeferr,ed due to their ability to penetrate the
CNS and lesser vulnerability to metabolic.inactivation compared to the peptide agents.
Therefore, the development of a non-peptide, potent, selective and reversible antagonist for the
mu opioid receptor is highly desirable.

Naltrexone is a promising template for the design of the opioid receptor selective
ligands. The successful modification of naltrexone in the synthesis of NTI, norBNI and GNTI
are good examples. While naltrexone has nanomolar affinity for all three opioid receptors, it
also shows moderate selectivity for the MOR over DOR and KOR. Some chemical structure
features are essential for its high affinity for the opioid receptors and should not be abolished.
For example, the addition of a 3-hydroxyl group. onto cyprodime and its derivatives will
“markedly enhance affinity at all three opioid r'eceptors”."3 In addition, the chemistry related to
the structural modification of naltrexone has been thoroughly studied. This information will be

beneficial to the synthetic route design of naltrexone derivatives.
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In this Example, we report the design, synthesis and biological evaluation of two series
of novel naltrexone-derived ligands as selective MOR antagonists. Molecular modeling of the
naltrexone binding pocket in the homology models of the three opioid receptors led to the
identification of an alternative “address” domain in the MOR that may enhance selectivity for
the MOR over the DOR and KOR. Two seriés of ligands were designed and synthesized as
proof-of-concept. Biological evaluation of these two series of compounds revealed some ligands
with high affinity and selectivity for the MOR. Based on these results, two exemplary’
compounds have been identified for future optimization.

Results and Discussion
Molecular modeling

To facilitate ligand design, homology modéls-of all three opioid receptors were

constructed. To date, in the whole superfamily of G-protein coupled receptors (GPCRs), only

2932 4psin,* and the human B2+ and B1-

the X-ray crystal structures of bovine rhodopsin,
adrenergic receptor 34-38 have been successfully obtained with high resolution. Most molecular
models of other GPCRs have been constructed using the rhodopsin structure as a template.
Therefore, homology models of the mu, delta and kappa opioid receptors were constructed
based on the X-ray crystal structure of bovine rhodopsin after sequence alignment (Figure 7).
Molecular dynamics simulations were conducted to optimize the conformation of the models.
The models contain not only the transmembrane hélices, but also the extracellular and
intracellular domains so that these models were integrated and complete. The MOR model was
also optimized in a membrane-aqueous ‘system.‘39 The DOR and KOR rﬁodels were also
optimized following the same method. All amino acid residues in these three models have
reasonable bond lengths and bond angles. The analysis of @, y, x1, x2 angles of the resulting
protein conformations was further conducted with Procheck 4.1.

Because naltrexone.is a universal antagonist at all three opioid receptors with moderate.
selectivity for the MOR, we decided to use it as.a probe molecule:to identify the antagonist
binding site in all three opioid receptors. By comparison of the differences among these three
binding pockets, we attempted to identify the amino acid residues that are critical to ligand

selectivity for the MOR. Three steps were involved in the identification of the critical amino
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acid residues that differentiate the binding affinity of naltrexoné in the three opioid receptors.
The first step was the interactive docking of naltrexone into the binding locus of the receptor to
form the ligand-receptor-complex. The second step was energy minimization and molecular.
dynamics carried out for the ligand-receptor system to relax and optimize binding interactions
between the ligand and amino acid residues in the binding cavity. The third step is the
identification and comparison of the naltrexone binding locus in all the three receptors. The
ligand-receptor complex structure obtained after 11 ps of molecular dynamics simulation is
depicted in Figure 8A-C. In these complexes, the distance between the protonated nitrogen atom
in the 17-amino group of NTX and the carboxyl group of Asp147 (D3.32) was initially anchored
at 4.0 A and retained at this value by a weak harmonic restraint (2 kcal/A) during the molecular
dynamics simulation to represent the putative salt bridge that has been inferred from
experimental studies.> In the lowest energy conformation of the complex extracted from the last
5 ps molecular dynamics simulation, the distance (4.1A) was compatible. with the initial setting.

As shown in Figure 8A, the binding pocket of naltrexone the entire molecule in the
MOR was mainly composed of aliphatic amino acid residues. The positively‘charged.amino
moiety of the ligand was within the range of an ionic interaction with Asp147 (D3.32). We also
noticed that the carbonyl group on C(6) of naltrexone was orientating towards an aromatic '
binding pocket formed mainly by amino acid residues from the extracellular loops'(ELs) of the
receptor, including Tyr210 (YxI12.43) and Phe221 (FS(12.54) from EL2 and Trp318 (W7.35) at
the border of EL3 and Helix 7.

In Figure 8B, the naltrexone’s binding pocket in thie DOR was very similar to that in the
MOR except that there existed no aromatic binding locus formed by multiple amino acid
residues to which the C(6) carbony! group of naltrexone pointed. At the conserved region, only
Phe202 (Fx12.54) from EL2 was in the vicinity while Pro191 (Px12.43) and Leu300 (L7.35) are
not aromatic ones. This difference might be applicable in the design of ligands that are selective
for the MOR over the DOR. |

Further study of the naltrexone binding pocket in the KOR (Figure 8C) showed that there
was an aromatic/aliphatic binding pocket formed with the contribution of Phe214 (Fx12.54)
from EL2, Phe231 (F5.37) on Helix 5, and Tyr313 (Y7.35) from Helix 7. However, only one
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residue Tyr313 (Y7.35) may form hydrogen bond with the ligand, while in the MOR binding
locus at least two.of them are available to be considered.

Therefore, our molecular modeling study of the MOR antagonist binding pocket using
naltrexone as the probe has revealed an aromatic binding locus at‘the extracellular loop region.
Further comparison with the DOR and KOR antagonist binding pockets indicated that the
existence of amino acid residues acting as potential hydrogen bonding donors and/or acceptors
may be a unique structural feature of this aromatic binding locus in the MOR. Therefore, this
binding domain may serve as an alternate “address” motif:in the MOR that contributes to ligand
recognition of the MOR selectively over DOR and KOR. Molecular design targeting to this
“address” domain could lead to the identification of selective MOR antagonists. To be noticed,
accumulated evidence has shown that the extracellular loops of GPCRs may play a critical role
in the binding pocket of their small molecule ligands, including a number of opioid receptor
agonists and antagonists.>®“® Tt has been found that EL3 of the MOR is critical for the binding
of MOR-selective agonists by comparing their binding affinities for MOR/DOR and MOR/KOR
chimeric receptors with those for the wild-type MOR, DOR and KOR.** Site-directed
mutagenesis studies have revealed that certain amino-acid residues in EL3 could be essential for
ligand (including agonist and antagonist) selectivity for the M_OR.“S “7 More specifically, Trp318
from EL3 has been identified as-an important residue for the binding affinity and seléctivity of
varies ligands for the MOR 40414348 Thege reports are consistent with the observation from our
modeling studies. |
Molecular design

Based on the molecular modeling study, two series of ligands were designed as MOR
selective antagonists (Table 2). None of them have been discussed in the literature as selective

opioid receptor ligands.
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Table 2. The ligands designed as the mu opioid receptor selective antagonists. '

At * R
HO 9 HN={
o)

Compound R Co- Compound R Co-
configuration configuration
] - a 9 m o
N/

2 N B 10 NF B
3 - o 11 Na o
L/ ®
4 N B 12 B
5 - a 13 A a
\ /N I P
6 B 14 N B
8 B 16 7 B

In the structure of these ligands, we ‘introduced a hetero-aromatic moiety onfo the 6-
position of naltrexone. An amide bond was adopted as the linkage of the side chain moiety to
the morphinan skeleton. Therefore, these ligands can be considered derivatives of naltrexamine.
The configuration.of C(6) will be either a or . Such a stereochemical arrangement could play
an important role for the affinity and the selectivity of the ligand, as has been demonstrated by
B-FNA and B-FNA.49 The aromatic character of this side chain was designed to have aromatic
stacking interaction with the aromatic binding locus in the MOR in order to differentiate from
the DOR. The nitrogen atom in the aromatic system will act as a hydrogen bond acceptor to

probe for the potential formation of a hydrogen bond with Tyr210 or Trp318 in the binding
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locus from the ELs of the MOR in order to possibly differentiate from the KOR. Compounds
with phenyl and naphthaleny! substitutions were designed.as control compounds to test our
hypothesis. These.two series of ligands served as proof-of-concept to test the identification of
the alternate “address” domain in MOR.
Chemical synthesis

For the synthesis of these 6-substituted derivatives of naltrexamine, the starting materiai
was naltrexone. The stereoselective synthesis of a - and B -naltrexamine has been applied
successfully in the synthesis of their derivatives in the literature.>

In our case, o -naltrexamine was obtained with a yield of 60% in three steps, while B -
naltrexamine was obtainéd with a yield of'63% in three steps. The amide bond formation
between the naltrexamine and the:side chain moiety was straightforward. Depending on the:
commercial availability of the aromatic moiety, eitherin-acyl chloride or acid form, condition 1
or 2 was adopted. Under‘mild basic condition, the intermediate, 3,6-disubstituted naltrexamine,
was converted to the 6-mono-substituted target compound (Figure 9) with reasonable yield. All
the ligands were fully characterized before submitting for biologica'l studies.
Biological evaluation

Biological screening for the synthesized ligands was focused on in vitro radibligal}d
binding assay and functional assays, and in vivo behavioral tests. Basically, the radioligand
binding assay was adopted to characterize the affinity and sélectivity of new ligands for the

MOR, DOR and KOR, whereas the **S-GTP[y S]-binding functional assay was applied to

_ determine-whether each new ligand acted as an agonist, partial agonist or antagonist of the MOR

by determining its efficacy for G-protein activation relative to a full-agonist at the MOR.
Agonist efficacy were measured at the level of G-protein activation because efficacy is most
accurately determined at this proximal level of signal transduction.’'>® The use of cell lines
heterologously expressing each of the cloned receptors has’become standard practice because it
provides a pure source of each opioid receptor type free of other opioid receptor types.
Furthermore, these systems express the receptor at high density to provide optimal signal-to-
noise ratios in the radioligand and **S-GTP[yS] binding assays. The in vivo tests were focused

on the inhibition of morphine’s antinociception activity and behavioral properties of those
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The primary testing of these ligands included the competitive radioligand binding assay

using the mono-cloned opioid receptors expressed in CHO cell lines. [*H]naloxone, [3H]NTI
and [*H]norBNI were used to label the MOR, DOR and KOR, respectively. The binding

affinities of these ligands to the mu, delta and kappa opioid receptors are summarized in Table

3. Most of these ligands showed sub-nanomolar affinity for the MOR and significant selectivity

for the MOR over DOR and KOR. These results demonstrated that our primary molecular

design was successful.

Table 3. The binding affinity and selectivity of C(G) naltrexamine derivatives (n=3)

Compound Ki (nM) =+ SEM Selectivity ratio
MOR DOR KOR delta/mu  kappa/mu

NTX 026+0.02 117.06+894 5.15£0.26 450 20.

B-FNA 0.41+0.04 27.78 +4.60 0.94 £0.05 68 2

CTAP 2.02+0.71 1441.0£106.1 1012.7+174.8 713 501

1 2.6579 = 64.467.85 = 22258343 + 24 84
0.424 15.976.81 11.972.60

2 5.856.46 =+ 215.1837.5 <+ 277.96306.8 + 37 47
1.4156 21.023.2 67.7774.8

3 0.157 + 40.785.01 = 7785.234 + 265 501
0.078 8.399.26 224.4376

4 0.145+£0.04 2119198 =+ 5.4298+1.1830 1413 40

15.587.2

5 0.4853 = 186.64206.0 + 19.5621.59 + 389 4]
0.123 32.075.4 9.0610.00

6 (NAP) 0.3741 + 277.51306.3 £ 607.702 + 56.5816 747 163
0.078 7.978.8
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7 14155 =+ 385.844254 * 4169596 x 274 30
0.628 83.9992.6 6.0668
8 092103 = 47538820 & 7.798.75% 15372 522 8
0.304 19.9422.4
G(NAQ) 0556015 135250  + 264593%52232 241 43
27015
10 0.101 % 1542 17.13: 1.5875%0.768 156 16
0067 - 10.829.74
1 0213 & 14820594 % 9841058 = 693 46
12 64.8097 0.961.03
2 0.11003 38694%1213 50414%1303 36 47
3 0.123£003 32.19601 + 1812030112 277 16
1.0113
14 0.078£002 1161252 + 05762£0202 157 8
2.993.23
Is 83678 + 51832456 * 6408.76 + 62 73
17180 14.068 15.776.6
16 5567.5 £ 29.2630.17 * 657.26817.2679 0.5 1
3.67 4.7489

The Ki values for the mu, delta and kappa opioid receptors are n=3. The averages are reported
along with their standard error of the means, SEM, for each compound. The comparison to
percent stimulation of DAMGO is the Emax of the compound compared to the Emax of

DAMGO (normalized to 100%). Naltrexone, B-FNA and CTAP were tested along as positive

controls under the same conditions.

affinity for the MOR while much lower affinity for.the DOR and KOR. Specifically, compound
4 showed over 1,000-fold selectivity for the MOR over DOR, whereas compound 6 showed
over 700-fold selectivity for the MOR over DOR, and over 150-fold selectivity for the MOR

over KOR. The control compound 7 and 8 showed somewhat lower affinity for MOR and lower
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selectivity for MOR over KOR. These results suggest the possibility of hydrogen bonding or
other polar interactions between the target compounds. and the MOR because the only unique
chemical structure in the target compounds is the nitrogen atom in the pyridine ring:

Similarly, target compounds 9 to 14 all showed high sub-nanomolar affinity for MOR whereas
compound 9 and 11 exhibited the highest selectivity for the MOR over both the DOR and KOR.
Again we observed significantly lower affinity and selectivity of the control compounds 15 and
16 for the MOR. This finding further supported the possibility of hydrogen bonding or some
other polar interaction between the target compounds and the MOR because of the existence of
a quinoline or isoquinoline ring in the target compounds verses the pure aromatic ring system of

the naphthalene moiety in the control compounds.

Table 4. The-efficacy and potency of target compounds in 33S-GTP[yS]-binding functional assay
in the MOR expressing CHO cells (n=3)

Compound ECso (nM) Emax (% Stim) Percent Max of
DAMGO

DAMGO  45.06+£6.63 - 366.5+23.0 100.0£6.2

1 2390516  + 133.5+98 3779 + 2.68
4.6690

2 2692801 £ 1506158  41.09+4.32
8.0588.

3 101120404 16432165  44.82+4.50

4 03360145 1067+183  29.11£5.00

5 1263906774 1368+ 17.8 3732+ 4.87

6 (NAP) 114903842 833 3.1 2272+ 0.84

9(NAQ) 436440723 58.0080 = 15.8383 n

9.303 2.5353
10 02730+ 0.067 120.9%9.0 32.99 £ 2.46
T 00910£0.04 239.6+22.5  6538%6.13
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12 0.6970£0.199 149.8 £26.1 40.87 £ 7.20
13 22956 +£0.7281 164.3 = 14.5 44.83 +£3.96
14 0.2931 £ 0.02 195.8 +32.0 5341 +8.74

All of these ligands except the controls (which showed lower affinity for the MOR) were
then tested in the *>S-GTP[yS] binding functional assay using the MOR-expressing CHO cell
line (Table 4). The **S-GTP[yS] binding results were analyzed in such a way as to normalize the
stimulation produced by each novel ligand to that obtained with the full agonist DAMGO,
which provided a measurement of relative efficacy. These results demonstrated that all of the
novel ligands showed partial agonism.

Specifically, compounds 6 and 9 showed the lowest relative efficacy, with approximately
20% of the maximal stimulation produced by DAMGO. Cbmpounds 6 and 9 produced
stimulation similar to nalbuphine, a ligand with very low efficacy to activate the MOR. As the
main goal of this project is to-develop a neutral antagonist of the MOR, their high affinity and
selectivity for the MOR and very low agonism at the MOR shed light on our future molecular
design. In order to further characterize their pharmacological profile, we conducted in vivo
study of these compounds.

In vivo pharmacological evaluation

The potential MOR selective antagonists were evaluated for acute agonistic and
antagonistic effects in mice. In detail, they were tested for their ability to produce
antinociception and to antagonize the antinociceptive effects of morphine in the mouse tail
immersion test. The data-are summarized in Table 5. As shown, both compounds 6 and 9 Figure
10), were found to be potent antagonists of morphine. Their antagonist ADs values were 4.51
and 0.45 nM, and neither of these ligands produced any agonist effect in this test at doses up to
100 mg/kg. This is in agreement with our original molecular design hypothesis as well as the in
vitro functional assays. Therefore,. these two compounds may be applied as leads for our next
generation of molecular design and synthesis to identify pure, potent and highly selective

antagonists for the MOR. In addition, compounds 1 and 2 had similar EDs values to compound
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9 and compounds 4, 5 and 13 were equally potent to compound 6 as a morphine antagonist. On
the other hand, compound 12 was more potent than morphine.and compounds 10 and 11 were

equally potent to morphine in producing antinociception in this test.

5 Table 5. ADsp values for Naloxone naloxone and the two series of C6-naltrexamine derivatives

versus morphine in the warm-water tail immersion test in vivo.

Compound
ADsg value (mg/kg (95% C.L.)) for
Blockade of morphine antinociception

Naloxone 0.05 (0.03 to 0.09)

1 0.8994 (0.759 to 1.0713)

2 0.336 (0.269 to 0.4347)

3 36:7740.59 (29.9933.10 to 44.9849.65)

4 1.3852 (0.7886 to 2.4368)

5 8.69.55 (5.3591 to 13.975.42)

6 (NAP) 14,5198 (2.4570 to 8.269.12)

9 (NAQ) 0.456 (0.277 to 0.789)

10° Inactive

1° Inactive

12°¢ Inactive

13 4.4598 (2.4170 to 8.159.12)

14 42.555.90 (235.6753 t0 76.5182.53)

a. Agonist, EDsp 1.19 mig/kg (morphine EDsg 2.59 mg/kg); b. Agonist, EDsg 4.57 mg/kg; c.
Agonist, EDsp 0.04 mg/kg. |

10
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Interestingly, some of the target compounds did not show parallel functional activity
between the in vitro and the in vivo studies. For example, both compounds 6 and 9 showed
partial agonism in the >°S-GTP[yS) binding assay while acting as full antagonists in the warm-
water tail immersion test. On the other hand, compounds 10, 11 and 12 showed only moderately
higher partial agonism in the **S-GTP[yS] binding assay but acted as full agonists in the in vivo
assays. To our understanding; there are several factors that might have contributed to these
observations:. First, it has been reported-that:the level:of antinociception produced by an opioid
is dependent on both the intrinsic efficacy of the driig and the:stimulus intensity. Some low
efficacy. MOR partial agonists, such'as butorphanol, produced maximal levels of antinociception
at a lower temperature nociceptive stimulus (50 °C) but not at a higher temperature (56 °C)
stimulus.* On the other hand, butorphaneol acted as an antagonist and shifted the dose-effect

curveof the high-efficacy opioid alfentanil to the right in a competitive manner at a higher

~ temperature (55 °C) stimulus.>® This may explain why the two exemplary compounds did not

show any efficacy at the higher temperature (56 °C) stimulus and thereby acted as full
antagonists in the in vivo study. Second, some ligands could have significant intrinsic efficacy at
the DOR or KOR, while acting as low efficacy partial agonists at the MOR which might explain
why compounds 10, 11 and 12 acted as full agonists in vivo.
Further Molecular Modeling Study

In order to verify that the two compounds that acted as selective MOR ligands utilized
the alternate “address™ domain identified from the previous modél,ing.study, further molecular
modeling study was conducted. First, compound 6. and'9 were built using the InsightIl/Discover
program and their conformation energy minimization was conducted. Then, as we have
described for the docking study of naltrexone in the three opioid receptor homology models,
they were docked into the homology model of MOR interactively. The orientation of the newly
introduced C(6) side chain was not deliberately considered originally. The lowest energy
conformation after the minimization and the dynamics simulation of the ligand/receptor
complex is illustrated in Figures 11A and B.

As shown in Figure 11A, the C(6) side chain in compound 6 pointed to the aromatic

binding locus at the extracellular loop region of the MOR. The pyridinyl moiety was in the
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vicinity of Tyr210 (Yx12.43) while the distance between the nitrogen atom in the pyridine ring
and the oxygen atom in the hydroxyl group of Tyr210 (YxI12.43) was 3.37 A. Similarly, the C(6)
side chain in compound 9 also pointed to the aromatic-binding locus at the extracellular loop
region of the MOR while the isoquinolinyl moiety in 9 was in the vicinity of Trp318 (W17.35)
(Figure 11B). The distance between the nitrogen atom in the isoquinoline ring and the nitrégen
atom in the indole ring of Trp318 (W7.35) was 3.64 A. Both distances could be plausible for
hydrogen bonding interaction between the C(6) side chains in the ligands and the specified
amino acid residue.

Because these two residues (Tyr210 (Yx12.43) and Trp318 (W7.35)) are not conserved
in the DOR and KOR, it seems that these two residues could act as an alternate “address”
domain in MOR, and this plausible hydrogen bonding could contribute to the selectivity of the
exemplary compounds 6 and 9 for the MOR. As our molecular models are based on homology
modeling of these opioid receptors and are preliminary, site-directed mutagenesis and
radioligand binding analysis with the mutated MOR will be conducted in future studies to
confirm this hypothesis.*
Conclusions

In summary, based on the molecular miodeling study of the opioid receptor antagonist
binding pocket using naltrexone as a probe molecule, an alternative “address” binding domain
has been identified in the MOR antagonist binding pocket. Two series of novel ligands have
been designed and synthesized to target on this “address” domain as proof-of-concept.
Competition binding and in vitro functional assays have identified two compounds with sub-
nanomolar affinity for the MOR and high selectivity over the DOR and KOR. Both compounds
showed partial agonism in the in vitro G-protein activation test and potent antagonism in the in -
vivo antinociceptive test. Further molecular modeling study has implicated that the 'se]e;:tivity of
these two ligands for the MOR could be the result of potential hydrogen bonding between the
ligand and the “address” binding locus in the MOR. Moreover, we have also observed that some
of the compounds in these series showed a range of efficacies as MOR partial agonists. These
ligands would serve as pharmacological tools to obtain information on MOR activation

mechanisms and on structural parameters that affect ligand efficacy at the MOR.
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Experimental Section

Molecular modeling

A Silicon Graphics Octane 2 workstation, equipped with two parallel R12000 processors, was
used for all computational studies. Insightll (Accelrys) 57 package. was used for modeling.
Insightll/Homology module was used to construct the homology models of three opioid
receptors based on the X-ray crystal structure of bovine rhodopsin, as reported previously.3_9
InsightII/Discovér module was applied to construct all the small molecules in their nitrogen-
protonated form. Minimization with the steepest descent and then the conjugate gradient
algorithm were performed to generate the lowest energy conformation for each ligand studied.
Then a molecular dynamics simulation was performed (an equilibration phase of 1,000 fs at 300
K, followed by a collection phase of 5,000 fs at the same temperature) to further study the small
molecule conformation. The lowest energy conformation of the molecule from the last 2 ps
molecular dynamics simulation was extracted and applied as the. initial configuration for
docking into the proposed binding site’ of the ‘opioid receptors: The docking of the small
molecule was conducted interactively using InsightIl/Discover. Experimental studies*’ suggest
that the protonated nitrogen moiety interacts with the carboxyl group of Asp 147 to form a
putative salt bridge. In detail, the molecule was docked in the upper level of transmembrane part
in each receptor. The orientation of the molecule skeleton in the binding locus was mainly
decided by: first, the putative ionic interaction between the tertiary amino group in naltrexone
and the carboxylic group of aspartate on the transmembrane helix 3 in each opioid receptor
(Asp147 in mu, Asp128 in delta and Asp138 in kappa); Second, the hydrophobic portion of the
ligand intend to face.the hydrophobic transmembrane helices while the hydrophilic portion to

the more polar extracellular loop region. The ligand-receptor complex was minimized in gas

-phase first with the backbone of the. receptor fixed; but all the side chain atoms were left

unconstrained. The 'obtimi'zed conformation was then used as the initial configuration for the
molecular dynamics simulations. A short-term steepest descent energy minimization (5,000
iterations) and dynamics simulation (10,000 step, 1 fs each step) was conducted to validate the
docking primarily followed by a more vigorous minimizations (50,000 iterations) and dynamics

simulation (100,000 steps) was conducted with 2000 steps equilibration for the initial dynamics.
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The total simulation time was 102 ps. In both processes, the backbone of the receptor was fixed
to prevent the disruption of the a-helical bﬁndleof the receptor and a generic distance constraint
(4 to 4.2 A) was applied between the negatively charged oxygen atom in aspartate on TM3 and
the positively charged nitrogen atom in the ligand. After the dynamics simulation, the lowest
energy conformation of the complex was extracted and saved for anal‘ysi:s.

Chemical Synthesis

General Methods: All reagents were purchased from Sigma-Aldrich or as otherwise states.

' Melting points were obtained with a Fisher scientific micro melting point apparatus and were

uncorrected. All IR spectra were recorded on a Nicolet Avatar 360 FT-IR Instruments. Proton
(300 MHz) and Carbon-13 (75 MHz) nuclear magnetic resonance (NMR) spectra were recorded
at ambient temperature with tetramethylsilane as the internal standard on either a Varian
Gemini-300MHz “Tesla” -spectrometer or Varian Mercury-300MHz NMR spectrometer.
GC/MS analysis was performed on a Hew_left Packard 6890 (Palo Alto, CA). TLC analyses were
carried out on the Analtech Uniplate F254 plates. Chromatographic purification was carried out
on silica gel columns (230~400 mesh, Merck). Yields were not maximized. The final target
compounds’ purity was tested by HPLC and elemental analysis, and satisfying purity of > 95%
was achieved from both methods. Varian ProStar HPLC System was used on Microsorb-MV
100-5 C18 column (250 x 4.6mm) with injection volume at 10 puL and sample concentrations at
1 — 2 mg/0.5mL in 100% acetonitrile; The sample was detected at single wavelength of 210. nm
with eluent system of aceétonitrile: water (75: 25).at 1 -mL/min over 50 min. Elemental analysis
was conducted in Atlantic Microlab, Inc. All spectral data reported here were obtained from the
hydrochloride salt form of the products while compound 1-6 and 9-14 were dihydrochloride
salts, and compound 7, 8, 15 and 16 monohydrochloride salts.

General procedure 1: A solution of 6a-naltrexamine or 6B-naltrexamine (1 equivalent) in
CH,Cl; was added acyl chloride (2 equivalent), and triethylamine (4 equivalent) on an ice-water
bath under N protection. The mixture was allowed to stir overnight at room temperature. After
concentrated to remove CH,Cl,, the resulting residue was dissolved in MeOH and added
potassium carbonate (2 equivalents). The reaction mixture was stirred overnight at room
temperature. After qoncentrated, the residue was partitioned between water and CH,Cl,. The
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water layer was extracted with CH,Cl;. The combined CH,Cl; solution was washed with brine,
dried over Na,SOs4. After concentrated, the residue was purified by silica gel column with a
CH,Cl,/ MeOH (100:1) (1 % NH3H;0) solvent system as eluent to give the aim product. The
product was then transferred into the hydrochloride salt using 1.25 M hydrochloride acid
methanol solution at 0 °C.

General procedure 2: A solution of carboxylic acid (3 equivalent) in DMF was added N-(3-
Dimethylaminopropyl)-N’-ethylcarbodiimide  hydrochloride = (EDCI, 2.5  equivalent),
hydrobenzotriazole (HOBt, 2.5 equivalent), 4 A Molecular sieve, and triethylamine (5
equivalenf) on an ice-water bath under N, protection. After 15 min, a solution of 6B-
naltrexamine (1 equivalent) in DMF was added. The reaction mixture was filtered over celite
after stirring overnight at room temperature. The filtrate was concentrated in vacuum to remove
DMF. The residue was dissolved in MeOH and added potassium carbonate (2 equivalent). The
resulting mixture was stirred overnight at room temperature. After concentrated, the residue was
partitioned between water and CH,Cl,. The water layer was extracted with CH,Cl,. The
combined CH,Cl; solution was washed with H,O, brine, dried with Na>SO4. After concentrated,
the residue was purified by silica gel column with a CH,Cl,/MeOH (100:1) (1 % NH;3H;0)

solvent system as eluent to give the aim product. Then the product was transferred into a

hydrochloride salt.

17-Cyclopropylmethyl-3,143-dihydroxy-4,5a-epoxy-6a-{(2’-
pyridyl)acetamido]jmorphinan (1) was prepared by following the general procedure 1 in 58%
yield. [0)®p: -244° (¢=0.05, MeOH). M.p.: 212-214°C; IR (KBr, cm™") vyuae 3225, 1675, 1521, |
1320; '"H NMR (300MHz, DMSO): & 8.90(b, 1 H, exchangeable), 8.71(b, 1 H, Amide-H),
8.39(m, | H, Ar-H), 8.09(m, 2 H, Ar-H), 7.68(m, 1 H, Ar-H), 6.77 and 6.62(2 d, 1 H each, J=
8.1Hz, Cy-H, C,-H), 4.77(m, 1 H, Ce-H), 4.67(m, 1 H, Cs-H), 3.12(d, J=6.3 Hz, 1 H), 3.05(d,
J=18.6 Hz, 1 H), 2.67(m, 1 H), 2.63(m, 1 H), 2.57(m, 1 H), 2.35(m, 1 H), 2.27(m, 1 H), 2.17(m,
2 H), 1.84(m, 1 H), 1.74(m, 1 H), 1.49(m, 1 H), 1.14(m, 1 H), 0.86(m, 1 H), 0.54(m, 2 H),
0.12(m, 2 H); *C NMR (75MHz, DMSO) &: 163.88, 150.16, 148.34, 145.74, 137.79, 137.61,
130.10, 126.35, 125.99, 122.69, 119.41, 117.61, 90.45, 69.85, 62.36, 59.91, 47.49, 46.49, 43.39,
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33.83, 29.45, 23.11, 21.17, 9.60, 421, 4.06; MS (ESI) m/z: 4477 (M"). Anal. |
(C26H29N304-2HCI-1.5H,0) C, H. '

17-Cyclopropylmethyl-3,14B-dihydroxy-4,5a-epoxy-6-[(2’-
pyridyl)acetamido]morphinan (2) was prepared by following the general procedure 1 in 65%
yield. [a]**p: -91° (c=0.07, MeOH). M.p.: 210-212°C; IR (KBr, cm™') Vo 3384 1673, 1526,
1324; '"H NMR (300MHz, DMSO): & 9.07(b, 1 H, Amide-H), 8.86(b, 1 H, exchangeable),
8.69(m, 1 H, Ar-H), 8.03(m, 2 H, Ar-H), 7.65(m, 1 H, Ar-H), 6.73 and 6.68(2 d, 1 H each, J=
8.1Hz, Ci-H, Cy-H), 5.02(m, 1 H, C¢-H), 4.62(m, 1 H, Cs-H), 3.10(d, J=6.3 Hz, 1 H), 3.03(d,
J=18.9 Hz, 1 H), 2.65(m, 1 H), 2.63(m;, 1. H), 2.58(m, 1 H), 2.37(m, 2 H), 2.25(m, 1 H), 2.19(m,
I H), 1.95(m, 1 H), 1.82(m, 1 H), 1.61(m, 1 H), 1.45(m, 1 H), 0.84(m, 1 H), 0.54(m, 2 H),
0.12(m, 2 H); C NMR (75MHz, DMSO) ¢: 160.27, 145.86, 144.30, 138.97, 136.63, 133.54,
127.19, 122.39, 120.28, 118.59, 115.29, 114.35, 89.11, 66.42, 58.54, 55.44, 47.84, 43.91, 41.96,
40.30, 27.00, 26.22, 20.59, 18.88, 6.82, 5.68; MS (ESI) m/z: 448.1 (M+H)". Anal
(Ca6H29N304-2HCI-3H,0) C, H.

17-Cyclopropylmethyl-3,14B-dihydroxy-4,5a-epoxy-6a-{(3’-
pyridyl)acetamido]morphinan (3) was prepared by following the general procedure 1 in 54%
yield. [a)®p: -273° (¢=0.06, MeOH). M.p.: 211-214°C; IR (KBr, ¢m") Viuae: 3215, 1672, 1531,
1507, 1322; '"H NMR (300MHz, DMSO): 6 9.23(m, 1 H, Ar-H), 8.94 (b, 1 H, exchangeable),
8.92(s, 1 H, Amide-H), 8.75(d, J= 5.1.Hz, 1 H, Ar-H), 8.66(d, J= 7.5Hz, 1 H, Ar-H), 7.89(dd,
J=5.1, 7.5 Hz, 1 H, Ar-H), 6.73 and 6.58(2 d, 1 H each, J= 8./Hz, C,-H, C;-H ), 4.76(m, 1 H,
Cs-H), 4.63(m, 1 H, Cs-H), 3.97(m, 1 H), 3:43(m, 2 H), 3:05(m, 3'H), 2.71(m, 1 H), 2.45(m, 2
H), 1.95(m, 1" H);.1.63(m, 1 H), 1.53(m, 1 H), 1.20(m, 1 H), 1.06(m, 1 H), 0.64(m, 2 H), 0.45(m,
2 H); °C NMR (75MHz, DMSO) &: 165.25, 151.34, 147.83, 145.94, 138.43, 136.20, 131.16,
130.84, 125.51, 123.82, 119.56, 117.96, 89.49, .69.88, 62.38, 59.89, 47.28, 45.95, 43.45, 33.71,
29.32, 23.08, 2138, 9.62, 420, 4.06; MS (ESD m/z 4489 (M+H)". Anal.
(C26H20N304-2HCI-3H,0) C, H.

17-Cyclopropylmethyl-3,14B-dihydroxy-4,5a-epoxy-68-[(3’-

pyridyl)acetamido]morphinan .(4) was prepared by following the general,p'rocedufe 1 in 56%
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yield. []®p: -141° (¢=0.10, MeOH)). M.p.: 225-227°C; IR (KBr, cm™") Vot 3207, 3057, 1665,
1540, 1326; 'H NMR (300MHz, DMSO): 6 9.18(m, 1 H, Ar-H), 9.15(b, 1 H, Amide-H), 8.90
(b, 1 H, exchangeable), 8.86(m, 1 H, Ar-H), 8.51(m, 1 H, Ar-H), 7.77(m, 1 H, Ar-H), 6.75 and
6.68(2 d, 1 H each, J= 8.4Hz, C,-H, C3-H ), 4.85(d, J= 8:;1Hz, 1. H, Cs-H), 4.47(s, 1 H, C¢-H),
3.89(m, 1 H), 3.73(m, 1 H), 3.38(m, 1 H), 3.12(m, 2 H), 2.85(m, 1 H), 2:45(m, 2 H), 1.93(m, 1
H), 1.80(m, 1 H), 1.64(m, 1 H); 1.47(m, 2 H), 1.09(m, 1 H), 0.64(m, 2 H), 0.46(m, 2 H); "°C
NMR (75MHz, DMSO) J: 161.34, 147.63, 144.05, 139.39, 136.30, 131.90, 126.87, 126.46,
120.29, 119.68, 115.32, 114.28, 88.05, 66.55, 58.39, 55.48, 47.27, 41.88, 40.16, 27.77, 25.51,
19.75, 18.82, 6.98, 5.63, 3.26; MS (ESI) m/z: 448.9 (M+H)". Anal. (CyHN304:2HCI-3H,;0)
C, H.
17-Cyclopropylmethyl-3,14B-dihydroxy-4,5a-epoxy-6a-[(4’-
pyridyl)acetamido]morphinan (5) was prepared by following the general procedure 1 in 45%
yield. [0]%p: -213° (¢=0.09, MeOH). M.p. 215-217°C; IR (KBr, cm™) Ve 3225, 1653, 1542,
1500, 1318; '"H NMR (300MHz, DMSO): & 8.92(m, 2 H, Ar-H), 8.88 (b, 1 H, exchangeable),
8.77(b, 1 H, Amide-H), 8.08(m, 2 H, Ar-H), 6.73 and 6.59(2 d, 1 H each, J= 8.1Hz, C,-H, C;-H
), 4.78(m; 1 H, Cs-H), 4.62(m, 1 H, Ce-H), 3.95(m, 1 H), 3.40(m, 2 H), 3.06(m, 2 H), 2.74(m, 1
H), 2.46(m, 2 H), 1.91(m, 1 H), 1.65(m, 1 H), 1.52(m, 1 H), 1.18(m, 2 H), 1.09(m, 1 H), 0.69(m,
2 H), 0.49(m, 2 H); ')C NMR (75MHz, DMSO) &: 164.17, 149.72, 149.72, 145.15, 142.08,
137.77, 130.25, 124.71, 121.12, 121.12, 119.07, 117.28, 88.82, 69.06, 61.74, 59.26, 46.81,
46.54, 45.27, 42.58, 33.29, 28.70, 22.43, 8.17, 7.55, 3.56; MS (ESI) m/z: 448.9 (M+H)". Anal.
(C26H29N304-2HCI3H,0) C, H.
17-Cycloprepylmethyl-3,14B-dihydroxy-4,5a-epoxy-68-[(4’-

pyridyl)acetamido]morphinan (6, NAP) was prepared by following the general procedure 1 in
45% yield. [a]®p: -176° (¢=0.01, MeOH). M.p.: 258-61°C; IR (KBr, cm™) Ve 3386, 1666,
1548, 1502, 1326; '"H NMR (300MHz, DMSO): 6 8.81(b, | H, Amide-H), 8.45(m, 2 H, Ar-H),
8.22 (b, 1 H, exchangeable), 7.60(m, 2 H, Ar-H), 6.32 and 6.27(2 d, 1 H each, J= 7.8Hz, C,-H,
C;-H), 4.84(s, 1 H, Cs-H), 4.46(m, 1 H, C¢-H), 3.90(m, 1 H), 3.69(m, 1 H), 3.30(m, 2 H),
3.06(m, 2 H), 2.85(m, 1 H), 2.45(m, 2 H), 1.93(m, 1 H), 1.80(m, 1 H), 1.59(m, 1 H), 1.46(m, 1
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H), 1.07(m, 1 H), 0.63(m, 2 H), 0.45(m, 2 H); '*C NMR (75MHz, DMSO) &: 164.30, 149.27,
142.72, 139.62, 130.15, 128.61, 127.80, 124.87, 123.73, 120.89, 118.86, 117.84, 91.135, 69.90,
61.75, 58.84, 50.68, 46.91, 43.50, 39.98, 31.10, 28.60, 22.18, 8.99, 3.68, 3.37; MS (ESI) m/z:
448.9 (M+H)". Anal. (Cp6H20N304-2HCI-3H;0) C, H.

17-Cyclopropylmethyl-3,14B-dihydroxy-4,5a-epoxy-6a-(benzamido)morphinan (7) was
prepared by following the general procedure 1 in 54% yield. [a]®p: -215° (c=0.11, MeOH).
M.p.: 182-185°C; IR (KBr, cm™) vy.c 3353, 2947, 1638, 1540, 1324, 'H NMR (300MHz,
DMSO): §7.75(m, 2 H, Ar-H), 7.45(m, 3 H, Ar-H), 6.70 and 6.65(2'd, 1 H each, J= 8§ 4Hz, C,-
H, C;-H), 6.50(b, 1 H, Amide-H), 4.79(m, 1 H, C¢-H), 4.77(m, 1 H, Cs-H), 3.14(m,. 1 H),
3.04(m, 1 H), 2.68(m, 1 H), 2.65(m, 1 H), 2.60(m, 1 H), 2.36(m, 1 H), 2.29(m, 1 H), 2.27(m, 2
H), 1.84(m, 1 H), 1.58(m, 1 H), 1.42(m, 1 H), 1.25(m, 1 H), 0.86(m, 1 H), 0.54(m, 2 H), 0.12(m,
2 H); °C NMR (75MHz, DMSO) &: 167.72, 145.85, 138.14, 134.53, 131.57, 131.11, 128.60,
127.47, 125.63, 119.38, 117.86, 90.12, 69.91, 62.32, 59.87, 47.38, 46.98, 43.39, 33.69, 29.45,
23.11, 21.17, 9.56, 4.24, 4.08; MS (ESI) m/z: 447.9 (M+H)". Anal. (C57H30N,04HCI-2.75H;0)
C,H.

17-Cyclopropylmethyl-3,14B-dihydroxy-4,5a-epoxy-68-(benzamido)morphinan (8) was
prepared by following the general procedure 1 in 59% yield. [&)%Pp: -157° (c=0.07, MeOH).
M.p.: 220-221°C; IR (KBr, cm™") vinee: 3242, 1638, 1540, 1324; 'H NMR (300MHz, DMSO): &
7.84(m, 2 H, Ar-H), 7.50-7.40(m, 3 H, Ar-H), 7.21(b, 1H, Amide-H), 6.75 and 6.58(2d, 1 H
each, J= 8.1Hz, C\-H, C,-H), 4.52(m, 1 H, Cs-H), 4.26(m, 1 H, C¢-H), 3.87(m, 1 H), 3.73(m, 1
H), 3.15(m, 1 H), 2.69(m, 1 H), 2.61(m, 1 H), 2.40(m, 1 H), 2.23(m, 2 H), 1.87(m, 1 H), 1.72(m,
1 H), 1.55(m, 1 H), 1.26(m, 1 H), 1.12 (m, 1 H), 0.86(m, 1 H), 0.54(m, 2 H), 0.12(m, 2 H); ’C
NMR (75MHz, DMSO) §: 168.79, 142.59, 140.78, 134.52, 131.55, 131.18, 128.38, 127.23,
123.87, 119.04, 117.62, 91.82, 70.59, 62.61, 58.92, 52.14, 44.49, 30.45, 30.11, 29.66, 24.35,
22.52, 8.76, 3.61, 3.05; MS (ESI) m/z: 447.9 (M+H)". Anal..(Cz7H3oN,04-HCL:3.25H,0) C, H.

17-Cyclopropylmethyl-3,14B-dihydroxy-4,5a-epoxy-6a-{(3°-
isoquinolyl)acetamido]morphinan (9, NAQ) was prepared by following the general procedure
2 in 70% yield. [0]%p: -150° (¢=0.01, MeOH). M.p.: 210-213°C; IR (KBr, cm™) vy 3222,
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1666, 1529, 1261, 801; 'H NMR (300MHz, DMSO): & 9.44(s, 1 H, Ar-H), 8.95(b, 1 H,
exchangeable), 8.64(s, 1 H, Ar-H), 8.58(b, 1 H, Amide-H), 8.27(m, 2 H, Ar-H), 7.90(m, 2 H,
Ar-H), 6.79 and 6.62(2 d, 1 H each, J= 7.8Hz, C,-H, C;-H ), 4.81(s, 1 H, Cs-H), 4.74(m, | H,
Cs-H), 3.99(m, 1 H), 3.45(m, 2 H), 3.14(m, 2 H), 2.73(m, 1 H), 2.58(m, 1 H), 2.23(m, 2 H),
1.87(m, 1 H),1.67(m, 2 H), 1.48(m, 1 H), 1.08(m, 1 H), 0.67(m, 2 H), 0.47(m, 2 H); ’C NMR
(75MHz, DMSO) J: 159.97, 148.87, 146.15, 139.18, 138.21, 137.40, 134.48, 132.47, 131.01,
128.93, 128.86, 128.37, 124.16, 122.44, 120.07,. 118.39, 87.91, 69.86, 62.26, 57.93, 47.15,
46.05, 30.51, 29.43, 23.88, 19.57, 19.56, 5.75, 5.18, 2.26; MS (ESI) m/z: 498.1 (M+H)". Anal.
(C30H3N3042HCI-0.5H;0) C, H.
17-Cyclopropylmethyl-3,148-dihydroxy-4,5a-epoxy-6p-[(3’-
isoquinolyl)acetamidojmorphinan (10) was prepared by following the general procedure 2 in
50% yield. [a]®p: -166° (¢=0.10, MeOH)). M.p.: 235-237°C; IR (KBr, cm™) Vuae: 3069, 1665,
1537, 1328, 901; '"H NMR (300MHz, DMSO): 6 9.46 (s, 1H, Ar-H), 9.27(b, 1 H, Amide-H),
9.15(s, 1 H, Ar-H), 8.92(b, 1 H, exchangeable), 8.21(m, 2 H, Ar-H), 8.00(m, 1 H, Ar-H),
7.81(m, 1 H, Ar-H), 6.76 and 6.68(2 d, 1 H each, J= 8.4Hz, C,-H, C;-H), 5.06(m, 1 H, Cs-H),
4.90(d, J= 7:8Hz, 1 H, Cs-H), 3.91(m, 1 H), 3.78(m, 1 H), 3.37(m, 2 H), 3.10(m, 2 H), 2.89(m,
1 H), 2.45(m, 1 H), 2.00(m, 1 H), 1:83(m, 1 H), 1.69(m, 1 H), 1.49(m, 2" H), 1.12(m, 1 H),
0.68(m, 2 H), 0.48(m, 2 H); ’C NMR (75MHz, DMSO) J: 164.63, 151.51, 143.09, 142.94,
140.57, 135.84, 131.37, 131.26, 129.64, 129.01, 128.16, 128.06, 124.62, 120.53, 119.48,
118.30, 92.95, 62.55, 59.43, 52.26, 44.35, 36.71, 31.66, 30.85, 30.42, 24.69, 22.92, 9.68, 4.22,
4.02; MS (ESI) m/z: 498.8 (M+H)". Anal. (C30H;N3042HCI-3.5H,0) C, H.
17-Cyclopropylmethyl-3,14B-dihydroxy-4,5a-epoxy-6a-[(2’-

quinolyl)acetamido]morphinan (11) was prepared by following the general procedure 1 in
93% yield. The product was transferred into a HCI salt. [a]*p: -186° (c=0.03, MeOH). M.p.:
212-214°C; IR (KBr, cm™) vinar: 3199, 1673, 1528, 1321, 785; 'H NMR (300MHz, DMSO): §
8.90(b, 1 H, Amide-H), 8.60(m, 2 H, Ar-H), 8.21(b, 1 H, exchangeable), 8.13(m, 2H, Ar-H),
7.92(m, 1 H, Ar-H), 7.75(m, 1 H, Ar-H), 6.76 and 6.63(2 d, 1 H each, J= 7.8Hz, C,-H, C;-H),
4.84(s, 1 H, Cs-H), 4.68(m, 1 H, C¢-H), 3.94(m, 1 H), 3.65(m, 1 H), 3.35(m, 1 H), 3.05(m, 1 H),

-49-



10

15

20

25

WO 2010/083384 _ ) PCT/US2010/021157

2.71(m, 1 H), 2.45(m, 2 H), 1.93(m, 2 H), 1.82(m, 1 H), 1.65(m, 1 H), 1.48(m, 2 H), 1.06(m, 1
H), 0.63(m, 2 H), 0.44(m, 2 H); "*C NMR (75SMHz, DMSO) &: 160.77, 146.72, 146.08, 145.15,
141.05, 139.27, 134.49, 134.49, 130.24, 130.24, 128.88, 123.95, 122.35, 120.10, 119.33,
118.51, 87.79, 69.88, 62.24, 57.95, 47.18, 46.06, 30.51, 29.42, 23.91, 19.68, 19.68, 5.79, 5.22,
2.31; MS (ESI) m/z: 498.1 (M+H)". Anal. (C3pH31N3042HCI-2.5H,0) C,H.
l7-Cyclopropylmethyl-3,14B-dihydroxy-4,5a—epoxy-6B—[(2’-
quinolyl)acetamidojmorphinan (12) was prepared by following the general procedure 1 in
83% yield. [a]®p: -112° (¢=0.1, MeOH). M.p.:'227-229°c; IR (KBr, cm™) Ve 3110, 1671,
1533, 1329, 770; '"H NMR (300MHz, DMSO): 8 9:26(m, 1 H, Ar-H), 8.94(b, 1 H, Amide-H),
8.61(m, 1 H, Ar-H), 8.16(m, 2 H, Ar-H), 8.12(b, 1 H, exchangeable), 7.92(m, 1 H, Ar-H),
7.78(m, 1 H, Ar-H), 6.79 and 6.68(2 d, 1 H each, J= 7.8Hz, C;-H, C>-H), 5.15(s, 1 H, Cs-H),
5.12(m, 1 H, Cs-H), 3.93(m, 1 H), 3.77(m, 1 H), 3.43(m, 1 H), 3.10(m, 2 H), 2.90(m, 1 H),
2.45(m, 2 H), 2.09(m, 1 H), 1:83(m, 1 H), 1.62(m, 1 H), 1.48(m, 1 H), 1.08(m, 1 H), 0.86(m, 1
H), 0.65(m, 2 H), 0.50(m, 2 H); >C NMR (75MHz, DMSO) 4: 163.98, 149.09, 145.84, 141.98,
139.75, 136.87, 130.48, 129.60, 129.12, 128.72, 127.40, 127.26, 123.60, 118.64, 118.44,
117.41, 93.02, 69.83, 61.83, 58.76, 51.23, 47.33, 43.66, 30.11, 29.71, 24.20, 22.20, 8.99,3.62,
3.36; MS (ESI) m/z: 497.8 (M+H)". Anal. (C30H;;N3042HCI-0.5H;0) C, H.
17-Cyclopropylmethyl-3,14B-dihydroxy-4,5a-epoxy-6a-[(3’-

quinolyl)acetamido]morphinan (13) was prepared by following the general procedure 2 in
61% yield: [a]?’p: -192° (c=0.05, MeOH). M.p.: > 270°C; IR (KBr, cm™) Vmar: 3221, 1660,
1537, 1318, 777; 'H NMR (300MHz, DMSO): §9.39(s, 1 H, Ar-H), 9.06(s, 1 H, Ar-H), 8.90(b,
1 H, Amide-H), 8.66(b, 1 H, exchangeable), 8.19(m, 2 H, Ar-H), 7.97(m; 1 H, Ar-H), 7.79(m, 1
H, Ar-H), 6.73 and 6.59(2 d, 1 H each, J= 8./Hz, C-H, C;-H), 4.83(m, 1 H, Cs-H), 4.70(m, 1
H, Ce-H), 3.95(m, 1 H), 3.45(m, 2 H), 3.08(m, 3 H), 2.72(m, 1 H), 2.52(in, 2 H), 1.92(m, 1 H),
1.65(m, 1 H), 1.51(m, 1 H), 1.26(m, 1 H), 1.10(m, 1 H), 0.68(m, 2 H), 0.45(m, 2 H); 3C NMR
(75MHz, DMSO) &: 164.04, 147.59, 146.84, 144.48, 141.03, 139.52, 134.19, 130.41, 129.48,
128.03, 127.76, 125.83, 122.91, 119.93, 119.24, 116.95, 87.73, 70.15, 61.65, 57.70, 47.08,
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45.99, 39.40, 30.92, 29.83, 24.30, 20.10, 6.50, 5.99, 3.34; MS (ESI) m/z: 498.9 (M+H)". Anal.
(C30H31N3042HCI-3.75H;0) C, H.

l7-Cyclopropylmethyl-3,l4B—dihydroxy—4,5a—epoxy—6ﬁ-[(3’-
quinolyl)acetamidojmorphinan (14) was prepared by following the general procedure 2 in
87% vyield. [a]p: -86° (¢=0.07, MeOH). M.p.: 235-238°C; IR (KBr, cm™) Vnax: 3072, 1660,
1549, 1324, 777; 'H NMR' (300MHz, DMSO): 69.47(s, 1 H, Ar-H), 9.35(b, 1 H, Amide-H),
8.92(b, 1 H, exchangeable), 8.23(m, 2 H, Ar-H), 8.22(s, 1 H, Ar-H), 8.03(m, 2 H, Ar-H), 6.76
and 6.68(2 d, 1 H each, J= 84Hz, C\-H, C;-H), 5.11(s, 1 H, Cs-H) 5:01(m, 1 H, C¢-H), 3.92(m,
1 H), 3.78(m, 1 H), 3.33(m, 2 H), 3.07(m, 2 H), 2.89(m, 1 H), 1.83(m, 1 H), 1.62(m, 2 H),
1.46(m, 3 H), 1.11(m, 1 H), 0.65(m, 2 H), 0.47(m, 2 H), 3C NMR (75MHz, DMSO) §: 165.68,
147.82, 147.72, 141.71, 140.27, 135.74, 131.00, 130.18, 128.40, 127.21, 127.04, 126.69,
126.50, 122.65, 118.42, 116.87, 99.79, 69.75, 61.90, 57.95, 51.63, 46.22, 44.11, 29.40, 29.24,
23.49, 21.82, 7.55, 2.99, 2.10; MS (ESI) m/z: 498.8 (M+H)". Anal. (C3oH3;N304-2HCI-2.5H,0)
C, H.

17-Cyclopropylmethyl-3,14B-dihydroxy-4,5a-epoxy-6a-[(2’-
naphthalyl)acetamido]morphinan (15) was prepared by following the general procedure 1 in

46% yield. [0)p: -218° (¢=0.01, MeOH). M.p.: 213-215°C; IR (KBr, cm™) Ve 3399, 1641,

1503, 1460, 1318; 'H NMR (300MHz, DMSO): §8.15(s, 1 H, Ar-H), 7.77-7.73(m, 4 H, Ar-H),

7.45(m, 2 H, Ar-H), 6.85(b, 1 H, Amide-H), 6.85 and 6.50(2 d, 1 H each, J= 8. /Hz, Cy-H, C»-
H), 4.80(m, 1 H, C¢-H), 4.71(m, 1 H, Cs-H), 3.69(m, 1 H), 3.00(m, 1 H), 2.63(m, 1 H), 2.53(m,
1 H), 2.34(m, 1 H), 2.23(m, 1 H), 2.15(m, 2 H), 1.76(m, 1 H), 1.49(m, 1 H), 1.36(m, 1 H),
1.09(m, 1 H), 1.14(m, 1 H), 0.83(m, 1 H), 0.55(m, 2 H), 0.12(m, 2" H); 3C NMR (75MHz,
CD;0D) é: 167.96, 145.46, 138.32, 134.35, 132.03, 130.76, 128.13, 127.44, 127.37, 127.25,
127.17, 127.00, 125.98, 123.30, 121.61, 119.24, 117.59, 87.72, 61.56, 57.25, 44.50, 39.95,
37.39, 29.81, 28.96, 23.29, 18.95, 13.60, 9.87, 5.05, 4.55; MS (ESI) m/z: 496.8 (M"). Anal.
(C11H32N,04-HCI'1.5H,0) C, H.

17-Cyclopropylmethyl-3,14f-dihydroxy-4,5a-epoxy-6p-[(2’-

naphthalyl)acetamidojmorphinan (16) was prepared by following the general procedure 1 in
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44% yield. [6])%p: -123° (¢=0.09, MeOH). M.p.: 212-215°C; IR (KBr, em™) Vinas: 3248, 2964,

1640, 1508, 1319, 716; 'H NMR (300MHz; DMSO): 58.36(b, 1 H, Amide-H), 7.95-7.86(m, 5
H, Ar-H), 7.56(m, 2 H, Ar-H), 6.76 and 6.59(2 d, 1 H each, J= 8.4Hz, C\-H, C,-H), 4.60(m, 1
H, Cs-H), 4.31(m, 1 H, C¢-H), 3.88(m, 1 H), 3.‘75(m, 1 H), 3.19(m, 1 H), 2.70(m, 1 H), 2.42(m,
1 H), 2.27(m, 2 H), 1.96(m, 1 H), 1.70(m, 1 H), 1.54(m, 1 H), 1.24(m, 1 H), 1.49¢m, 1 H),
1.14(m, 1 H), 0.88(m, 1 H), 0.50(m, 2 H), 0.12(m, 2 H); B3¢ NMR (75MHz, DMSO) é:. 166.36,
147.21, 142.86, 134.85, 132.86,131.80, 129.57, 128.98, 128.57, 128.35, 128.25, 128.24,
127.48, 124.85,121.75, 119.20, 119.10, 91.30, 70.44, 62.43,51.74, 42.96, 35.67, 33.08, 32.17,
30.45, 24.70, 20.10, 9.50, 6.80, 4.00; MS (EST) m/z: 497.8 (M+H)". Anal.
(C31H3;N204-HCI'H0) C, H.

In vitro competitive radioligand-binding and functwnal assay Details of the binding assay
was conducted to study the selectivity of the ligands by using mono-cloned opioid receptor
expressed in Chinese hamster ovarian (CHO) cell lines as described previously. 44,45
[*H]naloxone, [*HINTI and [*H]norBNI were. used; to label the mu, delta and kappa opioid
receptors respectively. Aliquots of a membrane preparation weré incubated with the
radioligands in the presence of different concentrations of the drug under investigation at 30 °C
for 1 h. Specific (i.e. opioid receptor related) binding was determined as the difference in
binding obtained in the absence and presence of 10 uM naltrexone. The potency of the drugs in
displacing the specific binding of the radioligand was determined from data using linear
regression analysis of Hill plots. The 1Cso values will then be determined and corrected to K;
values using the Cheng-Prusoff equation. Functional assays, including 338-GTP[yS]-binding
assay were conducted in the same cell membranes used for the receptor binding assays. 3 pM of
DAMGO was included in the assay for a maximally effective concentration of a full agonist for
the mu opioid receptor.

In vivo acute function test procedure

Animals. Male Swiss Webster mice (Harlan Laboratories, [ndlanapohs IN) weighing 25-30 g
were housed 6 to a cage in animal care quarters and maintained at 22 +2°Cona 12 hr light-dark

cycle. Food and water were available ad libitum. The mice were brought to a test room 2+2°
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°C, 12 hr light-dark cycle), marked for identification and allowed 18 hr to recover from
transport and handling. Protocols and procedures were approved by the Institutional Animal
Care and Use Committee (IACUC) at Virginia Commonwealth University Medical Center and
comply with the reccommendations of the IASP (International Association for the Study of Pain).

Tail immersion test. The warm-water tail immersion test was performed according to Coderre
and Rollman® using a water bath with the temperature. maintained at 56 + 0.1°C. Before
injecting the mice, a base-line (control) latency was determined. Only mice with a control
reaction time from 2 to 4 second were used. The average baseline latency for these experiments
was 3.0 = 0.1 sec. The test latency after drug treatment was assessed at the appropriate time,
and a 10 second maximum cut-off time was imposed to prevent tissue damage. Antinociception
was quantified according to the method of Harris and Pierson> as the percentage of maximum
possible effect (% MPE). which was calculated as: %MPE = [(test latency — control latency) /
(10 — control latency)] X 100, Percent MPE was'calculated for each' mouse using at least 6 mice
per drug.

Drugs. Morphine-sulfate was purchased from Mallinckrodt, St. Louis, MO, USA. Naloxone
was purchased from Sigma-Aldrich (St. Louis, MO, USA). All drugs and test compounds were
dissolved in pyrogen-free isotonic saline (Baxter Healthcare, Deerfield, IL) and were
administered to mice subcutaneously (s.c.)

Experimental design and statistical analysis. To test for agonist properties, mice, with pre-
determined tail immersion baseline, were injected s.c. with morphine (10 mg/kg; a dose that
produces miaximal antinociception) or the test compound at increasing doses and were re-
assessed for their tail immersioﬁ reaction time 20 min later. To test for antagonist properties,
mice, with pre-determined tail immersion baseline, were injected s.c. with either naloxone (1
mg/kg; a dose that totally block the antinociception induce by 10 mg/kg morphine) or the test
compound at various doses and 5 min later they were administered morphine (10 mg/kg; s.c.).
Mice were re-assessed for their tail immersion reaction time 20 min later. Effective dose-50
(ED50) values were calculated using least-squares linear regression analysis followed by

calculation of 95% confidence limits (95% C.L.) by the method of Bliss.*®
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Data are expressed as mean values + S.E.M. Analysis of variance (ANOVA) followed by the
post hoc “Student-Newman-Keuls” test were performed to assess significance using the Instat

3.0 software (GraphPad Software, San Diego, CA, U.S.A.). P <0.05 was considered significant.
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and KOR.

57. InsightIl User Guide, October 1995. San Diego:MSI, 1995.

58. Coderre, T. J.; Rollman, G. B. Naloxone hyperalgesia and stress-induced analgesia in rats.
Life Sci. 1983, 32(18), 2139-46.

59. Harris, L. S.; Pierson, A. K. Some narcotic antagonists in the benzomorphan series. J.
Pharmacol. Exp. Ther. 1964, 143, 141-148.

60. Bliss, C. 1. Statistics in Biology; McGraw-Hill: New York, 1967; p 439.

EXAMPLE 3. Exemplary compound derivatives:. from compound 6 defined above in Examples
2 (referred to as compound 1 in this Example)

New ligands based on exemplary compound 1 are used to further explore the structure-
activity-relationships of these naltrexamine derivatives. The major morphinan skeleton and the
C(6)-heterocyclic ring system are retained because they provided very high affinity for the
MOR. Some adjustments are introduced to influence the orientation and the distance between
these two moieties and to strengthen interactions (e.g. hydrogen bonding) between the ligand
and the aromatic amino acid residues in the MOR. These interactions are believed to be
important not only to the ligand binding affinity/selectivity for the receptor, but also to the
optimization of the antagonism of the ligand. These compounds are synthesized and

characterized by NMR, IR, Mass Spectrometry, elemental analysis and biological screening
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essentially as described in Examples 1 and 2. MOR antogonists based on exemplary compound
1 are depicted in Figure 12. In addition, for compound 18, (Figure 13A) various side chain

substitutions are made as described in Table 6.

Table 6. The possible substitutions on the side chain aromatic system of 18

Substitutions
Position 2’ CH30, CH,, CI, Br,CN
Position 3' CH;0, CHs, CI, Br, CN

Additional embodiments of antagonists are depicted in Figure 13B.

For the chemical synthesis of some new ligands conditions described in Examples 1 and
2 (e.g. Figure 9) are adopted. Some of the proposed side chain moieties are not commercially
available and are synthesized via the routes shown in Table 7, whereas others are commercially

available in gram quantities.

Table 7. The availability of side chain moieties for derivatives of exempiary compound 1

Target Side chain Commercial availability or chemical synthetic preparation route
compound moiety (references for each step Included)
17 1. HCHO, HCO,H, H,0 HCi
Me‘@' COOH HND—COOH O, e Me—NC>—C_OOH
2. HCI, H,0
[153]
19 N!:_:\>—coou Aldrich USA (in gram scale)
20 7N 7N Se0,, t-BUOOH N
N )—COOH N Y—Me ————————~ N H—COOH
E)— \'-‘-‘-)- Dioxane, 50°C \—_—')-
[154]
21 = fOOoH Aldrich USA (in gram scale)
)~
22 =\ /CooH = Swern Oxidation M-CIPhCO3H — COOH
[155]
== O = lycine ethyl est NaOH, THF, H,0 —~—~ 0
23 )X foom NC/>—COOH glycine ety eser ™ 2ONg ) COOH
HN : EDCI, HOBt, DMF HN—/
[156]
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18

N _coon Matrix Scientific, SC. (in gram scale) or

Med Combi-Blocks, CA. (in gram.scale)
N H—coom (:ql pCHCogE PHIGHSOH kou mcpea PIOE HiSO, ("'g/
CHO Toluene H0 CHCK  PhBr AcOH
] . COCH
(157]

A
N COOH

= Aldrich USA (in gram scale)
ci 9

7\

N COOH

— Matrix Scientific, SC. (in gram scale)

Br .

7 H,0;,H;0 ' EtyN, Me,SICl, N
N‘_ COOH HOOG _@N V2, 2 HooG .—</:\>N=0 3 @391L12 ooc CN
NG =/ AcOH, 90°C = NaCN, DMF, 105°C =

[158]
N\_/ COOH ) .
oMo 3B Medical System Product (in gram scale)
N, ,)—COOH N, ) KMnO, N, )—COOH
or Se0,
[159]
N\—/ COOH _ .
Aldrich USA (in gram scale)
cl 9
N\_/ COOH s I .
5 Matrix Scientific, SC. (in gram scale)
r
N )—coon NQ— KMnO, NQ'COOH
eN N or SeO, on

[159]

The chemical synthesis of Compounds 24, 25 and 26 differs from previously introduced routes.
Therefore, new synthetic routes have been designed as shown in Figure 14. As shown, the
reaction condition to prepare compound 24 might be too harsh for the opiate starting material
[Bailey DM, DeGrazia CG, Hoff SJ, Schulenberg PL, O'Connor JR, Paris DA, Slee AM.Journal
of Medicinal Chemistry 1984, 27(11), 1457-64]. Alterntively, NaOH is used as the base and the

reaction is conducted in dioxane under high-pressure [Kotsuki H, Sakai H, Shinohara T. High-
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pressure organic chemistry. Part 23. Synlett 2000, (1), 116-118]. For compound 25, the
enantioselective reduction of the double bond is challenging. Because the substrate carries a
“largely unsubstituted” double bond [Cui X, Burgess K. Chemical Reviews, 2005, 105(9),
3272-96), one of the most reliable methods is the adoption of a cationic Indium complex
catalyst [Lightfoot A, Schnider P, Pfaltz A. Angewandte Chemie, International Edition, 1998,
37(20), 2897-2899; Blackmond DG, Lightfoot A, Pfaltz A, Rosner T, Schnider P, Zimmermann
N. Chirality 2000, 12(5-6), 442-9; Blankenstein J, Pfaltz A. Angewandte Chemie, International
Edition, 2001, 40(23), 4445-4447; Menges F, Pfaltz A. Advanced Synthesis & Catalysis 2002,
344(1), 40-44; Pfaltz A, Blankenstein J, Hilgraf R, Hormann E, McIntyre S, Menges F,
Schonleber M, Smidt SP, Wustenberg B, Zimmermann N. Advanced Synthesis & Catalysis
2003, 345(1+2), 33-44). Such a catalyst leads to up to 99% stereoselectivity. The absolute
stereochemistry of the new chiral center in the opioid ligand is assigned by 'HNMR.
Alternatively, D-serine, instead of L-serine, is adopted to prepare the enantiomer of the listed
catélyst in four steps to give the desired chirality of the designed ligand 25 [Blankenstein,
supra). The starting material to synthesize compound 26 is protected p-naltrexol. Itis prepared
predominantly by adopting formamidinesulfinic acid under alkaline conditions with
approximately 90% yield [Chatterjie N, Inturrisi CE. ] Med Chem. 1975, 18(5), 490-2.].

For purposes of example and not limitation, nineteen new compounds have been
designed as compound 1 derivatives. The syntheses of these 19 ligands include the multiple-step
chemical synthesis of eight essential side chains as the starting material.

Characterization and biological testing of these compounds is carried out as described in
Examples 1 and 2. }

EXAMPLE 4. Derivatives of exemplary compound 9 defined above in Example 2 (referred to
as compound 2 in this Example)

Derivatives of compound 1 are depicted in Figure 15. Similar to the derivatives of
compound 1, compound 29 and 30 are designed to test the necessity of the aromatic system in
the side chain for the affinity and selectivity of exemplary compound 2. Structure 30 actually
represents two isomers because of the introduction of a new chiral center on the side chain.

Both of these isomers are synthesized individually because optically pure side chain moieties
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can be prepared from commercially available optically pure starting material (Table 8, where

references for each step are known to those of skill in the art).

Compound 31 (Figure 16) has a totally saturated side chain moiety. Compound 31

actually is related to the synthesis of eight different isomers because there are three chiral

centers in the side chain. At least two isomers can be synthesized following reported procedures

[Repala RT, Lavagnino ER, Shepard ER, Farkas E. Journal of the American Chemical Society
1957, 79, 3770-2; Roberts NA, Martin JA, Kinchington D, Broadhurst AV, Craig JC, Duncan

IB; Galpin SA, Harida' BK, Kay J, Krohn.A, et al. Science, 1990, 248(4953), 358-61; Martin JA,
Redshaw S. Eur. Pat, Appl. (1991), 17 pp. EP 432695 A2; Chirgadze NY, Schacht. AL, Smith

GF, Willey MR: PCT Int. Appl. (1995); 129-pp. WO 9523608°A1 19950908 CAN 123:306600

AN 1995:899178; Shuman RT, Rothenberger RB, Campbell CS, Smith GF, Gifford-Moore DS,

Paschal JW, Gesellchen PD. J Med Chem. 1995, 38(22), 4446-53.]. Depending on the affinity

of compound 29 and 30 for the MOR, these two isomers are prepared and their affinity for the

MOR is checked to verify the importance of aromaticity of the side chain (Figure 17).

Table 8. The availability of side chain monetxes for the newly designed denvatlves of exemplary

compound 2
Target Side chain Chemical synthetic preparation route
compound  moiety
29 HOOC. HO N CF4SO4H, SbFy, 1h, 25°C Hom POCI,
N7 NZ NaHCOs, H,0 N
c O KCN, CuCN Hoocm
Nz H.0, 180-190°C N
30 @CKCOOH. . COOH 1. HCHO, HCO 3H, H,0 :COOH
Mecks @i}:‘ 2. HC1, H,0 Q:DN/'\%
32 \»IJ/COOH v 'NY PCI,/POCIy EI _ Se0; Ny COOH
g ©:‘(N PACI,/MgO/H, 2N
o} [18
33 PhNO,, 3% HCI-MeOH

oG
N N

Nl
NH,

E:(Y KMnO,
N-,N

-
N
NH;

mCOOH
N" N

Reflux, 42h
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34 C(:\(\coon ©:\coou ¥ 2000 O NaBH, Et,PCH,COOMe
=N / COOH + HN™ ~Ph O;:prn , NaH
o]
cooMe _BNHCI ¢~ coome  {.Pd-C
Q\?";’" Reflux Q?’HA 2. KOH/MeOH

(o]
wCOOH POCl; pg-c NaHCO;. ©:?/\COOH
=N
[¢]

~N  COOH ( H 1. MeOH, H,SO, 1. 1N NaOH

N
Oy "\~COOH - X . —_—
A 2. NaH, Phcuzeroi“rcoor' 2. SOCI,, AICI,

OH

O HCI \
> N Hzo : =N COOH

(o]

36 A N T
COOH lycine ethyl ester NaOH, THF, H,0
Ny SN ool m il i 2 N N cooH
2N H AN EDCI, HOBt, DMF !

For compounds 29 to 36, their synthetic routes will be the same as in Figure 5. For
compounds 37, 38 and 39, new synthetic routes have been designed (Figure 14). Compound 37
can be synthesized under acidic conditions [Zdrojewski T, Jonczyk A. Tetrahedron 1995,
51(45), 12439-44; Jonczyk A, Lipiak D, Sienkiewicz K. Synlett 1991, (7), 493-6.]. Similar to
the preparation of compound 25, the preparation of compound 38 involves the stereoselective
reduction of a double bond intermediate [Lightfoot A, Schnider P, Pfaltz A. 'Angewandte
Chemie, International Edition, 1998, 37(20), 2897-2899; Blackmond DG, Lightfoot A, Pfaltz A,
Rosner T, Schnider P, Zimmermann N, Chirality 2000, 12(5-6), 442-9; Blankenstein J, Pfaltz A.
Angewandte Chemie, International Edition, 2001, 40(23), 4445-4447, Menges F, Pfaltz A.
Advanced Synthesis-& Catalysis 2002, 344(1), 40-44;-Pfaltz A, Blankenstein J, Hilgraf R,
Hormann E, McIntyre S, Menges F, Schonleber M, Smiidt SP, Wustenberg B, Zimmermann N.
Advanced Synthesis & Catalysis 2003, 345(1+2), 33-44]. The starting material to synthesize
compound 39 is TES-protected B-naltrexol, and it can be prepared stereoselectively using
NaBH4 reduction under low temperature [Uwai K, Uchiyama H, Sakurada S, Kabuto C,
Takeshita M. Bioorganic & medicinal chemistry 2004, 12(2), 417-21). The rest of the steps are
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similar to the preparation of compound 26. _

For purposes of example and no limitation,, thirteen new compounds as derivatives of
exemplary compound 2 have been proposed. The synthesis of these thirteen ligands includes the
multiple-step preparation of at least nine of side chdin moieties as starting material (Table 8).

Characterization and biological testing of these compounds is carried out essentially as

described in Examples 1 and 2.

While the invention has been described in terms of its preferred embodiments, those
skilled in the art will recognize that the invention can be practiced with modification within the
spirit and scope of the appended claims. Accordingly, the present invention should not be
limited to the embodiments as described above; but should further include all modifications and

equivalents thereof within the spirit and scope.of the description provided herein.
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CLAIMS
We claim:

1. A selective, non-peptide mu opioid receptor (MOR) antagonist with a general formula

where
Z1 and Z2 are spacer ¢lements-which may be present or absent and are selécted from: an
aliphatic moiety; NH; CO; (NHCO)n where n = 1-5; (CONH)n where n = 1-5;

10 (NHCO)(CHz)n(NHCO), where n = 1-5; (NHCO)(CH;)n where n =1-5; (CH;)n(NHCO), where
n = 1-5; and O; and wherein one or both of Z1 and Z2 and R1 and R2 are present, with the
provision that the Z1 and Z2 spacer elements may be present or absent,

and where R1 and R2 are substituted or unsubstituted aromatic or aliphatic moieties;
and stereoisomers thereof.; with the caveat that if Z1 and R1 are absent, and if Z2 = NHCO,

15 then R2 cannot be phenyl or naphthalene.

2. The selective, non-peptide MOR antagonist of claim 1, wherein said non-peptide MOR

antagonist is represented by formula.

-67-



10

15

WO 2010/083384 PCT/US2010/021157

H

where spacer element Z may be present or absent and is selected from the group
consisting of an aliphatic moiety; NH; CO; (NHCO)n where n =1-5; (CONH)n where n = 1-5;
(NHCO)(CH)n(NHCO), where n = 1-5; (NHCO)(CH;)n where n =1-5; (CH;)n(NHCO), where
n=1-5;and O;

and where R is a substituted or unsubstituted aromatic or aliphatic moieties.

3. The selective, non-peptide MOR antagonist of claim 1, wherein said non-peptide MOR

antagonist is represented by formula

where spacer element Z may be present or absent and is selected from the group consisting of an
aliphatic moiety; NH; CO; (NHCO)n where n = 1-5; (CONH)n where n = 1-5;
(NHCO)(CH3)n(NHCO), where.n = 1-5; NHCO)(CHa)n where n =1-5; (CHp)n(NHCO), where
n=1-5;and O;

and where R is a substituted or unsubstituted aromatic or aliphatic moiety,

and stereoisomers thereof; with the caveat that if Z = NHCO, then R cannot be phenyl or
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naphthalene.

4. The selective, non-peptide MOR antagonist of claim 1, wherein said non-peptide MOR

antagonist is 'repr'es’entéd by formula

5
where:
X =0 orNH;
Y may be present or absent and if present, is.an aliphatic moiety; and
R is a substituted or unsubstituted aromatic.or aliphatic moiety..
10
5. The selective, non-peptide MOR antagonist-of claim 1; wherein said non-peptide MOR
antagonist is'represented by formula
where
15 X =0 or NH;

'Y may be present or absent and if present, is an aliphatic moiety; and
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R is a substituted or unsubstituted aromatic or aliphatic moiety;
and stereoisomers thereof; with the caveat that if X'- NH and Y is absent, then R cannot be

phenyl or naphthalene.

5 6. The selective, non-peptide MOR antagonist of claim 1, wherein said non-peptide MOR

antagonist is represented by formula

7. The selective, non-peptide MOR antagonist of claim 1, wherein said non-peptide MOR

10 antagonist is represented by formula

8. The selective, non-peptide MOR antagonist of claim 1, wherein said substituted or

15 unsubstituted aromatic moieties selected from the group consisting of

_7'0_
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