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Opium, the dried resin obtained from the unripe seedpods of the poppy flower, has been
used for medicinal and euphoric purposes since ancient times. Morphine, the main
active ingredient of opium, and other clinically useful opioid analgesics all mediate their
effects through activating the mu opioid receptor. Studies involving the mu opioid
receptor knockout mice showed that the interaction with the mu opioid receptor is also
responsible for many notorious side effects associated with these drugs including
dependence and addiction. Therefore, selective antagonists for the mu opioid receptor
are needed to study its function in drug abuse and addiction.  Previously, based on
molecular modeling studies and the “message-address” concept, a series of 14-O-
substituted naltrexone derivatives were designed and synthesized. These compounds

carried an ester-linked heteroaromatic substitution at the 14-position of naltrexone



which was designed to interact with the putative “address” site, that was identified in the
mu opioid receptor through molecular modeling studies. The lead compound of this
series was determined to have a high affinity and selectivity for the mu opioid receptor.
Because the 14-O-substituted naltrexone derivatives were not very stable, the ester
linkage in these compounds was replaced by an amide one and a series of 14-N-
substituted naltrexone derivatives were synthesized. The affinity and selectivity of these
novel naltrexone derivatives were determined in a competitive radioligand binding
assay. Interestingly, the 14-N-substituted naltrexone derivatives did not maintain the
high selectivity of the 14-O-substituted series. It was hypothesized that the
conformational constraint introduced by the amide linker was detrimental to the mu
opioid receptor selectivity. Therefore, three 14-N-substituted naltrexone derivatives
which carried more flexible linkages were synthesized and evaluated. The mu opioid
receptor selectivity was not recovered by introducing rotational freedom into the linker.
Some of these 14-N-substitued naltrexone derivatives were determined to be mu-kappa
opioid receptor dual selective antagonists. Since the mu opioid receptor antagonists
are effective at treating drug addiction, while growing evidence suggests that the kappa
opioid receptor antagonists may be beneficial in lowering drug cravings, these novel
mu-kappa opioid receptor dual selective antagonists may find unique clinical utility in the

treatment of opioid dependence.



[. Introduction

Opium, the dried resin obtained from the unripe seedpod of the poppy flower
(Papaver Somniferum), have been used for medicinal and euphoric purposes since
antiquity. Opium contains more than 20 distinct alkaloids of which morphine is the main
active constituent. In 1806, Friedrich Serturner reported the isolation of pure morphine
from opium.* The strong pain-relieving characteristics of morphine are well established;
even today with other treatment options available, opioids are generally considered the
most effective analgesics.”> However, morphine also produces many undesirable side-
effects including respiratory depression, sedation, constipation, and dependence.
Furthermore, the addictive potential of morphine has been known for centuries. Heroin,
a synthetic derivative of morphine, was marketed by the Bayer pharmaceutical company
in 1898 as a non-addictive morphine substitute.  Unfortunately, heroin and all
subsequent synthetic opioids that have been introduced into clinical use as analgesics
share the addictive liabilities of classical opioids.*

The physiological targets of morphine and other opioids were largely unknown up
until 1973, when three independent laboratories demonstrated the existence of opioid
binding sites in the brain.*> In the 1990s, the three main opioid receptors p, 8, k were
cloned, further improving our understanding of the endogenous opioid system.” The
discovery of the opioid binding sites in the brain stimulated the search for endogenous
opioids which lead to the identification and later cloning of many biologically active
peptides that interact with the opioid receptors. This family of endogenous opioid

peptides includes Leu-enkephalin, Met-enkephalin, dynorphyn, (-endorphin and



endomorphins. These peptides with opioid activity are produced from larger precursors
by selective action of different peptidases and other post-translational processing
enzymes.® All of the opioid receptors are G-protein coupled receptors and the signal
transduction mechanism is through Gy, proteins. Activation of opioid receptors leads to
inhibition of adenylyl cyclase activity, resulting in decreased cAMP production, closure
of voltage-gated Ca** channels, and stimulation of inwardly rectifying K* channels. At
the cellular level, all of these actions lead to strong inhibition of nerve firing and
reduction in neurotransmitter release.®

Opioid receptors and their endogenous ligands are widely distributed through the
CNS and peripheral tissues. This widespread anatomy is related to the important role
that the opioid system plays in regulating major homeostatic and behavioral functions
that include nociception, emotional well-being, learning and memory, regulation of
reward circuits, food intake, respiration, and gastrointestinal motility.® All three opioid
receptors are thought to be involved in analgesia. However, all clinically significant
opioid analgesics are mu opioid receptor (MOR) agonists. Furthermore, studies
involving mu opioid receptor knockout mice have revealed that the analgesic effect of
morphine and its notorious side effects were abolished in MOR-deficient mice.'®*
Since many of the side effects associated with the clinical administration of opioids are
mediated by the MOR, compounds that are selective antagonists at the MOR will serve
as valuable research tools and may be used as potential therapeutics.

Historically, opioid antagonists have been instrumental in identification and
characterization of opioid receptors. Indeed, the action of an agonist is characterized as

opioid-receptor-mediated only if its actions are competitively reversed by an opioid



antagonist.”>  Opioid receptor selective antagonists have not only been used as
important pharmacological tools in opioid receptor research, but also have shown
capacity to be effective at alleviating unwanted symptoms related to opioid agonist
administration and used as treatment for various disease states. Nalorphine, the allyl
derivative of morphine developed in 1944, is the first compound to be recognized as an
opioid antagonist.® It is used as an opiate antidote but produces unpleasant side
effects probably due to its agonist action at the kappa opioid receptor (KOR).** In the
1960’s the first pure opioid antagonist naloxone was synthesized and pharmacologically
evaluated.' It does not produce any effects similar to morphine and blocks the binding
of receptor specific ligands at all three receptors with slightly higher K; at the MOR and
KOR compared to the delta opioid receptor (DOR). Due to its short elimination half-life
and poor bioavailability, the use of naloxone is limited to emergency care settings where
it is used to reverse the life-threating respiratory depression caused by opioid
overdose.®

Soon after, naltrexone was developed by National Institute on Drug Abuse
(NIDA) as a more potent, longer acting universal antagonist than naloxone.’
Naltrexone is slightly more MOR selective as an antagonist when compared to naloxone
and as a reversible opioid antagonist it blocks the euphoric effects of exogenously
administered opioids and diminishes their reinforcing effects.'® Naltrexone itself does
not possess any addictive potential or lead to tolerance. When orally administered,
naltrexone is well absorbed, reaching peak plasma levels being reached within one
hour.® Due to these favorable properties, naltrexone has been approved by the FDA

for the treatment of alcohol abuse and opioid dependence.?° Naltrexone was shown to



counteract the stimulant and reinforcing effect of alcohol while enhancing the sedative
effect. Furthermore, naltrexone has been found to reduce craving for alcohol in alcohol-

dependent subjects in laboratory settings where they are exposed to alcohol.”” Despite
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Figure 1. Mu opioid receptor antagonists.



its potential appeal as a treatment for alcohol and opioid dependence, naltrexone’s
clinical utility has been severely limited due to poor patient compliance and undesirable
side effects.”® Naltrexone has been shown to induce unpleasant dysphoric symptoms
when administered in man.”* #* This may be due to naltrexone’s poor selectivity and
partial agonist activity at the KOR?, since it is well known that KOR agonists and partial
agonists produce psychotomimetic and dysphoric effects.?’ Nevertheless, naltrexone
has been extensively utilized as a scaffold to develop important receptor selective
antagonists as experimental tools.

In 1980, Portoghese reported the synthesis of B-funaltrexamine (B-FNA), the first
selective MOR irreversible antagonist.”® B-FNA structurally resembles naltrexone, with
a fumarate group introduced at the 6-position. The fumarate group acts as a Michael
acceptor for a nucleophilic attack, thus forming a covalent bond between B-FNA and the
mu-opioid receptor. Initially, it was shown through site-directed mutagenesis studies
that the Lys233 of the mu opioid receptor is covalently modified by B-FNA?® and later
confirmed when the crystal structure of the MOR bound to B-FNA was solved.*’
Clocinnamox, a derivative of naltrexone with a chlorocinnamoylamino group at the 14-
position of naltrexone, is another selective irreversible antagonist of the MOR. It
interacts with all three opioid receptors but only irreversibly inhibits the MOR.?’
Although, irreversible antagonists are essential tools in pharmacology for characterizing
receptors and receptor function, the fact that they bind covalently and inactivate the
receptor largely limits their utility. Irreversible antagonists are difficult to wash off the
receptors in biological assays and prevent agonist action until new receptors are

synthesized. Therefore, reversible antagonists are preferred in most cases because



they will temporarily block the receptor during the pharmacological study and then can
be washed out from the binding site to revive the receptors.?

At this time, CTOP and CTAP are two of the most selective and reversible
antagonists available at the mu opioid receptor.®® CTOP and CTAP are cyclic,
conformationally constrained peptide analogues of somatostatin, an important
regulatory hormone that is widely distributed throughout the body with wide range of
biological functions. Somatostatin was shown to bind the opioid receptors with low
affinity but the chemically modified, rigid octapeptide analogs CTOP and CTAP have
shown very high affinity and selectivity for the mu opioid receptor.** Although selective
peptide antagonists were achieved through this novel approach, for a full
pharmacological study both in vitro and in vivo activity is desired. Therefore, small
molecule ligands are generally preferred due to their ability to penetrate the CNS, higher
metabolic stability, and bioavailability.

Cyprodime was reported as a non-peptidic, reversible, neutral antagonist
selective for the mu opioid receptor.®> However, cyprodime has low affinity for the mu
opioid receptor (K; = 5.4 nM), its affinity is about 10-fold less than naloxone and 40-fold
less than naltrexone. Moreover, cyprodime is only moderately selective for the mu
opioid receptor in vitro (K; value ratios, d/u = 39, k/u = 10).** The low affinity and
moderate selectivity of cyprodime limits its use as a tool to study the pharmacological
characteristics of the mu opioid receptor. Further structure activity relationship studies
on the cyprodime scaffold has not resulted in the development of a more potent and

selective mu opioid antagonist without increasing the agonist activity.®* ** Therefore,



the synthesis of a nonpeptide, potent, selective, and reversible antagonist for the mu
opioid receptor is still highly desirable.

The naltrexone structure may serve as a better scaffold for the development of
mu selective antagonists. This scaffold has been previously utilized in the design of
selective but irreversible antagonists B-FNA and clocinnamox for the mu opioid
receptor. Furthermore, naltrexone was successfully adopted as the “message” moiety
in the synthesis of naltrindole (NTI) and 5-guanidinonaltrindole (GNTI), reversible, highly
selective, small molecule antagonists for the delta and kappa opioid receptors

%3¢ The “message-address”

respectively, using the “message-address” concept.
concept was proposed Schwyzer who used it to analyze the structure-activity
relationship of adrenocorticotropic hormone (ACTH) and related peptide hormones.®’
According to this concept, peptide hormones of the same class contain a “message”
sequence and an “address” sequence of amino acids that are sequential or in close
proximity to each other. The “message” sequence is responsible for signal
transduction, while the address component of the peptide provides additional binding
affinity and not necessary for the transduction process. Additionally, for a group of
peptides that are associated with multiple receptors, the message component is
structurally similar or invariant, while the address component is variable and becomes
the primary determinant of selectivity for a specific receptor.®

Portoghese et al. reported the synthesis of NTI, the first non-peptide, potent,
highly selective delta opioid receptor antagonist.®® NTI encompasses a naltrexone-

derived “message” component and an indole ring fused to the C-ring of the morphinan

structure. The pyrrole moiety functions as a spacer that rigidly holds benzene, the



“address” component in proper orientation. The benzene group was envisioned to be
an important delta opioid receptor “address” moiety from the analysis of endogenous
opioid peptides, specifically leu-enkephalin. The conformational rigidity of the “address”
component of NTI was essential, since it permitted binding with an “address” subsite
that is unique to the delta receptor, while sterically hindering binding to “address”

subsites associated with other opioid receptors.®

Naltrindole retained the antagonist
properties of its “message” component naltrexone while the addition of an “address”
moiety specifically designed to interact with the delta opioid receptor, significantly
increased its affinity therefore increasing its selectivity (K; value ratios, p/d = 152, k/d =
276).® Naltrindole is widely used to study the delta opioid receptor pharmacology and

the tritiated version has been a valuable tool in determining the affinity of novel ligands

at the delta opioid receptor.

NTI GNTI

Figure 2. Delta opioid receptor selective antagonist NTI and kappa opioid receptor selective
antagonist GNTI. The “message” component of these molecules are colored blue, while the
“address” component is shown in red.



The “message-address” concept has been further expanded to kappa opioid
receptor, where it has been successfully utilized to develop 5’-guanidinonaltrindole
(GNTI), a potent and selective kappa opioid receptor antagonist (K; value ratios, p/k =
125, d/k = 257).%° The indole moiety in delta opioid receptor antagonist naltrindole was
used to hold the guanidine group in proper orientation for an interaction with the kappa
opioid receptor “address” subsite in the binding pocket.®*®* Through a site-directed
mutagenesis study, the kappa opioid receptor primary “address” recognition element
was found to be the amino acid residue Glu297 at the top of the transmembrane helix 6
(TM6). Therefore, the strong ionic interaction specifically found in the kappa opioid
receptor binding locus between the glutamate residue and the guanidine moiety of GNTI
is responsible for its high selectivity.**

The application of the “message-address” concept towards the mu opioid
receptor may also provide potent, highly selective, non-peptide, reversible antagonists
for MOR. Introduction of specific chemical moieties onto the naltrexone scaffold,
designed to interact with the mu opioid receptor “address” site may lead to the
development of highly selective antagonists. Recently, based on molecular modeling
studies and the “message-address concept,” a series of new 6a- and 6p3-N-heterocyclic
substituted naltrexamine derivatives were designed, synthesized, and characterized in
our laboratory. Among these compounds, NAP and NAQ (Figure 3) were chosen as
lead compounds for the development of MOR selective antagonists. NAP displayed
high binding affinity for the MOR at K; = 0.37 nM with over 700-fold selectivity for the
MOR over the DOR and more than 150-fold selectivity over the KOR. NAQ also

showed high affinity for the MOR at K; = 0.55 nM with over 200-fold selectivity for the



MOR over the DOR and approximately 50-fold selectivity over the KOR.* Furthermore,
NAP and NAQ both acted as potent antagonists in the in vivo tests without any
significant agonist activity even at the very high dose of 100 mg/kg.”® Further
pharmacological and pharmacokinetic studies have revealed NAP to be a substrate of
P-glycoprotein. Therefore, NAP seems to exhibit low permeability and limited ability to
cross the BBB and it is now being developed as a peripheral selective MOR antagonist

with potential clinical implication for the treatment of opioid-induced constipation.”

NAP NAQ N

Figure 3. Mu opioid receptor selective antagonists currently being developed in our lab.

On the other hand, NAQ had have much better pharmacokinetic profile than NAP and
may be assumed to have an absorption pattern similar to naltrexone.” Moreover, in a
comparative opioid withdrawal study, NAQ did not elicit withdrawal symptoms at a dose
10 times higher than that of naloxone or naltrexone in morphine pelleted mice.”
Therefore, NAQ may have a potential to be developed into a CNS active agent for the
treatment opioid addiction and alcoholism. Indeed, the 6-N-substituted naltrexamine
derivatives, NAP and NAQ, show a lot of promise as lead compounds for the

development of MOR selective reversible antagonists but the research is still in its early
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stage. Further manipulation of the naltrexone scaffold using the “message-address
concept” may lead to the discovery of more favorable lead compounds with improved
selectivity profile.

Prescription drug abuse has become a significant problem in the United States.
The National Institute on Drug Abuse (NIDA) reports that in 2010, approximately 7.0
million people have used psychotherapeutic drugs nonmedically, of these 5.1 million
used pain relievers. Furthermore, nearly 1 in 12 high school seniors reported
nonmedical use of Vicodin and 1 in 20 reported abuse of OxyContin.** Admissions to
substance abuse treatment programs increased by 400% between 1998 and 2008, with
prescription painkillers being the second most prevalent type of abused drug after
marijuana.*®* The National Survey on Drug Use and Health (NSDUH) estimates about
1.9 million people in the U.S. meet abuse or dependence criteria for prescription
opioids. Unintentional overdose deaths involving prescription opioids have quadrupled
since 1999 and now outnumber those from heroin and cocaine combined.*> As
discussed, addiction and abuse liabilities of opioids are primarily due to their interaction
with the mu opioid receptor. Therefore, mu opioid receptor selective antagonists will be
essential for the study of MOR function in drug abuse and addiction.
The use of naltrexone for the treatment of opioid dependence and maintenance therapy
shows that mu opioid receptor antagonists can be effective at treating these conditions.
Naltrexone’s therapeutic use is hampered by its compliance issues possibly due to its
low selectivity and partial agonist activity at the kappa opioid receptor. Novel non-
peptide, highly selective, reversible antagonists targeting the mu opioid receptor will

serve as valuable tools in understanding the role of this receptor in addiction and
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dependence. Furthermore, selective mu antagonists with improved therapeutic profile
may be used to treat conditions like opioid addiction and alcoholism more effectively.
This dissertation describes the synthesis of a series of 14-O-heterocyclic
substituted naltrexone derivatives based on the “message-address” concept. The 14-
position substituents in these compounds are designed to interact with a specific
“address” site in the MOR binding site. It is hypothesized that the isosteric replacement
of the O atom of the ester linkage of these compounds by NH of an amide linkage will

not alter the pharmacological profile of these compounds.
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Il. Project Design

The main aim of this project was to design non-peptide, selective, reversible
antagonists for the mu opioid receptor. The novel ligands were designed based on the
lead compound that was identified in our lab. The proposed ligands were synthesized
using organic chemistry techniques. In vitro pharmacological studies were carried out in
order to determine the affinity of these novel compounds at all three opioid receptors. A
[**S]GTPYS binding functional assay was performed to see if these compounds act as
agonists or antagonists at the mu opioid receptor. In addition, an in vivo assay was
used to further characterize selected compounds based on the in vitro assay results.
Finally, a molecular modeling study using the crystal structures of the opioid receptors
was conducted in order to visualize and further analyze the binding modes of these

ligands.

1. Molecular Design

It was reported that the third extracellular loop of the mu opioid receptor is critical
for the binding of MOR-selective agonists.** Site-directed mutagenesis studies have
also identified certain amino acid residues in this domain that may be essential for
ligand selectivity for the MOR over the other two opioid receptors.*®> Comparative
conformational analysis of mu opioid receptor selective agonists fentanyl, endomorphin
2, and the selective irreversible antagonist clocinnamox have revealed possible
pharmacophoric elements that are important for MOR binding. The 17-

cyclopropylmethyl group in clocinnamox was postulated to be the “message” part of the
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molecule, while the p-chlorophenyl moiety at the 14-position was hypothesized to
belong to the “address” component of the molecule that confers selectivity to MOR.
Furthermore, when clocinnamox was docked into the MOR homology model, the 14-p-
chlorophenyl moiety of clocinnamox, the putative “address” component of the molecule,
was located in an aromatic binding pocket formed by EL2 and EL3. The amino acid
residues within this aromatic pocket Tyr210, Phe313, and Trp318 are not conserved in
the delta and kappa opioid receptors. These results led to the design and synthesis of a
series of novel 14-O-heterocyclic substituted naltrexone derivatives. The
heteroaromatic moieties at the 14-position of naltrexone are designed to interact with
the aromatic binding locus formed by EL2 and EL3 of the mu opioid receptor. The

nitrogen atom in these ring systems may also act as a possible hydrogen bond

acceptor.
Compd R- Compd R-
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Figure 4. 14-O-heterocyclic substituted naltrexone derivatives previously synthesized in
lab.

In vitro biological assays revealed that these compounds bind the MOR with
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nanomolar-to-subnanomolar affinities and generally had high selectivity for the MOR

(Table 1). The lead compound in this series, compound 1 had approximately 800-fold

selectivity for the MOR over the DOR and nearly 200-fold selectivity over the KOR.

Table 1. Competitive radioligand binding assay results for the 14-O-substituted naltrexone

derivatives.
Ki (nM) £ SEM Selectivity
Ratio
Compd Side Chain MOR KOR DOR K/u o/u
1 AN 0.14 £ 0.03 25.50 + 6.50 117.38 + 182 838
| 17.97
N A
2 A 1.59+0.61 47.81 + 8.48 170.30 £ 30 107
| 12.64
Pz
N
3 AN 558+ 1.34 49.21 + 20.37 405.32 9 73
| 234.68
_N
4 123.23 + 586.42 + >10,000.00 5 >81
38.23 32.39
5 = 68.40 + 6.04 >10,000.00 >10,000.00 >146 | >146
Na
6 /N 1.44 + 0.32 67.15+ 36.72 | 22.81 + 19.52 47 16
m
7 =z 2.69+0.72 148.23 + 818.43 + 55 304
55.53 507.23
N
N
8 225.27 +46.6 | 46.57 £ 13.53 907.18 + <1 4
192.99

The K; values for the mu, kappa, and delta opioid receptors represent the mean + SEM of three
independent experiments. [°H] DAMGO, [*H] norBNI, [*H] NTI was used to label the mu, kappa,
and delta opioid receptors, respectively.
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Moreover, all compounds acted as neutral antagonists at the MOR except compound 8.
Overall, these results suggested that the 14-position substitutions introduced into
naltrexone might interact with a unique aromatic binding locus found in the MOR.
Furthermore the nitrogen atom in the heterocyclic ring might act as an H-bond acceptor,
thus playing an important role in the selectivity of these compounds.”® These
compounds serve as a validation for the method of developing ligands that are selective
antagonists at the mu opioid receptor.

However, a major drawback associated with these series of compounds was
identified. The 14-O-substituted naltrexone derivatives were found to be not very
stable, probably due to the reactive ester linkage introduced at the 14-position. To
make these compounds more metabolically stable, the ester linkage was replaced by an
amide linkage (Figure 5). Since the NH is an isostere of the O atom, it was hoped that
these new 14-amino-substituted compounds would retain the pharmacologic profile of
the 14-O-substituted naltrexone derivatives, i.e., the high selectivity for MOR and
neutral antagonism. Although less reactive, the amide bond may provide less flexibility
for the side chains compared to the ester bond. On the other hand, conformational
constraint of a particular functional group in a favorable position may lead to increased
affinity. Unlike naltrexone, the starting material for the 14-O-substituted series, the 14-
amino-naltrexone is not commercially available. Therefore a viable synthetic route was
found in order to introduce the amine functionality at the 14-position of naltrexone. After
the amine group was synthesized, the heteroaromatic side chains were coupled to i,

forming the amide bond.
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2. Biological Evaluation

After synthesizing the novel naltrexone derivatives, biological assays were
performed to determine their affinity and selectivity for the opioid receptors. Ideally
these 14-amino-substituted compounds will retain the high selectivity that the 14-O-
substituted ligands displayed for the MOR. The assays utilized CHO cells expressing
mono-cloned opioid receptors. Competitive radioligand binding assays were used to
determine the affinity of these compounds utilizing [°H] NLX, [*H] DPN, [*H] NTI as
radioligands for the mu, kappa, and delta opioid receptors, respectively. A functional
[*S]GTPyYS assay was performed to determine if these compounds act as agonists,

partial agonists, or antagonists at the mu opioid receptor.

Compd R- Compd R-
9 NN 13 \K\/\‘
NV/ NV\/
10 N 1w | N NN
N 0 ’
HN«/< N D
Rl | N 15 \/\/\‘
N SN N

HG 0 12 \© 16

Figure 5. The newly designed 14-NH-heterocyclic substituted naltrexone derivatives.
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3. Molecular Modeling Study

The crystal structures of all three opioid receptors have become available
recently. The mu opioid receptor was crystallized with the irreversible antagonist [3-
FNA,* the kappa opioid receptor was crystallized in complex with JDTic,*® and the delta
opioid receptor was crystallized with the selective antagonist NTI bound in the binding
site.*® The 14-NH-heterocyclic substituted naltrexone derivatives were docked into the
binding pocket of all three opioid receptor crystal structures using GOLD.>® The docking
studies were used to visualize the binding interactions and attempt to explain the

pharmacological data.
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I1l. Results and Discussion

1. Chemical Synthesis of 14-amino Derivatives of Naltrexone

The 14-amino naltrexone (26) is not commercially available; therefore it needed
to be synthesized first before coupling it to various heteroaromatic ring systems. Using
thebaine (17) as the starting material, the 14-amino naltrexone was synthesized in

multiple steps (Scheme 1). Since the adopted synthetic route has been published in

51-56

the literature, the chemistry of this route is mature.

H
N~cooEt

N
N \ NH -HCl
COOEt
I cl
— O Q o O ’Q
. —_—

Benzene EtOH, H,O
O\\\“ O\\\\
OCHj3 H3CO OCH3 H3;CO OCHg
18 19

Pd/C, H,/60psi

AcOH, NaOAc
MeOH

Scheme 1. The synthetic route towards 14-amino naltrexone from the starting material
thebaine.
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1.1 N-Dealkylation Reaction and Alternative Methods Attempted

The first reaction in Scheme 1 involves the demethylation of the 17-position nitrogen
in thebaine using the reagent DEAD. Initially toluene was used as a safer, less toxic
substitute for benzene as the solvent. The first few attempts were unsuccessful and the
intermediate was not isolated. The reaction was run at 85 °C for four hours and when
monitored by TLC, significant quantities of starting material remained. After the reaction
was run overnight, still most of the starting material was left unreacted. At that point
another 0.5 more equivalent of DEAD was added and the reaction temperature was
increased to 110 °C in order to push the reaction towards product. After 3 hours, the
reaction was stopped and the major spot on the TLC plate was isolated, but it was not
the desired product. The same reaction was repeated a few times in toluene at various
temperatures but were not successful at furnishing the product. The literature was
searched in order to find alternative methods for N-dealkylation. In total, three different
N-demethylation reactions were tried, they are summarized in Table 2.

The first method is the classic Von Braun reaction that uses potassium carbonate
and cyanogen bromide. After refluxing in CH,Cl, for 17 hours, the K,CO3; was filtered
out and the filtrate was added with 2:1 solution of H,O:Concentrated NH,OH and stirred
for one hour. The reaction was very messy and produced more than five spots on the
TLC and none of them were the product. The second reaction that was tried uses ethyl
chloroformate as a N-demethylation reagent. After this reaction, product was not
formed possibly, in this case, due to the harsh reaction conditions leading to the
degradation of the starting material. In the third method, thebaine was added with

2,2,2-trichloroethyl chloroformate, K,CO3; and refluxed in dichloroethane. The crude
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intermediate was not isolated and the crude reaction mix was dissolved in 90% acetic
acid and added with Zn powder. After workup there were two major spots on TLC, one
of them was 2,2,2-trichloroethyl chloroformate and the other spot was again not the

product.

Table 2. Alternative N-demethylation reactions that were explored.

NH* HCI

N

e

H,CO o" OCHs,
Method Reagents and Condition Reference
CNBr, K,CO4
1 CH,Cl,, reflux o7
X
P
2 A Cl @) - B conc. HClI, HOAc» 58
K,CO3, CHCI, reflux
O
PY o]
3 Cl (@] 59
Cl
Cl Zn powder
A > B >
C,H,Cl,, reflux HOAc

After attempting these reactions for weeks, the original method described in
Scheme 1 was attempted once again. However, this time no attempt was made to

isolate the intermediate and the crude reaction mixture was dried and reacted with
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pyridine hydrochloride in EtOH/H,O mixture to give northebaine hydrochloride, the
product. |Initially, this reaction might have failed due to excess of DEAD leading to
formation of side products. The reagent DEAD was also found to be unstable at
temperatures over 100 °C. This N-dealkylation reaction had a very low yield of 30%.
The yield needed to be further optimized, since this is the very first reaction in the
synthetic route. Using benzene as a solvent and refluxing overnight at 85 °C seemed to
improve yield. In the second part of the reaction, the crude intermediate is refluxed in
2:1 ratio of EtOH:H,O for one hour, then stirred at room temperature for four hours.
During this process northebaine hydrochloride precipitates out as a white solid. After
washing with small amount of cold EtOH and drying, it can be used for the next reaction
without further purification. By using this method northebaine HCI was synthesized from
thebaine with yields of up to 83%. One caveat that was found with this reaction is that it
cannot be scaled up without compromising the vyield significantly. The maximum
amount of thebaine used in this reaction with good yield was 3 grams. With starting
material more than 3 grams the reaction yield suffered. In order to synthesize enough
14-amine naltrexone for the final 8 compounds, this reaction and the whole route had to
be repeated numerous times.

In the next reaction the amine of 19 was N-acylated using cyclopropyl carbonyl
chloride to provide 17-cyclopropylcarbonyl northebaine. The N-acylation reaction was
simple and the product was obtained in near quantitative yield. The amide functionality
at the 17-position was reduced to amine using lithium aluminum hydride, a strong
reducing agent. The highest yield achieved for this reaction was 77% and this is close

to the value reported in literature.
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1.2 Heterocyclic Diels-Alder Reaction

The next step in the synthetic route involves the incorporation of an amino group
to the 14[3-position of 21 by utilizing a Diels-Alder reaction and catalytic hydrogenation.
The synthesis of the hydroxycarbamate that is used in the reaction is shown in Scheme
2. It was prepared by N-acylation of hydroxylamine hydrochloride with
trichloroethylchloroformate under basic conditions. In the cycloaddition reaction, the
hydroxycarbamate 22 is oxidized by sodium periodate in situ to form nitrosoformate, the
dienophile in the Diels-Alder reaction. The nitrosoformate immediately reacts with the

diene of the alkaloid to form the Diels-Alder product.

o)
cl M honn HCI_ NalOs
o~ ~Cl M o 0 5 M NaOAc o
C'{\ NaOH, H20 }/\ T EOAc >‘/\
22 (in situ) 23

Scheme 2. Synthesis of nitrosoformate, the dienophile in the Diels-Alder reaction.

The reaction has been found to be stereospecific as only the [B-regioisomer is
observed.> The yield for the heterocyclic Diels-Alder reaction was usually around 60%.

In the next step, the Diels-Alder adduct 24 was reduced by catalytic
hydrogenation. The reduction comprised of three steps: (a) hydrogenation of double
bond at position 7-8, (b) cleavage of the trichloroethoxycarbonyl protecting group, and
(c) reductive cleavage of N-O bond. The hemiketal formed at the 6-position was
converted to ketone by acid catalyzed cleavage. The vyield of this reaction was

generally low, around 40%. The Diels-Alder adduct, the starting material for the
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hydrogenation reaction, was found to be sparingly soluble in the mixture of 2N Acetic
acid / 1.5N sodium acetate (1:1) and methanol mixture which was used as the solvent.
As the hydrogenation reaction proceeded the precipitate disappeared with the formation
of the soluble product. In order to increase reaction yield, it was found that the starting
material should be both of fine particle size to increase solubility and pure so that the
impurities will not poison the Pd/C catalyst. A new convenient method for the
recrystallization/purification of the Diels-Alder product was found. The crude reaction
mixture is added with small amount of methanol and sonicated. During this process the
product precipitates out as white powder, which is filtered and washed with cold
methanol to afford the product. The product obtained from this purification process is a

pure white powder which can be readily used for the hydrogenation reaction.

Scheme 3. Steps involved in the catalytic hydrogenation reaction.
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1.3 O-Demethylation Reaction and Alternative Methods Attempted

The next step in the synthetic route involves 3-O-demethylation of 25 to obtain

the 14-amino naltrexone.

Boron tribromide, strong Lewis acid, is used as the

demethylation reagent. The yield of this reaction was low (17%), probably due to harsh

Table 3. Alternative O-demethylation reactions that were attempted.

RS

A

N

O\\\\\“‘"

HO @)
Method Reagents and Condition Reference
I
1 O/ 60
DMF, reflux
CH3(CH5)41oCH,SH
2 > 61
(CH53)3COK, DMF
1
3 HoN™ "NHp 62
AICl3, CH,Cl,

reaction conditions and the formation of unstable side products. Alternative O-

demethylation reactions were sought out in hopes of finding a more efficient synthetic

method with higher reaction yield.

25

The reagent and reaction conditions for these



methods are shown in Table 3. In the first reaction, compound 25 was refluxed in DMF
with cyclohexyl iodide. After two hours the reaction was monitored by TLC, and it was
observed that all of the starting material had disappeared, but product was not formed.
It appeared that the starting material had degraded. In the next reaction, the starting
material was added to a stirred solution of potassium tert-butoxide and 1-dodecanethiol
in anhydrous DMF at 0 °C. The reaction was continually monitored by TLC. After
stirring overnight, no product was formed. In addition, it was found that the 1-
dodecanethiol is very hard to deal with during phase separation as it has surfactant
properties and readily dissolves in organic solvent compared to water. The last reaction
that was attempted involved the refluxing of starting material, AICl3, and thiourea in dry
DCM. The reaction was refluxed overnight and after workup, only starting material was
isolated, no reaction took place.

The only O-demethylation reaction that worked, which used BBr3, was revisited
and further tweaked in order to maximize reaction yield. Instead of adding BBr; at 0°C
and stirring at room temperature, the demethylation reagent BBr; was added to the
starting material at -78°C, in order to minimize the formation of byproducts. The
reaction was allowed to warm up to 0°C slowly and stirred on an ice-water bath for one
hour. Performing the reaction at low temperatures seemed to decrease the formation of
side products and increased reaction yield. The highest yield achieved for this reaction

was 44%.

1.4 Methods Attempted for the Direct Conversion of Naltrexone to 14-amino

Naltrexone
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In order to synthesize 14-amino naltrexone from thebaine, it took 8 steps and the
whole route had a total yield of 8%, considering the maximum reaction yields that were
achieved. If 14-amino naltrexone can be synthesized directly from naltrexone by
transforming the alcohol group at the 14-position to amine in a simple one-pot reaction,
it would be highly advantageous over the current strategy. Such a method would
conserve resources and lead to the final compounds far more quickly, saving a lot of
time and effort. However, there is no evidence that naltrexone goes through such
transformation, it is not known if this synthetic conversion is even feasible.
Nevertheless, the most common reactions utilized to convert alcohols to amines were
adopted for naltrexone to see if the 14-amine naltrexone can be synthesized in a more
convenient manner. All the reaction conditions and the results are summarized in
Table 4. One of the most common approaches employed for the preparation of amines
from alcohols involves three steps. First, the alcohol is converted to their corresponding
halides or sulfonates, then nucleophilic substitution by an azide anion occurs. Finally,
the azide is reduced to the amine using various reagents. There are methods that have
been reported which do not require the conversion of the alcohol to a halide initially.

In the first method naltrexone was reacted with sodium azide and
triphenylphosphine in CCl,-DMF solvent system. It was envisioned that the azide group
will replace the hydroxyl group at the 14-position through a Sy1 type of reaction. Sy2
substitution reaction cannot take place since the 14-position carbon is a tertiary carbon
but it may form a relatively stable carbocation with the hydroxyl group leaving. Since
the azide is mildly nucleophilic it will attack the carbocation at this position and form the

single bond. The Staudinger reaction is employed to reduce the azide to an amine.®®
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Table 4. Reactions attempted to directly convert naltrexone into 14-amino naltrexone.

Y

HO @)
Method Reagents and Condition Reference
NaN3, PPh3 Hzo
1 > B — > 63
CCl,-DMF (1:4)
NaN3, BF30(CoHs), PPh; H,O
> — —
2 A THF, reflux B. THF C. 64
(CH3)3SiNg, BF30(CoHs), PPh, H,0
3 > B — - > C.— > 65
CH,Cl, THF
SOCl,, NH,*
4 CH,CI, 66
X
5 HoN NH 67
2 2 o

CH3CH20H, HOACc

The azide reacts with triphenylphosphine to form phosphazide which loses nitrogen to

give the iminophosphorane intermediate. The intermediate is hydrolyzed to give the

amine and the triphenylphosphine oxide as the side product.

This reaction is a

particularly mild method of reducing an azide to an amine. After attempting the reaction
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on naltrexone, two new spots have formed on the TLC. One of the spots was the side
product triphenylphosphine oxide and the other spot was not the product. The reaction
might have failed since the hydroxyl is not a good leaving group.

In the methods 2 and 3, boron trifluoride etherate, a Lewis acid, is added in order
to make the hydroxyl a better leaving group and trimethylsilyl azide was used as a safer
and more soluble alternate to sodium azide. The method 3 was reported to be
regioselective for tertiary alcohols. After running both reactions for over 24 hours, only
starting material was observed, no reaction took place. The fourth method uses thionyl
chloride and ammonia gas to convert tertiary alcohols to corresponding amines. The
compound that was isolated after the reaction was not the 14-amine product. The last
method attempted was reported in a patent and successfully utilized to convert a tertiary
alcohol, albeit with a simple structure, into an amine. Unfortunately, this reaction also
failed to provide the desired product possibly due to the harsh reaction conditions.

There are not many reactions reported that can readily transform tertiary alcohol
to an amine. All the methods that were attempted turned out to be unsuccessful at
converting the 14-OH group of naltrexone into an amine. The main reason for this may
be that the 14-position is unreactive due to high steric hindrance. Also the 6-position
phenolic hydroxyl group and the 3-position carbonyl group might react with the various
reagents and lead to undesirable side products. Therefore, the already established

synthetic route shown in Scheme 1 was used to synthesize more 14-amino naltrexone.

1.5 Chemical Synthesis of Final Compounds

In order to synthesize the final compounds, the side chains were introduced into
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the morphinan skeleton using two different coupling methods (Scheme 4). The first
procedure involves the direct coupling reaction of an acyl chloride with 14-amino
naltrexone under basic conditions. In this reaction, the acid chloride is added to a

solution of 26 dissolved in anhydrous DCM at 0 °C under nitrogen atmosphere. The

reaction is usually complete after stirring overnight. In the second procedure, the

carboxylic acid of the aromatic side chain is coupled to the 14-amino naltrexone in the
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Scheme 4. Coupling of side chains to 14-amino naltrexone.

presence of 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCI)
and 1-hydroxybenzotriazole (HOBL) in the general peptide coupling reaction.®® To a

stirred solution of acid, EDC, HOBt, and TEA dissolved in DMF, was added 14-amine
naltrexone and the reaction mixture was stirred for 18 hours at room temperature under
nitrogen atmosphere. Also molecular sieves were added to neutralize the excess water
the reaction produced. Generally, the second procedure seemed to be milder

compared to the first method, which uses the acid chloride, as it produced less by
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Table 5. The final coupling reaction percent yield of 14-NH-heterocyclic substituted naltrexone
derivatives.

Compound | 14-NH-heterocyclic Substituent | Procedure Yield
(%)
S X
9 | 2 45
N\/
NN
10 | N 1 62
\N/
X
11 1 77
/N
= NF
13 | 2 44
N
14 NN 2 40
\/\/
15 2 48
NN
16 2 45

products. Both methods lead to the addition of the heterocyclic side chain moiety to 3-
and 14-positions of the alkaloid. In the next step, the 3-position moiety is selectively
removed by stirring the di-substituted intermediate with potassium carbonate in

methanol. The phenyl ester moiety at the 3-position is highly unstable under basic
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conditions and it is readily hydrolyzed in the saponification reaction while the amide
bond is relatively stable and remains intact. All the final compounds were purified using
column chromatography and then fully characterized. The final yields of these

compounds are shown in Table 5.

2. Pharmacological Evaluation of 14-NH-Heterocyclic Substituted Naltrexone
Derivatives
The 14-NH-heterocyclic derivatives of naltrexone were subjected to two different
radioligand binding assays. The competition binding assay was performed to determine
the affinity and the selectivity of these compounds at the opioid receptors. The
functional [**S] GTPYS assay was used to determine the potential agonist activity of the

naltrexone derivatives.

2.1 Cell Culture of CHO Cells Overexpressing Opioid Receptors

For all the pharmacological assays that were performed, CHO cells expressing
different mono-cloned opioid receptors were used. Before the assay could be
performed, these cells had to be thawed and grown in optimal media. The MOR- and
the KOR-CHO cells were grown in DMEM/F12 media containing 5% fetal bovine serum
(FBS), 1% penicillin-streptomycin, and 0.25 mg/mL geneticin (G418). The DOR-CHO
cells were cultured in the same media, except 10% FBS was added. All the cells were
grown for about 7 days while being split continually, until they were grown to near

confluence in 16 large culture dishes (150 mm x 25 mm). At this point, these cells were
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harvested and membrane preparations were made. The membrane preparations are

stored at -80 °C until they were thawed and used for the binding assay.

2.2 Competition Binding Assay

The competition binding assays were performed to study the selectivity and
affinity of the newly synthesized ligands using mono-cloned opioid receptors expressed
in CHO cells. [®H] NLX, [®H] DPN, and [*H] NTI were used to label the mu, kappa, and
delta opioid receptors respectively. The radioligands employed for the biological assays
are highly selective for their corresponding receptors. The Kq4 values for the tritiated
compounds and the Bnax value for the CHO cell lines expressing the different opioid
receptors have been previously determined in the laboratory. In this assay, varying
concentrations of the naltrexone derivatives compete with a constant concentration of
the radioligand, usually set between 1 to 2 times their K4 values. The potency of the
new compounds in displacing the specific binding of the radioligand was determined
from using linear regression analysis of Hill plots. The ICs, values are then calculated

and corrected to K; values using the Cheng-Prusoff equation, K; = ICso/ (1+ [L] / Kg).”

A. Mu Opioid Receptor

The affinity of the 14-NH-heterocyclic substituted naltrexone derivatives for the
MOR was determined by competing varying concentrations of these drugs with 2 nM of
[®H] NLX. The non-specific binding was determined by using 5 uM of cold naltrexone.
Membranes prepared from MOR-CHO cells (Dr. Selley’s laboratory at VCU) were used

for the assay and 30 pg of protein was added to each tube. The Bradford protein
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assay’* was utilized to determine and adjust the concentration of protein required for the
assay. The total volume in each test tube was 500 pL and the tubes were incubated at
30 °C for 90 minutes. The bound radioactive ligand was separated from the free
radioligand by rapid vacuum filtration through a GF/B glass fiber filter paper using the
Brandel harvester. The radioactivity was quantified by utilizing a scintillation counter.

All assays were determined in triplicate and repeated at least three times.

B. Kappa Opioid Receptor

The affinity of the newly synthesized 14-NH-heterocyclic substituted naltrexone
derivatives for the kappa opioid receptor was determined by competing varying
concentrations of these drugs with 0.5 nM of [*H] DPN. The non-specific binding was
determined by using 5 uM of cold U-50488, a selective kappa opioid receptor agonist.
Membranes prepared from KOR-CHO cells (Dr. Selley’s lab at VCU) were used for the
assay and 30 pg of protein was added to each tube. The Bradford protein assay was
utilized to determine and adjust the concentration of protein required for the assay. The
total volume in each test tube was 500 pL and the tubes were incubated at 30 °C for 90
minutes. The bound radioactive ligand was separated from the free radioligand by rapid
vacuum filtration as described above. The radioactivity was quantified by utilizing a

scintillation counter. K; values are result of 3 independent experiments.

C. Delta Opioid Receptor
The affinity of the 14-NH-heterocyclic substituted naltrexone derivatives for the

delta opioid receptor was determined by competing varying concentrations of these
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drugs with 0.5 nM of [?H] NTI. The non-specific binding was determined by using 5 pM
of cold SNC-80, a selective agonist at the delta opioid receptor. Membranes prepared
from DOR-CHO cells (Dr. Selley’s laboratory at VCU) were used for the assay and 30
pHg of protein was added to each tube. The Bradford protein assay was utilized to
determine and adjust the concentration of protein required for the assay. The total
volume in each test tube was 500 yL and the tubes were incubated at 30 °C for 90
minutes. The bound radioactive ligand was separated from the free radioligand by
filtration as described above. The radioactivity was quantified by utilizing a liquid
scintillation counter. All assays were determined in triplicate and repeated at least three
times.

Initially, there were a few problems encountered with this assay. When the DOR-
CHO cells in Dr. Selley’s laboratory were used for the assay, the non-specific binding
was found to be extremely high. In some instances the non-specific was higher than
the total binding, making the data unusable. After a few attempts, the data was not
reproducible and had very high SEM values. Saturation binding assays were performed
to determine the Bmax for the DOR-CHO cells. These cells had very low Bnax values,
indicating that the receptor expression was too low for K; determinations. New DOR-
CHO cells were received from Dr. Lee-Yuan Liu-Chen at Temple University that had
been transfected recently. These cells were grown and new membranes were
prepared. The saturation binding assay showed that these cells had a relatively high
Bmax Value compared to the previous batch. The results from the competitive
radioligand binding assay were a lot better, although the non-specific was still high

compared to the other assays. In order to decrease the non-specific binding further, the
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filter papers were soaked in 1% polyethylenimine solution before harvesting, and it was
rinsed through with cold tris buffer four times. These measures lead to lower non-

specific and a more reproducible data.

2.3 [**S]GTPyS Functional Assay
A. Mu Opioid Receptor

[*S]GTPYS functional assay was performed to determine the agonist activity of
the 14-substituted naltrexone derivatives at the mu opioid receptor. In this assay, 10 ug
of MOR-CHO membrane was incubated with 10 uM GDP, 0.1 nM [**S] GTPyS and
varying concentrations of the compounds under investigation for 90 minutes in a 30 °C
water bath. The Bradford protein assay was utilized to determine and adjust the
concentration of protein required for the assay. The non-specific binding was
determined with 20 puM unlabeled GTPyS. TME buffer with 100 mM NaCl was used to
increase agonist stimulated binding and the final volume in each assay tube was 500
pL. Furthermore, 3 uM of DAMGO was included in the assay as a maximally effective
concentration of a full agonist for the mu opioid receptor. The net stimulation produced
by each test compound was normalized to the stimulation produced by 3 pM of
DAMGO, which was considered to be 100%. After the incubation, the bound
radioactive ligand was separated from the free radioligand by filtration through a GF/B
glass fiber filter paper using the Brandel harvester. The results were determined by
utilizing a scintillation counter. All assays were determined in triplicate and repeated at

least three times.
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B. Kappa Opioid Receptor
[**S]GTPyS functional assay was performed to determine the agonist activity of

the 14-substituted naltrexone derivatives at the kappa opioid receptor. In this assay, 10
Hg of KOR-CHO membrane was incubated with 10 uM GDP, 0.1 nM [*S] GTPYS and
varying concentrations of the compounds under investigation for 90 minutes in a 30 °C
water bath. The Bradford protein assay was utilized to determine and adjust the
concentration of protein required for the assay. The non-specific binding was
determined with 20 uM unlabeled GTPyS. TME buffer with 200 mM NaCl was used to
increase agonist stimulated binding and the final volume in each assay tube was 500
pL. Furthermore, 5 uM of U50,488 was included in the assay as a maximally effective
concentration of a full agonist for the kappa opioid receptor. The net stimulation
produced by each test compound was normalized to the stimulation produced by 5 pM
of U-50488, which was considered to be 100%. After the incubation, the bound
radioactive ligand was separated from the free radioligand by filtration as described
above. The results were determined by utilizing a scintillation counter. All assays were

done in triplicate and repeated at least three times.

2.4 In Vivo Pharmacological Assays

Naltrexone derivatives with good selectivity profiles and antagonist actions in the
in vitro assays for the mu opioid receptor were selected and tested in the in vivo assays.
The selected compounds were tested for their acute antinociceptive agonistic and
antagonistic effects in the mouse tail immersion assay. In addition, comparative opioid

withdrawal assay were performed in morphine pelleted mice.
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3. Pharmacological Assay Results for the 14-NH-Heterocyclic Substituted
Naltrexone Derivatives

3.1 Competitive Radioligand Binding Assay Results

The competitive binding assay results show that the naltrexone derivatives with
the amide linkage to various heterocyclic aromatic rings have a subnanomolar to
nanomolar affinity to the mu opioid receptor. Interestingly, the 14-NH-substituted series
of compounds did not maintain the high selectivity of the 14-O-heterocyclic substituted
naltrexone derivatives for the MOR (Table 6). All the compounds that were tested have
Ki values in the subnanomolar range for the KOR. The 14-NH-substituted derivatives
also have higher affinity for the DOR compared to the 14-O-substituted compounds. In
general, the 14-NH-substituted naltrexone derivatives seem to be dually selective for

the mu and kappa opioid receptors over the delta opioid receptor.

A. Mu Opioid Receptor

The biological assay results for the mu opioid receptor show that the compounds with
pyridinyl substitution bind with slightly higher affinity compared to the compounds with
quinolynyl substitution. The nitrogen atom in the aromatic ring seems to make a small
difference in the binding of the pyridinyl series, since the control compound binds with
lower affinity compared to the aromatic rings containing a nitrogen atom. It is harder to
see the same trend in the compounds with quinolinyl substitution. It is not clear if the
nitrogen atom in the aromatic ring plays a significant role in binding of these 14-NH-

substituted naltrexone derivatives to the mu opioid receptor.

38



Table 6. The binding affinity and selectivity of 14-NH-substituted naltrexone derivatives.

Ki (nNM) £ SEM Selectivity Ratio
Compd Side Chain MOR KOR DOR K/u o/u o/K
NTX 0.34+0.03 | 0.90+0.11 | 95.46 +6.09 | 2.6 281 | 106
9 X
| 151+034 | 0.36£0.01 | 94.54+6.48 | 0.24 63 263
N A
10 AN
| 0.75+0.28 | 0.16 +0.01 | 39.88+0.50 | 0.21 53 249
N
11 AN
‘ 0.82+0.33 | 0.33+0.01 | 10.86+1.31 | 0.40 13 33
N
12
434 +0.70 |0.12+0.001 | 57.32+4.33 | 0.03 13 477
13 Z
3.50+1.87 | 0.27+0.02 | 25.07+1.84 | 0.07 | 7.2 93
N
14 /N
9.09+4.94 |0.26+0.004 | 15.13+0.63 | 0.03 | 1.7 58
AN
15 s
1.13+0.25 | 0.13+0.02 | 1.48+0.05 | 0.12 | 1.3 11
\N
16
6.22+4.01 | 0.33+0.02 | 10.54+1.35 | 0.05 | 1.7 32

The Ki values for all three receptors represent the mean + SEM of 3 independent experiments.
[®H] NLX, [*H] DPN, [®*H] NTI was used to label the mu, kappa, and delta opioid receptors
respectively.
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B. Kappa Opioid Receptor

The competitive radioligand binding assay results for the kappa opioid receptor show
that the 14-NH-substituted compounds bind the kappa opioid receptor with K; values in
the subnanomolar range. These compounds have higher affinity for the kappa opioid
receptor compared to the mu opioid receptor. Unlike the mu opioid receptor, both
pyridinyl and quinolinyl substituted naltrexone derivatives bind with similar affinity.
Furthermore, the nitrogen in the aromatic ring of these compounds does not seem to
affect binding to the kappa opioid receptor. This might be explained by the absence of
hydrogen bonding interaction for the heteroaromatic rings of the side chain in the

binding pocket of the kappa opioid receptor.

C. Delta Opioid Receptor

The competitive binding assay data for the delta opioid receptor show that these
compounds bind the delta opioid receptor with lower affinity compared to both mu and
kappa opioid receptors. In general, the pyridinyl substituted naltrexone derivatives had
lower affinity compared to the quinolinyl substituted derivatives. Compound 9 of the
pyridinyl series and the compound 13 of the quinolinyl series had the lowest affinity for
the delta opioid receptor. The nitrogen atom in both of these compounds might be
oriented in a specific position that clashes with certain amino acid residue in the delta
opioid receptor binding pocket, thus resulting in lowered affinity compared to the other
derivatives. Moreover, the compounds in the quinolinyl series might have higher affinity
due to their larger side chain reaching deeper in the binding pocket, increasing the

potential for a positive interaction in the delta-opioid receptor binding pocket.
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3.2 [**S]GTPyS Binding Functional Assay Results

The [*®>S] GTPyS binding assay was performed to determine the agonist potential of the
14-NH-substituted naltrexone derivatives at the mu opioid receptor. The results of this
assay are summarized in Table 7. Compounds 9, 10, and 13 did not produce any
significant stimulation in the functional assay and seem to act as antagonists at the mu
opioid receptor. The nitrogen position of the derivative with 2-pyridyl substitution as in
compound 9 and 3-isoquinolyl substitution in compound 13 might be in a specific
orientation that promotes antagonist activity. A minor stimulation was produced by
compounds 11 and 12. Compound 14 acts as a partial agonist at the mu opioid

receptor.
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Table 7. The efficacy and potency of 14-NH-substituted naltrexone derivatives in
[**S]GTPyS binding functional assay in MOR-CHO cells.

MOR
Compd Side Chain ECso (nM) Emax
(% max of DAMGO)
NTX 0.38 +0.10 7.18 + 0.57
9 X
| ND? 0.90 + 0.42°
N A
10
| ND? 5.09 +0.57°
=
N
11
| 1.67 +0.99 7.74+0.69
/N
12
7.20+1.74 5.79 + 1.35
\ ND? 2.84 +1.62°
"N
14 \/N\/\
s ‘ 38.85+ 17.98 34.40 + 5.43
\/\/
15 N NN
\ 2.81+0.29 15.76 + 5.61
A g
16 NN
\ 11.13+5.11 16.52 + 1.97
\/\/

ECso and Enax values represent the mean + SEM of 3 independent determinations. En.x values
are normalized to the signal in the presence of 3 uM DAMGO (100% stimulation).

2 Not determined, dose dependent stimulation was not produced and the data did not fit non-
linear regression

b percent stimulation produced at the maximum concentration of 10 uM tested, normalized to
stimulation produced by 3 uM DAMGO.
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4. Molecular Design of Second Generation 14-NH-Substituted Naltrexone
Derivatives

The 14-NH-substituted naltrexone derivatives did not retain the mu opioid
receptor selectivity of the 14-O-substituted series. The amide linkage in the 14-NH-
substituted compounds might be limiting the rotational flexibility of the side chains
compared to the ester linkage found in the 14-O-substituted series. The amide bond
has a partial double bond character, thus it is more rigid and may be locking the side
chains in an unfavorable position. As predicted, the newly synthesized naltrexone
derivatives with an amide linkage were more stable than the previous ester-linked
compounds and did not suffer from degradation problems.

From the first series of 14-amino naltrexone derivatives, compound 9 was
chosen to be the lead compound. Compound 9 had high affinity for both mu and kappa
opioid receptors and compared to all other compounds its affinity at the delta opioid
receptor was the lowest. Also in the functional assay, it was shown that compound 9
did not possess any agonist activity at the mu opioid receptor. Looking at all the
pharmacological assay results, compound 9 was the best choice to further optimize and
try to recover the selectivity that the 14-O-substituted series had. It was envisioned that
the 14-NH-linked naltrexone derivatives would gain mu opioid receptor selectivity if the
side chain was able to rotate freely. As discussed, the only difference between these
two series of compounds is the nature of the linkage, one being ester and the other
amide, that connects the side chain to the morphinan skeleton.

Three new compounds were synthesized that carry the 2-pyridyl substituent from

compound 9 (Figure 6). A methylene group was added to the linker to make the side
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chain rotationally flexible. The other two compounds have flexible linkers with
increasing length in order to see the effect of chain length on affinity and selectivity of

these compounds.

Compd R-
X
27 |
N A
X
28 |
N A
O
29
/\N | X
H
N A

Figure 6. Designed second generation 14-NH-sustituted naltrexone derivatives.

4.1 Chemical Synthesis of Second Generation 14-NH-Substitued Derivatives of
Naltrexone
The 14-amino naltrexone intermediate was prepared as discussed previously in

Scheme 1. The 2-pyridyl acetic acid hydrochloride, side chain for compound 27, was
commercially available from Sigma Aldrich. The second side chain, 3-(pyridine-2-
yl)propanoic acid was synthesized from 2-pyridine propanol by reacting it with
potassium permanganate in a mixture of sulfuric acid and water (Scheme 5). The
potassium permanganate, a strong oxidizing agent, was added into the reaction mixture

slowly, over a 30 min period. The reaction was stirred for one hour at 80 °C. After
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HO | ) KMno, HO | X

Scheme 5. Synthesis of 3-(pyridin-2-yl)propanoic acid, side chain of compound 28.

workup, the product was crystallized from hot ethanol as a white solid. The product
structure was confirmed by *H NMR and the reaction yield was 43%.

The side chain for compound 29 was prepared by coupling 2-picolinic acid with
glycine ethyl ester hydrochloride using EDC and HOBt as previously described

(Scheme 6).

(0]
EDC, HOBt
2 > H
DMF/DCM
O N A O N _~

o)
CH,CO HO
H3CH, 1N NaOH N AN
MeOHITHF H |
0] N _~A

Scheme 6. Synthesis of 2-(picolinamido)acetic acid, side chain of compound 29.

The alkyl protecting group of the intermediate was hydrolyzed under basic conditions.
The product structure was confirmed by *H NMR and the overall reaction yield was
40%. All side chains were coupled to 14-amine naltrexone using procedure 1 shown in

Scheme 4. The yields of the coupling reaction are shown in Table 8.
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Table 8. Coupling reaction percent yield for the second generation of 14-NH-substituted
naltrexone derivatives.

Compound | 14-NH-heterocyclic Substituent | Procedure Yield
(%)
X
27 | 1 43
N _~
X
28 | 1 38
N _~
O
29 1 37
/\N X
Ho ]
N _~

4.2 Pharmacological Assay Results for the Second Generation 14-NH-Substituted
Naltrexone Derivatives
A. Competitive Radioligand Binding Assay Results

The pharmacological assay for the second series of 14-NH-substituted
naltrexone derivatives were carried out as previously described. The three new
compounds had subnanomolar affinity for both the mu and the kappa opioid receptor
(Table 9). The introduction of rotational freedom and flexibility for the side chain did
not lead to increased selectivity for the mu opioid receptor. Therefore, the rigidity of the
linker must not be responsible for the altered selectivity profile of the 14-NH-substituted
series of compounds. As the chain length increased to 5 atoms in compound 29, its
affinity for the delta opioid receptor also increased and the selectivity over delta opioid

receptor was not maintained. There may be multiple explanations for this: as the
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Table 9.

naltrexone derivatives.

The binding affinity and selectivity of the second generation 14-NH-substituted

Ki (nNM) £ SEM Selectivity Ratio
Compd Side Chain MOR KOR DOR K/u o/u o/K
NTX 0.34+0.03 | 0.90+0.11 | 95.46 +6.09 | 2.6 281 | 106
X
27 N| _ 0.29+0.04 | 0.19+0.03 | 3.92+0.12 | 0.66 14 21
X
28 N| P 0.32+0.04 | 0.17+0.02 | 9.13+0.52 | 0.53 29 54
(0]
29 /\” | ~. | 0-30£0.01 | 0.14+0.01 | 0.37+0.04 | 047 | 1.2 3
N A

The Ki values for all three receptors represent the mean + SEM of 3 independent experiments.
[*H] NLX, [*H] DPN, [*H] NTI was used to label the mu, kappa, and delta opioid receptors
respectively.

chain length increased, it is possible that the heteroaromatic side chain was placed
in a favorable position possibly for a pi-pi stacking or a hydrophobic interaction that
was previously unreachable with a shorter linker. Also, it is possible that the glycine
linker may be participating in a hydrogen bonding interaction since it has two extra
hydrogen bond donor and an acceptor groups compared to the other two side chains.
In this series, compound 28 is the only naltrexone derivative that retained some of its
dual selective ligand properties. Compound 28 is almost 30-fold more selective for mu
opioid receptor over delta and 54-fold more selective for kappa over the delta opioid
receptor. However, compared to compound 28, the lead compound 9 is still a better
dual-selective ligand, as it has higher selectivity for mu and kappa over the delta opioid

receptor. In general, increasing linker length increased the affinity of the compounds for

all three receptors but the selectivity was diminished.
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B. [**S]GTPYS Binding Functional Assay Results

The functional assay results are summarized in Table 10. The results showed
that increasing the linker length of the lead compound by one atom (i.e., three-atom
linker) lead to compound 27 having a significant agonist activity at both mu and kappa
opioid receptors. Compound 28, with a chain length of four atoms, acted as an
antagonist at both mu and kappa opioid receptors. Further increasing the linker length
by one atom lead to compound 29, which retained antagonist properties at the mu
opioid receptor but acted as a partial agonist at the kappa opioid receptor. In addition to
the three new second generation compounds, the lead compound 9 was also tested in
the [**S]GTPYS functional assay at the kappa opioid receptor. Compound 9 produced
substantial stimulation in the functional assay compared to maximal stimulation of U-

50488.
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Table 10. The efficacy and potency of the second generation 14-NH-substituted naltrexone
derivatives in [*>S]GTPYS binding functional assay in MOR-CHO and KOR-CHO cells.

MOR KOR
Compd Side Chain ECso (NM) Emax ECso (NM) Emax
(% max of (% max of
DAMGO) U-50488)
NTX 0.38+0.10 | 7.18+0.57 | 2.24+0.73 | 25.70 +5.29
X
9 | ND? 0.90 +042° | 1.74+0.50 | 24.91+2.02
N A
X
27 | 0.15+0.03 | 77.96 + 2.66 | 0.82+0.18 | 64.88 + 0.59
N A
X
28 | 0.32+0.05 | 12.71£0.20 | 0.35+0.09 | 11.55+1.76
N A
(0]
29 PN N 0.41+0.16 | 11.83+0.39 | 0.23+0.02 | 47.90 + 3.86
H N| P

ECso and E .« values represent the mean + SEM of 3 independent determinations. En.x values
at the mu opioid receptor are normalized to the signal in the presence of 3 uM DAMGO (100%
stimulation). Enax values at the kappa-opioid receptor are normalized to the signal in the
presence of 5 uM U-50488 (100% stimulation).

% Not determined, dose dependent stimulation was not produced and the data did not fit non-
linear regression

b percent stimulation produced at the maximum concentration of 10 uM tested, normalized to
stimulation produced by 3 uM DAMGO.
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5. Preliminary In Vivo Pharmacological Evaluation Results

Based on the in vitro biological assay results, several 14-NH-substituted
naltrexone derivatives were sent for in vivo pharmacological evaluation. Specifically,
compounds 9, 10, and 13 were chosen due to their high affinity for the MOR, selectivity
over the DOR, and absence of agonist activity in the [**S]JGTPyS functional assay.
Initially, these compounds were tested for acute agonistic and antagonistic effects in
mice. The 14-NH-substituted naltrexone derivatives were assessed for their ability to
produce antinociception and to antagonize the antinociceptive effects of morphine in the
mouse tail immersion assay. As shown in Table 11, all three compounds were found to
be potent antagonists of morphine and did not produce any agonist effect themselves in
this test. The in vivo assay results support the in vitro functional assay data for these

compounds.

Table 11. ADs, Values for Antagonizing Morphine (10 mg/kg) Antinociception in Warm-Water
Tail Immersion Assay.

Compd ADsp values (mg/kg) for blockade of morphine
antinociception
9 0.25
10 0.55
13 0.87

Additionally, these compounds were characterized in the comparative opioid
withdrawal precipitation study. In chronically morphine exposed mice, the well-known
opioid antagonists naltrexone and naloxone precipitate acute withdrawal symptoms

upon administration. The withdrawal symptoms are manifested as jumps and wet dog
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shakes in mice. It is hypothesized that inverse agonists with higher negative intrinsic
activity at the mu opioid receptor will precipitate more vigorous withdrawal signs.” In
this study, withdrawal symptoms produced in morphine pelleted mice by three different
doses of the naltrexone derivatives were compared with that of naltrexone and naloxone
(Figures 7 and 8). Compound 9 at a dose of 3 mg/kg precipitated jumps more than
compared to both naloxone and naltrexone. Interestingly, lower and lower numbers of
jumps were counted as the dose increased to 10 and 30 mg/kg. On the other hand, at a
dose of 3 mg/kg, compound 9 only slightly precipitated wet dog shakes compared to the
traditional antagonists. At the lowest dose of 3 mg/kg tested, compound 10 failed to

precipitate any opiate withdrawal signs. As the dose increased, compound 10

100
m 80 T
g. -
S 604 -
3
(0]
< 40-
Yo 15
<5
C L] L] L] L] L] L] L] L] L] L] "
ERONORHFHMNNNRHFHNNINY
O O D DD OO OO OO
3 Q@ Q@ 0@ Q® Q@ 0@ Q@ Q@ Q@ Q@ Q@
DY TP E R TS
) S o
RS N N
fz}0+\\+ N Qb Qb
v & & &

Figure 7. Naltrexone derivatives in comparative withdrawal assay in chronic morphine exposed
mice: Escape jumps.
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apparently precipitated both withdrawal symptoms. Compound 13, dose dependently
increased the number of wet dog shakes observed. At all doses tested, compound 13

precipitated escape jumps comparable to naloxone (1.0 mg/kg).
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Figure 8. Naltrexone derivatives in comparative withdrawal assay in chronic morphine exposed
mice: Wet dog shakes.
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6. Molecular Modeling Study of the 14-Substituted Naltrexone Derivatives

A computational docking study was conducted on both series of 14-O-substituted
and 14-NH-substituted naltrexone derivatives in order to analyze their interaction with
the opioid receptors. Despite the small difference between these two series of
compounds, namely in the nature of the linker that is holding the heteroaromatic side
chains, their experimental radioligand binding assay results differ quite substantially.
The 14-O-substituted series of compounds seemed to be mu opioid receptor selective,
but when the ester linkage was replaced with an amide linkage in the 14-NH-substituted

naltrexone derivatives, the selectivity profile of the novel compounds was altered.

6.1 Dynamics Simulation of Lead Compounds

Before the docking study, lead compounds from both series (compound 1 and
compound 9) were subjected to short dynamics simulations to determine if their lowest
energy conformations might differ from each other. Using the molecular modeling
package Sybyl 8.1, both compounds were placed in a water box and the dynamics
simulation was run. As expected, the results show that the lowest energy
conformations of both molecules are virtually identical, with the only difference being

one extra hydrogen in compound 9 (Figure 9).

6.2 Computational Docking Studies of 14-Amino Naltrexone Derivatives
For the docking study, 8 compounds of the 14-O-substituted series and all 11
compounds from the 14-NH-substituted series were docked into the crystal structures of

all three opioid receptors. By comparing the docking modes of these two series of
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compounds, it may be possible to determine a reason for the differing selectivity

profiles. All ligands used in the docking study were built with standard bond lengths and

Figure 9. The lowest energy conformations of compound 1 and compound 9 obtained after a
dynamics simulation. Carbon atoms are shown in white, oxygen atoms are shown in red, and
nitrogen atoms are shown in blue.

angles using the molecular modeling software SYBYL 8.1. The small molecules were
assigned Gasteiger-Huckel charges and energy minimized with the Tripos Force Field
(TFF). The 19 ligands that were used in this study were docked into all three opioid
receptor crystal structures using GOLD 5.1. For the docking study, the binding site of
the receptor was defined to be all atoms within 15 A radius of an oxygen atom on an

Asp residue that is conserved in all opioid receptors. The compounds were docked 40
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times each with standard GOLD parameters. The docked poses were scored using

both CHEMPLP and the standard GOLD fitness score.

A. 14-Substituted Naltrexone Derivatives Docked into the Mu Opioid Receptor
Crystal Structure

The crystal structure of the mu opioid receptor was solved in an inactive state
bound to the irreversible antagonist B-FNA.*” The binding site for the docking was
defined to be all atoms in a volume of 15 A radius of oxygen atom OD2 on Asp147°%,
Furthermore, a 4 A distance constraint was set between this Asp 147°* oxygen atom
and the positively charged nitrogen atom at the 17-position of the naltrexone
derivatives. The Asp residue is conserved in all three opioid receptors and it functions
as a critical anchor for a strong charge-to-charge interaction with the basic moiety in
opiate compounds. The best scored binding modes of two representative compounds
of each series, compound 1 and compound 9 are shown in Figure 10. The naltrexone
derivatives appear to bind in a very similar manner to B-FNA in the mu opioid receptor
binding pocket probably due to their identical “message” components. All the major
interactions that were observed in the binding of B-FNA were also present in the model
binding of the naltrexone derivatives to the mu opioid receptor. The positively charged
17-position nitrogen of the naltrexone derivatives forms a salt bridge with the Asp14733
and Tyr 148*% makes a hydrogen bond to the D-ring oxygen. The cyclopropyl group
seems to be participating in a nonpolar interaction with the aromatic residues Tyr326"*3

and Trp293°%, Trp®* is conserved in most GPCRs and it is thought to be a key

residue responsible for the activation of the receptor.®®
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Figure 10. Comparison of binding modes of compound 9 (A) and compound 1 (B) docked into
the MOR binding site. MOR transmembrane helices are shown in cyan, important amino acid
residues are rendered as capped-stick, and the docked ligand is shown in ball-stick
representation.
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In all three opioid receptors, Trp~™ interacts with the cyclopropyl methyl group at the

17-position of naltrexone derivatives. The bulky nonpolar substituents at this position,
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i.e., cyclopropyl and allyl groups of the opioid antagonists, may interact with the Trp®“®
residue and lock it in an inactive conformation. The smaller 17-methyl group of the

agonists may be too far to interact with Trp®“®

to lock it in position, thus leading to the
activation of the receptor. From the docking study, both compounds 1 and 9 seem to
bind in a very similar manner. Although compound 9 has one extra hydrogen bond
donor that can interact with Asp147°** compared to compound 1, the amide hydrogen
was not shown to be participating in an H-bonding interaction in the docking results for
the mu opioid receptor. Also the side chains of both series of compounds were not
interacting with the putative “address” residue of the mu opioid receptor Trp318”%. In
fact, the side chains were pointing in the opposite direction away from Trp318’* and
were positioned in a large cavity with no apparent interactions present. The
discrepancy between the original computational modeling study and the current docking
study is likely explained by the fact that the original study used a homology model of

MOR based on the bovine rhodopsin structure, which was the only GPCR crystal

structure available at the time.

B. 14-Substituted Naltrexone Derivatives Docked into the Kappa Opioid Receptor
Crystal Structure

The crystal structure of the kappa opioid receptor was solved in an inactive state

in complex with the selective antagonist JDTic.*® The binding site for the docking was

defined to be all atoms in a volume of 15 A radius around oxygen atom OD1 on

83.32

Asp138%%*.  Furthermore, a 4 A distance constraint was set between the Asp13

oxygen atom and the positively charged nitrogen atom at the 17-posititon of the

57



naltrexone derivatives. The best scored docking results for two representative

compounds of each series are presented in Figure 11. The important anchor residue of

Figure 11. Comparison of binding modes of compound 9 (A) and compound 1 (B) docked into
the KOR binding site. KOR transmembrane helices are shown in green-blue, important amino
acid residues are rendered as capped-stick, and the docked ligand is shown in ball-stick
representation.
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the kappa opioid receptor Asp138°3

interacts with both the 17-position nitrogen and
the amine at the 14-position of compound 9. While the lead compound of the 14-O-
heterocyclic substituted naltrexone derivatives, compound 1 only has one interaction
with Asp138%%2. Moreover, in the kappa opioid receptor binding site, Tyr312"3°
hydrogen bonds to the amide carbonyl of both series of naltrexone derivatives. It is
important to note that Tyr312' is one of the four non-conserved amino acid residues in
the binding pocket of the kappa opioid receptor that interacts with JDTic and thought to

contribute to its subtype selectivity. Tyr312"3°

was shown to hydrogen bond to amide
carbonyl found in JDTic, while the corresponding Trp’*® and Leu’*® found in mu and
delta opioid receptors respectively does not participate in this critical polar interaction.*®
Therefore, compared to mu opioid receptor docking results, there are two additional
polar interactions in the binding site of the kappa opioid receptor for the 14-NH-
substituted series of naltrexone derivatives. Asp138%** makes one extra hydrogen

273 residue not found in other

bond to amine at the 14-position and the unique Tyr31
related opioid receptors, interacts with the carbonyl group of the linker. These
computational docking results may explain why the 14-NH-substituted series of
compounds have high affinity for the kappa opioid receptor and have lost their
selectivity for mu opioid receptor. Additional interactions in the KOR binding site include

a hydrophobic interaction between 11e294°>°

and ring C of naltrexone. The side chain
of Tyr139%*%* hydrogen bonds to furan oxygen. Amino acid residues Tyr320"*® and
Trp287°%*® seem to participate in a nonpolar interaction with the cyclopropylmethyl group
of the naltrexone derivatives. It is postulated that the opioid antagonists block the

6.48

activation related conformational changes in the Trp>™, thus locking the receptor in an
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inactive state.
C. 14-Substituted Naltrexone Derivatives Docked into the Delta Opioid Receptor
Crystal Structure

The crystal structure of the delta opioid receptor was solved in an inactive state
in complex with the selective antagonist naltrindole.*® The binding site for the docking
was defined to be all atoms in a volume of 15 A radius around oxygen atom OD2 on
Asp128%%, For the docking study, a 4 A distance constraint was set between the
Asp128°3*? oxygen atom and the positively charged nitrogen atom at the 17-posititon of
the naltrexone derivatives. The best scored docking results for two representative
compounds of each series are presented in Figure 12. As expected the Asp1283%
makes an ionic interaction to the 17-position nitrogen of naltrexone scaffold in both
series of compounds, while the 14-NH-substituted derivatives also have an additional
hydrogen bond between Asp128%* and the amide at the 14-position. This extra
interaction between naltrexone derivatives with an amide linker and the Asp128°3? of
the delta opioid receptor may explain their increased affinity for the DOR compared to
the compounds with an ester linkage. Otherwise, both series of compounds were
docked virtually in the same manner in the delta opioid receptor binding pocket and
shared the same interactions. The amino acid residue Tyr129°3® hydrogen bonds to the
furan oxygen of naltrexone. 11e277%°! has a nonpolar interaction with the naltrexone
derivatives. The cyclopropylmethyl group at the 17-position of both series of
compounds seems to interact with Tyr308"“% and Trp274°“®. The side chains at the 14-
position of these compounds occupy a large cavity not in contact with any residues.

The amino acid residue Leul25 seems to be closest to the side chain. As the linker
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length increased in compounds 27-29, the pyridine side chain might have gotten close

to the Leul25 for a positive nonpolar interaction.

Figure 12. Comparison of binding modes of compound 9 (A) and compound 1 (B) docked into
the DOR binding site. DOR transmembrane helices are shown in green, important amino acid
residues are rendered as capped-stick, and the docked ligand is shown in ball-stick
representation.
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7. MOR and KOR Dual-selective Antagonists and Possible Implications in Drug
Dependence and Addiction

Synthesis and biological evaluation of a series of 14-NH-substituted naltrexone
derivatives led to the identification of two lead compounds as MOR and KOR dual-
selective antagonists (Figure 13). Compound 9, as a dual-selective antagonist, is
about 60-fold more selective for the MOR and KOR over the DOR. Furthermore,
compound 9 was shown to be a mu opioid receptor antagonist in both in vivo and in
vitro assays. In the KOR [**S]GTPyS functional assay, the Emax Of compound 9 was
slightly higher than that of compound 28. Conversely, compound 28 has very high
affinity for both MOR and KOR, but its selectivity over the DOR is low compared to
compound 9. Notably, compound 28 was shown to be an antagonist at both MOR and
KOR in the in vitro functional assay. In vivo pharmacological evaluations have yet to be
performed on compound 28.

The uniqgue MOR and KOR dual-antagonist nature of these compounds may be
more advantageous than current naltrexone therapy for opioid dependence, although
compounds with this particular pharmacological profile have not been described in the
literature as possible therapeutics for drug addiction. Individually, MOR antagonists are
well established as effective treatment option for various addictions.”””® Recently there
is growing evidence that implicates the dynorphin/kappa opioid receptor system as an
important modulator in the neurobiology of drug addiction and dependence.
Additionally, kappa opioid receptor antagonists might be effective therapeutics in

curbing drug craving and preventing relapse in abstinence therapy.
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Figure 13. Possible mu-kappa opioid receptor dual selective antagonist lead compounds and

their in vitro pharmacological assay results summary.

Chronic stress is well known to induce despair and increase the risk of mood

disorders and drug abuse. There are two major families of stress neuropeptides that

have been identified, the corticotropin-releasing factor (CRF) and the dynorphins.®

Dynorphins are endogenous opioid peptides that arise from the cleaving of

prodynorphin precursor protein.

Dynorphins are mostly selective for the kappa opioid

receptor and have widespread distribution in the CNS including areas of the
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dopaminergic nigrostriatal and mesolimbic-mesocortical systems.?> KOR and dynorphin
peptides play an important role in the modulation of reward to natural reinforcers and to
various drugs of abuse, presumably through modulation of basal and reward/drug-
induced changes in dopaminergic tone. The release of dynorphins and the activation of
KOR mediate dysphoria and anhedonia associated with drug withdrawal, stress-induced
aversion states, and stress-induced relaple-like behavior.®

The dynorphin/KOR system was found to play a major role in the stress response
affecting the reinforcing properties of cocaine. It was found that repeated swim stress
before cocaine conditioning significantly enhanced subsequent place preference to
cocaine-paired compartment in wild-type mice, while stress did not affect conditioned
place preference in mice pretreated with the KOR antagonist norBNI or mice with
prodynorphin gene disruption.®® In addition, the KOR selective agonist U50,488
mimicked stress exposure and significantly potentiated cocaine conditioned place
preference.®®* The results from this study indicate that repeated stress exposure
induced the release of endogenous dynorphins which activated the kappa opioid
receptors and subsequently enhanced the rewarding properties of cocaine.?* Later, the
same research group investigated the role of KOR/dynorphin in animal models of
relapse that identified triggers for reinstatement of drug self-administration. It was
shown that stress exposure and the KOR agonist U50,488 all effectively reinstated
cocaine-seeking behavior in mice previously conditioned to cocaine. Stress-induced
reinstatement was completely blocked by norBNI and was not evident in KOR or

dynorphin knockout mice.®*
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The KOR/dynorphin system was also shown to be implicated in dependence and
addiction of other drugs of abuse including heroin, alcohol, and nicotine.?%%%> Although
it is clear that this stress-related system modulates the rewarding effects of addictive
drugs, the underlying neurobiological mechanism is still not well understood. However,
most addicting drugs seem to ubiquitously affect the dopamine mesolimbic reward
system directly or indirectly, acutely increasing dopamine levels. The increased
neurotransmitter release in this brain region is thought to be responsible for the initial
euphoric and rewarding effects of many drugs of abuse. All three opioid receptors are
expressed in this region and play distinctly different roles. The chronic administration of
drugs (e.g., cocaine, heroin, alcohol) is known to upregulate the cAMP pathway in the
NAc, one part of the brain reward circuit, and the activation of CREB, a transcription

factor, which leads

Figure 14. Regulation of CREB by drugs of abuse. DYN acts as a negative feedback
mechanism in this circuit. Chronic exposure to various drugs of abuse upregulates this
pathway.86
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to the expression of genes encoding various proteins and neurotransmitters including
dynorphins.®® It has been shown that stress and chronic drug exposure enhances
dynorphin expression and KOR signaling.?® As mentioned above, activation of KOR
leads to a diminishing of neurotransmitter release. Decreases in reward
neurotransmitters have been hypothesized to lead to the negative motivational state
associated with acute drug abstinence and long-term biochemical changes that
contribute to the vulnerability to relapse.®’

The acute dopaminergic stimulation in the mesolimbic reward region caused by
addictive substances and the activation of the counter-modulatory KOR/dynorphin
response seems to be responsible for the euphoric and dysphoric cycles of drug
addiction/dependence. The dysphoric state coupled with potential neuropsychiatric
comorbidity of anxiety and depression caused by this system may lead to compulsive,
uncontrollable drug seeking behavior in an addicted individual compromising his
progress towards abstinence. Therefore, the beginning period of an abstinence
program may be a possible point of therapeutic intervention for MOR and KOR dual-
antagonists. As reported, in animal models of relapse, KOR antagonist norBNI
completely blocked stress- and KOR agonist-induced reinstatement in mice previously
conditioned to cocaine.®* Furthermore, depressant-like or anhedonic effects observed
after stress exposure or during drug withdrawal can be blocked by KOR antagonists. ¢

Ideally, the MOR-KOR dual-antagonists will find utility in opioid dependence
including heroin and prescription opioid analgesics, which is becoming a growing
problem in this country, but may also be used for treating other addictions. The KOR

antagonist component will block the dysphoric and anxiolytic effects of chronic
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withdrawal thus decreasing the chance of relapse. While the MOR antagonist
component will work to inhibit the euphoric effects of exogenously administered opiates
if a relapse does occur. In the absence of the euphoric and rewarding effects of the
illicit drug, the individual may possibly cease the drug seeking behavior. It is granted
that this dual-antagonist approach to drug dependence/addiction has not yet been
validated or even formally proposed. Nevertheless, the clinical utility of the individual
MOR and KOR antagonists in this field has been thoroughly established.

Currently, naltrexone is the only opioid antagonist that is being used for alcohol
and opioid dependence. Its use in this regard has been hampered by poor patient
compliance, mainly due to its dysphoric and unpleasant side effects possibly caused by
its partial agonist activity at the KOR.?>”® The MOR-KOR dual-antagonist approach that
is being proposed here has two presumed advantageous over naltrexone. First of all,
the dual-antagonist will have no partial agonist activity at KOR, which might improve
compliance. Secondly, the KOR antagonist component missing in naltrexone will
function as an anti-depressant and anxiolytic thus decreasing the chance of relapse.

The two compounds that are presented here are lead compounds toward MOR
and KOR dual-antagonists. As such, their pharmacological profile may need to be
improved. Although compound 9 has modest selectivity over DOR, its Enax at the KOR
is comparable to that of naltrexone. On the other hand, compound 28 is an antagonist
at both MOR and KOR but it lacks high selectivity over DOR. Structure activity
relationship studies need to be conducted in order to improve these parameters.
Looking at the three second generation naltrexone derivatives, the side chain of

compound 28 seems to ideal, since either increasing or decreasing the chain length
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decreases selectivity over DOR and increases KOR agonist activity. Introducing
rotational flexibility to the side chain of compound 9 by selectively reducing the amide
carbonyl group or by using a different coupling method to link the side chain may
decrease its KOR agonism. The 14-position amino group seems to be partly
responsible for the increased affinity of these compounds for the KOR, thus should not

be altered in future studies.
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V. Conclusion

Crude opium extracted from the unripe seedpods of the poppy flower have been
used for medicinal purposes for centuries. The main active ingredient in opium,
morphine, was isolated in 1806. The physiological targets of morphine and other
opioids in the CNS were identified with the advent of radioligand binding techniques and
highly selective ligands for each receptor. Soon after, endogenous opioid peptides
were discovered and identified. The understanding of the endogenous opioid system
was further elevated with the cloning of mu, delta, and kappa opioid receptor in the early

1990s.

The strong pain-relieving characteristics of opioids are well established.
Therefore, opioid analgesics are the most popular treatment options for various kinds of
pain. Unfortunately, these compounds produce many undesirable side effects including
respiratory depression, sedation, constipation, tolerance, and dependence. All clinically
significant opioid analgesics are mu opioid receptor agonists. It is known that the mu
opioid receptor is responsible for the analgesic and addictive effects of morphine. Since
many of the side effects associated with the clinical administration of opioids are
mediated by the mu opioid receptor, compounds that are selective antagonists at the

MOR may serve as valuable research tools or as potential therapeutics.

Historically, opioid antagonists have been instrumental in identification and
characterization of opioid receptors. Naltrexone is a well-known opioid universal
antagonist that was developed by NIDA. 1t is a reversible antagonist that blocks the
euphoric effects of exogenously administered opioids and diminishes their reinforcing
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effects. Naltrexone itself does not possess any addictive potential or lead to tolerance
after repeated administration. As such, it was approved by the FDA for the treatment of
alcohol and opioid dependence. Due to its undesirable side effects and poor patient
compliance, the use of naltrexone for this purpose is severely limited. These dysphoric
side effects may be caused by its partial agonist activity at the kappa opioid receptor.
Nevertheless, the naltrexone structural scaffold has been widely utilized for the

development of many important opioid antagonists.

B-FNA and clocinnamox are selective irreversible antagonists for the mu opioid
receptor that structurally resemble naltrexone. They have limited utility in opioid
research since they bind covalently to the receptor. CTOP and CTAP are highly
selective reversible peptidyl antagonists at the mu opioid receptor. Due to their peptide
nature, they may undergo metabolic inactivation rapidly. Therefore, the development of
a non-peptide, highly selective, and reversible antagonist for the mu opioid receptor is

still highly desirable.

The “message-address” concept may be applied to the MOR in order to develop
highly selective, small molecule antagonists. Portoghese et al. successfully utilized the
‘message-address” concept previously and developed highly selective ligands for the
KOR and the DOR (e.g. GNTI and NTI). Introduction of specific chemical moieties onto
the naltrexone scaffold, designed to interact with the mu opioid receptor “address” site,
may lead to the synthesis of selective antagonists. Recently, the “message-address”
concept was adopted in our lab and lead to the identification of two 6a- and 6p-N-

heterocyclic substituted naltrexamine (NAP and NAQ respectively) derivatives as lead
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compounds for the development of MOR selective antagonists. Both compounds were

assessed to be potent and highly selective for the MOR in pharmacological assays.

Further manipulation of the naltrexone structure, ideally at a different position,
based on the “message-address” concept may lead to the discovery of more favorable
lead compounds with a unique pharmacological profile. As opioid abuse becomes a
growing problem, these compounds will be essential for the study of MOR function in

drug abuse and addiction.

The current project involved the design, synthesis, and biological evaluation of
non-peptide, selective, reversible antagonists for the mu opioid receptor. The novel
ligands were designed based on the lead compound that was identified in the lab.
Previously, a series of 14-O-heterocyclic substituted naltrexone derivatives were
synthesized in our lab. The heteroaromatic moieties at the 14-position of these
compounds were designed to interact with the aromatic binding locus formed by the
EL2 and EL3, the putative “address” site of the mu opioid receptor. The in vitro
biological assays revealed that the lead compound 1 had high affinity for the MOR and
approximately 800-fold selectivity over the DOR and 200-fold selectivity over the KOR.
These results validated the rationale of using “message-address” concept for the
development of selective antagonists for the MOR. Regrettably, the 14-O-substituted
naltrexone derivatives were found to be metabolically unstable. In order to make these
compounds more stable, the ester linkage was replaced by an amide linkage.
Therefore, 8 new compounds were synthesized that contained an amide bond at the 14-

position of naltrexone that linked it to the heteroaromatic side chains.

71



Since the 14-amino naltrexone is not commercially available, it was synthesized
from thebaine in multiple steps. Although the synthetic methods were previously
reported, some difficulties were encountered, especially in the dealkylation reaction
using the reagent DEAD and the O-demethylation reaction. Some alternative reactions
were researched to accomplish these transformations but ultimately the original
methods provided the product. In order to synthesize the final compounds, the side
chains were introduced into the morphinan skeleton using either of two different
coupling methods: the acid chloride of the side chain was directly coupled to the 14-
position amine or the carboxylic acid of the side chain was coupled using the peptide

coupling reaction.

The final compounds were then tested in a competitive radioligand binding assay
at the MOR, KOR, and DOR using [°*H] NLX, [°*H] DPN, and [°*H] NTI to label the
receptors respectively. The [*°S]GTPyS assay was employed to determine the relative
efficacy of these compounds at the MOR. The competitive binding assay results show
that the naltrexone derivatives with the amide linkage to various heterocyclic aromatic
rings have a subnanomolar to nanomolar affinity for the mu opioid receptor.
Surprisingly, compared to the 14-O-substituted series of compounds, the 14-NH-
substituted derivatives were no longer selective for the MOR over the KOR. In the
functional assay, every compound in the series was found to be an antagonist at the
MOR, except compound 14 which seems to be a partial agonist. These compounds

seemed to be MOR-KOR dual selective ligands.

From this series of compounds, compound 9 was chosen to be the lead

compound, since it had the highest selectivity over the DOR and it was shown to be a
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mu opioid receptor antagonist. It was hypothesized that the limited rotational flexibility
brought on by the amide linkage in the 14-NH-substituted compounds might be
detrimental to MOR selectivity compared to the ester linkage found in the 14-O-
substituted series. In order to test this hypothesis, three new compounds were
synthesized. These compounds had an amide linkage that increased in length and
were freely rotatable which carried the heteroaromatic ring found in compound 9. In
vitro pharmacological assay results revealed that the newly synthesized naltrexone
derivatives had high affinity for both the MOR and KOR. The introduction of rotational
freedom and flexibility for the side chain did not increase selectivity for the MOR.
Additionally, these compounds were tested in the [*>S]GTPyS functional assay for the
MOR and KOR. It was shown that compound 28 was a neutral antagonist at both MOR

and KOR.

A computational docking study was conducted on both 14-O- and 14-NH-
substituted naltrexone derivatives in an attempt to explain the discrepancies found in
the biological assay results of these two series of compounds. The lead compound of
the ester-linked series had high selectivity for the MOR, while the lead compound of the
amide-linked series had no selectivity for the MOR; in fact it binds to the KOR with
higher affinity. For the docking study, all 19 compounds were docked into the crystal
structures of all three opioid receptors. The naltrexone derivatives bind to all receptors
in a similar manner and participate in the major interactions that are well established for
opioids. Namely, the positively charged 17-position nitrogen atom of all compounds
participate in an ionic interaction with a conserved Asp residue and a conserved Tyr

residue hydrogen bonds to the furan oxygen of these derivatives. The methyl
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cyclopropyl group of all compounds participates in an important nonpolar interaction.
However, a major difference between the docking results of the 14-O-substituted and
14-NH-substituted naltrexone derivatives for the KOR and DOR was observed. In these
two receptors, the conserved Asp anchor residue not only interacts with the 17-position
nitrogen, it also hydrogen bonds to the amide hydrogen at the 14-position. This extra
hydrogen bonding interaction only present in the 14-NH-substituted naltrexone
derivatives may be responsible for increasing their affinity for the KOR and DOR. In this
computational study, one extra hydrogen in otherwise identical series of compounds

seems to be the reason for the differing selectivity profiles.

The isosteric replacement of the O atom by NH led to the 14-N-substituted
naltrexone derivatives having a different selectivity profile than the 14-O-substituted
naltrexone derivatives. Based on the computational studies this was not a bioisosteric
replacement, since the extra hydrogen in the amide linkage was able to participate in a
hydrogen bonding interaction, thus increasing its affinity for the KOR and DOR

compared to the ester-linked compounds.

In summary, the compounds 9 and 28 can be seen as lead compounds for the
development of mu-kappa selective dual-antagonists. It is well established that mu
opioid receptor antagonists by themselves can be effective at treating various forms of
addiction. Furthermore, there is growing evidence that suggests kappa opioid receptor
antagonists may be beneficial in lowering drug cravings and preventing relapse in
addicts. MOR-KOR dual-antagonists may find clinical utility as a therapeutic agent in
the treatment of opioid dependence and other addictions. The KOR antagonist

component of the drug will block the dysphoric and anxiolytic effects associated with
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chronic drug withdrawal thus decreasing the chance of relapse. While the MOR
antagonist component will inhibit the euphoric and rewarding effects of exogenously
administered addictive drugs. Further development of these two MOR-KOR selective
dual-antagonists may lead to the discovery of innovative new treatment options for

opioid dependence.

Future directions regarding this project may involve either of two paths. Using
structure activity relationship studies the MOR-KOR dual-selective lead compounds
could be optimized by increasing their selectivity over the DOR and by decreasing
agonist activity at both MOR and KOR. For these compounds the amide linker seems
to be essential for high affinity at both MOR and KOR. Introducing rotational flexibility to
the side chain of compound 9 by selectively reducing the carbonyl group at 14-position
into a methylene might decrease KOR agonism. The linker length of compound 28
seems to be ideal for antagonism at both KOR and MOR, but the affinity for DOR
should be reduced. Based on the molecular modeling study as the linker length
increased, the pyridine ring of compound 28 seemed to be interacting with a Leu
residue in the DOR binding site. Therefore polar functional groups can be introduced
into the pyridine ring to clash with the nonpolar Leu residue in the DOR, thus decreasing

the binding affinity at this receptor.

The alternative path may involve development of MOR selective antagonists. In
this case, the ester carbonyl of compound 1 should be reduced to give an ether group at
the 14-position, which is much more stable than the ester and these compounds will
retain their high selectivity for the MOR due to the lack of a hydrogen bond donor at this

position. Similar approach would involve the replacement of the amide linker in
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compound 9 by a methylene group. This approach may be synthetically more

challenging compared to the reduction of the ester carbonyl.

Since the 14-position heteroaromatic side chains of these naltrexone derivatives
were not interacting with the putative address site of the MOR, new address site needs
to be defined and targeted. Clocinnamox, selective irreversible MOR antagonist, is also
a 14-position substituted naltrexone derivative and it only irreversibly inhibits the MOR.
If the specific amino acid residue that interacts with clocinnamox is identified, it could be
used as the address for the MOR receptor. Clocinnamox could be docked into the
MOR crystal structure, to identify the amino acid residue that alkylates it. This residue
should not be conserved in the other two opioid receptors, since clocinnamox only
selectively inhibits the MOR. Identifying and targeting the amino acid residue that
covalently binds to clocinnamox, might lead to the development of selective MOR

antagonist.
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V. Experimental Procedure

1. Synthesis of 14-NH-Heterocyclic Substituted Natrexone Derivatives

All reagents were purchased from Sigma-Aldrich or as otherwise stated. Melting points
were obtained with a Fisher scientific micro melting point apparatus without correction.
All IR spectra were recorded on a Nicolet iS10 FT-IR instruments from Thermo Fisher
Scientific. Proton (400 MHz) and Carbon-13 (100 MHz) nuclear magnetic resonance
(NMR) spectra were recorded at ambient temperature with tetramethylsilane as the
internal standard on a Varian Mercury 400 MHz NMR spectrometer. GC/MS analysis
was performed on a Hewlett 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.

1.1 Synthetic Route Towards 14-Amino Naltrexone

Northebaine hydrochloride (19). To a refluxing solution of thebaine (2.0 g, 6.42
mmol) in benzene was added diethylazodicarboxylate (1.56 g, 4.1 mL, 9.0 mmol)
slowly. The solution was allowed to reflux overnight. After cooling to room temperature,

the solvent was evaporated under reduced pressure. Pyridine hydrochloride (1.18 g,
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10.27 mmol), water (5.0 mL), and EtOH (10 mL) were added to the dry residue of crude
intermediate. The solution was refluxed for 2 hours and stirred overnight at room
temperature. The title compound was crystallized as the hydrochloride salt (1.77 g,
83%). 'H NMR (400 MHz, DMSO): & 9.57 (b, 1 H, exchangeable), 9.24 (b, 1 H,
exchangeable), 6.80 (d, J =8.2 Hz, 1 H), 6.69 (d, J =8.2 Hz, 1 H),5.85 (d,J=6.6 Hz, 1
H), 5.45 (s, 1 H), 5.20 (d, J = 6.6 Hz, 1 H), 4.55 (m, 1 H), 3.75 (s, 3 H), 3.58 (s, 3 H),

3.34 (m, 1 H), 3.22 (m, 1 H), 3.08 (m, 2 H), 2.20 (m, 1 H), 1.86 (m, 1 H).

HsCO OCH;

17-Cyclopropylcarbonylnorthebaine (20). To a solution of northebaine hydrochloride
(2.37 g, 7.10 mmol) in anhydrous CH,Cl, was added Et3N (2.57 mL, 18.46 mmol) and
the reaction mixture was put on ice-water bath. To the cooled solution was added
cyclopropyl carbonyl chloride (0.89 g, 0.77 mL, 8.52 mmol) slowly, dropwise. The
mixture was allowed to warm up to room temperature and stirred overnight. The
mixture was then washed with 1 N HCI, water, and dried over Na,SO4. The solvent
was evaporated under vacuum to give the product (2.61 g, 100%). *H NMR (400 MHz,
CDCls): § 6.69 (d, J = 8.2 Hz, 1 H), 6.61 (d, J = 8.2 Hz, 1 H), 5.63 (d, J = 6.36 Hz, 1 H),

5.31 (s, 1 H), 5.04 (d, J = 6.48 Hz, 1 H), 4.12 (m, 1 H), 3.86 (s, 3 H), 3.60 (s, 3 H), 3.30-
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3.00 (2 m, 1 Heach), 2.95 (m, 1 H), 2.15 (m, 1 H), 1.93-1.68 (2 m, 1 H each), 1.23 (m, 1

H), 1.00 (m, 2 H), 0.75 (m, 2 H).

H,CO OCHs

17-Cyclopropylmethylnorthebaine (21). To a stirred slurry of LiAlH, (0.20 g, 5.4
mmol) in anhydrous THF was slowly added a solution of 17-
cyclopropylcarbonylnorthebaine (1.24 g, 3.4 mmol) in dry THF. The reaction mixture
was refluxed for 1.5 h and allowed to cool down to room temperature and placed on an
ice-water bath. Wet diethyl ether was added to the mixture dropwise, until there was no
bubbling. The mixture was filtered and the precipitate was washed several times with
THF. The filtrate was evaporated in vacuo and the residue was dissolved in EtOAc.
The solution was washed with water twice and dried over Na,SO,. The solvent was
evaporated and the crude mixture was purified using flash chromatography (2:1
Hex:EtOAc) to give the title compound (0.93 g, 77%). *H NMR (400 MHz, DMSO): &
6.69 (d, J=8.2Hz, 1H), 6.57 (d, J=8.2 Hz, 1 H), 5.51 (d, J = 6.08 Hz, 1 H), 5.23 (s, 1
H), 5.11 (d, J = 6.5 Hz, 1 H), 3.84 (m, 1 H), 3.73 (s, 3 H), 3.54 (s, 3 H), 3.14 (m, 1 H),
2.78 (m, 1 H), 2.66 (M, 2 H), 2.41 (m, 2 H), 2.10 (m, 1 H), 1.51 (m, 1 H), 0.83 (m, 1 H),

0.47 (m, 2 H), 0.12 (m, 2 H).
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2,2,2-Trichloroethyl N-hydroxycarbamate (22). To a vigorously stirred solution of
hydroxylamine hydrochloride (6.95 g, 100 mmol) and NaOH (4.8 g, 120 mmol) on ice-
water bath was added dropwise 2,2,2-trichloroethylchloroformate (4.24 g, 20 mmol).
The reaction mixture was vigorously stirred at room temperature for 1 h, then acidified
with HCI to pH=5, and extracted with EtOAc (5 * 50 mL). The combined extract was
washed with brine, dried over Na,SO,, and the solvent was removed under vacuum.
The product was recrystallized from toluene (2.3 g, 55%). IR (KBr, cm™) Vmax 3371,
3264, 1710. *H NMR (400 MHz, CDCls): & 7.56 (b, 1 H, exchangeable), 6.67 (b, 1 H,

exchangeable), 4.79 (s, 2 H).

19-(2,2,2-Trichloroethoxycarbonyl)-6,14-dihydro-68,14B-epoxyimino-17-

cyclopropyl-methylnorthebaine (24). To a vigorously stirred and ice-cold mixture of
17-cyclopropylmethyl-northebaine (1.4 g, 4.0 mmol) in EtOAc and NalO,4 (1.28 g, 5.98
mmol) in aqueous 0.5 M NaOAc previously adjusted to pH=6 by HCI was added 2,2,2-
trichloroethyl N-hydroxycarbamate (1.25 g, 5.98 mmol) in small portions. The mixture

was stirred at 0 °C for 1 h then made alkaline by addition of saturated aqueous
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NaHCO3;. The EtOAc layer was separated, washed with aqueous sodium thiosulfate
(Na;S,03) and then brine, dried over Na,SO4, and evaporated to afford the crude
mixture. The product was recrystallized from MeOH as white solid (1.63 g, 73%). *H
NMR (400 MHz, DMSO): § 6.72 (d, J = 8.2 Hz, 1 H), 6.57 (d, J = 8.2 Hz, 1 H), 6.31 (d, J
= 8.9 Hz, 1 H), 6.24 (d, J = 8.9 Hz, 1 H), 4.95 (d, J = 12.3 Hz, 1 H), 4.80 (m, 2 H), 4.44
(s, 1 H), 3.69 (s, 3 H), 3.54 (s, 3 H), 3.18 (d, J = 18.8 Hz, 1 H), 2.73 (m, 1 H), 2.65 (m, 1

H), 2.40-2.07 (3 m, 1 H each), 1.84 (d, J = 12.1 Hz, 1 H), 0.84 (m, 1 H), 0.47 (m, 2 H),

0.10 (m, 2 H).
N/w
NH,
O\\\\\\“
H,CO o)

14B-Amino-7,8-dihydro-17-cyclopropylmethylnorcodeinone (25). The compound
19-(2,2,2-Trichloroethoxycarbonyl)-6,14-dihydro-63,14B-epoxyimino-17-cyclopropyl-

methylnorthebaine (0.7 g, 1.26 mmol) in MeOH and 2 N AcOH/1.5 N NaOAc was
hydrogenated at 60 PSI in the presence of 70 mg of 10% Pd/C catalyst. After 5 h, the
catalyst was filtered off and washed with 2 N AcOH. The filtrate was stirred on ice-
water bath and neutralized with concentrated NH,OH solution and extracted with CHCI;
(4 x50 mL). The combined extract was dried over Na,SO, and the solvent removed in
vacuo, the residue was chromatographed on silica gel using 1:1 Hex:EtOAc as an
eluent to afford the product (0.18 g, 40%). *H NMR (400 MHz, DMSO): § 6.77 (d, J =

8.2 Hz, 1 H), 6.68 (d, J = 8.2 Hz, 1 H), 5.03 (s, 1 H), 3.78 (s, 3 H), 3.72 (m, 1 H), 3.24
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(m, 1 H), 3.02 (d, J = 18.8 Hz, 1 H), 2.95 (m, 1 H), 2.70 (m, 1 H), 2.55 (m, 1 H), 2.42-
2.23(3m, 1 Heach), 2.17 (m, 1 H), 1.98 (m, 2 H), 1.52 (m, 1 H), 1.36 (m, 1 H), 1.23 (m,
1 H), 0.91 (m, 1 H), 0.49 (m, 2 H), 0.15 (m, 2 H). **C NMR (100 MHz, DMSO) §&:
207.72, 144.38, 142.09, 128.46, 125.43, 119.44, 114.92, 88.99, 59.46, 58.37, 56.32,
54.87, 48.79, 48.55, 43.38, 35.84, 28.86, 21.30, 8.88, 3.82, 3.51. IR v (diamond, cm™):

2919, 1717, 1495, 1437, 1277, 1053.

om
HO @]

14B-Amino-7,8-dihydro-17-cyclopropylmethylnormorphinone (26). To a solution of
143-Amino-7,8-dihydro-17-cyclopropylmethylnorcodeinone (0.71 g, 2.0 mmol) in dry
CH_ClI; on ice-water bath and N, protection was added 1 M solution of BBr3 (1.5 g, 6.0
mmol) in CH,Cl,. The mixture was allowed to warm up to room temperature and stirred
for 1.5 h. Water was added to the reaction mixture and the solution was refluxed for 5
h. The reaction mixture was cooled, placed on an ice-water bath and basified (NH;,OH,
pH = 10). The organic layer was extracted with CH,Cl, (4 x 50 mL). The extract was
washed with brine and dried over Na;SO,. The crude product was purified with flash
chromatography (40:1 CH,Cl,:CH3;OH) to afford the title compound (0.3 g, 44%). H
NMR (400 MHz, DMSO): 6 9.10 (b, 1 H, exchangeable), 6.52 (d, J = 8.1 Hz, 1 H), 6.48

(d, J = 8.1 Hz, 1 H), 4.60 (s, 1 H), 2.94 (m, 1 H), 2.89 (m, 2 H), 2.63 (m, 1 H), 2.42 (m, 2
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H), 2.40-2.18 (m, 4 H), 2.04 (m, 1 H), 1.93 (m, 1 H), 1.62 (m, 1 H), 1.45 (m, 1 H), 1.23
(m, 1 H), 0.83 (m, 1 H), 0.46 (m, 2 H), 0.11 (m, 2 H). **C NMR (100 MHz, DMSO) §&:
209.40, 143.38, 138.92, 129.93, 124.08, 118.86, 116.64, 89.13, 62.57, 58.77, 51.83,

49.61, 43.60, 36.19, 31.05, 29.59, 21.62, 9.34, 3.63, 3.42.

1.2 Synthesis of Final Compounds

General Procedure 1. To a solution of 143-Amino-7,8-dihydro-17-cyclopropylmethyl-
normorphinone (26, 1 equiv) in CH,Cl, was added acyl chloride (2 equiv) and Et3N (4
equiv) on ice-water bath under N, protection. The mixture was allowed to stir overnight
at room temperature. After concentrating to remove the solvent, the resulting residue
was dissolved in CH3OH and potassium carbonate (2 equiv) added. The reaction
mixture was stirred overnight at room temperature. After concentration, the residue was
partitioned between water and CH,Cl,. The aqueous layer was extracted with CH,Cls.
The combined extract was washed with brine and dried over Na,SO,.  After
concentration, the residue was purified by silica gel column with a CH,CI,/CH3OH (50:1)

(1% NH3H,0) solvent system as eluent to give the aim product.

General Procedure 2. To a solution of carboxylic acid (3 equiv) in DMF was added N-
(3-dimethylaminopropyl)-N’-ethylcarbodiimide  hydrochloride  (EDCI, 3  equiv),
hydroxybenzotriazole (HOBt, 3 equiv), molecular sieves, and Et;N (5 equiv) on an ice-
water bath under N, protection. After 15 min, a solution of 143-Amino-7,8-dihydro-17-
cyclopropylmethyl-normorphinone (26, 1 equiv) in DMF was added. The reaction

mixture was stirred overnight at room temperature. The mixture was filtered through

83



celite and the filtrate concentrated in vacuum to remove DMF. The residue was
dissolved in CH3OH and added with potassium carbonate (2 equiv). The resulting
mixture was stirred overnight at room temperature. After concentration, the residue was
partitioned between water and CH,Cl,. The water layer was extracted with CH,Cl,, the
combined extract was washed with brine, and dried over Na,SO,4. After concentration,
the residue was purified by silica gel column with a CH,CI,/CH30H (50:1) (1% NH3H,0)

solvent system as eluent to give the aim product.

Y

N =

NH

N\

ow
HO o}

17-cyclopropylmethyl-4,5a-epoxy-3-hydroxy-14p-N-

[(2’pyridyl)acetamido]morphinan-6-one (9). This compound was prepared by
following the general procedure 2 in 45% vyield. *H NMR (400 MHz, DMSO): § 9.21 (s, 1
H, exchangeable), 9.19 (s, 1 H, exchangeable), 8.69 (m, 1 H), 8.13-8.01 2 m, 1 H
each), 7.65 (m, 1 H), 6.61(2 d, J = 8.1 Hz, 1 H each), 4.91 (s, 1 H), 3.67 (d, J = 5.4 Hz,
1 H), 3.04 (d, J = 18.4 Hz, 1 H), 2.76 (m, 1 H), 2.55 (m, 2 H), 2.33 (m, 2 H), 2.15 (m, 1
H), 2.10-1.88 (m, 3 H), 1.71 (m, 1 H), 1.35 (m, 1 H), 0.83 (m, 1 H), 0.44 (m, 2 H), 0.16
(m, 2 H). *3C NMR (100 MHz, DMSO) &: 207.26, 163.73, 149.58, 148.36, 143.36,

138.96, 138.01, 128.31, 126.70, 124.06, 121.56, 119.01, 117.29, 88.59, 58.97, 58.27,
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55.85, 47.96, 43.31, 36.34, 30.01, 29.28, 21.03, 9.25, 3.75, 3.46. MS (ESI) m/z: 446.3

(M+H)". IR v (diamond, cm™®): 2949, 1722, 1682, 1505, 1302, 1112. m.p. 195 °C.

17-cyclopropylmethyl-4,5a-epoxy-3-hydroxy-14-N-[(3’-

pyridyl)acetamido]morphinan-6-one (10). This compound was prepared by following
the general procedure 1 in 62% yield. H NMR (400 MHz, DMSO): & 9.19 (s, 1 H,
exchangeable), 9.03 (s, 1 H), 8.74 (m, 1 H), 8.26 (s, 1 H, exchangeable), 8.17 (m, 1 H),
7.55 (m, 1 H), 6.57 (2 d, J = 8.1 Hz, 1 H each), 5.00 (s, 1 H), 4.06 (d, J = 5.4 Hz, 1 H),
2.97 (d, J = 18.4 Hz, 1 H), 2.71 (m, 2 H), 2.44-2.23 (m, 5 H), 2.11 and 2.04 2 m, 1 H
each), 1.56 (m, 1 H), 1.32 (m, 1 H), 0.78 (m, 1 H), 0.39 (m, 2 H), 0.06 (m, 2 H). *C
NMR (100 MHz, DMSO) 6: 208.30, 165.59, 151.61, 148.36, 143.38, 139.02, 135.26,
131.55, 128.37, 124.28, 123.44, 118.94, 117.11, 88.52, 58.86, 57.66, 57.23, 48.57,
43.14, 36.38, 29.36, 28.12, 21.42, 9.60, 3.85, 3.20. MS (ESI) m/z: 446.5 (M+H)". IR v

(diamond, cm™): 2924, 1712, 1677, 1523, 1241. m.p. 192-195 °C.
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17-cyclopropylmethyl-4,5a-epoxy-3-hydroxy-14B-N-[(4’-

pyridyl)acetamido]morphinan-6-one (11). This compound was prepared by following
the general procedure 1 in 77% yield. 'H NMR (400 MHz, DMSO): & 9.19 (s, 1 H,
exchangeable), 8.76 (d, J = 6.0 Hz, 2 H), 8.28 (s, 1 H, exchangeable), 7.75 (d, J = 6.0
Hz, 2 H), 6.57 (2 d, J = 8.1 Hz, 1 H each), 5.00 (s, 1 H), 4.07 (d, J = 5.2 Hz, 1 H), 2.97
(d, J =18.4 Hz, 1 H), 2.69 (m, 2 H), 2.44-2.23 (m, 5 H), 2.11 and 2.04 (2 m, 1 H each),
1.55 (m, 1 H), 1.31 (m, 1 H), 0.78 (m, 1 H), 0.40 (m, 2 H), 0.06 (m, 2 H). **C NMR (100
MHz, DMSO) &: 208.37, 165.68, 150.09, 143.40, 142.98, 139.06, 128.35, 124.32,
121.59, 119.04, 117.18, 88.54, 58.88, 57.79, 57.15, 48.61, 43.21, 36.39, 29.38, 28.03,
21.40, 9.62, 3.85, 3.37. MS (ESI) m/z: 446.5 (M+H)*. IR v (diamond, cm™): 3270,

1710, 1686, 1604, 1510, 1221. m.p. 195 °C.
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17-cyclopropylmethyl-4,5a-epoxy-3-hydroxy-14B-N-(benz-amido)morphinan-6-one
(12). This compound was prepared by following the general procedure 2 in 60% vyield.
'H NMR (400 MHz, DMSO): § 9.18 (s, 1 H, exchangeable), 8.06 (s, 1 H, exchangeable),
7.86 (m, 2 H), 7.53 (m, 3 H), 6.59 (2d, J = 8.1 Hz, 1 H each), 5.00 (s, 1 H), 3.95 (d, J =
5.2 Hz, 1 H), 2.98 (d, J = 18.5 Hz, 1 H), 2.70 (m, 2 H), 2.32 (m, 3 H), 2.23 (m, 1 H), 2.07
(m, 2 H), 1.59 (m, 1 H), 1.32 (m, 1 H), 1.23 (m, 1 H), 0.81 (m, 1 H), 0.42 (m, 2 H), 0.09
(m, 2 H). 13C NMR (100 MHz, DMSO) &: 208.10, 167.23, 143.40, 138.97, 135.79,
131.09, 128.47, 128.28, 127.29, 124.31, 118.92, 117.14, 88.59, 58.82, 57.84, 57.04,
48.40, 43.15, 36.38, 29.53, 28.44, 21.32, 9.58, 3.83, 3.30. MS (ESI) m/z: 445.3 (M+H)".

IR v (diamond, cm™): 2958, 1721, 1659, 1508, 1302, 1112. m.p. 180-185 °C.

17-cyclopropylmethyl-4,5a-epoxy-3-hydroxy-14B-N-[(3’-isoquinolyl)acetamido]-

morphinan-6-one (13). This compound was prepared by following the general
procedure 2 in 44% vyield. *H NMR (400 MHz, DMSO): & 9.43 (s, 1 H), 9.42 (s, 1 H,
exchangeable), 9.20 (s, 1 H, exchangeable), 8.63 (s, 1 H), 8.27 (d, J = 8.1Hz, 1 H), 8.19
(d, J = 8.1Hz, 1 H), 7.89 (m, 1 H), 7.82 (m, 1 H), 6.61 (2 d, J = 8.1 Hz, 1 H each), 4.93
(s, 1 H), 3.68 (d, J = 5.4 Hz, 1 H), 3.06 (d, J = 18.4 Hz, 1 H,), 2.84 (m, 1 H), 2.60 (m, 2
H), 2.39 (m, 2 H), 2.19 (m, 1 H), 2.05 (m, 3 H), 1.78 (M, 1 H), 1.36 (d, J = 11.7 Hz, 1 H),
0.89 (m, 1 H), 0.50 (m, 2 H), 0.23 (m, 2 H). *C NMR (100 MHz, DMSO) §&: 207.39,
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164.26, 151.54, 143.41, 138.94, 135.39, 131.53, 129.23, 128.42, 127.94, 127,86,
127.24, 124.23, 119.62, 119.12, 117.36, 88.70, 59.19, 58.33, 55.89, 54.69, 48.01,
43.38, 36.39, 30.13, 29.46, 21.06, 9.32, 3.85, 3.53. MS (ESI) m/z: 497.7 (M+H)". IR v

(diamond, cm™): 2953, 1721, 1676, 1508, 1305, 1111. m.p. 251-253 °C.

17-cyclopropylmethyl-4,5a-epoxy-3-hydroxy-14B-N-[(2’-quinolyl)acetamido]-

morphinan-6-one (14). The title compound was prepared by following the general
procedure 2 in 40% yield. *H NMR (400 MHz, DMSO) (hydrochloride salt): § 9.23 (s, 1
H, exchangeable), 9.12 (b, 1 H, exchangeable), 8.65 (d, J = 8.6 Hz, 1 H), 8.34 (d, J =
8.4 Hz, 1 H), 8.21 (d, J = 8.5 Hz, 1 H), 8.14 (d, J = 8.1 Hz, 1 H), 7.94 (m, 1 H), 7.78 (m,
1 H),6.79 (d, J=8.1Hz, 1H),6.71 (d, J=8.1 Hz, 1 H), 557 (s, 1 H), 5.49 (d, J=5.8
Hz, 1 H), 3.46 (m, 2 H), 3.17 (m, 2 H), 2.93 (m, 1 H), 2.68 (M, 4 H), 2.23 (m, 1 H), 1.73
and 1.61 (2 m, 1 H each), 1.07 (m, 1 H), 0.69 (m, 2 H), 0.50 (m, 2 H). *C NMR (100
MHz, DMSO) o&: 204.73, 163.58, 147.50, 143.19, 141.16, 137.77, 135.94, 128.41,
126.94, 126.66, 126.18, 125.74, 124.35, 118.50, 117.89, 116.33, 115.92, 85.60, 55.57,
54.92, 45.49, 43.65, 33.12, 24.56, 19.73, 3.22, 3.09. MS (ESI) m/z: 496.7 (M+H)". IR v

(diamond, cm™): 2946, 1722, 1680, 1499, 1320, 1112. m.p. 200-202 °C.

88



17-cyclopropylmethyl-4,5a-epoxy-3-hydroxy-14B-N-[(3’-

guinolyl)acetamido]morphinan-6-one (15). This compound was prepared by
following the general procedure 2 in 48% vyield. *H NMR (400 MHz, DMSO): § 9.29 (m,
1 H), 9.20 (s, 1 H, exchangeable), 8.82 (m, 1 H), 8.42 (m, 1 H, exchangeable), 8.13 (m,
2 H), 7.88 (m, 1 H), 7.72 (m, 1 H), 6.59 (2 d, J = 8.1 Hz, 1 H each), 5.04 (s, 1 H), 4.10
(d, J = 5.3 Hz, 1 H), 2.99 (d, J = 18.4 Hz, 1 H), 2.77 (m, 2 H), 2.55 (m, 1 H), 2.37 (m, 4
H), 2.15 and 2.08 (2 m, 1 H each), 1.61 (m, 1 H), 1.35 (m, 1 H), 0.84 (m, 1 H), 0.41 (m,
2 H), 0.09 (m, 2 H). *C NMR (100 MHz, DMSO) &: 208.28, 165.62, 148.96, 148.29,
143.41, 139.04, 135.57, 131.09, 128.93, 128.66, 128.61, 128.41, 127.41, 126.46,
124.31, 118.97, 117.15, 88.57, 58.86, 57.76, 57.42, 48.61, 43.19, 36.42, 29.46, 28.22,
21.48, 9.62, 3.88, 3.25. MS (ESI) m/z: 496.3 (M+H)*. IR v (diamond, cm™): 2929,

1715, 1659, 1499, 1305, 1102. m.p. 185 °C.
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17-cyclopropylmethyl-4,5a-epoxy-3-hydroxy-14B-N-[(2’-naphthalyl)acetamido]-

morphinan-6-one (16). The title compound was prepared by following the general
procedure 2 in 45% yield. *H NMR (400 MHz, DMSO): § 9.19 (s, 1 H, exchangeable),
8.46 (s, 1 H), 8.24 (s, 1 H, exchangeable), 8.03 (m, 3 H), 7.94 (m, 1 H), 7.62 (m, 2 H),
6.59 (2 d, J = 8.1 Hz, 1 H each), 5.03 (s, 1 H, Cs—H), 4.00 (d, J = 5.3 Hz, 1 H), 3.01 (d, J
=18.4 Hz, 1 H), 2.73 (m, 2 H), 2.56 (m, 1 H), 2.34 (m, 4 H), 2.09 (m, 2 H), 1.63 (m, 1 H),
1.35 (m, 1 H), 0.83 (m, 1 H), 0.43 (m, 2 H), 0.12 (m, 2 H). *C NMR (100 MHz, DMSO)
o: 208.05, 167.19, 143.42, 138.98, 134.02, 133.05, 132.02, 128.64, 128.48, 127.88,
127.59, 127.52, 127.40, 126.76, 124.30, 118.92, 117.14, 88.62, 58.81, 58.00, 57.15,
48.42, 43.17, 36.41, 29.61, 28.53, 21.36, 9.61, 3.90, 3.31. MS (ESI) m/z: 495.7 (M+H)".

IR v (diamond, cm™): 3029, 1717, 1668, 1506, 1302, 1021. m.p. 192-195 °C.

A

‘ Pz OH
N

3-(pyridin-2-yl)propanoic acid (30). To a stirred solution of 2-Pyridine propanol (1.0 g,
7.3 mmol), concentrated H,SO,4 (0.3 mL), and 13 mL of water was added over 30 min
period KMnO,4 (1.8 g, 1.6 mmol), while the reaction temperature was maintained at 50
°C. After the addition was complete, the reaction mix was held at 50 °C until the color
of the reaction mix turned brown, then the reaction mix was heated to 80 °C for 1 hour
and filtered through celite. The filtrate was evaporated to dryness. The crude residue
was dissolved in EtOH, added with 100 mg of activated carbon and refluxed for 10 min.
The solution was filtered through celite once again and product was recrystallized from

hot EtOH as white crystalline solid (0.48 g, 43%). 'H NMR (400 MHz, DMSO): & 12.09
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(s, 1 H), 8.47 (d, J = 4.0 Hz, 1 H), 7.68 (m, 1 H), 7.27 (d, J = 7.8 Hz, 1 H), 7.19 (m, 1 H),

2.97 (t, 2 H), 2.66 (t, 2 H).

2-(picolinamido)acetic acid (31). To a mixture of 2-picolinic acid (465 mg, 3.76
mmol), HOBt (726 mg, 5.37 mmol), and molecular sieves was added dry DCM. Then 2
mL of TEA was added and the reaction was put on ice-water bath. To the reaction
mixture under N, protection was added EDCI (1.03 g, 5.37 mmol). After stirring for 10
minutes, glycine ethyl ester hydrochloride (0.50 g, 3.58 mmol) dissolved in DMF was
added dropwise. The reaction was stirred at ambient temperature overnight. The
reaction mixture was filtered through celite, washed couple of times with MeOH and
evaporated in vacuo to remove DMF. The dried residue was dissolved in 5 mL of THF
and placed on ice-water bath. The mixture was added with 10 mL of 1:1 solution of
MeOH and 1 N NaOH and stirred at ambient temperature for 2 hours. After evaporating
off MeOH and THF, the pH of the aqueous layer was adjusted to 5. The aqueous layer
was extracted with EA, dried over Na,SO,4, and concentrated to afford the product as
white solid (0.27 g, 40%). *H NMR (400 MHz, DMSO): & 12.66 (s, 1 H), 8.96 (t, 1 H),
8.67 (d, J = 4.4 Hz, 1 H), 8.04 (m, 2 H), 7.63 (m, 1 H), 3.99 (d, J = 6.1 Hz, 2 H). *C
NMR (100 MHz, DMSO) o&: 171.00, 164.03, 149.46, 148.50, 137.82, 126.69, 121.86,

40.97.

91



N

N |
\
HN N

ow
HO O

17-cyclopropylmethyl-4,5a-epoxy-3-hydroxy-14B-N-[2’-(pyridine-2”-

yl)acetamido]morphinan-6-one (27). The title compound was prepared by following
the general procedure 2 in 43% yield. 'H NMR (400 MHz, DMSO): & 9.17 (s, 1 H,
exchangeable), 8.51 (d, J = 4.2 Hz, 1 H), 8.10 (b, 1 H, exchangeable), 7.74 (m, 1 H),
7.51 (d, J=7.8 Hz, 1 H), 7.25 (m, 1 H), 6.57 (d, J = 8.0 Hz, 1 H), 6.52 (d, J = 8.0 Hz, 1
H), 4.82 (s, 1 H), 3.92 (s, 1 H), 3.78 (m, 1 H), 2.91 (d, J = 18.1 Hz, 1 H), 2.71 (m, 1 H),
2.59 (m, 1 H), 2.41 (m, 1 H), 2.25 (m, 4 H), 2.02 (m, 2 H), 1.47 (m, 1 H), 1.24 (m, 2 H),
0.70 (m, 1 H), 0.41 (m, 2 H), 0.07 (m, 2 H). **C NMR (100 MHz, DMSO) &: 208.02,
169.21, 156.41, 148.85, 143.35, 139.06, 136.60, 128.53, 123.67, 121.80, 119.04,
117.14, 88.45, 58.90, 56.83, 56.76, 54.82, 48.36, 45.79, 43.45, 36.21, 29.04, 27.86,
21.24, 9.12, 3.62, 3.47. MS (ESI) m/z: 460.2 (M+H)". IR v (diamond, cm™): 3011,

1720, 1689, 1537, 1304, 1015. m.p. 195-198 °C.
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17-cyclopropylmethyl-4,5a-epoxy-3-hydroxy-14B8-N-[3’-(pyridine-2”-yl)propan-

amidolmorphinan-6-one (28). The title compound was prepared by following the
general procedure 2 in 38% vyield. 'H NMR (400 MHz, DMSO): § 9.15 (s, 1 H,
exchangeable), 8.46 (m, 1 H), 7.68 (m, 1 H), 7.67 (s, 1 H, exchangeable), 7.30 (d, J =
7.8 Hz, 1 H), 7.19 (m, 1 H), 6.56 (d, J = 8.1 Hz, 1 H), 6.51 (d, J = 8.1 Hz, 1 H), 4.80 (s, 1
H), 3.96 (d, J = 5.1 Hz, 1 H), 3.03 (m, 2 H), 2.89 (d, J = 18.4 Hz, 1 H), 2.68 (m, 2 H),
2.55 (m, 2 H), 2.38 (m, 1 H), 2.20 (m, 4 H), 1.96 (m, 2 H), 1.41 (m, 1 H), 1.18 (m, 1 H),
0.76 (m, 1 H), 0.42 (m, 2 H), 0.09 (m, 2 H). *C NMR (100 MHz, DMSO) §: 208.44,
171.68, 160.43, 148.76, 143.34, 138.97, 136.44, 128.63, 124.46, 122.82, 121.35,
118.99, 117.03, 88.49, 58.81, 56.64, 56.58, 48.40, 43.39, 36.17, 35.32, 33.18, 28.96,
27.83, 21.25, 9.35, 3.61, 3.52. MS (ESI) m/z: 474.3 (M+H)*. IR v (diamond, cm™):

3020, 1721, 1674, 1505, 1304, 1031. m.p. 210-212 °C.

17-cyclopropylmethyl-4,5a-epoxy-3-hydroxy-143-N-{2’-[(pyridine-2”-yl)carbox-

amido]acetamido}morphinan-6-one (29). The title compound was prepared by
following the general procedure 2 in 37% vyield. *H NMR (400 MHz, DMSO): § 9.15 (s, 1
H, exchangeable), 9.08 (t, 1 H, exchangeable), 8.66 (m, 1 H), 8.07 (m, 1 H), 8.00 (m, 1

H), 7.84 (s, 1 H, exchangeable), 7.62 (m, 1 H), 6.57 (d, J =8.0 Hz, 1 H), 6.51 (d,J=8.1
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Hz, 1 H), 4.73 (s, 1 H), 4.06 (d, J = 5.8 Hz, 2 H), 3.69 (d, J = 5.3 Hz, 1 H), 2.89 (d, J =
18.4 Hz, 1 H), 2.71 (m, 1 H), 2.52 (m, 1 H), 2.46 (m, 1 H), 2.16 (m, 4 H), 1.97 (m, 2 H),
1.55 (m, 1 H), 1.23 (m, 1 H), 0.53 (m, 1 H), 0.27 (m, 2 H), 0.02 (m, 2 H). *3C NMR (100
MHz, DMSO) &: 207.64, 168.78, 164.19, 149.30, 148.52, 143.30, 138.97, 137.81,
128.54, 126.74, 124.20, 121.86, 119.04, 117.24, 88.43, 58.59, 57.58, 56.13, 48.20,
43.47, 42.95, 36.25, 29.31, 28.37, 21.06, 9.06, 3.48, 3.25. MS (ESI) m/z: 503.2 (M+H)".

IR v (diamond, cm™): 3014, 1718, 1691, 1652, 1532, 1319, 1029. m.p. 205-208 °C.

1.3 HPLC Methods and Results for the Final Compounds

HPLC System: Varian Prostar 210;

Column: Microsorb-MV 100-5 C18 (250 x 4.6 mm);

Injection Volume: 5-15 pL;

Sample Concentrations: 0.3 — 0.5 mg/0.5 mL in mobile phase;

Method A: acetonitile (0.1% TFA)/water (35/65) at 1 mL/min over 30 min at 254 nm;

Method B: acetonitile (0.1% TFA)/water (40/60) at 1 mL/min over 15 min at 210 nm.

Method C: acetonitile (0.1% TFA)/water (65/35) at 1 mL/min over 16 min at 254 nm;
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Table 12. HPLC analysis of final compounds.

Compd | Compound code | Retention Time Purity
In spectrum (min) (%) Method
9 VZMNO52 4.609 96.61 B
10 VZMNO47 6.766 95.74 A
11 VZMNO46 5.863 97.25 A
12 VZMNO53 5.439 97.38 B
13 VZMNO51 9.992 96.30 A
14 VZMNO58 7.438 95.01 B
15 VZMNO50 6.952 97.51 A
16 VZMNO57 3.845 95.53 C
27 VZMNO74 3.903 97.34 B
28 VZMNO75 3.807 99.73 B
29 VZMNO76 4.408 99.18 B
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2 In Vitro Pharmacological Assays

In order to determine the affinity, selectivity, and the agonist activity of the newly
synthesized naltrexone derivatives, a number of pharmacological assays were
performed. For these assays, CHO (Chinese hamster ovary) cells that over expressed
each of the opioid receptors were used. MOR-CHO cells and KOR-CHO cells were
received from Dr. Dana Selley’s laboratory at VCU. DOR-CHO cells were provided by
Dr. Liu-Chen at Temple University. The CHO cells were grown in DMEM/F12
(Invtrogen) cell media consisting of 5-10% FBS (Invitrogen), 1% penicillin/streptomycin
(Invitrogen), and 0.25 mg/mL G418 (Genetecin, Invitrogen). The naltrexone derivatives
that are being tested were dissolved in deionized water and 5 mM stock solution of each
compound was made. The compounds were aliquoted into 20 pL portions and stored at

-20 °C until used for the assay.

2.1 Cell Culture Protocol

The general procedure for growing the cells to make membrane preparations and

cell freezebacks is outlined below.

The tube containing the cells are removed from the -80 °C freezer and put in a 37
°C water bath for 1 minute. After thawing, the cells are gently pipetted into culture dish
(100 mm x 20 mm) containing 12 mL of warm cell media and placed in the incubator set
at 30 °C with 5% CO, and 95% humidity. The next morning, the old media is removed

and fresh media is added. The cells are grown until they are 85-95% confluent and
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then split into 4 culture dishes by vacuuming off the old media and adding 4 mL of
Trypsin with 0.05% EDTA (Invitrogen). The cells are put back in the incubator for 3-4
minutes until all the cells are detached. Then 1 mL of cells is added into 3 new culture
dishes and added with 12 mL of warm complete cell media. The cells are put back in
the incubator and grown, while changing the media if necessary. It usually takes 1-2
days before the cells are grown to confluency and needs to be split again. The cells are
passed one more time until there are 8 culture dishes with confluent cells. These cells
can either be made into freezebacks or split into 16 large culture dishes (150 mm x 20

mm) and turned into membrane preparations for the pharmacological assays.

A. Freezeback Preparation

The freezebacks are prepared by vacuuming off the old media and adding 3 mL
of trypsin to each plate. The plates are incubated for 3-4 mins and when all the cells
detach from the culture dish, they are put in a falcon tube and spun down at 5000 rpms
for 5 minutes. The supernatant is poured off and the appropriate amount of freezeback
solution, which consists of cell media, 10% FBS, and 10% sterile DMSO, is added. The

cells are aliquoted into 1 mL portions in cryovials and stored in the -80 °C freezer.

B. Membrane Preparation

After the cells in 16 large culture dishes are confluent, they are harvested and
made into membrane preparations. The old media is poured off and 7 mL of warm
membrane prep media is added. The membrane prep media consists of DMEM/F12
with 5% FBS. The cells are manually detached from the culture dish by using a cell

scraper and the cells are added into a large 40 mL spin tube on ice. The culture dish is
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rinsed with 2 mL of membrane buffer that contains 50 mM Tris, 3 mM MgCl,, and 1 mM
EGTA. After all 16 plates are scraped and the cells transferred into 4 spin tubes, they
are centrifuged at 1000 x g for 10 minutes. The supernatant is poured off, 8 mL of
membrane buffer is added into each tube and the cells are homogenized. The contents
within the spin tubes are combined into one tube and centrifuged once more at 50000 *
g for 10 minutes. The supernatant is discarded and the cells are added with 12-17 mL
(depends on pellet size) of membrane buffer and homogenized. Finally, a Bradford
protein assay is used to quantitate the amount of protein. The cells are then divided

into 3 mg portions in 2 mL cryovials and kept at -80 °C.

2.2 Radioligand Binding Assays

A. Competition Binding Assay

The affinity and the selectivity of the newly synthesized naltrexone derivatives
were determined using competitive radioligand binding assay. In this assay, the binding
of the radioligand at a constant concentration that is usually around the Ky value, is
measured while competing with varying concentrations of unlabeled drug of interest.
The ICsp values of the drugs under investigation were obtained from Hill plots, analyzed
by linear regression using Microsoft Excel. The K; values, affinity of the naltrexone
derivatives for the receptor, were calculated from the ICso using the Cheng-Prusoff
equation. The K; value of each compound was determined for the mu, kappa, and delta

opioid receptors.
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The assay was performed in triplicates. The protein concentration used for the
assay was usually 30 ug. The total volume of the assay was generally 500 pL and TME
buffer (with no NaCl) which consists of 50 mM Tris, 3 mM MgCl,, 0.2 mM EGTA, with
pH adjusted to 7.7 is used. Each assay rack included three types of tubes: total
binding, non-specific binding, and drug competition binding. The total binding tubes
contained the buffer, radioligand, and the protein. The non-specific binding tubes
included all of the components in total binding as well as excess unlabeled drug. For
each rack, 2 new drugs can be tested at 7 different concentrations. These tubes
contained the buffer, drugs of interest, radioligand and the protein. Using serial dilution,
the drug curve with 7 different concentrations is made 10 times more concentrated than
the desired concentration needed to be tested. After the initial assay, the concentration

range can be optimized in order to get more usable data.

The general step-by-step protocol for the competition binding assay:

1. Pour out the appropriate amount of buffer (TME with no NaCl) into a beaker and
place in ice bucket. (Everything needs to be on ice!)

2. Remove membrane preparation from the -80 °C freezer and thaw. Add cells into
a spin tube containing ~5 mL of buffer.

3. Homogenize cells and centrifuge at 50000 x g for 10 mins

4. Pour out supernatant, add 7 mL of buffer into the pellet, and homogenize. Rinse
the homogenizer with 1 mL of buffer

5. Perform the Bradford Assay, use varying concentrations of BSA in order to
construct the standard curve. Determine the protein concentration and dilute
accordingly to get the desired concentration of protein for the assay.
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6. Make the stock solution of the radioligand 10 times more concentrated than the
desired concentration using the buffer and put on ice

7. Prepare standards by adding 50 pL of radioligand into a 7 mL scintillation vials in
triplicate. Add 4 mL of scintillation fluid in each vial, cap, and vortex. Determine
the radioactivity in each vial using the scintillation counter and make sure the
radioligand is at a proper concentration.

8. Make the appropriate concentration of the cold drug using the buffer and place
onice.

9. Add test tubes to the experimental rack and label according to the setup sheet.
Add test tubes to the drug curve rack and label by concentration. Place both
racks on ice.

10.Make dilutions of the drugs of interest using the buffer by following the excel
setup sheet. The drugs are made 10 times more concentrated than the desired
concentration because there is a 10 fold dilution when the drugs are added into
the experiment tubes.

11.By this point, the proper concentrations of the protein, radioligand, excess
unlabeled drug, and the 7 different concentrations of the two new drugs that are
being tested should be made and kept on ice.

12.Add the appropriate amounts of buffer into the all experimental tubes. Add 50 pL
of excess cold drug into non-specific tubes. Add 50 pL of drugs into the drug
tubes. Add 50 pL of radioligand into all tubes. Add 100 pL of protein into all

tubes.
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13.Vortex each tube and rearrange tubes into a new rack. Place the test tubes in
the shaking water bath at 30 °C for 90 minutes.

14.Fill blue racks with scintillation vials leaving the first and last slots open. Three
blue racks are needed for each rack of test tubes.

15.Right before the incubation is complete, place GF/B glass fiber filters in the
Brandel harvester and rinse through with small amount of cold Tris buffer.

16.Filter to separate the bound radioligand from the free. Rinse through three times
with cold Tris buffer.

17.Place filter papers on the blue rack with scintillation tubes. Transfer filter paper
into the vials using the Brandel puncher/filler. Fill tubes with 4 mL of scintillation
fluid and cap.

18.Label tubes and place in the scintillation counter to determine bound

radioactivity.

B. The [*®*S]GTPYS Binding Functional Assay

The [®*S]GTPYS functional assay is used to measure the level of G-protein

activation following the binding of an agonist to a GPCR. This assay was used to

determine the functional activity of the naltrexone derivatives for the mu and kappa

opioid receptors. In the assay, DAMGO (3 uM) and U-50488 (5 uM) were included as a

maximally effective concentrations of full agonists at the mu and kappa opioid receptors

respectively, for determination of relative efficacy values. The Eqax, the maximum effect

of the drug or the efficacy and the ECs, the concentration that produces half-maximal

effect or potency can be determined from this assay.
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In the functional assay, [*>S]GTPyS replaces the endogenous GTP and binds to
the Ga when the receptor is activated. Since the y-thiophosphate bond is resistant to
hydrolysis by the GTPase, the G-protein is not able to reform the heterotrimer.
Therefore, [*°S]GTPyS labeled Ga subunits accumulate and can be measured by
counting the amount of [**S] label incorporated.” The amount of stimulation produced
by each novel ligand is normalized to that obtained with the full agonist DAMGO or U50-
488. The resulting data were fit by nonlinear regression to a one-site binding model,
using GraphPad Prism software, to determine ECsy and Enax values for the naltrexone

derivatives.

The assay was performed in triplicates. The protein concentration used for the
assay was usually 10 ug. The total volume of the assay was 500 puL and TME buffer
(with NaCl) which consists of 50 mM Tris, 3 mM MgCl,, 0.2 mM EGTA, 100 mM NacCl
with pH adjusted to 7.7 is used. The concentration of the radioligand [**S]GTPyS needs
to be around 0.1 nM which corresponds to 125000 DPMs. For this assay, there are four
different experimental tubes: basal, non-specific binding, positive standard binding and
drug binding. The basal test tubes will include buffer, GDP, [**S]GTPYS, and protein.
For the non-specific binding, the tubes will include all the components in basal plus
excess cold GTPyS. The positive standard tubes are added with buffer, GDP, DAMGO
or U-50488, [**S]GTPYS, and the protein. For each rack, 2 different drugs can be
tested, one with 6 different concentrations and the other with 7 different concentrations.
These tubes will include buffer, GDP, drugs of interest, [*>°S]GTPyS, and the protein.

Using serial dilution, the drug curve with 6 and 7 different concentrations is made 10

102



times more concentrated than the desired concentration needed to be tested. After the

initial assay, the concentration range can be optimized in order to get more usable data.
The general step-by-step protocol for the functional [*°*S]GTPyS binding assay:

1. Pour out the appropriate amount of buffer (TME with NaCl) into a beaker and
place in ice bucket. (Everything needs to be on ice!)

2. Remove membrane preparation from the -80 °C freezer and thaw. Add cells
into a spin tube containing ~5 mL of buffer.

3. Homogenize cells and centrifuge at 50000 x g for 10 mins

4. Pour out supernatant, add 7 mL of buffer into the pellet, and homogenize. Rinse
the homogenizer with 1 mL of buffer.

5. Perform the Bradford Assay, use varying concentrations of BSA in order to
construct the standard curve. Determine the protein concentration and dilute
accordingly to get the desired concentration of protein for the assay.

6. Make the stock solution of the [**S]GTPyS by adding ~5 mL of buffer into pre-
aliquoted [*®*S]GTPYS in 15 mL vial

7. Prepare standards by adding 50 pL of [**S]GTPYS into a 7 mL scintillation vials
in triplicate. Add 4 mL of scintillation fluid in each vial, cap, and vortex.
Determine the radioactivity in each vial using the scintillation counter and make
sure the DPM is between 115000 — 135000.

8. Make the appropriate concentration of the cold GTPyYS which is used to
determine the non-specific and place on ice.

9. Make appropriate concentration of the full agonist used as the positive standard
and place on ice.
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10.Following the setup sheet, dilute the pre-aliguoted GDP with buffer to get the
proper concentration and put on ice.

11.Add test tubes to the experimental rack and label according to the setup sheet.
Add test tubes to the drug curve rack and label by concentration. Place both
racks on ice.

12.Make dilutions of the drugs of interest using the buffer by following the setup
sheet. The drugs are made 10 times more concentrated than the desired
concentration because there is a 10 fold dilution when the drugs are added into
the experiment tubes.

13.By this point, the proper concentrations of the protein, radioligand [*>S]GTPyS,
excess unlabeled GTPyS, GDP, full agonist standard, and the different
concentrations of the two new drugs that are being tested should be made and
kept on ice.

14.Add the appropriate amounts of buffer into the all experimental tubes. Add 50
pL of cold GTPyS into non-specific tubes. Add 50 pL of full agonist standard
into the designated tubes. Add 50 pL of drugs into the drug tubes. Add 50 pL of
GDP into all tubes. Add 50 pL of [**S]GTPyS into all tubes. Add 100 pL of
protein into all tubes.

15.Vortex each tube and rearrange tubes into a new rack. Place the test tubes in
the shaking water bath at 30 °C for 90 minutes.

16.Fill blue racks with scintillation vials leaving the first and last slots open. Three

blue racks are needed for each rack of test tubes.
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17.Right before the incubation is complete, place GF/B glass fiber filters in the
Brandel harvester and rinse through with small amount of cold Tris buffer.

18.Filter to separate the bound radioligand from the free. Rinse through three
times with cold Tris buffer.

19.Place filter papers on the blue rack with scintillation tubes. Transfer filter paper
into the vials using the Brandel puncherf/filler. Fill tubes with 4 mL of scintillation
fluid and cap.

20.Label tubes and place in the scintillation counter to determine bound

radioactivity.

3. In Vivo Pharmacological Assays

Compounds 9, 10, and 13 were chosen based on their in vitro assay results for in
vivo studies. Initially, these compounds were tested for acute agonistic and antagonistic
effects in mice. The 14-NH-substituted naltrexone derivatives were assessed for their
ability to produce antinociception and to antagonize the antinociceptive effects of
morphine in the mouse tail immersion assay. Additionally, these compounds were
characterized in the comparative opioid withdrawal precipitation study using mice
chronically exposed to morphine. The procedures for these assays were previously

reported®®"® and the basic protocol is summarized below.
3.1Handling of Mice

Male Swiss Webster mice weighing 25-30 g were housed six to a cage in animal
care quarters and maintained at 22 °C on a 12 hour light-dark cycle. Food and water
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were available ad libitum. The mice were brought to a test room, marked for
identification and allowed 18 hours to recover from transport and handling. Protocols
and procedures were approved by the IACUC at VCU Medical Center and comply with

the recommendations of the IASP.

3.2 Tail Immersion Test

The warm-water tail immersion test was performed using a water bath with the
temperature maintained at 56 °C. To test for agonist properties, mice with
predetermined tail immersion baseline, were injected s.c. with morphine (10 mg/kg; a
dose that produces maximal antinociception) or test compound at increasing doses and
were reassessed for their tail immersion reaction time 20 minutes later. To test for
antagonistic properties, mice with predetermined tail immersion baseline, were injected
s.c. with either naloxone (1 mg/kg; a dose that totally block the antinociception indced
by 10 mg/kg morphine) or the test compound at various doses and 5 minutes later they
were administered morphine (10 mg/kg; s.c.). Mice were reassessed for their tail
immersion reaction time 20 minutes later. EDsy values were calculated using least-
squares linear regression analysis followed by calculation of 95% confidence limits by

the method of Bliss.

3.3 Opioid Withdrawal Assay

Male Swiss Webster mice were anesthetized with 2.5% isoflurane and a 75 mg
morphine pellet was surgically implanted at the base of the neck following the proper
procedure. Withdrawal was precipitated in mice at 72 hours from pellet implantation

with naloxone (1.0 mg/kg, s.c.), naltrexone (1.0 mg/kg, s.c.), and the test compounds at

106



increasing doses. Mice were allowed for 30 minutes to habituate to an open-topped,
square, clear Plexiglas observation chamber (26 x 26 x 26 cm?®) with lines partitioning the
bottom into quadrants then given antagonist. Withdrawal commenced within 1 minute
after antagonist administration. Escape jumps and wet dog shakes were quantified by

counting their occurrences over 20 minutes.

Data are expressed as mean values £+ SEM. Analysis of variance (ANOVA)
followed by the post hoc Dunnett test performed to assess significance using the Instat
3.0 software (GraphPad Software). The withdrawal signs of jumping and wet dog

shakes were counted and subjected to two-factor ANOVA.

4. Molecular Modeling Study

All ligands used in the molecular modeling study were built with standard bond
lengths and angles using the molecular modeling package SYBYL 8.1. The small
molecules were assigned Gasteiger-Huckel charges and energy minimized with the

Tripos Force Field (TFF).

4.1 Dynamics Simulation

The compound 1 of the 14-O-substituted series and compound 9 of the 14-NH-
substituted series of naltrexone derivatives were subjected to a short dynamics
simulation inside a water box in order to compare their lowest energy conformations.

The water box was constructed automatically with Tripos Force Field and the ligands
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placed inside. The dynamics was run for 1000 fs with steps of 1 fs. In order to get the

final model after dynamics run, the final 20 conformations were averaged.

4.2 Docking Study

The naltrexone derivatives were docked into the crystal structures of mu, kappa,
and delta opioid receptors. Each receptor crystal structure was downloaded from the
protein data bank as a pdb file. The crystal structures were prepared for docking by
adding hydrogens and deleting extra proteins, fatty acids, cholesterols, water
molecules, and the bound ligands inside each binding pocket.

The binding site for the docking study was set to be all atoms within 15 A of an
oxygen atom on an Asp residue that is conserved in all three opioid receptors that is
known to interact with the basic amine functionality of most opioid compounds. For the
mu opioid receptor crystal structure, oxygen atom OD2 of Aspl47 was set to be the
center of the binding pocket. For the kappa opioid receptor, oxygen atom OD1 of
Aspl38 was used to define the binding site. For the delta opioid crystal structure,
oxygen atom OD2 of Aspl128 was used to define the binding site. All 19 naltrexone
derivatives were docked 40 times each into the opioid receptor crystal structures using
GOLD 5.1. The docking was done with mostly default parameters, the option to flip
amide bonds and ring corners were turned on. Also the option to generate diverse
solutions was on. The CHEMPLP score was used as the default scoring function and
all solutions were rescored using the GOLD score. The best ranked docking solutions

for all compounds are tabulated in the appendix section.
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Appendix

HPLC spectrum for the final compounds and the GOLD docking scores for the best-

scoring poses are enclosed in the appendix.
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Table 1. Best Ranked CHEMPLP Docking Scores for MOR

Compd | CHEMPLP Score S(PLP) S(hbond) S(cho) DE(tors)
1 80.61 -72.37 2.00 1.00 1.53
2 74.42 -68.20 2.29 0.00 1.43
3 76.22 -67.02 2.67 0.69 1.57
4 76.11 -70.75 1.92 0.00 1.35
5 84.08 -78.15 2.56 0.00 1.99
6 85.92 -80.80 1.98 0.00 1.52
7 84.66 -79.04 2.36 0.00 1.84
8 86.97 -81.90 1.98 0.00 1.55
9 80.46 -75.40 2.00 0.00 1.79
10 78.02 -72.08 2.00 0.00 1.39
11 80.16 -714.44 2.00 0.00 151
12 79.60 -72.17 2.50 0.00 1.40
13 89.37 -81.16 3.00 0.00 1.72
14 88.79 -83.09 2.00 0.00 1.49
15 86.47 -76.10 3.00 0.71 1.71
16 89.44 -83.75 2.00 0.00 1.50
27 89.42 -80.89 2.00 1.00 1.65
28 86.73 -79.52 2.00 0.97 2.22
29 89.42 -83.82 2.00 0.00 1.54
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Table 2. Best Ranked CHEMPLP Docking Scores for the Kappa Opioid Receptor

Compd CHEMPLP Score S(PLP) S(hbond) S(cho) DE(tors)
1 74.36 -67.84 3.11 0.00 251
2 72.46 -66.61 2.96 0.00 2.68
3 75.72 -67.31 2.95 1.00 2.86
4 75.15 -68.75 3.09 0.00 2.56
5 85.23 -77.71 3.36 0.00 2.45
6 85.65 -78.88 3.24 0.00 2.60
7 79.58 -75.72 2.86 0.00 3.48
8 86.66 -80.05 3.14 0.00 2.53
9 71.56 -62.54 4.33 0.00 3.36
10 74.48 -63.21 3.42 0.66 1.85
11 75.06 -60.01 4.50 1.00 2.09
12 75.46 -63.81 4.11 0.00 1.70
13 81.92 -71.86 4.54 0.00 3.10
14 83.41 -72.66 4.43 0.00 2.66
15 83.22 -70.60 4.33 0.52 2.30
16 83.82 -72.83 4.33 0.00 2.40
27 88.58 -14.77 4.40 1.00 2.59
28 83.06 -71.63 4.17 0.00 1.90
29 88.19 -77.74 4.54 0.00 3.02
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Table 3. Best Ranked CHEMPLP Scores for the Delta Opioid Receptor

Compd | CHEMPLP Score S(PLP) S(hbond) S(cho) DE(tors)
1 74.07 -67.98 1.45 1.00 1.74
2 75.48 -67.90 2.88 0.00 1.68
3 84.18 -73.61 2.85 1.00 1.61
4 73.70 -69.24 1.89 0.00 1.74
5 73.44 -70.99 2.35 0.00 3.42
6 66.55 -64.51 1.80 0.00 2.85
7 75.16 -68.71 1.60 0.99 1.77
8 12.77 -69.80 2.44 0.00 3.28
9 71.12 -63.36 3.62 0.14 3.07
10 74.20 -65.13 3.05 1.00 2.90
11 73.89 -64.75 2.42 1.00 2.00
12 67.13 -62.26 2.66 0.00 2.93
13 80.08 -73.82 331 0.00 3.19
14 79.32 -74.69 2.79 0.00 3.22
15 65.46 -70.55 2.66 0.00 3.29
16 63.66 -67.25 2.96 0.00 2.83
27 85.05 -77.34 2.10 1.00 2.21
28 89.46 -81.81 3.03 0.00 2.12
29 93.68 -81.99 4.15 0.00 1.91
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Table 4. Best Ranked GOLD Fitness Scores for the Ligands Docked into the Mu Opioid
Receptor

Compd GOLD Score | S(hb_ext) S(vdw_ext) S(int)
1 70.62 3.47 49.76 -1.27
2 70.55 3.68 48.72 -0.11
3 68.95 3.61 48.04 -0.72
4 70.72 3.66 49.12 -0.47
5 76.70 3.27 54.48 -1.48
6 75.62 3.36 53.22 -0.91
7 77.18 3.27 54.29 -0.74
8 78.15 3.63 54.87 -0.93
9 70.70 5.03 48.10 -0.47
10 70.18 4.23 48.45 -0.67
11 70.02 4.13 48.43 -0.70
12 71.06 4.32 49.27 -1.01
13 76.85 2.31 55.18 -1.34
14 76.29 2.70 55.31 -2.47
15 78.98 4.59 54.98 -1.21
16 78.02 2.63 55.27 -0.60
27 70.62 4.25 49.19 -1.26
28 79.58 4.20 56.25 -1.97
29 75.86 4.10 53.37 -1.62
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Table 5. Best Ranked GOLD Fitness Scores for the Ligands Docked into the Kappa
Opioid Receptor

Compd GOLD Score | S(hb_ext) S(vdw_ext) S(int)
1 59.38 2.74 42.78 -2.18
2 61.35 242 43.77 -1.24
3 58.85 291 41.91 -1.68
4 58.72 2.70 42.15 -1.93
5 68.33 2.96 49.27 -2.37
6 68.26 2.45 50.13 -3.11
7 67.30 3.01 47.88 -1.55
8 67.85 3.16 48.29 -1.71
9 60.95 3.86 43.00 -2.03
10 63.91 2.40 44.98 -0.34
11 62.54 2.45 44.65 -1.31
12 63.99 2.68 45.55 -1.32
13 65.54 1.76 47.53 -1.58
14 67.27 3.27 48.86 -3.19
15 66.14 3.94 46.11 -1.19
16 67.42 4.20 47.16 -1.63
27 63.25 1.86 45.29 -0.88
28 68.44 2.89 49.04 -1.88
29 69.37 151 52.09 -3.77
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Table 6. Best Ranked GOLD Fitness Scores for the Ligands Docked into the Delta
Opioid Receptor

Compd GOLD Score | S(hb_ext) S(vdw_ext) S(int)
1 73.33 6.52 52.30 -5.11
2 70.51 6.82 50.13 -5.24
3 68.90 2.95 48.87 -1.24
4 70.57 6.22 50.62 -5.25
5 76.13 5.26 54.54 -4.12
6 71.97 3.48 53.59 -5.19
7 72.14 3.21 54.33 -5.77
8 73.91 6.33 52.38 -4.44
9 75.49 6.58 51.60 -2.05
10 75.39 5.97 53.10 -3.60
11 76.42 5.69 51.98 -0.75
12 76.16 3.85 53.02 -0.59
13 83.81 4.67 60.24 -3.69
14 81.32 7.34 55.73 -2.66
15 82.80 4.88 58.15 -2.03
16 81.97 5.13 57.15 -1.74
27 77.52 7.34 51.58 -0.74
28 79.14 3.82 56.72 -2.67
29 80.45 7.02 54.57 -1.61
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