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Today, more Americans die each year because of drug overdoses than are killed in 

motor vehicle accidents. In fact, in 2015, more than 33,000 individuals died due to an 

overdose of heroin or prescription opioids. Sadly, 40-60 % of patients on current opioid 

addiction treatment medications relapse. Studies have shown that the addiction/abuse 

liability of opioids are abolished in mu opioid receptor (MOR) knock-out mice; this 

indicates that the addiction and abuse liability of opioids are mainly mediated through 

MOR. Utilizing the “message-address concept”, the our laboratory reported a novel non-

peptide, reversible MOR selective ligand 17-cyclopropylmethyl-3,14β-dihydroxy-4,5α-

epoxy-6α (isoquinoline-3-carboxamido)morphinan (NAQ). Molecular modeling and 

mutagenesis studies revealed that the selectivity of NAQ for MOR is because of the π-π 

stacking of the isoquinoline ring of NAQ with W318.  

Therefore, other heterocyclic ring systems were explored to obtain a diverse library of 

compounds with similar or different molecular interactions and pharmacologic 

characteristics as NAQ. The newly designed compounds were indole analogs of 6α/β-

naltrexamine. The compounds were synthesized and the affinity and selectivity for MOR 

determined using the radioligand binding assay while the functional activity at MOR was 

determined using the [35S]GTPγS binding assay. The indole analog of 6α-naltrexamine 

substituted at position 7 (compound 6) was found to be very potent and had the lowest 

efficacy in the [35S]GTPγS functional assay while the indole analog of 6β-naltrexamine 

substituted at position 2 (compound 10) was identified as a MOR agonist and had the 

greatest efficacy. In vivo studies were conducted using the warm-water immersion 

assay to find whether the synthesized compounds had antinociceptive effects and/or 

blocked the antinociceptive effects of morphine. Not surprisingly, compound 10 was 



 

 

identified as an opioid agonist while compound 6 almost completely blocked morphine’s 

antinociceptive effects. The opioid antagonist effect of compound 6 was found to be 

dose dependent with an AD50 of 2.39 mg/kg (0.46-12.47). An opioid withdrawal assay 

was conducted on compound 6 using morphine-pelleted mice. Compound 6 produced 

significantly less withdrawal symptoms at 50 mg/kg than naltrexone at 1 mg/kg. 

Therefore, compound 6 has the potential to be used in opioid addiction and withdrawal 

treatment. 
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CHAPTER 1  

 

 

 

1.0 INTRODUCTION  

It is estimated that between 26.4 million and 36 million people abuse opioids such as 

heroin, morphine, and other prescription pain relievers worldwide, which is a serious 

global problem affecting health, social, and economic welfare of every demographic 

group.1 In the United States, an estimated 4.4 million people aged 12 or older suffer 

from substance use disorders related to prescription opioids and an estimated 435,000 

addicted to heroin.2 Opioid addiction has devastating effects on societies and an 

alarming observation is that opioid misuse is on the rise. For example, the number of 

unintentional overdose deaths from opioid prescription analgesics has soared in the 

United States, more than quadrupling since 1999.3 Therefore, opioid addiction has 

become a global epidemic and has affected the economies of many countries. 

In addition to the detrimental effects of drug abuse on health and well-being, drug abuse 

has a huge economic burden on the United States of America costing over $600 billion 

annually due to crime, violence, abuse, and the associated health care costs. Effective 

drug addiction treatment has been shown to reduce associated health and social cost 
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by far more than the cost of treatment itself. For example the cost of 1 full year of 

methadone maintenance therapy is approximately $4,700 per patient whereas 1 full 

year of imprisonment costs approximately $24,000 per person.4 Therefore, treating 

opioid addicts rather than imprisoning them might help drive down the huge cost 

associated with substance abuse. However, 40-60% of patients being treated for opioid 

addiction suffer relapse.4 Opioid antagonists such as naltrexone and naloxone have 

been shown to curb drug craving and prevent relapse. On the other hand, severe side 

effects have been reported on the use of these drugs as long-term treatments for opioid 

addiction. Therefore, there is the need to develop new opioid addiction medications with 

fewer side effects. This chapter seeks to review the history and pharmacology of opioids 

and provides a review on the statistics and current treatments for opioid addiction. 

Finally, the goal and specific aims of this project are also outlined in this chapter. 

1.1 History of opioids 

The Sumerians in Mesopotamia were among the first people identified to have 

cultivated the poppy plant around 3400 BC. The poppy plant was named Hul Gil, the 

“joy plant”. The cultivation of the poppy plant then spread through major civilizations in 

Europe and Asia and was used to treat pain and many other diseases.5–8 In 1806, the 

German chemist Friedrich Serturner isolated the opium alkaloids, one of them being 

morphine named after Morpheus, the god of dreams. However, it was not until 167 

years later that the pharmacology of morphine was defined at the receptor level. In 

1877, Dr. Eduard Livenstein for the first time demonstrated that morphine is addictive 

and had withdrawal effects. He also argued that the craving produced by morphine was 

a physiological response.9–11 Due to the developments in the 19th century that 
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transformed the practice of medicine, there was a struggle to either use opioids for their 

medicinal benefits or to abandon the use of opioids because of their abuse liability and 

the devastating effects for individuals and the society at large.5,12 On the other hand, in 

the twentieth century there were many research advances that led to changes in the 

way opioids were used for the treatment of pain and addiction.13,14 For example, the 

opioid maintenance therapy for the treatment of opioid addiction was introduced and it 

was recognized that pain itself is a debilitating disease and thus, opioids are essential 

for the treatment of pain.15,16  

1.2 Opioid abuse statistics 

In the 1990’s, the use of opioids for chronic pain started to increase, showing a 

substantial year-to-year rise that continues up to today. The increased use of opioids for 

legitimate treatment of acute and chronic pain has been accompanied by a substantial 

increase in the prevalence of nonmedical use of prescription opioids.17,18 Nonmedical 

use of prescription pain relievers, particularly opioid analgesics, is a major public health 

concern in the United States as evidenced by the increased numbers of emergency 

department visits, treatment admissions, and fatal overdoses.19,20 Opioids accounted for 

61% of all drug-related overdose deaths in 2014 —a rate that has nearly quadrupled 

since 2000. In addition, opioid-related hospitalizations increased 150% between 1993 

and 2012.21–24 If this is not disturbing enough, the national survey on drug use and 

health estimated that over 10 million people in the United States used prescription 

opioids for nonmedical use in 2014.2 This finding is a substantial concern because 

people who misuse prescription opioid painkillers are 40 times more likely to become 

addicted to heroin than those who do not misuse prescription opioids, and 80% of new 
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heroin users have previously misused prescription opioids.25,26 Currently, more 

Americans die each year as a result of drug overdoses (both prescription and illegal 

drug use) than are killed in motor vehicle accidents.27 In fact, in 2015, more than 33,000 

individuals died due to an overdose of heroin or prescription opiate drugs, with deaths 

due to heroin-related causes surpassing those due to gun homicides.28–30 The reason 

why patients on prescription opioids are able to shift easily to heroin use is because 

heroin is affordable and easily accessible.3 It is therefore necessary to know the 

pharmacology of opioids to be able to treat opioid addiction.  

1.3 Opioids and opioid receptors 

An opioid is any compound that binds to the opioid receptor, while the term opiate is 

used to describe opioid alkaloids obtained from the opium poppy such as morphine and 

codeine. Opioids can either be semi-synthetic or synthetic. Examples of semi-synthetic 

opioids include heroin and oxycodone, which are synthesized from morphine and 

thebaine, respectively. Examples of synthetic opioids include fentanyl, methadone, and 

propoxyphene. 17 Opioids produce their pharmacological effects by binding to specific 

proteins, called opioid receptors. These receptors are widely distributed and can be 

found both in the central and peripheral nervous system.31,32 Opioid receptors have high 

sequence homology and belong to the large superfamily of seven transmembrane-

spanning G protein-coupled receptors (GPCRs). GPCRs play an important role in the 

body by mediating the actions of most known neurotransmitters and hormones. 

Activation of opioid receptors leads to adenylyl cyclase inhibition, which leads to 

decreased production of cAMP, closing of voltage-gated Ca2+ channels, and activation 

of inwardly rectifying K+ channels.33 Also, activation of opioids results in activation of 
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phospholipase C (PLC) and subsequent mobilization of the inositol 1,4,5- trisphosphate 

(IP3)-sensitive which results in the release of intracellular Ca2+ from the endoplasmic 

reticulum.34 The effects of opioids are mainly inhibitory and results in strong inhibition of 

nerve firing and reduction in neurotransmitter release. There are four main types of 

opioid receptors.35,36  

1.4 G-protein signaling 

GPCRs associate with heterotrimeric G-proteins which are composed of three different 

subunits:  alpha, beta, and gamma. Opioid receptors are mainly coupled to Gαi/o. In an 

inactive state, GDP is bound to the Gα subunit of the G-protein. Gα is bound to the βγ-

complex. When an opioid agonist binds to an opioid receptor, it results in a 

conformational change in the receptor thereby resulting in the exchange of GTP for 

GDP on the Gα subunit. This results in the activation of the G-protein. The GTP bound 

Gα subunit dissociates from the βγ-complex. Both the Gα and βγ-complex diffuse along 

the membrane to modulate target proteins. Since the Gα subunit has intrinsic GTPase 

activity, GTP is hydrolyzed to GDP thereby resulting in the re-association of the βγ-

complex with the Gα subunit to form the inactive G-protein.37,38 

1.5 Types of opioid receptors 

Since opioid-binding sites were first proposed in the early 1950s and 1960s and 

discovered in mammalian brain tissue in 1973, extensive pharmacological studies have 

uncovered different types of opioid receptors.10,39–42 To date, four opioid receptors have 

been cloned, the mu opioid receptor (MOR, mu for morphine), the kappa opioid receptor 

(KOR, kappa for ketocyclazocine), the delta opioid receptor (DOR, delta for deferens 

because it was first identified in mouse vas deferens), and the opioid receptor-like 
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orphan receptor (ORL), or nociceptin/orphanin FQ receptor (NOP) .43–46 Each of these 

receptors have their own repertoire of ligands. 

1.6 Opioid receptor ligands 

Opioid receptor ligands can be categorized into two main groups based; peptides and 

non-peptides. 

1.6.1 Peptides 

Some endogenous peptides have been found to bind to opioid receptors that are 

involved in pain modulation and other functions. Endogenous opioid peptides include 

enkephalins, dynorphins and β-endorphin that are derived from three precursor 

molecules pro-enkephalin, pro-dynorphin and proopiomelanocortin, respectively (Figure 

1). These peptides are present in the CNS. Their presence have also been confirmed in 

peripheral tissues.47 The tetrapeptide sequence Tyr-Gly-Gly-Phe at the N-terminus is 

present in all endogenous peptides derived from these precursors. Enkephalin, 

dynorphin and β-endorphin have varying affinities for MOR, DOR, and KOR and have 

negligible affinity for the ORL receptor. However, none of these peptides bind 

exclusively to one opioid receptor type. On the other hand, recently discovered 

endogenous peptides endomorphin-1 and endomorphin-2 have high selectivity for 

MOR. Nociceptin/orphanin FQ, derived from pro-nociceptin, is the endogenous ligand 

for the ORL/NOP receptor.46 The major difference between Nociceptin and the 

endogenous peptides mentioned above is that nociceptin’s N-terminal amino acid is 

Phe instead of Tyr. In addition to endogenous opioid peptides, synthetic opioid agonists 
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such as DAMGO ([D-Ala2, N-MePhe4, Gly-ol]-enkephalin) and DADLE ([D-Ala2, D-

Leu5]-Enkephalin) have also been identified.48,49  

 

1.6.2 Non-peptides 

Agonists: The first known opioid alkaloid was morphine and its chemical structure was 

elucidated in 1923.50 Morphine and other opioids are widely used in clinical practice for 

Figure 1. Opioid receptor ligands 
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blockage of severe pain syndromes or for anesthetic purposes. Morphine is primarily an 

agonist ligand at MOR. Its affinities for DOR and KOR are low and it is therefore used 

as a selective MOR ligand in pharmacological studies.51 Opioid agonists include semi-

synthetic (heroin and oxycodone) and synthetic (fentanyl, methadone, and 

propoxyphene) compounds (Figure 1). These compounds are full opioid agonists since 

they produce over 90% stimulation of the opioid receptor. Opioid partial agonists such 

as buprenorphine produce 25 to 70% stimulation relative to the full agonists.52 

Antagonists: Naloxone and naltrexone are the most frequently used opioid 

antagonists.53 Nalorphine was the first compound to be recognized as an opioid 

antagonist while naloxone was the first pharmacologically neutral antagonist identified 

and it is non-selective.54,55 For a compound to be characterized as an opioid agonist, its 

effects have to be “naloxone-reversible”.56 Naloxone and naltrexone bind to all three 

opioid receptors, but have greater affinity for MOR over KOR and DOR.57 Nalmefene is 

another opioid antagonist that is used for the treatment of alcoholism.58 Activation or 

blockage of each receptor type by agonists or antagonists results in different 

physiological effects. By definition, antagonists produce no efficacy. However, 

antagonists have been shown to produce low efficacy (5-25% stimulation relative to the 

full agonist) in the GTPγS assay.59 

1.7 Functions of opioid receptors  

Opioid receptors in the CNS are part of the most extensive and diverse peptidergic 

transmission systems and are involved in numerous functions in the body. Some of the 

physiological functions of these receptors include pain, mood, and stress modulation. 

Opioid receptors are also involved in regulatory functions such as thermoregulation and 
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regulation of the respiratory, gastrointestinal, and cardiovascular systems. Abuse of 

opioid compounds leads to addiction, which affects homeostasis and brain function.60  

1.7.1 Ionic homeostasis 

Opioid receptors have been shown to be involved in the regulation of ionic homeostasis. 

Under normal conditions, the extracellular Na+ concentration is about 13 to 38 times the 

intracellular concentration while the intracellular K+ concentration is about 50 times the 

extracellular concentration. This difference in concentration creates a steep 

electrochemical gradient across the plasma membrane which is essential for normal 

functioning of the neurons. Studies have shown that opioids are involved with the 

regulation of ionic homeostasis under both normal oxygen blood levels and hypoxic 

conditions. DOR activation attenuates hypoxia induced increase in extracellular K+ and 

decrease in extracellular Na+.61–64 This demonstrates that opioids play an important role 

in the regulation of ionic homeostasis under environmental stress. Under normal 

conditions, all opioid agonists either lead to an increase of intracellular Ca2+ or an 

inhibition of Ca2+. However, the predominant effect of opioid agonists on Ca2+ 

homeostasis is inhibitory, which is consistent with classical recognition of the opioids as 

inhibitory regulators in the brain.65–71  

1.7.2 Cell proliferation 

In a study conducted by Malendowicz et al., it was observed that activation of MOR and 

DOR results in the inhibition of growth of immature adrenals, stimulates adrenal 

regeneration, and does not affect proliferation of cultured adrenocortical cells.72 On the 

other hand, Narita et al. found that SNC80, a DOR selective agonist, promoted neural 

differentiation from multipotent neural stem cells obtained from embryonic C3H mouse 
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forebrains.73 However, neither MOR nor KOR activation produced these effects. This 

demonstrates that DOR plays a crucial role in neurogenesis.  

1.7.3 Neuroprotection 

One of the most exciting findings of the past decade in opioid receptor function is the 

discovery that DOR mediates neuroprotection against hypoxic/ischemic injury. Several 

studies conducted in the past had opposing results for the role of opioids in neuronal 

responses to hypoxic/ischemic insults. While some researchers showed that opioid 

receptor activation protects the brain from ischemia and extended the animal survival 

time during severe hypoxia,74–78 others demonstrated that opioid receptor inhibition 

protects the brain from ischemia-induced injury.79–84 A series of studies conducted 

recently have showed that DOR is neuroprotective against hypoxic stress in the brain. 

The mechanism for DOR neuroprotection involves the stabilization of ionic homeostasis, 

increase in intracellular transduction of pro-survival signals and attenuation of oxidative 

injury as well as regulation of DOR expression.85–92 This clarified the historical 

controversies on the important functions that opioids and their receptors play in 

ischemic/hypoxic neuronal injury.85,87,93–103 Other studies showed that DOR is 

neuroprotective because its activation protects neocortical neurons from glutamate 

excitotoxicity.104 

1.7.4 Hibernation 

Mammalian hibernation is associated with depletion of energy stores, intracellular 

acidosis, and hypoxia, which are similar to the effects observed during hypoxia. DOR 

activation triggers physiological features such as analgesia and respiratory depression 

that are associated with hibernation.105 It has also been observed that circulating levels 
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of opioid peptides in hibernating animals are increased dramatically, which is 

considered a “hibernation induction trigger”.106–109 Mammalian hibernation can be 

reversed by opioid antagonists.108,110 Thus, DOR plays a significant role in hibernation. 

1.7.5 Pain modulation 

Most of the studies with opioids are associated with analgesia.111–113 When injury 

occurs, there is a release of endogenous opioids and a rise in level of opioids in blood 

which helps alleviate the pain resulting from the injury. For instance, there is a 

significant increase in the circulating levels of β-endorphin following muscle injury, fixed-

pressure hemorrhagic shock and lipopolysaccharide (LPS) administration in animal 

models.114 The analgesic effects experienced after an acute insult can be partially 

reversed by naloxone, an opioid antagonist. This demonstrates the involvement of 

endogenous opioids in stress-induced analgesia.115 

Using MOR knockout mice, it was demonstrated that MOR plays a central role in 

analgesia.112 MOR knockout mice have increased sensitivity to heat, however, DOR- 

and KOR-deficient mice do not show any alteration in heat perception.112,116 This 

suggests that MOR modulates thermal nociception through crosstalk with the transient 

receptor potential vanilloid type 1 (TRPV1) ion channel. It has also been observed that, 

after knocking out MOR, the analgesic effects of DOR agonists are unchanged or 

diminished while the analgesic effects of MOR agonists are abolished.117–119 DOR 

agonists can enhance the analgesic effects of MOR agonists and DOR antagonists can 

prevent or reduce the addictive properties of MOR agonists.120 Compared to MOR and 

DOR, KOR mainly mediates analgesia to visceral pain.117,121 
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1.7.6 Emotional response 

The role of the opioid system in regulating emotional response is not well documented 

as its role in controlling pain and addiction.122 Studies have demonstrated that DOR acts 

as a natural inhibitor of anxiety and stress.123 Thus, DOR agonists have antidepressant 

and anxiolytic effects. Also, studies have shown that DOR agonists increase the 

expression of brain-derived neurotrophic factor (BDNF) mRNA, an effect produced by 

some antidepressants. Thus, DOR agonists have antidepressant and anxiolytic effects. 

In depression paradigms, studies showed that KOR mediates a variety of stressors, and 

produces despair-like responses. KOR agonists have been shown to produce dysphoric 

and psychomimetic effects.124 

 1.7.7 Immune Function 

Opioids like cytokines, interact with their receptors in the CNS and peripheral 

neurohumoral system to modulate immune response.125–128 Studies have shown that, 

acute and chronic opioid administration leads to inhibition of the humoral and cellular 

response.126,127,129–131 Activation of opioid receptors suppresses multiple components of 

the immune defense response including, phagocytosis, neutrophil complement and 

immunoglobulin receptor expression, natural killer cell activity, and chemokine-induced 

chemotaxis.132–135 MOR, KOR, and DOR have been found to be present in cells of the 

immune system. Morphine modulates immune functions such as macrophage 

phagocytosis and secretion of TNF-α. This effect of morphine is not observed in MOR 

knock-out mice, which suggests that MOR modulates the immune functions of 

opioids.136  
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1.7.8 Obesity 

Studies have shown that stimulation of MOR leads to an increase in the intake of a high 

fat diet. Osborne-Mendel rats which have increased levels of MOR in the hypothalamus 

have preference for a high fat diet and increased susceptibility to obesity.137,138 In a 

study conducted by Czyzyk et al., they found that KOR-knockout mice had 28% lower 

body weight and 45% lower fat mass than wild-type mice fed a high-energy diet.139 They 

further observed that there was attenuation of triglyceride synthesis in KOR-knockout 

mice. Therefore, KOR plays an important physiological role in the control of hepatic lipid 

metabolism, and activation of KOR is a signal for fat storage.  

1.7.9 Drug Abuse/Addiction 

Using opioids continuously can lead to the development of opioid addiction, which is 

now considered a neurological pathology. Symptoms of opioid addiction include high 

probability of relapse even after prolonged drug-free periods, compulsive drug-seeking 

and persistent abuse of substances despite the often irreparable social consequences 

and deterioration of physical health.140 Drug abuse and addiction treatment is the most 

expensive of all the neuropsychiatric disorders associated with personality disorders 

and a diminished quality of life.141,142 The rewarding, dependence-producing and 

analgesic effects of opioids result from activation of MORs in several brain regions.143–

145 

Opioid abuse leads to the development of tolerance due to receptor desensitization and 

internalization.146 Studies have shown that there is upregulation of cAMP/PKA and 

cAMP response element-binding signaling and also MAPK cascades in opioid sensitive 

neurons. This upregulation leads to the development of tolerance and withdrawal and 
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synaptic plasticity during the cycles of intoxication and withdrawal.147 Messengers such 

as G proteins, cyclic AMP, MAP kinases, and some transcription factors involved in the 

transmission of signals upon receptor activation have been found to be involved in the 

development of opioid tolerance and dependence. The involvement of transcription 

factors can lead to the modification of the expression of target genes which leads to 

long-lasting neural plasticity induced by opioids.147,148  In βarrestin-3 knockout mice, it 

was observed that the acute antinociceptive response to morphine or heroin was 

enhanced while both acute and chronic tolerance to the antinociceptive effects of 

morphine was significantly attenuated.149–151 Studies have shown that deletion of the 

genes for DOR inhibits the development of morphine tolerance in antinociceptive tests 

without affecting the developmental adaptations observed during morphine 

withdrawal.152–154 Activation of KOR has been found to mediate the aversive effects of 

stress and reinstate drug seeking behavior.155 Opioids can directly or indirectly affect 

various neurotransmitter systems, especially glutamatergic and dopaminergic 

systems.156,157 Positive reinforcement produced by opioids has been linked to the 

activation of dopaminergic neurons resulting in an increase in dopamine in the 

mesolimbic area of the brain. In summary, drug abuse induces adaptive changes in 

opioid receptors that occur following chronic (e.g., desensitization and/or internalization) 

and chronic (e.g., adaptive tolerance and down-regulation) opioid use.158–160 

1.7.10 Other functions of opioid receptors 

The opioid system has been found to play a role in epileptogenesis and epileptic 

seizure. It is been proposed that opioid receptors have both anticonvulsant and procon-

vulsant effects.161–167 Also, opioid agonists and antagonists have corresponding 
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stimulatory and inhibitory effects on feeding, thereby playing a role in the regulation of 

feeding.168,169 Opioids also play a role in the regulation of other systems such as the 

respiratory and cardiovascular system. Activation of opioids leads to respiratory 

depression due to the direct action of opioids MOR in the brain.170,171 Both DOR and 

KOR have been shown to mediate cardioprotection by preconditioning with myocardial 

ischemia and metabolic inhibition.172–180 Finally, opioids have been found to play a role 

in neurodegenerative diseases. Several lines of evidence show that opioid antagonists 

inhibit the onset and progression of multiple sclerosis and that DOR agonists have a 

therapeutic effect on Parkinson’s disease.181–183 

1.8 Current treatment of opioid addiction 

Breaking free of opioid addiction takes much more than willpower; medication and 

counseling is required for addicts to overcome their addiction. The drugs that are 

currently approved by the Food and Drug Administration (FDA) to treat opioid addiction 

include methadone (an opioid agonist) and buprenorphine (a partial opioid agonist).184 

Both methadone (Dolophine) and buprenorphine (Subutex) are used during both the 

detoxification and maintenance stages of opioid addiction treatment. Methadone and 

buprenorphine are used in agonist replacement therapy and hence suppress withdrawal 

and reduce drug cravings.185 However, 40-60 % of patients after cessation of 

methadone and buprenorphine relapse. Interestingly, opioid receptor antagonists such 

as naltrexone and naloxone have also been shown to block relapse and curb drug 

craving in abstinent addicts.186–188 As a result, a combination of naloxone with 

buprenorphine (Bunavail, Suboxone and Zubsolv) has been added as a detoxification 
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and maintenance treatment for opioid addiction. Also, naltrexone has been added to the 

current treatment regimen for opioid addiction to prevent relapse (Figure 2).  

 

Opioid addicts must be completely detoxified from opioids before taking naltrexone as 

the interaction will cause immediate opioid withdrawal.185 However, some severe side 

effects have been reported on the use of naltrexone and naloxone as a long-term 

treatment for opioid addiction. For example, patients receiving naltrexone for opioid 

dependence reported depression and dysphoria and showed high rates of overdose 

and suicide.189,190 Naloxone has also been found to cause pulmonary edema and 

cardiac arrhythmias.191 Studies have shown that the severe side effects observed are 

due to the lack of selectivity for MOR over other opioid receptors. For instance, DOR 

activation has antidepressant and anxiolytic effects and also plays an important role in 

neuroprotection and cell proliferation.73,104,123 Also, naltrexone’s side effects could be 

due to its partial agonist effects at KOR due to the fact that KOR agonists and partial 

agonists produce psychotomimetic and dysphoric effects.192,193 Moreover, studies using 

MOR knock-out mice have shown that the addiction/abuse liability, respiratory 

depression, and constipation associated with opioids are abolished; this indicates that 

the addiction and abuse liability of opioids are mainly mediated through MOR.117,194,195 

Figure 2. Compounds used in the treatment of opioid addiction 
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Therefore, an ideal agent to treat opioid addiction without the severe side effects of 

naltrexone and naloxone would be a highly selective MOR antagonist.  

  

Some selective MOR antagonist such as β-FNA and clocinnamox have been 

developed, but these agents bind irreversibly to MOR via a Michael addition reaction 

(Figure 3).196,197 Compounds that bind irreversibly to receptors form covalent 

interactions with the receptor, which limits their use as drugs. Usually, reversible 

antagonists are preferred since their effects can be reversed by other drugs that bind to 

the same receptor competitively. Cyprodime is a reversible MOR antagonist that has 

been intensively studied. However, it has a lower affinity for MOR than naltrexone and 

naloxone and it has only moderate selectivity for MOR (KOR/MOR ≈10, DOR/MOR 

≈39).198,199 The highly selective MOR antagonists that have been identified are 

conformationally constrained peptides such as D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-

NH2 (CTOP) and D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2 (CTAP). CTOP and CTAP 

have limited bioavailability and have poor blood-brain barrier penetration capacity. This 

makes them unsuitable as drug development candidates.200,201 Therefore, the 

Figure 3. MOR selective compounds 
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development of a nonpeptide, potent, selective, and reversible antagonist for MOR 

remains highly desirable. 

1.9 Goal 

The goal of this project is to design and synthesize small molecule reversible MOR 

selective antagonists as potential treatments for opioid addiction. 

1.10 Specific aims 

1.10.1 Aim 1: Design, synthesize, and pharmacologically characterize indole derivatives 

of 6α/β-naltrexamine. 

1.10.2 Aim 2: Synthesize at large scale NAQ, a MOR selective ligand identified in our 

laboratory, for studies in rhesus monkeys. Design and synthesize third generation NAQ 

analogs. 

1.10.3 Aim 3: Develop a quantitative structure pharmacokinetic relationship (QSPKR) 

model for opioids that can be used to predict the pharmacokinetic properties of newly 

designed opioids.
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CHAPTER 2 

  

 

 

2.0 DESIGN, SYNTHESIS, AND PHARMACOLOGICAL CHARACTERIZATION OF 

INDOLE ANALOGS OF 6α/β-NALTREXAMINE  

2.1 Molecular design 

Norbinaltorphimine (norBNI) and naltrindole (NTI) are selective for KOR and DOR, 

respectively (Figure 4). The selectivity of these compounds has been rationalized in 

terms of the “message address concept”. The “message” moiety binds to the same 

binding site in all three receptors and is responsible for the pharmacologic activity of the 

compound while the “address” moiety is responsible for the selectivity of these 

compounds.  

Figure 4. Compounds designed using the “message address” concept. Message part of the 

compound is in blue whilst address is in red 
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The address domain aids in selectivity by either increasing the affinity for a particular 

type of receptor or by decreasing the affinity at other types of receptors.199,202,203 

The “message address concept” has been utilized to design and synthesize 5'-

Guanidinonaltrindole (GNTI), an opioid antagonist that is 5x more potent and 500 times 

more selective than norBNI (Figure 3).204 These compounds are widely used as 

selective ligands in pharmacological studies. Utilizing the “message-address concept”, 

the Yan Zhang laboratory group reported novel, non-peptide, reversible ligands 17-

cyclopropylmethyl-3,14β-dihydroxy-4,5α-epoxy-6α (isoquinoline-3-

carboxamido)morphinan (NAQ) and 17-Cyclopropylmethyl-3,14β-dihydroxy-4,5α-epoxy-

6β-(4′-pyridylcarboxamido)morphinan (NAP) that were experimentally characterized 

through in vitro and in vivo studies as MOR selective antagonists (Figure 5).205–207 

Further pharmacokinetic and functional characterization revealed that NAP is a P-

glycoprotein substrate and therefore acts mainly peripherally whilst NAQ can also act in 

the central nervous system.208,209  

 

Figure 5. MOR selective ligands designed and synthesized in our laboratory. Message part of the 

compound is in blue whilst address is in red 
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Thus, NAQ holds tremendous promise as a candidate or lead compound to treat opioid 

addiction. NAQ has an affinity of 0.55 nM to MOR with over 100-fold selectivity for MOR 

over the DOR and 10-fold selectivity over KOR. NAQ acted as a low-efficacy MOR 

partial agonist in the [35S]GTPγS binding assay, but antagonized the effects of DAMGO 

(an MOR full agonist) and morphine in the [35S]GTPγS binding assay and warm-water 

tail immersion assay, respectively.  

Further pharmacological characterization showed that NAQ acts in the CNS and 

significantly reversed morphine withdrawal-associated depression of intracranial self-

stimulation (ICSS) in rats. The ICSS results thus agreed with the in vitro 

characterization data of NAQ and indicate that NAQ may serve as a relatively safe 

option for treatment of opioid withdrawal or dependence.209,210 However, NAQ’s 

selectivity for MOR over DOR (146 fold) is lower than that of naltrexone (435 fold).211 

Even though NAQ has low efficacy at KOR, it has high efficacy and moderate potency 

at DOR. Studies have demonstrated that DOR activation is involved in the development 

of morphine dependence and also, deletion of the genes for DOR inhibits the 

development of morphine tolerance.153,154,212 Thus, new compounds having less efficacy 

Figure 6. Docked poses of NAQ in (A) MOR, (B) KOR, and (C) DOR. NAQ atoms: carbon (orange); 

amino acid residue atoms carbon: (cyan), oxygen (red), nitrogen (blue), sulfur (yellow). 

A C B 
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at DOR in addition to retaining NAQ’s low efficacy at KOR with high selectivity for MOR 

might have more therapeutic value in treating opioid addiction. 

Table 1. Site-directed mutagenesis study in MOR213 

Compd Wild type MOR (nM) ± SEM Y210A MOR (nM) ± SEM W318A MOR (nM) ± SEM 

IC50 Ki IC50 Ki IC50 Ki 

NTX 3.90 ± 2.96 1.85 ± 1.41 0.95 ± 0.49 0.45 ± 0.23 10.35 ± 1.64 4.91 ± 0.78 

NAP 2.29 ± 0.15 1.09 ± 0.07 1.61 ± 0.17 0.77 ± 0.08 >1000 NDa 

NAQ 5.42 ± 0.70 2.57 ± 0.33 3.31 ± 1.71 1.57 ± 0.81 >1000 NDa 

 

Through molecular modeling and mutagenesis studies, it was demonstrated that the 

selectivity of NAQ for MOR is likely to be due to its π-π stacking with W318 (Table 1) 

(Figure 6).213 To explore whether other heterocyclic ring systems that might form π-π 

interactions with W318, new compounds were designed in which the isoquinoline ring of 

NAQ was replaced with an indole ring. Introducing other heterocyclic ring systems will 

increase the diversity of compounds that bind to MOR and also obtain other “address” 

moieties that can help explain opioid receptor selectivity using the “message address 

concept”. Again, exploring other heterocyclic ring systems might yield compounds with 

improved pharmacologic (increased selectivity and reduced partial agonist effect) and 

drug-like properties (improved absorption, distribution, metabolism, and excretion 

properties), which might lead to the identification of new lead compounds. Furthermore, 

compounds with different alkyl chain lengths between the indole ring and naltrexamine 

were designed to determine if the distance between the indole ring and naltrexamine 
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influences binding, selectivity, and activity. The newly designed compounds were indole 

analogs of 6α/β-naltrexamine (Table 2). 

 Table 2. Designed indole derivatives of 6α/β-naltrexamine 

9 indole carboxylic acids were coupled to both 6α-naltrexamine HCl and 6β-naltrexamine HCl. A 
total of 18 compounds were synthesized. The compound IDs for the 6α-naltrexamine derivatives 
are in black while the compound IDs for the 6β-naltrexamine derivatives are in red. 

2.2 Specific Aims 

 2.2.1 Aim 1: Synthesis of compounds 

The first aim of this project was to synthesize indole analogs of naltrexamine. High yield, 

cost-effective synthetic schemes were used to achieve this aim. 

 

 

6α-naltrexamine 

analogs 

 

6β-naltrexamine 

analogs 

Compound R Compound R 

1 

10  

6 

15 
 

2 

11 

 

7 

16 

 

3 

12 

 

8 

17 

 

4 

13 
 

9 

18 

 

5 

14  
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2.2.2 Aim 2: In vitro and in vivo screening of compounds obtained from Aim 1 

Radioligand binding assays were used to assess the affinity and selectivity of the 

compounds obtained under aim 1 for MOR over DOR and KOR. The [35S]GTPγS 

binding assay, an in vitro functional assay, was used to determine the relative efficacy 

of the compounds synthesized at MOR. The warm-water tail immersion assay was used 

to assess whether the compounds synthesized had antinociceptive effect and/or 

blocked morphine’s antinociceptive effects. The opioid withdrawal assay using morphine 

pelleted mice was used to determine whether the compounds precipitated morphine 

withdrawal in opioid dependent mice. 

2.2.3 Aim 3: Molecular modeling studies of compounds identified after biological 

screening 

Molecular modeling studies were conducted with compound 6 (this compound blocked 

morphine’s antinociceptive effect) to understand its molecular interactions with MOR. 

2.3 Results and Discussion 

2.3.1 Synthesis (Chemistry) 

2.3.1.1 Synthesis of 6α/β naltrexamine 

Naltrexone was used as the starting material in the synthesis of both 6α-naltrexamine 

(22) and 6β-naltrexamine (25). In the synthesis of 6α-naltrexamine HCl (Scheme 1, 

route A), a reductive amination was conducted between naltrexone and benzyl amine. 

The Schiff base formed (22) was reduced and the benzyl group cleaved off using 

hydrogenation. However, dibenzyl amine was refluxed with naltrexone to synthesize 6β-
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naltrexamine HCl.214 The reduction of Schiff base of benzyl naltrexamine yielded the 6α-

isomer because the ring adopts a chair-like conformation. Therefore, hydride transfer 

occurs on the β-face leading to the formation of the 6α-isomer. On the other hand, the 

Schiff base of dibenzyl naltrexamine adopts a boat conformation. Therefore, hydride 

transfer from NaCNBH3, occurs exclusively on the more accessible α face, thereby 

leading to the 6β isomer. 

2.3.1.2 Synthesis of indole analogs substituted at 6 position of naltrexamine 

 

 

The 6α/β naltrexamine HCl compounds were coupled to their respective indole 

carboxylic acids using 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) coupling 

Scheme 1. Synthesis of 6α/β naltrexamine HCl 

Scheme 2. Coupling of naltrexamine to indole carboxylic acids 
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(Scheme 2). This coupling reaction also results in the formation of an ester at position 

3. The ester group was then hydrolyzed since esters are more susceptible to hydrolysis  

Table 3. Percentage yield obtained for indole analogs of 6α/β-naltrexamine HCl 

9 indole carboxylic acids were coupled to both 6α-naltrexamine HCl and 6β-naltrexamine HCl. A 
total of 18 compounds were synthesized. The compound IDs and the respective % yields for the 
6α-naltrexamine derivatives are in black while the compound IDs and the %yields for the 6β-
naltrexamine derivatives are in red. 

 

than amides. The final compounds synthesized were converted to the HCl salts and the 

percentage yield obtained for each compound is shown in Table 3. The percentage 

 

 

 

 

Compd. R Yield Compd. R Yield 

1 

10  

81% 

32% 

6 

15 
 

22% 

56% 

2 

11 

 

29% 

23% 

7 

16 

 

80% 

49% 

3 

12 

 

80% 

31% 

8 

17 

 

55% 

51% 

4 

13 
 

50% 

61% 

9 

18 

 

34% 

39% 

5 

14  

75% 

29% 
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yield obtained for the 6α-naltrexamine derivatives ranged from 22-81% while that for the 

6β-naltrexamine derivatives ranged from 23-61%.  

The final compounds were characterized by 1HNMR, 13CNMR, HRMS and IR and the 

purity determined by HPLC. 

2.3.2 Pharmacological characterization of the indole analogs of 6α-naltrexamine 

2.3.2.1 Radioligand binding assay  

The radioligand binding assays were performed to study the selectivity and affinity of 

the newly synthesized ligands using mono-cloned opioid receptors expressed in CHO 

cells. [3H] naloxone was used to label MOR whilst [3H] diprenorphine was used to label 

both DOR and KOR. The radioligands employed for the biological assays are highly 

selective for their corresponding receptors. The Kd values for the tritirated compounds 

and the Bmax 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 naltrexamine derivatives compete with a constant concentration of the radioligand, 

usually set between 1 to 2 times their Kd values. Non-specific binding was determined at 

MOR, KOR and DOR using 5µM of cold naltrexone, U50,488 and SNC 80 respectively. 

The potency of the new compounds in displacing the specific binding of the radioligand 

was determined using linear regression analysis of Hill plots. The IC50 values are then 

calculated and corrected to Ki values using the Cheng-Prusoff equation, Ki = 

IC50/(1+[L]/Kd).215 The Ki values obtained for the indole analogs of 6α-naltrexamine at 

MOR, KOR and DOR and the selectivities for MOR over KOR and DOR are shown in 

Table 4 whilst those for the indole analogs of 6β-naltrexamine are shown in Table 5. 

Table 4. Binding affinity and selectivity of indole derivatives of 6α-naltrexamine  
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Ki (nM) ± SEM Selectivity 

Ratio 

Compd R µ κ δ κ/µ δ/µ 

 

NTXa 
 

0.33 ± 0.02 1.44 ± 0.11 144 ± 14 4.4 435 

NAQb 
 

1.11 ± 0.07 13.3 ± 1.1 162 ± 15 12 146 

1 

 

0.36 ± 0.03 0.93 ± 0.13 14.2 ± 2.8 2.6 39.2 

2 

 

0.29 ± 0.04 

 

0.98 ± 0.13 10.5 ± 29 3.4 37.0 

3 

 

0.26 ± 0.04 1.49 ± 0.35 9.3 ± 2.8 5.6 35.1 

4 

 

0.76 ± 0.11 3.45 ± 0.99 26.7 ± 7.7 4.5 35.0 

5 

 

0.43 ± 0.05 1.63 ± 0.28 12.8 ± 3.4 3.8 29.4 
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a The Ki values of NTX and b NAQ were obtained from experiments previously conducted in Dr. 
Selleys laboratory.211 

2.3.2.1.1 MOR binding  

2.3.2.1.1.1 MOR binding for indole analogs of 6α-naltrexamine 

From the results obtained, it was observed that the position of the substitution on the 

indole ring did not affect the binding affinities significantly. Among the indole analogs of 

6α-naltrexamine, compound 4 had the least binding affinity, which was 3.3 fold worse 

than compound 6, which had the best binding affinity at MOR. Also, increasing alkyl 

chain length at position 3 did cause a significant change in binding affinity at MOR. 

Compound 7 with the one carbon linker had the least binding affinity, which was 

approximately 3 fold worse than compound 3 that has its carbonyl group directly 

attached to position 3 and compound 9 with the three carbon linker. The binding 

affinities of the compounds at MOR were similar to the binding affinities of NTX at MOR. 

6 

 

0.23 ± 0.02 1.69 ± 0.35 10.9 ± 2.9 7.4 47.7 

7 

 

0.84 ± 0.12 3.14 ± 0.45 9.2 ± 2.7 3.7 11.0 

8 

 

0.44 ± 0.04 1.36 ± 0.18 31.2 ± 8.1 3.1 71.5 

9 

 

0.29 ± 0.04 0.15 ± 0.03 6.73 ± 0.40 0.5 23.0 
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2.3.2.1.1.2 MOR binding for indole analogs of 6β-naltrexamine 

 The binding affinities at MOR for the indole analogs of 6β-naltrexamine were higher 

than their respective 6α-naltrexamine analogs. The Ki of all the indole analogs of 6β-

naltrexamine at MOR was approximately 0.2 nM. Thus, neither the substitution position 

nor the length of the alky group at position 3 produced a significant change in binding 

affinity at MOR.  

Table 5. Binding affinity and selectivity of indole derivatives of 6β-naltrexamine  

 
  

Ki (nM) ± SEM Selectivity 

Ratio 

Compd R µ κ δ κ/µ δ/µ 

 

NTXa 
 

0.33 ± 0.02 1.44 ± 0.11 144 ± 14 4.4 435 

NAQb 
 

1.11 ± 0.07 13.3 ± 1.1 162 ± 15 12 146 

10 

 

0.29 ± 0.04 0.18 ± 0.002 1.54 ± 0.47 0.6 5.4 

11 

 

0.19 ± 0.02 0.16 ± 0.01 7.17 ± 1.2 0.83 37.3 
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12 

 

0.24 ± 0.03 1.94 ± 0.30 45.9 ± 16.3 8.2 195.2 

13 

 

0.26 ± 0.04 

 

0.51 ± 0.04 17.7 ± 4.8 2.0 68.2 

14 

 

0.25 ± 0.04 0.17 ± 0.01 6.2 ± 0.8 0.7 25 

15 

 

0.19 ± 0.01 0.52 ± 0.09 30.4 ± 9.5 2.8 162 

16 

 

0.24 ± 0.03 0.95 ± 0.11 37.0 ± 1.2 3.9 153.6 

17 

 

0.17 ± 0.01 0.39 ± 0.05 49.0 ± 4.7 2.3 293.5 

18 

 

0.20 ± 0.03 0.18 ± 0.04 25.3 ± 4.3 0.86 124.6 

a The Ki values of NTX and b NAQ were obtained from experiments previously 

conducted in Dr. Selleys laboratory.211 

 

2.3.2.1.2 KOR binding 

2.3.2.1.2.1 KOR binding for indole analogs of 6α-naltrexamine 

The binding affinities for the indole analogs of 6α-naltrexamine was lower at KOR 

compared to MOR. Compound 4 with a substitution at position 5 had the least binding to 



 

32 
 

KOR. The binding affinities at KOR for the indole analogs of 6α-naltrexamine were 

similar to that of naltrexone at KOR. The position of substitution on the indole ring did 

not have a significant effect on the binding of the compounds at KOR. Also, increasing 

the alkyl chain length at position 3 on the indole ring did not have any significant effect 

on KOR binding; however, compound 9 which had a three carbon linker had a greater 

binding affinity at KOR than MOR. Compound 9 was the only indole derivatives of 6α-

naltrexamine that had a greater affinity at KOR than MOR.  

2.3.2.1.2.1 KOR binding for indole analogs of 6β-naltrexamine 

Again, the binding affinities at KOR for the indole analogs of 6β-naltrexamine were 

higher than their respective 6α-naltrexamine analogs. Among the indole analogs of 6β-

naltrexamine, compound 12 (with substitution at position 4) had the least affinity for 

KOR. Also, increasing the alkyl chain at position 3 did not significantly alter the binding 

affinity. Most of the indole analogs of 6β-naltrexamine might either be dual MOR and 

KOR agonist or antagonists. 

2.3.2.1.3 DOR binding  

2.3.2.1.3.1 DOR binding for indole analogs of 6α-naltrexamine 

The indole analogs of 6α-naltrexamine had the least binding affinities at DOR compared 

to MOR and KOR. Compound 8 with substitution at position 3 and a two carbon linker 

had the least binding to DOR. The position of substitution on the indole ring did not have 

a significant effect on the binding of the compounds at DOR. However, it was observed 

the analog that was substituted at position 4 (had best binding affinity when substitution 

was moved around indole ring) had a binding affinity that was 3 fold better than 

substitution at position 5 (had worst binding affinity when substitution was moved 
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around indole ring). Interestingly, it was observed that when the alkyl chain at position 3 

was increased to 1 carbon chain, there was little change in the binding affinity. 

However, upon increasing the chain length to 2 carbon atoms, the binding affinity 

decreased by three fold. On the other hand, when the chain length was increased to 3 

carbon atoms the binding affinity improved. 

2.3.2.1.3.2 DOR binding for indole analogs of 6β-naltrexamine 

Among the indole analogs of 6β-naltrexamine, compound 10 (with substitution at 

position 1) had the best binding affinity for DOR whilst compound 17 (with 2 carbon 

chain linker substituted at position 3) had the least binding affinity for DOR. It was also 

observed that, increasing the alkyl chain length at position 3 resulted in a reduction in 

DOR binding. 

2.3.2.1.4 Selectivity for MOR over KOR and DOR of synthesized compounds 

Compound 6 and compound 12 had the best selectivity for MOR over KOR whilst 

compound 17 had the greatest selectivity for MOR over DOR. However, it is worth 

noting that among the 6α-naltrexamine analogs, compound 6 and compound 8 had 

good selectivity for MOR over DOR. Thus, compound 6 and 12 had good selectivities 

when considering selectivity for MOR over both KOR and DOR. 

2.3.2.2 MOR [35S]GTPS functional assay  

The [35S]GTPS functional assay was conducted to determine the efficacy of the 

compounds at MOR.  In this assay, 10 µg of MOR-CHO membrane protein was 

incubated with 10 µM GDP, 0.1 nM [35S]GTPS and varying concentrations of the 

compounds under investigation for 90 minutes in a 30oC water bath. GTPS was used 
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Table 6. MOR [35S]GTPS binding functional assay results of indole derivatives of 6α-

naltrexamine  

 

Compound R EC50(nM) ± 

SEM 

Emax(% DAMGO) ± 

SEM 

NTXa 
 

0.16 ± 0.04 5.4 ± 0.8 

NAQa 
 

3.3 ± 0.4 20.8 ± 1.2 

1 

 

3.3 ± 1.3 52.0 ± 13.5 

2 

 

1.1 ± 0.1 

 

35.4 ± 4.8 

 

3 

 

5.0 ± 2.2 

 

28.9 ± 1.0 

 

4 

 

1.6 ± 0.1 32.2 ± 1.3 

5 

 

5.4 ± 1.5 27.0 ± 0.3 
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6 

 

1.0 ± 0.1 21.0 ± 4.4 

 

7 

 

4.9 ± 0.4 

 

33.9 ± 1.4 

 

8 

 

1.9 ± 0.4 

 

41.1 ± 6.5 

 

9 

 

0.6 ± 0.1 

 

48.4 ± 5.2 

 

a The EC50 and Emax (%DAMGO) values of NTX and b NAQ were obtained from experiments 
previously conducted in Dr. Selleys laboratory.211 

 

instead of GTP because GTPS cannot be hydrolyzed by GTPase. Therefore, when 

GTPS binds to the Gα subunit it remains bound and the Gα subunit remains in the 

active form. Since GTPS is radiolabeled, the amount of GTPS that is bound to the Gα 

subunit can be quantified to determine the relative efficacy of the compounds. The 

Bradford protein assay was utilized to determine and adjust the concentration of protein 

required for the assay. Non-specific binding was determined with 20 µM unlabeled 

GTPS. TME buffer (50 mM Tris-HCl, 3 mM MgCl2, 0.2 mM EGTA, pH 7.4) with 100mM 

NaCl was used to increase agonist stimulated binding and the final volume in each 

assay tube was 500 µl. Furthermore, 3 µM of DAMGO was included in the assay as 
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maximally effective concentration of a full agonist for MOR. The net stimulation 

produced by each compound was normalized to the stimulation produced by 3 µM 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 and rinsed three times with ice-cold wash buffer (50 mM Tris-HCl, pH 7.2) 

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. 

Percent DAMGO-stimulated [35S]GTPS binding was defined as (net-stimulated binding 

by ligand/net-stimulated binding by 3 µM DAMGO) x 100%.and the results obtained are 

shown in Table 6 (indole analogs of 6α-naltrexamine) and Table 7 (indole analogs of 

6β-naltrexamine). 

2.3.2.2.1 [35S]GTPS functional assay for indole analogs of 6α-naltrexamine 

From the results obtained, it was observed that position of substitution on the indole ring 

did not significantly affect potency and efficacy. All the compounds had a partial agonist 

effect at MOR. Compound 6 (substitution at position 7) had the highest potency, but the 

lowest efficacy at MOR. Compound 6 was more potent than NAQ but had similar 

efficacy as NAQ. Compound 1 had the highest efficacy at MOR. Increasing the length of 

the alkyl chain at position 3 did not produce a significant change in potency and 

efficacy. Compound 9 with the three carbon linker was the most potent and efficacious.  

2.3.2.2.2 [35S]GTPS functional assay for indole analogs of 6β-naltrexamine 

Compound 10, 11 and 14 were the most potent compounds and these compounds were 

the most efficacious having Emax values greater than 70%. In fact, compound 10 with 
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Table 7. MOR [35S]GTPS binding functional assay results of indole derivatives of 6β-

naltrexamine  

 

Compound R EC50(nM) ± 

SEM 

Emax(% DAMGO) ± 

SEM 

NTXa 
 

0.16 ± 0.04 5.4 ± 0.8 

NAQa 
 

3.3 ± 0.4 20.8 ± 1.2 

10 

 

0.21 ± 0.01 92.4 ± 2.8 

11 

 

0.30 ± 0.03 

 

70.5 ± 0.9 

 

12 

 

1.97 ± 0.12 

 

15.2 ± 3.13 

 

13 

 

2.28 ± 0.19 

 

20.2 ± 4.4 

 

14 

 

0.19 ± 0.02 71.8 ± 4.4 
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15 

 

0.75 ± 0.20 32.0 ± 4.6 

16 

 

0.56 ± 0.18 50.2 ± 7.8 

17 

 

0.39 ± 0.11 40.4 ± 5.3 

18 

 

1.04 ± 0.17 

 

36.3 ± 4.1 

a The EC50 and Emax (%DAMGO) values of NTX and b NAQ were obtained from experiments 
previously conducted in Dr. Selleys laboratory.211 

 

substitution at position 2 had the greatest efficacy among both the indole analogs of 6 α 

and β naltrexamine, with an Emax value of 92%. From the results obtained, it was 

observed that substitution at position 2, 3 and 6 had a significant effect on potency and 

efficacy. Compound 12 was identified as the compound with the least efficacy at MOR. 

It was also observed that increasing the alkyl chain length at position 3 did not 

significantly affect potency. However, as the alkyl chain increased, the efficacy 

decreased correspondingly. 

According to previous studies conducted in Dr. Selley’s laboratory, it has been observed 

that in the [35S]GTPS functional assay, compounds with efficacies less than 25% tend 
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to be opioid antagonists.207 Therefore, compound 6, 12 and 13 may be MOR 

antagonists.  

2.3.2.3 Warm-water immersion assay 

The warm-water immersion assay was conducted to determine whether the compounds 

synthesized were opioid agonists or antagonists. Each indole analog of naltrexamine 

was tested for its ability to produce antinociception and/or to antagonize the 

antinociceptive effects of morphine in mice. The tail-flick test was conducted 20 minutes 

after injection of the compounds because morphine’s effect starts to peak at 20 minutes 

Figure 7. Warm-water tail immersion assay in mice (n=5) at 56 ± 0.1 oC. All tested compounds 

were administered subcutaneously (s.c.). Antinociceptive effects of (A) indole analogs of 6α-

naltrexamine (B) indole analogs of 6β-naltrexamine. Compounds (10 mg/kg) were injected at 

Time 0. Twenty minutes after injection, tail flick was assessed with hot water. Blockage of the 

antinociceptive effect of morphine by (C) indole analogs of 6α-naltrexamine (D) indole analogs 

of 6β-naltrexamine. Tested compounds (10 mg/kg) were injected at Time 0. Five minutes later, 

morphine (10 mg/kg) was administered. Twenty minutes after morphine injection, tail flick was 

tested using hot water. 

B 

D 
C 

A 
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after s.c. administration. The results are interpreted as the percentage of maximum 

possible effect (% MPE) which is a measure of antinociception. A higher % MPE 

indicates a stronger antinociception effect by the ligand. Figure 7A shows the 

antinociceptive effects of the indole analogs of 6α-naltrexamine, while Figure 7B shows 

the antinociceptive effects of the indole analogs of 6β-naltrexamine. Not surprisingly, 

compound 10 which was identified as a potent and efficacious MOR agonists was also 

identified as an opioid agonist in the warm-water immersion assay. Compound 15 and 

16 were identified as partial opioid agonists. Figure 7C and D shows the antinociceptive 

effect of morphine at 10 mg/kg in the presence of each indole analog of 6α-naltrexamine 

(Figure 7C) and 6β-naltrexamine (Figure 7D) at 10 mg/kg. Not surprisingly, compound 

6 that had a high potency and a low efficacy in the [35S]GTPS functional assay was 

identified as the most potent opioid antagonist in the warm-water immersion assay. 

However, compound compounds 12 and 13 which also had low efficacies in the 

[35S]GTPS functional assay did not significantly inhibit morphine’s antinociceptive 

effect. This could be due to the lower potencies of these compounds compared to 

compound 6. Compounds 17, and 18 also showed opioid antagonist effects. The opioid 

Figure 8. Dose dependent studies on compound 6 (A), 17 (B), and 18 (C) for opioid antagonist effect. 

Compounds 6, 17, and 18 had AD50 values of 2.39 (0.46-12.47), 7.30 (3.38-15.74), and 9.64 (3.17-

29.29) mg/kg (95% CL) respectively. 

A 
B C 
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antagonist effects of compound 6, 17, and 18 were dose dependent and their AD50 

values were 2.39 (0.46-12.47), 7.30 (3.38-15.74), and 9.64 (3.17-29.29) mg/kg (95% 

CL) respectively (Figure 8). The slight increase in the %MPE for compound 6 at 8 

mg/kg in the dose response study could be due to the partial agonist effects of 

compound 6 or could be due to variability in the mice. 

2.3.2.4 Opioid withdrawal studies 

Compound 6 had the most promising pharmacological characteristics in the invitro 

studies conducted compared to the other compounds synthesized. Compound 6 was 

also identified as the most potent opioid antagonist in the warm-water immersion assay. 

Therefore further in vivo studies were conducted on compound 6 using morphine-

pelleted mice to determine if compound 6 had opioid withdrawal effects (Figure 9). In 

this study, somatic symptoms of opioid withdrawal in mice (wet-dog shakes, paw 

temors, and jumps) are observed for a perioid of 20 min after injecting the mice with the 

test compound. From the opioid withdrawal studies conducted, it was observed that 

compound 6 itself did not induce any significant withdrawal symptoms in placebo-

A B 

Figure 9. Compound 6 (s.c.) in opioid-withdrawal assays in chronic morphine-exposed mice 

(n=5): (A) Wet-dog shakes, (B) Escape jumps, and (C) Paw tremors. The first column in each 

figure represents placebo-pelleted mice while the second to the fourth represent morphine-

pelleted mice. *** Indicates P < 0.05, compared to 1 mg/kg naltrexone (NTX, s.c.), whilst * 

indicates P < 0.1, compared to 1 mg/kg naltrexone (NTX, s.c.) . 

C 
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pelleted mice at 50 mg/kg (Figure. 9A, B and C, first columns). Again, compound 6 at 1 

mg/kg produced significantly less wet-dog shakes, paw tremors and jumps than 

naltrexone at 1 mg/kg (Figure. 9A, B and C, third columns) in morphine pelleted mice. 

Moreover, compound 6 at 50 mg/kg produced signifcantly less wet-dog shakes and paw 

tremors than naltrexone at 1 mg/kg (Figure. 9A and B, fifth columns).. However, 

compound 6 at a dose of 50 mg/kg produced escape jumps that were not significantly 

different from naltrexone at 1 mg/kg(Figure. 9C, fifth column). Thus, compound 6 

produced significantly less withdrawal symptoms than naltrexone. 

 2.3.3 Molecular modeling studies  

Molecular modeling studies were 

conducted to try to understand the 

pharmacological characteristics 

observed for compound 6, which will 

provide guidance in the future 

molecular design of analogs of 

compound 6.  

2.3.3.1 Docking of compound 6 in 

MOR 

Compound 6 was first sketched with 

sybylx2.1 and then docked into the 

crystal structure of MOR (4dkl). From the docking results obtained, it was observed that 

compound 6 clustered into two poses (Figure 10). The morphinan part of the compound 

was docked in the same position in both sites, however, the indole ring was docked 

Figure 10. Docked poses of compound 6 in the mu 

opioid receptor in binding pose 1 and binding pose 

2. Compound 6 atoms in binding site 1: carbon 

(magenta); Compound 6 atoms in binding site 2: 

carbon (yellow); amino acid residue atoms carbon: 

(cyan), oxygen (red), nitrogen (blue). 



 

43 
 

differently. The morphinan group formed ionic interactions with D148 and hydrogen 

bonding interactions with Y148. In binding site 1, the nitrogen of the indole ring was 

hydrogen bonded to K303 and the indole ring formed pi-pi interactions with W318. In 

binding site 2, the nitrogen of the indole ring formed hydrogen bonds with K233. The 

orie  ntation of the indole ring was away from W318 and π-π stacking was not observed. 

The CHEM-PLP scores for the two binding sites were quite similar, however binding 

pose 1 had a better GOLD score than binding pose 2 (Table 8). 

Table 8. Binding scores of compound 6 in the two poses obtained after docking 

Pose CHEM-PLP score GOLD score 

Binding pose 1 80.0451 0.7027 

Binding pose 2 81.1141 -4.4924 

  

2.3.3.2 MD simulation of compound 6 in binding pose 1 and 2 

Since the CHEM-PLP scores 

for the two solutions were very 

similar, a n MD simulation was 

conducted using NAMD 2.8 

on the best CHEM-PLP 

scored solution obtained for 

the two binding poses to 

determine the most likely 

interactions. The simulation 

system consisted of the receptor–ligand complex embedded in a lipid (POPC) bilayer 

Figure 11. RMSD plot for MD simulation of compound 6 

for the two binding poses observed. 
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surrounded with saline solution created in VMD 1.9.1. The temperature of the simulation 

was maintained at 310 K and the simulation was conducted for 10 ns. The RMSD 

obtained for the ligand receptor complex during the simulation revealed that the 

simulation was stable after 4 ns (Figure 11). The average distances from 4 ns to 10 ns 

between the residues W318, K303, K233, E229 and the indole ring of compound 6 were 

determined. The result for binding pose 1 after 10 ns of simulation revealed that the 

average distances between the indole ring of compound 6 and W318 and K303 was 

longer than the average distances between the indole ring of compound 6 and K233 

and E229; thus, the indole ring of compound 6 moved into the binding pocket occupied 

by binding pose 2 (Figure 12A and B). In the case of binding pose 2, it was observed 

that the average distances between the indole ring of compound 6 and W318 and K303  

Table 9. RSMD score after MD simulation 

 

 

 

was longer than the average distances between the indole ring of compound 6 and 

K233 and E229; thus, there was no change in the position of the indole ring before and 

after 10 ns of simulation. Moreover, the RMSD for the simulation of pose 2 was slightly 

lower than that for pose 1 (Table 9). Thus, the indole ring (the address domain) of 

compound 6 most likely interacts with K233 and E229 (binding pose 2).  

 

Pose RMSD 1 ns RMSD 10 ns 

Binding pose 1 1.5038 1.4260 

Binding pose 2 1.0586 1.3984 
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Figure 12. MD simulation results for compound 6 in the mu opioid receptor. (A) Compound 6 

in MOR binding pose 1 before simulation. (B) Compound 6 in MOR binding pose 1 after 10 ns 

simulation. (C) Compound 6 in MOR binding pose 2 before simulation. (D) Compound 6 in 

MOR binding pose 2 after 10 ns simulation. Compound 6 atoms in binding site 1: carbon 

(magenta); Compound 6 atoms in binding site 2: carbon (yellow); amino acid residue atoms 

carbon: (cyan), oxygen (red), nitrogen (blue). The red dotted lines show hydrogen bond 

interactions between compound 6 and MOR while the black dotted lines show average 

distances between compound 6 and residues 

C 

B 

D 

A 
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CHAPTER 3 

 

 

 

3.0 SYNTHESIS OF NAQ FOR STUDIES IN MONKEYS AND DESIGN AND 

SYNTHESIS OF THIRD GENERATION NAQ ANALOGS 

NAQ is a non-peptide selective MOR ligand that has been previously designed and 

synthesized in Dr. Yan Zhang’s laboratory.207 To further study the pharmacological 

effects of NAQ in primates, a project was proposed to study the effects of NAQ in 

Rhesus monkeys. Therefore, large scale synthesis of NAQ was conducted. Again, to 

further obtain compounds with improved pharmacological profile, design and synthesis 

of the third generation NAQ analogs was conducted. 

3.1 Specific Aim 

The aim was to conduct large scale synthesis of NAQ for studies in Rhesus monkeys. 

3.2 Design of the third generation NAQ analogs 

NAQ showed relatively high efficacy and moderate potency in the DOR [35S]GTPγS 

binding assay.205 It has been proposed that DOR activation is also involved in the 

development of morphine dependence.212 Again, NAQ has KOR partial agonists effects.
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 Evidence has shown that activation of KOR produces to psychotomimetic and 

dysphoric effects. Therefore the second generation NAQ analogs were designed.211  

 

Two second generation analogs of NAQ, 17-Cyclopropylmethyl-3,14β-dihydroxy-4,5α-

epoxy-6α-(1-chloro-4-methoxyisoquinoline-3-carboxamido)morphinan (NCQ) and 17-

Cyclopropylmethyl-3,14β-dihydroxy-4,5α-epoxy-6α-(6-nitroisoquinoline-3-

carboxamido)morphinan (NNQ) were identified as MOR ligands (Figure 12). Using the 

Warm-water tail immersion assay, NCQ was identified as an agonist while NNQ was 

identified as an antagonist. Both NCQ and NNQ and all the NAQ derivatives 

synthesized thus far have electron withdrawing groups on the isoquinoline ring.211 To 

understand the structure activity relationship (SAR) of substituents on NAQ, the 

synthesis of the third generation of NAQ analogs with electron donating groups (alkyl 

groups) on the isoquinoline ring of NAQ was proposed (Table 10).  

Table 10. Designed third generation NAQ analogs 

 R 

 

 

      Figure 13. Second generation NAQ analogs 
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3.2.1 Specific Aim 

The aim was to conduct synthesis of third generation NAQ analogs which have alkyl 

groups substituted at position 6 on the isoquinoline ring of NAQ. 

3.3 Results and Discussion 

To study the effects of alkyl substitution at position 6 of the isoquinoline group of NAQ, 

synthesis of the third generation NAQ analogs was proposed. The first reaction that was 

conducted was the synthesis of 6α-naltrexamine HCl as shown in the previous chapter 

(scheme 1 A). 4-methyl phthalic acid was used as the starting material in the synthesis 

of the synthesis of 6-methyl isoquinonline-3-carboxylate whilst 4-tertbutyl-o-xylene was 

the starting material to synthesize 6-tertbutyl isoquinonline-3-carboxylate. Thus, 4-

tertbutyl-o-xylene had to be oxidized to get the corresponding phthalic acid. The phthalic 

acid derivatives were first esterified and then converted to a diol using lithium aluminum 

hydride. A Swern oxidation was then used to convert the diol into the dialdehyde. This 

reaction failed initially until the reagents and the reaction vessels were thoroughly dried 

and then carried out under nitrogen protection. The dialdehyde formed was reacted with 

freshly prepared diethyl amino malonate to obtain the substituted isoquinoline-3-

carboxylate (scheme 3A).216 The product spot was separated by column 

chromatography and characterized by 1HNMR, 13CNMR, and HRMS. However, the 
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1HNMR data obtained revealed that the product was a mixture of the 6 and 7 methyl 

isoquinoline carboxylate isomers. The two isomers had the same R.F. value and could 

not be separated by column chromatography nor by recrystallization. The reason why 

this reaction led to the formation of the mixture of the two isomers could be due to the 

reductive amination occurring at both aldehyde 1 or 2 of the dialdehyde. Therefore, 

another synthetic route was used to try and synthesize the 6-methyl isoquinoline-3-

carboxylate (scheme 3B). In this route, 2-bromo-4-methylbenzaldehyde was refluxed 

with methyl 2-acetamidoacrylate in the presence of tris-o-tolyl phosphine and palladium 

acetate. However, the reaction was not successful and the product could not be 

obtained. The reaction was then conducted under microwave conditions but it still failed. 

Because of the difficulty in obtaining 6-methyl isoquinoline carboxylate, the 6 ethyl and 

tert-butyl isoquinoline carboxylate analogs were not synthesized. 

Scheme 3. Synthesis of the third generation NAQ analogs 
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Pharmacological characterization of NAQ in vitro and in vivo revealed that NAQ is a 

selective MOR ligand that has opioid antagonist effect. Further studies conducted 

reveled that NAQ does not precipitate opioid withdrawal in morphine pelleted mice and 

significantly reversed morphine withdrawal-associated depression of intracranial self-

stimulation (ICSS) in rats. Thus, to study the effects of NAQ in primates, an in vivo study 

with rhesus monkeys was proposed. Large amounts of NAQ was needed for this study, 

thus 8 g of NAQ was synthesized in 48% yield and was characterized by 1HNMR, 

13CNMR and HRMS. 
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CHAPTER 4 

 

 

 

4.0 QUANTITATIVE STRUCTURE PHARMACOKINETIC (PK) RELATIONSHIP 

STUDIES FOR NOVEL OPIOID COMPOUNDS 

4.1 Introduction 

Since the 1990s, studies have demonstrated a link between lipophilicity, molecular 

weight, hydrogen bonding and other molecular properties with oral bioavailability and 

systemic disposition characteristics of drugs. Numerous studies have shown that 

physicochemical properties of a molecule can help predict the “drug likeness” of that 

compound.217 Absorption, distribution, metabolism and excretion (ADME) properties are 

important for determining the bioavailability and duration of action of drugs. In particular, 

total body clearance (CLtot) and oral bioavailability (Foral) are the main determinants for 

drug concentrations in plasma (“systemic exposures”), and subsequently, therapeutic 

and toxic effects, resulting from oral drug administration.218  ADME properties can be 

determined by in vitro and in vivo methods. However, these methods are expensive and 

time consuming, especially in early drug discovery. As a result, in silico methods have 

been developed to quickly predict the pharmacokinetic (PK) properties of compounds
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 early in the drug discovery process. Quantitative structure pharmacokinetic relationship 

(QSPKR) studies use theoretical descriptors that are calculated from the 

physicochemical properties of the molecule. Once a QSPKR model is generated, it can 

be used to predict the PK properties of similar drug molecules.  

4.2 Aim of QSPKR project 

The aim of the project was to generate a QSPKR model for opioid compounds designed 

and synthesized in our laboratory group. The QSPKR model might then be used to 

predict the pharmacokinetic properties of newly designed and synthesized compounds.  

4.3 Results and Discussion 

All the compounds used to build the QSPKR model were derivatives of Naltrexone 

(NTX). Although well absorbed orally (i.e., possessing sufficient GI solubility and 

permeability at oral doses in the low mg range), NTX is subject to significant first-pass 

GI and hepatic metabolism with Foral estimates ranging from 5 to 40%. NTX is mainly 

metabolized to 6β-naltrexol by dihydrodiol cytosolic dehydrogenases (DD1, DD2 and 

DD4), present in most body tissues.219,220  6β-naltrexol formation has not been detected 

in the microsomal fraction, suggesting a lack of involvement of cytochrome P450 

enzymes. In vitro studies with human plasma show NTX to be 21% bound to plasma 

proteins over the therapeutic plasma concentration range. After I.V. administration, NTX 

was found to have a very large volume of distribution at steady-state (Vdss) of 18 L/kg - 

indicating extensive extravascular tissue distribution – as well as a high value for total 

body clearance (CLtot) of 46.7 mL/min/kg – exceeding hepatic blood flow (20 mL/min/kg) 

and demonstrating extrahepatic metabolism, resulting in a relatively short half-life for 

NTX of 267 minutes. 
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Studies have demonstrated that 6β-naltrexol is present in much higher concentrations in 

plasma than the parent drug after an oral dose of NTX, indicating its formation as result 

of high NTX first-pass metabolism. Also, 6β-naltrexol remains much longer in the 

systemic circulation as shown by its longer half-life of about 12 hours compared with ~4 

hours for parent NTX.221 6β-naltrexol is the major urinary excretion product of NTX in 

man after intravenous and oral (IV/PO) administration. In a study conducted by Wall et 

al, it was found out that approximately 60% of the total (radioactively-labeled) NTX dose 

is excreted in the urine within 48-72 hours whilst fecal excretion accounts for only 5.4% 

of the total 1 mg IV and 50 mg PO dose.222  

 

Both parent NTX and 6β-naltrexol are conjugated by UDP-glucuronosyltransferase 

(UGT2B1) to form NTX- and 6β-naltrexol-glucuronides, which are subsequently 

excreted into bile/feces and urine (Scheme 4).223  The biliary excretion may result in 

enterohepatic recycling, prolonging the persistence of NTX and 6beta in the body. 

Scheme 4. Metabolic pathway of NTX in rodents 
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Table 11. Opioid QSPKR obtained from Dr. Jurgen Venitz laboratory224 

Y X slope intercept comments 

fu log(D7.4) -0.1421 0.6633 n=29 

Vdss
u log(D7.4) 0.3665 0.3932 n=29 

CLtot
u log(D7.4) 0.2587 1.2647 n=28 

CLnonren
u log(D7.4) 0.3627 1.0683 n=18 

CLren
u log(D7.4) 0.0258 0.2455 n=18, ns 

 

A previously validated QSPKR model for opioids in humans used logD7.4 to predict in 

vivo PK properties, such as fu (fraction unbound in plasma [%]), Vdss
u (unbound volume 

of distribution at steady-state [L/kg]) and CLtot
u (unbound total body clearance 

[mL/min/kg]) (Table 11.).224 Except for fu, linear relationships between log(Y) and log(X) 

using the slope and intercept values listed below were employed: Vdss, CLtot were 

calculated by multiplying their (QSPKR-predicted) counterparts by the (QSPKR-

predicted) fu. Thus, an assumption was made that log(D7.4) is directly related to the in 

vivo pharmacokinetic properties of opioids.222  

The physicochemical properties of 71 opioid compounds designed and synthesized in 

our laboratory group together with naltrexone (NTX) were predicted using Scifinder. All 

the compounds had an ionizable tertiary nitrogen at position 17. Only 2 compounds had 

an ionizable amine at position 6, making these compounds very soluble. Also, most the 

compounds had an isoquinoline or pyridine ring at positon 6 or 14. About half of the 

compounds are cations whilst the rest are neutral. Eight molecules had hydrolysable 
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esters at position 14. The major metabolic pathway of these compounds is expected 

glucuronidation at position 3 (as is the case for NTX). However, 20 of these compounds 

have a carbonyl group at position 6 and, therefore, can be subject to DD metabolism 

and form analogs to 6β-naltrexol (which would be subject to further glucuronidation, as 

is the case for NTX). Across the entire series of compounds, their molecular weights, 

pKa, clogP and log D7.0 of the ranged from 342 to 562 g/mol, 6.26-8.57, 0.31-6.42 and -

1.11-6.19, respectively - indicating considerable physicochemical diversity. 

The physicochemical properties obtained were used to predict whether the compounds 

will pass Lipinsky’s rule of 5, GI permeability and CNS penetration: The Lipinski rule of 

five (RO5) states that poor oral absorption is more likely when the molecular weight 

(MW) exceeds 500 Da, there are more than five hydrogen bond donors (HBD, 

expressed as the sum of hydroxyl and amino groups present in a molecule), the 

calculated octanol–water partition coefficient (clogP) exceeds 5 or there are more than 

10 hydrogen bond acceptors (HBD, expressed as the sum of nitrogen and oxygen 

atoms in the molecule).  RO5 is based on the assumption that these 5 physicochemical 

properties determine primarily GI solubility and GI permeability (i.e., Foral) of therapeutic 

drug doses. Compounds that are substrates for drug transporters (in the GIT) are 

exceptions to the rule.225 

From the studies conducted, it was observed that the 24 of the 71 compounds failed 

RO5. Most of the compounds that failed RO5 had molecular weights greater than 500; 

four of the compounds that failed had clogP values greater than 5.  If a compound fails 

the RO5, there is a high probability that Foral is insufficient to support oral dosing. 
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However, passing the RO5 is no guarantee that a compound is drug-like.  Analysis of 

small drug-like molecules suggests that compounds with 0 > logD < 3 may have a 

higher probability of good intestinal permeability.226  We therefore used this criterion to 

access whether the compounds will be GI permeable, and 43 of the 71 compounds 

passed this computational screen. 

Norinder and Haeberlein used a very simple rule to predict CNS permeability: If N + O 

(the number of nitrogen and oxygen atoms) in a molecule is less than or equal to 5, it 

has a high chance of entering the brain.227 All the compounds failed this test, including 

NTX, which is known to penetrate the CNS - suggesting that this in-silico screen may 

not be useful. 

 Table 12. Comparison of predicted fu and CLtot to actual of NTX, NAP and NAQ 

 

 Twenty of the opioid compounds in this study had a ketone at position 6 as does NTX 

and can therefore be metabolized by the DD enzymes to form 6β-hydroxyl derivatives, 

which might be their major metabolite. Only two compounds in the table (appendix) did 

not have a hydroxy group at position 3, but had an ester group.  However, the ester at 

position 3 may be easily hydrolyzed by esterases, present throughout the body, 

Compound 

ID 

Lipinsky 

RO5 

GI 

Perm 

fu [%] CLtot 

[mL/min/kg] 

(actual) 

fu [%] 

(actual) CLtot 

[mL/min/kg] 

NTX Pass Pass 42% 21.3 79% 46.7 

NAP Pass Pass 52% 17.3 85% 5 

NAQ Pass Pass 37% 23.4 2.6% 13 
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including blood. On the other hand, all compounds can undergo glucuronidation by 

UDP-glucuronosyltransferases to form either 3 or/and 6 glucuronides. 

As discussed above, in vitro tests with human plasma show NTX to be 21% bound to 

plasma proteins (fu = 79%) over the therapeutic dose range. In vivo human studies after 

I.V. administration estimated that NTX has a Vdss of 18 L/g, CLtot of 46.7 mL/min/kg and 

half-life of 267 minutes. The QSPKR-model predicts that NTX is 58 % plasma protein 

bound, has a Vdss of 4.4 L/kg, CLtot of 21.3 mL/min/kg and half-life of 142 minutes. 

Thus, the predicted Vdss was approximately 4-fold lower than the experimental value 

whilst CLtot and half-life were approximately 2-fold lower than the experimental values. 

The predicted fu [%] and CLtot of NAP and NAQ was compared to their actual values that 

were obtained from experiments conducted in Dr. Phil Gerk’s laboratory (Table 12).209 

The predicted fu [%] of NAP was 1.6 fold lower than the actual value whilst the predicted 

CLtot was 3.5 fold greater than the predicted value. On the other hand, the predicted fu 

[%] of NAQ was 14 fold greater than the actual value whilst the predicted CLtot was 1.8 

fold greater than the predicted value. The QSPKR model used only logD7.4 to predict the 

in vivo PK properties, and among the members of the opioid database used to develop 

and validate the model, only NTX was subject to the (unique) DD-mediated metabolic 

route, which may explain some of these the discrepancies.  

Using this model, we predicted fu, Vdss
u CLren

u, and CLtot
u (and counterparts based on 

total drug in plasma), as well as half-life for the 71 compounds designed and 

synthesized in our laboratory - see appendix. 

The model predicted that 5 compounds, namely VZMN016, 019, 021, 023, and 024 

(appendix) are more than 99% plasma bound, had very low CLtot and long half-lives - 
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which may make them unsuitable for further studies since drugs have to be cleared 

from the body to avoid their toxic effect. The predicted values for Vdss of the compounds 

ranged from 1.4 to 7.9 L/kg. The predictions for CLtot and half-life of the compounds 

range from 8-26 mL/min/kg and 89-281 min.  

4.4 Summary of QSPKR study 

Studies have shown that physicochemical properties of a molecule can be used to 

predict the “drug likeness” of a compound.217 ADME properties play an important role in 

determining the bioavailability and duration of action of drugs. In silico methods have 

been developed to quickly predict the PK properties of compounds early in the drug 

discovery process to reduce the likelihood of drugs failing in vivo tests later. QSPKR 

studies use theoretical descriptors that are calculated from the physicochemical 

properties of the molecule. Once a QSPKR model is generated, it can be used to 

predict the PK properties of similar drug molecules. A QSPKR table was therefore 

generated using opioid compounds synthesized in our laboratory. Most of the 

compounds used in this study were derived from Naltrexone (NTX). 

66% of the compounds analyzed passed the Lipinsky’s RO5 and GI permeability rule, 

which indicates that majority of the compounds have good oral bioavailability unless 

they are subject to extensive first-pass metabolism (as is the case for TNX). The 

QSPKR-model generated property values show that 86% of the compounds have a fu 

[%] greater than 10% and that 88% of the compounds have a Vdss greater than 2 L/kg. 

Also, 89% of the compounds have a CLtot greater than 15 mL/min/kg. The majority of 

the compounds will be metabolized by UGT2B1 to form glucuronides at position 3. On 

the other hand, about 28% of the compounds have a carbonyl group at position 6, and 
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hence can be metabolized by DD enzymes to form 6β-hydroxyl derivatives. 11% of the 

compounds had ester groups at position 14 and/or 3 which can easily be hydrolyzed by 

esterases. However, in vitro binding and functional data for the compounds along with 

target product profiles will be needed to determine which compounds to progress to 

further in vitro PK screening to obtain experimental values for CLtot, Vdss and Foral in 

rodents and or in vitro drug metabolism screening, e.g., in human liver cytosol (HLC) 

and/or human liver microsomes (HLM). The predicted fu [%] and CLtot of NAP and NAQ 

was compared to their experimental.209 The predicted fu [%] of NAP was 1.6 fold lower 

than the actual value whilst the predicted CLtot was 3.5 fold greater than the predicted 

value. On the other hand, the predicted fu [%] of NAQ was 14 fold greater than the 

actual value whilst the predicted CLtot was 1.8 fold greater than the predicted value. The 

QSPKR model only used logD7.4 to predict the in vivo PK properties. From the opioid 

database used only NTX was subject to the (unique) DD-mediated metabolic route, 

which may explain some of these the discrepancies. To make further recommendations, 

information about (effective) target plasma concentrations (e.g., based on in vitro Ki 

values) as well as a target pharmaceutical profile (TPP) for the target indication(s) need 

to be developed and incorporated in the projection of feasible human dosing regimens. 
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CHAPTER 5 

 

 

 

5.0 CONCLUSIONS 

The Sumerians of Mesopotamia were the first people to cultivate the opium poppy plant 

and they called it Hul Gil, meaning the “joy plant”. Morphine was isolated from the poppy 

plant by Friedrich Serturner in 1806 and its pharmacology was defined at the receptor 

level 167 years later. The addictive properties of morphine were characterized by Dr. 

Eduard Livenstein who also showed that morphine had withdrawal effects. The cloning 

of the opioid receptors in the 1990s helped in understanding the roles of the individual 

opioid receptors. The first crystal structure was obtained for opioid receptors (MOR) in 

2012 by Dr. Brian Kobilka and his contribution in this field led to him being awarded the 

Nobel prize in Chemistry in 2012. 

Studies using opioid receptor knock-out mice revealed that, analgesia, addiction, 

respiratory depression, and constipation produced by opioid agonists is because of 

activation of MOR. Therefore, compounds that selectively block MOR may have 

therapeutic potential in treating opioid addiction or serve as valuable pharmacologic 

tools to help in opioid receptor research.
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Opioid receptor antagonists such as naltrexone and naloxone have been found to block 

opioid addiction relapse. However, the use of opioid antagonist as long term treatments 

for opioid addiction results in severe side effects such as depression, dysphoria, 

pulmonary edema, cardiac arrhythmias and also leads to high rates of overdose and 

suicide.189,190,191 Studies have shown that the side effects associated with opioid 

antagonists are due to their lack of selectivity for MOR.73,104,123 Thus, a highly selective 

MOR antagonist might lack the side effects associated with naltrexone and naloxone 

and may therefore be ideal to treat opioid addiction. Some selective MOR antagonist 

such as β-FNA and clocinnamox have been developed; however, these agents bind 

irreversibly to MOR and might have numerous side effects due to their covalent binding 

with the receptor. 196,197 Compounds that bind reversibly to a receptor are preferred 

since the compounds can be washed off easily from the receptor. Again, opioid 

antagonists such as CTOP and CTAP have also been identified as highly selective 

MOR antagonists. However, these compounds are conformationally constrained and 

have limited bioavailability and blood-brain barrier penetration capacity.200,201 This 

makes them unsuitable as drug candidates. Therefore, the development of a potent, 

selective, reversible, non-peptide antagonist for MOR remains highly desirable. 

 GNTI and NTI are derivatives of naltrexone that are selective for KOR and DOR 

respectively. The selectivity of these compounds has been rationalized using the 

“message address concept”. The “address” domain aids in selectivity by either 

increasing the affinity for a particular type of receptor or by decreasing the affinity at 

other sub-types of receptors whilst the “message domain” is responsible for the 

pharmacological effects of the compound.199,202,203 Utilizing the “message-address 
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concept”, our research group has designed and synthesized novel non-peptide, 

reversible MOR selective ligands NAQ and NAP that were experimentally characterized 

through in vitro and in vivo studies.205–207 Further pharmacokinetic characterization 

revealed that NAP acts mainly peripherally whilst NAQ can also act in the central 

nervous system. Therefore, NAQ was used as the lead compound in this study.208,209  

Studies showed that NAQ significantly reversed morphine withdrawal-associated 

depression of intracranial self-stimulation (ICSS) in rat and did not precipitate 

withdrawal in morphine pelleted mice. These results agreed with the in vitro 

pharmacology data of NAQ and indicate that NAQ may serve as a relatively safe option 

for treatment of opioid addiction.209,210 To understand the pharmacological effects of 

NAQ in primates, a project was proposed to study the effects of NAQ in Rhesus 

monkeys. Therefore, large scale synthesis of NAQ was conducted, 8 g of NAQ was 

synthesized in 48% yield and characterized by 1HNMR, 13CNMR, and HRMS. 

NAQ, however, has low selectivity for MOR over DOR (146 fold) compared to 

naltrexone (435 fold).211 NAQ also showed relatively high efficacy and moderate 

potency in the DOR [35S]GTPγS binding assay.205 Studies have demonstrated that DOR 

activation is also involved in the development of morphine dependence.212 Hence, 

second generation NAQ analogs were designed and synthesized.211  Two compounds 

NCQ and NNQ, were identified as MOR ligands. NCQ was identified as an opioid 

agonist whilst NNQ was identified as an antagonist. Therefore, the design of another 

generation of NAQ analogs was proposed to understand the SAR of NNQ. To 

investigate the role of the nitro group on NNQ at position 6, it was proposed that alkyl 

groups be introduced at position 6 on the isoquinoline ring. The synthesis of the 6-
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methyl and t-butyl analogs of NAQ was carried out by first synthesizing their respective 

isoquinoline acid analogs. However, the 1HNMR data obtained for 6-methyl isoquinoline 

carboxylate synthesized showed that the product was a mixture of the 6 and 7- methyl 

isoquinoline carboxylate isomers. The two isomers had the same R.F. value and could 

not be separated by column chromatography. They could not also be separated by 

recrystallization. Another route was then by refluxing 2-bromo-4-methylbenzaldehyde, 

with methyl 2-acetamidoacrylate in the presence of tris-o-tolyl phosphine and palladium 

acetate. However, this reaction failed and the reaction was repeated under microwave 

conditions but the reaction was not successful. Thus, the 6-alkyl analogs of NNQ could 

not be obtained. 

Molecular modeling and mutagenesis studies conducted in our laboratory revealed that 

the selectivity of NAQ for MOR is as a result of its π-π stacking with W318.213 

Therefore, other heterocyclic ring systems were explored to find out if compounds with 

improved pharmacologic profiles would be obtained. Thus, new compounds were 

designed where the isoquinoline ring of NAQ was replaced with an indole ring. The 

newly designed compounds were indole analogs of 6α/β-naltrexamine. The indole 

analogs of 6α/β-naltrexamine were synthesized using EDCI/HOBt coupling. The ester 

formed at position 3 was then hydrolyzed using K2CO3/MeOH. The final compounds 

synthesized were converted to the HCl salt to improve their stability and solubility and 

then characterized using 1HNMR, 13CNMR, IR, and HRMS. The percentage yield 

obtained for the synthesized compounds ranged from 22-81%.  

The first assay conducted was to determine whether the designed compounds bind to 

their biological target, MOR. This was determined using the radioligand binding assay. 
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In this assay, the synthesized compounds compete with labeled naloxone for binding to 

MOR. Competition at KOR and DOR with labeled diprenorphine was used to determine 

the selectivity of these compounds for MOR over KOR and DOR. The MOR binding 

data for the 6α-naltrexamine analogs revealed that the position of the substitution on the 

indole ring did not significantly affect the binding affinities at MOR. Compound 4 (the 5 

substituted indole analog of 6α-naltrexamine) had the least binding affinity which was 

3.3 fold worse than compound 6, (the 7 substituted indole analog of 6α-naltrexamine) 

which had the best binding affinity at MOR. Also, increasing alkyl chain at position 3 did 

not significantly affect binding affinity at MOR. Compound 7 with the one carbon linker 

had the least binding affinity. It was also observed that the 6β-naltrexamine analogs had 

better binding affinities at MOR than their respective 6α-naltrexamine analogs. The Ki of 

all the indole analogs of 6β-naltrexamine at MOR was approximately 0.2 nM. Thus, 

neither the substitution position nor the length of the alkyl group at position 3 had any 

significant effect on binding affinity at MOR for the 6β-naltrexamine analogs. Again, it 

was observed that compound 6 and 12 had the greatest selectivity for MOR over KOR 

while compound 17 was more selective for MOR over DOR. Compound 6 also had a 

high selectivity for MOR over DOR when only the 6α-substituted naltrexamine analogs 

were considered. Thus, compound 6 and 12 had the best MOR selectivity profile. 

The next assay conducted was the [35S]GTPS functional assay. This assay was 

conducted to determine the relative efficacy of the compound at MOR. Regarding the 

6α-naltrexamine analogs, it was observed that compound 6 had the least efficacy at 

MOR although very potent, while compound 1 (the 2 substituted analog) had the highest 

efficacy. Compound 6 was more potent than NAQ but had similar efficacy as NAQ. It 
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was also observed that increasing the alky chain at position 3 did not have a significant 

effect on potency and efficacy. However, compound 9 with the three carbon linker was 

the most potent compound. The 6β-naltrexamine analogs, compound 10, 11 and 14 

were the most potent and most efficacious having Emax values greater than 70%. In fact, 

compound 10 with substitution at position 2 had the highest efficacy with an Emax value 

of 92% with compound 12 having the lowest efficacy with an Emax value of 15%. It was 

also observed that increasing the alkyl chain length at position 3 did not significantly 

affect potency but there was a corresponding decrease in efficacy. 

Warm-water immersion, an in vivo assay using mice, was conducted to determine 

whether the synthesized compounds had antinociceptive effects and/or blocked the 

antinociceptive effects of morphine. The tail-flick was conducted 20 minutes after s.c. 

administration of the compounds since morphine’s antinociceptive effects peaks at 20 

min after injection. Not surprisingly, compound 10 which had the greatest efficacy in the 

[35S]GTPS functional assay had the greatest antinociceptive effects in the warm-water 

immersion assay. Compounds 15 and 16 had partial antinociceptive effect. To find out if 

the compounds block morphine’s antinociceptive effect, morphine was administered 5 

min after administering the compounds and the tail-flick then conducted 20 mins later. 

Interestingly, compound 6, which had a high potency and low efficacy at MOR in the 

[35S]GTPS functional assay, almost completely blocked morphine’s antinociceptive 

effects. However, compound 12 that had the lowest efficacy in the [35S]GTPS 

functional assay did not significantly block morphine’s antinociceptive effects. 

Compound 15, 17, and 18 also partly blocked morphine-mediated antinociception. The 

antagonist effects of compound 6, 17, and 18 were dose dependent and their AD50 
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values obtained were 2.39 (0.46-12.47), 7.30 (3.38-15.74), and 9.64 (3.17-29.29) mg/kg 

(95% CL) respectively. Compound 6 was also identified as the most potent opioid 

antagonist in the warm-water immersion assay. Therefore further in vivo studies were 

conducted on compound 6 using morphine-pelleted mice to determine if compound 6 

had opioid withdrawal effects. It was observed that compound 6 produced less 

significant withdrawal symptoms even at a dose of 50 mg/kg compared to naltrexone at 

1 mg/kg. Thus, compound 6 produces significantly less withdrawal symptoms than 

naltrexone and therefore has the potential to be used in opioid addiction treatments. 

Molecular modeling studies were conducted to understand the molecular interactions of 

compound 6 at the receptor level. This information will help guide the design of the next 

generation of compound 6 analogs. Molecular docking studies conducted revealed that 

compound 6 clustered in two binding poses in MOR. The morphinan part of the 

compound was docked in the same position in both sites whereas the indole ring 

docked differently in the two sites. In binding site 1, the nitrogen of the indole ring 

formed a hydrogen bond with K303 and had pi-pi interactions with W318. In binding site 

2, the nitrogen of the indole ring was hydrogen bonded to K233 and did not have pi-pi 

interactions with W318. An MD simulation was conducted with these two poses and the 

results revealed that the interactions observed in binding pose 2 are the most likely 

interactions between compound 6 and MOR.  

Future directions for this may project would be to study the SAR of compound 6. The 

first will be to determine the optimum alkyl chain length between the indole ring and the 

carbonyl group. Therefore, compounds with 2 to 5 carbon chain length between the 

indole ring and the carbonyl group can be synthesized. Again, electron withdrawing and 
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donating groups can be introduced at different positions on the indole ring to get the 

next generation of compounds with improved pharmacologic activity. 

Again, further in vitro and in vivo studies will be conducted with compound 6 to have a 

complete pharmacologic profile for this compound. For instance, a [35S]GTPS binding 

functional assay at DOR and KOR will reveal whether compound 6 activates DOR 

and/or KOR. Another functional assay such as the Ca2+ mobilization assay will 

corroborate the functional results obtained by the [35S]GTPS assay. Another In vivo 

study such as the intracranial self-stimulation study in rats will be conducted to 

determine if compound 6 significantly reverses morphine withdrawal-associated 

depression of intracranial self-stimulation in rats. 
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CHAPTER 6 

 

 

 

 6.0 EXPERIMENTAL SECTION 

6.1 Chemical synthesis 

6.1.1 Synthesis of 6α-benzyl naltrexamine 

 

A benzene solution (150 mL) in a three-necked flask containing naltrexone base (19), 

benzyl amine (1.2 eq.) and a trace of p-toluene sulfonic acid was refluxed for 10 hours 

using a Dean-Stark trap for azeotropic removal of water. The mixture was then 

concentrated (30 mL) and NaBH4, absolute ethanol and 4 Å molecular sieves were 

added to the reaction mixture and stirred under N2 overnight. When the reaction was 

completed, the solvent was removed using a rotary evaporator and the product purified 

using column chromatography with a dichloromethane: methanol: ammonium hydroxide
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 (40: 1:  1 %) mobile phase system to obtain 6α-benzyl naltrexamine (21) in 88 % 

yield.214 6.1.2 Synthesis of 6α-naltrexamine HCl 

 

6α-benzyl naltrexamine (21) was dissolved in 35-60 mL of methanol and then 

concentrated HCl was added to obtain a pH of 2. 10 % Pd/C (approximately 10% of the 

starting material) was added and hydrogenation was carried out at 60 psi for 6 days 

using a Parr hydrogenator. The Pd/C was changed every three days. When the reaction 

was completed, the Pd/C was filtered using celite to obtain pure 6α-naltrexamine HCl 

(22) with a yield of 76 %.214 

6.1.3 Synthesis of 6β-dibenzyl naltrexamine 

 

A toluene solution (150 mL) in a three-necked flask containing naltrexone base (19), 

benzoic acid (1.3 eq.), a trace of p-toluene sulfonic acid was stirred for 30 minutes at 

room temperature. Dibenzyl amine (1.3 eq.) was then added and the mixture refluxed 

with a Dean-Stark apparatus for 24 hours under N2. The mixture was then concentrated 

to 30 mL, cooled and then 50 mL anhydrous ethanol and NaCNBH3 (0.8 eq) were 

added and the reaction mixture was stirred under N2 overnight. The mixture was then 
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filtered with celite and the solvent was removed using a rotary evaporator apparatus. 

The solid obtained was refluxed with methanol for 1 hour and then cooled and filtered. 

The residue obtained was washed with cold methanol to obtain 6β-dibenzyl 

naltrexamine (24) in 71 % yield.214 

6.1.4 Synthesis of 6β-naltrexamine HCl 

 

Dibenzyl naltrexamine (24) was dissolved in 35-60 mL of methanol and then 

concentrated HCl was added to obtain a pH of 2. 10% Pd/C (approximately 10 % of the 

starting material) was added and hydrogenation was carried out at 60 psi for 6 days 

using a Parr hydrogenator. The Pd/C was changed every three days. When the reaction 

was completed, the Pd/C was filtered using celite to obtain pure 6β-naltrexamine HCl 

(25) with a yield of 82 %.214 

6.1.5 Synthesis of dimethyl 4-methylphthalate 

 

5 drops of concentrated sulfuric acid was added to 4-methylphthalic acid (26) dissolved 

in methanol. The mixture was refluxed for 24 hours and the solvent evaporated to obtain 

4-methylphthalate (27) in 81 % yield.216  
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6.1.6 Synthesis of (4-methyl-1,2-phenylene)dimethanol   

 

To a slurry of LiAlH4 (2 eq.) in anhydrous THF (40 mL) cooled to -78 oC, a solution of 

dimethyl 4-methylphtalate (27) in anhydrous THF (20 mL) was added dropwise over a 

period of 1 hour. After slow warming of the reaction mixture to room temperature, the 

mixture was stirred overnight. The heterogeneous mixture was then cooled to 0 oC and 

sodium hydroxide solution (15 %, 20 mL) cooled to 0 oC was added very slowly. This 

was followed by addition of ice-cold water (20 mL) and THF (40 mL). The organic layer 

was separated and dried with brine and Na2SO4. The solvent was evaporated and the 

compound was purified using column chromatography to obtain (4-methyl-1,2-

phenylene)dimethanol (28) in 96 % yield.216 

6.1.7 Synthesis of 4-methylphthalaldehyde 

 

To an oven-dried 100 mL three-necked flask, was added 4 Å molecular sieves, a 

solution of anhydrous dichloromethane (6 mL) and oxalyl chloride (4 eq.) under 

nitrogen. The stirred solution was cooled to -78 oC and a solution of anhydrous dimethyl 

sulfoxide (6 eq.) in dichloromethane (1.2 mL) was added dropwise to the reaction 

mixture. The mixture was stirred for 5 minutes and (4-methyl-1,2-phenylene)dimethanol 
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(28) dissolved in dichloromethane: dimethyl sulfoxide mixture (2 mL) was added 

dropwise. The reaction was allowed to continue stirring for 30 minutes and then 

anhydrous triethylamine (0.03 eq.) was added slowly at -78 oC. The reaction mixture 

was stirred for 10 minutes and then slowly warmed to room temperature. Ice cold water 

(20 mL) was added to the reaction mixture and the aqueous layer was extracted with 

dichloromethane and then dried the organic phase over Na2SO4. The mixture was then 

purified with hexane: ethyl acetate (70:30) to obtain 4-methylphthalaldehyde (29) in 39% 

yield.216 

6.1.8 Synthesis of ethyl 6-methylisoquinoline-3-carboxylate  

 

Diethyl amino malonate HCl salt was treated with saturated NaHCO3 in 

dichloromethane for 12 minutes. Diethyl amino malonate (31) was obtained in 80 % 

yield after drying the organic layer over Na2SO4 and elimination of solvent. The 

compound was then stored under nitrogen at 4 oC. 4-methylphthaladehyde (30), freshly 

prepared diethyl amino malonate (31) (1 eq.) and sodium ethoxide were refluxed in 

ethanol under nitrogen for 4 hours. After elimination of the ethanol, the mixture was 

extracted repeatedly with ethyl acetate and then purified by column chromatography to 

obtain a mixture of 6-methylisoquinoline-3-carboxylate (32)  and 7-methylisoquinoline-3-

carboxylate (33) in 48 % yield.216  
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6.1.9 Synthesis of 4-(tert-butyl)phthalic acid 

 

4-tertbutyl-o-xylene (34) was suspended in pyridine and water in a three-necked flask 

with a sealed stirrer. To this well-stirred, gently boiling mixture, potassium 

permanganate (4.8 eq.)  was added slowly within a period of 2 hours. The mixture was 

then refluxed for 30 minutes. When the reaction was completed, ethanol was added and 

the mixture was filtered. The residue was washed with warm water. The filtrate was 

concentrated and then acidified to pH 1 with HCl to give a precipitate. The precipitate 

was then filtered and dried to obtain 4-(tert-butyl)phthalic acid (35) in 46 % yield.228  

6.1.10 Synthesis of dimethyl 4-(tert-butyl)phthalate 

 

10 drops of concentrated H2SO4 was added to a solution of 4-(tert-butyl)phthalic acid 

(36) in methanol and then refluxed for 48 hours. The reaction mixture was concentrated 

to obtain an oil which was then dissolved in dichloromethane. NaHCO3 was added 

making sure the pH of the aqueous layer was between 7- 8. The organic phase was 

dried over Na2SO4 concentrated and purified using column chromatography to obtain 4-

(tert-butyl)phthalate (37) in 66 % yield.216 
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6.1.11 Synthesis of (4-(tert-butyl)-1,2-phenylene)dimethanol 

 

To a slurry of LiAlH4 (2 eq.) in anhydrous THF (40 mL) cooled to -78 oC, a solution of 4-

(tert-butyl)phthalate (38) in anhydrous THF (20 mL) was added dropwise over a period 

of 1 hour. After slow warming of the reaction mixture to room temperature, the mixture 

was stirred overnight. The heterogeneous mixture was then cooled to 0 oC and sodium 

hydroxide solution (15 %, 20 mL) cooled to 0 oC was added very slowly. This was 

followed by the addition of ice-cold water (20 mL) and THF (40 mL). The organic layer 

was separated and dried with brine and Na2SO4. The solvent was evaporated and the 

compound was purified using column chromatography to obtain (4-(tert-butyl)-1,2-

phenylene)dimethanol (39) in 96 % yield.216 

6.1.12 General method of coupling of naltrexamine to carboxylic acid derivatives 

 

The carboxylic acid derivatives (3 eq.), hydrobenzotriazole (HoBt) (3 eq.), 4 Å molecular 

sieves triethylamine (9 eq.), N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride (EDCI) (3 eq.), and DMF (2 mL) were added into a three-necked flask on 

an ice-water bath and stirred for 15 minutes. Naltrexamine (1 eq.) suspended in 2 mL 
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DMF was added dropwise and then stirred on the water bath for 24 hours. When the 

reaction was completed, the reaction mixture was filtered with celite and the filtrate 

concentrated to remove DMF. MeOH (7 mL) and K2CO3 (3 eq.) were added to the 

concentrate and stirred at ambient temperature. When hydrolysis of the ester at position 

3 was complete, the mixture was filtered through celite again and concentrated to 

remove MeOH. The mixture was then purified using column chromatography with 

dichloromethane: MeOH (20:1) and NH4OH to give the free base.211  

6.2 Characterization of compounds 

17-Cyclopropylmethyl-3,14β-dihydroxy-4,5α-epoxy-6α-(indole-2-

carboxamido)morphinan (1) 

 

The title compound was prepared by following the general procedure in 81% yield. 1H 

NMR (400 MHz, DMSO-d6)   11.65 (s, 1H, Exchangeable), 9.25 (s, 1H, 

Exchangeable), 8.87 (s, 1H, Exchangeable), 8.09 (d, J = 7.76 Hz, 1H, Exchangeable), 

7.62 (d, J = 7.96 Hz, 1H), 7.45 (d, J = 8.2 Hz, 1H), 7.23 (dd, J = 7.96 Hz, 1.44 Hz, 1H), 

7.18 (d, J = 8.2 Hz, 1H) 7.05 (t, J =7.88 Hz, 1H), 6.72 (d, J =8.08 Hz, 1H), 6.59 (d, J = 

8.16 Hz, 1H), 6.34 (s, 1H, Exchangeable), 4.79 (d, J = 3.8 Hz, 1H) 4.62 (m, 1H), 3.93 (d, 

J = 7 Hz, 1H), 3.40-3.26 (m, 2H), 3.12-3.05 (m, 2H), 2.96 (m, 1H), 2.73(m, 1H), 1.92 (m, 

1H) 1.66 (d, J = 10.56, 1 H) 1.56-1.45 (m, 2H), 1.2 (m, 1H) 1.09 (m, 1H), 0.71-0.61 (m, 

2H), 0.51-0.40 (m, 2H). 13C NMR (100 MHz, DMSO-d6)    160.45, 146.16, 138.79, 
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136.50, 131.46, 128.74, 126.95, 123.40, 122.16, 121.44, 11 9.73, 119.15, 118.55, 

112.26, 103.77, 87.41, 69.41, 61.07, 59.70, 57.08, 45.57, 45.28, 30.23, 29.27, 23.57, 

19.56, 5.70, 5.16, 2.60. HRMS m/z found 486.2414 [M + H]+., Calculated  485.2315. IR 

(ATR, cm-1) ν max 3146, 1633, 1544.97, 1505, 1457, 1341, 1312, 1235, 1173, 1116, 989, 

810, 746. % Purity 97.69%. 

17-Cyclopropylmethyl-3,14β-dihydroxy-4,5α-epoxy-6α-(indole-3-

carboxamido)morphinan (2) 

 

The title compound was prepared by following the general procedure in 29% yield. 

1HNMR (400 MHz, DMSO-d6)  11.65 (s, 1H, exchangeable), 9.21 (s, 1H, 

exchangeable), 8.85 (s, 1H, exchangeable), 8.14(d, J=2.88, 1H, exchangeable), 8.11 (d, 

J=7.56, 1H), 7.45 (t, J=6.68, 2H), 7.18-7.09 (m, 2H), 6.71 (d, J=8.08, 1 H), 6.58 (d, 

J=8.12, 1H), 6.27(s, 1H, exchangeable), 4.80(d,J=3.8, 1H), 4.66-4.60(m,1H), 3.91 (d, 

J=6.68, 1H), 3.12-3.05 (m, 2H), 2.95 (m, 1H), 2.74 (m, 1H), 1.90 (m, 1H), 1.66 (d, 

J=10.64, 1H), 1.56-1.44 (m, 2H), 1.11-1.06 (m, 2H), 0.71-0.61 (m, 2H), 0.51-0.40 (m, 

2H). 13CNMR (100 MHz, DMSO-d6)  164.32, 145.79, 138.41, 135.91, 128.82, 128.09, 

125.73, 122.18, 122.07, 120.62, 119.31, 118.06, 111.90, 110.04, 87.85, 69.23, 60.97, 

56.99, 45.13, 44.82, 30.12, 29.16, 23.36, 19.59, 5.55, 5.19, 2.41, 0.012. HRMS m/z 

found 486.2357 [M + H]+., Calculated  585.2315. IR (ATR, cm-1) ν max 3269, 1667, 1540, 

1504, 1459, 1318, 1174, 1118.  
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17-Cyclopropylmethyl-3,14β-dihydroxy-4,5α-epoxy-6α-(indole-4-

carboxamido)morphinan (3) 

 

The title compound was prepared by following the general procedure in 81% yield. 

1HNMR (400 MHz, DMSO-d6)  11.37 (s, 1H, exchangeable), 9.18 (s, 1H, 

exchangeable) 8.92 (s, 1H, exchangeable), 7.65 (d, J=8, 1H, exchangeable), 7.57 (d, 

J=8, 1H), 7.46-7.44 (m, 2H), 7.16 (t, J=7.72, 1H), 6.85 (s, 1H), 6.71 (d, J=8.04, 1H), 

6.58 (d, J=8, 1H), 6.33 (s, 1H, exchangeable), 4.83 (d, J=3.24, 1H), 4.66 (m, 1H), 3.94 

(d, J=6.08, 1H), 3.32 (s, 1H), 3.10 (m, 2H), 3.05 (m, 2H), 2.74 (m, 2H), 1.94 (m, 1H), 

1.67 (d, J=12.92, 1H), 1.58 (m, 1H), 1.47 (m, 1H), 1.09 (m, 2H), 0.69 (m, 1H), 0.62 (m, 

1H), 0.49 (m, 1H), 0.41 (m, 1H). 13CNMR (100 MHz, DMSO-d6)   167, 145.62, 137.71, 

136.30, 130.81, 126.53, 126.19, 125.36, 125.20, 120.34, 118.93, 118.77, 117.22, 

114.36, 101.16, 88.85, 69.20, 61.27, 58.73, 54.59, 46.52, 45.99, 42.74, 29.27, 22.31, 

20.32, 9.03, 3.80 , 3.34. HRMS m/z found 486.2391 [M + H]+., Calculated  485.2315. IR 

(ATR, cm-1) ν max 3212, 2152, 1980, 1606, 1505, 1462, 1318, 1118, 771. %Purity 

98.96%. 
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17-Cyclopropylmethyl-3,14β-dihydroxy-4,5α-epoxy-6α-(indole-5-

carboxamido)morphinan (4) 

 

The title compound was prepared by following the general procedure in 85% yield. 

1HNMR (400 MHz, DMSO-d6)  11.39 (s,1H, exchangeable), 9.21 (s, 1H, 

exchangeable), 8.89 (s, 1H, exchangeable), 8.16 (S, 1H), 7.80 (d, J=7.76, 1H), 7.65 (d, 

J=8.44, 1H), 7.44 (d, J=8.84, 1H, exchangeable), 7.43 (s, 1H), 6.72 (d, J=8.04, 1H), 

6.58 (d, J=8.08, 1H), 6.55 (s,1H), 6.37 (s,1H, exchangeable), 4.79 (d, J=3.52, 1H), 4.66-

4.61 (m, 1H), 3.95 (d, J=6.24, 1H) 3.35 (s, 2H), 3.09-2.98 (m, 4H), 2.73 (m, 2H) 1.97-

1.93 (m, 1H), 1.65 (d, J=12.04, 1H), 1.56-1.43 (m, 2H), 1.18-1.09 (m, 2H), 0.69-0.62 (m, 

2H), 0.50 (m, 1H), 0.41 (m, 1H). 13CNMR (100 MHz, DMSO-d6)   167.01, 146.10, 

138.81, 137.43, 128.80, 126.92, 126.64, 125.33, 122.09, 120.66, 120.08, 119.06, 

118.34, 110.85, 102.03, 87.55, 69.41, 61.02, 57.02, 45.79, 45.21, 39.54, 30.23, 29.29, 

23.54, 19.61, 5.71, 5.17, 2.58. HRMS m/z found 486.2421 [M + H]+., Calculated  

485.2315.IR (ATR, cm-1) ν max 3147, 1627, 1603, 1522,1502, 1464, 1351, 1323,1118, 

1036,771,755, 726. % Purity 99.99%. 
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17-Cyclopropylmethyl-3,14β-dihydroxy-4,5α-epoxy-6α-(indole-6-

carboxamido)morphinan (5) 

 

The title compound was prepared by following the general procedure in 75% yield. 

1HNMR (400 MHz, DMSO-d6)  11.43 (s, 1H, exchangeable), 9.21 (s, 1H, 

exchangeable) 8.88 (s, 1H, exchangeable), 7.98 (s, 1H), 7.85 (d, J=7.72, 1H, 

exchangeable), 7.61 (d, J=8.28, 1H), 7.54 (dd, J=1.32,8.28, 1H), 7.50 (t, J=2.72, 1H), 

6.73 (d, J=8.04, 1H), 6.58 (d, J=8.12, 1H) 6.49 (d, J=1.88, 1H), 6.35 (s, 1H, 

exchangeable), 4.81 (d, J=3.76, 1H), 4.63 (m, 1H), 3.94 (d, J=6.76, 1H), 3.3 (m, 2H), 

3.11-3.05 (m, 2H), 2.98 (m, 1H), 2.72 (m, 1H), 1.94 (m, 1H), 1.65 (d, J=10.96, 1H), 1.57-

1.43 (m, 2H), 1.23-1.09 (m, 3H), 0.71-0.59 (m, 2H), 0.50 (m, 1H), 0.40 (m, 1H). 13CNMR 

(100 MHz, DMSO-d6)   167.16, 145.92, 138.53, 134.98, 129.89, 128.76, 127.88, 

127.01, 122.15119.46, 119.24, 118.21, 118.10, 111.31, 101.26, 87.53, 69.29, 61.04, 

57.03, 45.73, 45.17, 39.28, 30.17, 29.16, 23.44, 19.44, 5.60, 5.18, 2.49. HRMS m/z 

found 486.2371[M + H]+., Calculated  485.2315. IR (ATR, cm-1) ν max 3225, 2162, 1975, 

1605, 1540, 1503, 1318, 1119, 1066, 780, 735. % purity 99.93.  
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17-Cyclopropylmethyl-3,14β-dihydroxy-4,5α-epoxy-6α-(indole-7-

carboxamido)morphinan (6) 

 

The title compound was prepared by following the general procedure in 22% yield. 

1HNMR (400 MHz, DMSO-d6)  11.13 (s,1H, exchangeable), 9.25 (s, 1H, 

exchangeable), 8.91 (s, 1H, exchangeable), 8.14 (d, J=7.52, 1H, exchangeable), 7.74 

(m, 2H), 7.36 (t, J=2.72, 1H), 7.09 (t, J=7.6,1H), 6.71 (d, J=8.04, 1H), 6.58 (d, J=8.12, 

1H), 6.50 (m, 1H), 6.39 (s,1H, exchangeable), 4.88 (d, J=3.68, 1H), 14.70 (m, 1H), 3.95 

(d, J=6.64, 1H), 3.12-3.04 (m, 3H), 2.94 (m, 1H), 2.73 (m, 2H), 2.00-1.92 (m, 1H), 1.68 

(d, J=11.2, 1H), 1.56-1.45 (m, 3H), 1.24-1.18 (m, 1H), 1.08 (bs, 1H), 0.70 (m, 1H), 0.62 

(m, 1H), 0.50 (m, 1H), 0.41 (m, 1H). 13CNMR (100 MHz, DMSO-d6)   166.63, 145.93, 

138.61, 133.95, 129.03, 128.69, 126.40, 123.86, 122.10, 120.24, 119.20, 118.17, 

118.06, 116.80, 101.06, 87.30, 69.31, 69.01, 57.00, 45.61, 45.18, 30.22, 29.15, 23.45, 

19.27, 5.62, 5.16, 2.53. HRMS m/z found 486.2408 [M + H]+., Calculated  485.2315. IR 

(ATR, cm-1) ν max 3060, 2166, 1634, 1585, 1504, 1456, 1312, 1280, 1123, 1030, 984.  
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17-Cyclopropylmethyl-3,14β-dihydroxy-4,5α-epoxy-6α- 

[2-(indol-3-yl)acetamido)morphinan (7) 

 

The title compound was prepared by following the general procedure in 80% yield. 

1HNMR (400 MHz, DMSO-d6)   10.85 (s, 1H, exchangeable), 9.20 (s, 1H, 

exchangeable), 8.78 (s, 1H, exchangeable), 7.80 (d, J=7.96, 1H, exchangeable), 7.58 

(d, J= 7.92, 1H), 7.33 (d, J = 8.08, 1H), 7.20 (d, J = 2.28, 1H), 7.06 (t, J = 7.50, 7.58, 

1H), 6.96 (t, J = 7.88, 7.04, 1H), 6.71 (d, J = 8.08, 1H), 6.56 (d, J = 8.16, 1H), 6.15 (s, 

1H, exchangeable), 4.60 (d, J = 3.88, 1H), 4.40 (m, 1H), 3.84 (d, J = 6.84, 1H), 3.58 (s, 

2H), 3.37(s, 2H), 3.07-3.00(m, 2H), 2.91 (m, 1H), 2.69 (m, 1H), 1.18 (m, 1H), 1.61 (d, J 

= 10.76, 1H), 1.40 (q, J = 10.52, 4.4, 9.92, 2H), 1.10 (m, 2H), 0.68 (m, 1H), 0.59 (m, 

1H), 0.46 (m, 1H), 0.39 (m, 1H). 13CNMR (100 MHz, MeOD-d6)   174.63,185.37, 

146.81, 139.41, 138. 03, 131.58, 128.34, 126.14, 125.26, 122.75, 120.82, 120.16, 

119.49, 118.91, 112.80,109.25, 90.01, 71.39, 63.20, 60.22, 45.06, 37.47, 34.11, 33.81, 

32.11, 29.98, 23.93, 21.85, 9.43, 5.13, 4.01. HRMS m/z found 500.2539 [M + H]+., 

Calculated  499.25. IR (ATR, cm-1) ν max 3218, 1640, 1506, 1317, 1234, 117, 1032, 746. 

% Purity 95.99%. 
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17-Cyclopropylmethyl-3,14β-dihydroxy-4,5α-epoxy-6α- 

[3-(indol-3-yl) propanamido)morphinan (8) 

 

The title compound was prepared by following the general procedure in 55% yield. 

1HNMR (400 MHz, DMSO-d6)  10.78 (s, 1H, exchangeable), 9.20 (s, 1H, 

exchangeable), 8.85 (s, 1H, exchangeable), 7.71 (d, J=8.08, 1H exchangeable), 7.53 (d, 

J=7.88, 1H), 7.32 (d, J=8.04, 1H), 7.12 (d, J=2.16, 1H), 7.05 (t, J=7.08, 1H), 6.97 (t, 

J=7.88, 1H), 6.71 (d, J=8.08, 1H), 6.55 (d, J=8.16, 1H), 6.28 (s, 1H, exchangeable), 

4.57 (d, J=3.84, 1H), 4.42 (m, 1H), 3.90 (d, J=6.8, 1H), 3.25 (m, 1H), 3.17 (s, 2H), 3.07-

3.01 (m, 2H), 2.93 (t, J=7.72, 3H), 2.74-2.66 (m, 1H), 2.53 (m, 1H), 2.44 (dd, J=4.76, 

13.36, 1H), 1.90-1.82 (m, 1H), 1.60 (d, J=10.92, 1H), 1.42-1.36 (m, 2H), 1.11-1.06 (m, 

1H), 0.96-0.90 (m,1H), 0.70-0.59 (m, 2H), 0.50-0.46 (m, 1H), 0.42-0.37 (m, 1H). 

13CNMR (100 MHz, DMSO-d6)  169.37, 169.29, 143.31,136.02, 133.54, 126.26, 

124.50, 119.45, 118.46, 116.73, 115.85, 115.57, 111.26, 108.78, 85.09, 66.74, 58.46, 

54.49, 45.97, 42.61, 42.29, 33.51, 27.59, 26.55, 20.90, 18.48, 17.08, 3.12, 2.70. HRMS 

m/z found 514.2691, [M + H]+., Calculated  513.2628. IR (ATR, cm-1) ν max 3267, 3146, 

2157, 1670, 1616, 1543, 1504, 1463, 1427, 1343, 1316, 1172, 1118, 1031 
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17-Cyclopropylmethyl-3,14β-dihydroxy-4,5α-epoxy-6α- 

[4-(indol-3-yl) butanamido)morphinan (9) 

 

The title compound was prepared by following the general procedure in 34% yield. 

1HNMR (400 MHz, DMSO-d6)  10.79 (s, 1H, exchangeable), 9.17 (s, 1H, 

exchangeable), 8.86 (s, 1H, exchangeable), 7.64 (d, J=8.04, 1H, exchangeable), 7.51 

(d, J=7.84, 1H), 7.32 (d, J=8.04, 1H), 7.11 (d, J=2.16, 1H), 7.05 (t, J=7.04, 1H), 7.96 (t, 

J=7.88, 1H), 6.71 (d, J=8.08, 1H), 6.54 (d, J=8.12, 1H), 6.29 (s, 1H, exchangeable), 

4.59 (d, J=3.88, 1H), 4.45-4.38 (m, 1H), 3.91 (d, J=6.8, 1H), 3.32 (d, J=19.72, 1H), 3.25 

(m, 1H), 3.02 (m, 2H), 2,96 (m, 1H), 2.69 (t, J=7.4, 3H), 2.43 (dd, J=4.92, 13.32, 1H), 

2.22 (t, J=7.32, 2H), 1.92-1.83 (m, 1H), 1.60 (d, J=13.16, 1H), 1.38 (m, 2H), 1.07 (m, 

1H), 0.99-0.87 (m, 1H), 0.69-0.59 (m, 2H), 0.50-0.45 (m, 1H), 0.41-0.36 (m, 1H). 

13CNMR (100 MHz, DMSO-d6)  173.08, 146.69, 139.36, 137.00, 129.64, 127.98, 

123.04, 122.95, 121.78, 120.15, 119.20, 119.07, 118.97, 115.05, 112.19, 88.45, 70.11, 

61.85, 57.90, 45.98, 45.66, 35.98, 30.97, 29.95, 27.11, 25.11, 24.28, 20.41, 15.92, 6.46, 

6.08, 3.34. HRMS m/z found 528.2876, 556.2742, 1055.5772 [M + H]+., Calculated  

527.2784. IR (ATR, cm-1) ν max 3267, 3124, 2162, 1671, 1623, 1506, 1456, 1373, 1119 
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17-Cyclopropylmethyl-3,14β-dihydroxy-4,5α-epoxy-6β-(indole-2-

carboxamido)morphinan (10) 

 

The title compound was prepared by following the general procedure in 32% yield. 

1HNMR (400 MHz, DMSO-d6)  11.60 (s, 1H, exchangeable), 9.33 (s, 1H, 

exchangeable) 8.88 (s, 1H, exchangeable), 8.73 (d, J=7.92, 1H, exchangeable), 7.62 (d, 

J=7.96, 1H), 7.42 (d, J=8.24, 1H), 7.18 (m, 2H), 7.04 (t, J=7.52, 1H), 6.73 (d, J=8.08, 

1H), 6.66 (d, J=7.96, 1H), 6.24 (s, 1H, exchangeable), 4.84 (d, J=7.72, 1H), 3.89 (s, 

1H), 3.71 (m, 1H), 3.33 (m, 2H), 3.11-3.06 (m, 2H), 2.88 (m, 1H), 2.50 (m, 2H), 1.96-

1.78 (m, 2H), 1.63 (m, 1H), 1.49-1.40 (m, 2H), 1.09 (s, 1H), 0.68 (s, 1H), 0.60 (s, 1H), 

0.52 (s, 1H), 0.42 (s, 1H). 13CNMR (100 MHz, DMSO-d6)   160.73, 142.02, 141.09, 

136.23, 131.30, 129.62, 126.97, 125.26, 123.46, 121.52, 120.64, 119.83, 119.39, 

117.87, 112.23, 102.63, 89.85, 69.62, 61.67, 56.69, 50.66, 46.37, 45.61, 29.37, 23.78, 

22.91, 5.62, 5.07, 2.55. HRMS m/z found 486.2411 [M + H]+., Calculated  485.2315. IR 

(ATR, cm-1) ν max 3212, 2167, 1975, 1617, 1551, 1506, 1315, 1239,1125, 1034, 815, 

747, 668. % Purity 96.75%. 
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17-Cyclopropylmethyl-3,14β-dihydroxy-4,5α-epoxy-6β-(indole-3-

carboxamido)morphinan (11) 

 

The title compound was prepared by following the general procedure in 27% yield. 

1HNMR (400 MHz, DMSO-d6)  11.64 (s, 1H, exchangeable), 9.34 (bs, 1H, 

exchangeable), 8.89 (s, 1H, exchangeable), 8.13-8.10 (m, 3H, 1 proton exchangeable), 

7.42 (d, J=7.88, 1H), 7.16-7.06 (m, 2H), 6.73 (d, J=8.o8, 1H), 6.65 (d, J=8.12, 1H), 6.24 

(s, 1H, exchangeable), 4.82 (d, J=7.76, 1H), 3.90 (s, J=4.28, 1H), 3.70 (m,1H), 3.36 (s, 

1H), 3.12-3.05 (m, 3H), 2.88 (m, 2H), 1.89 (q, J=12.32, 1H), 1.78 (d, J=13.2, 1H), 1.63 

(m, 1H), 1.48-1.41 (m, 2H), 1.22 (bs, 1H), 0.68 (m, 1H), 0.50 (m, 1H), 0.52 (m, 1H), 0.42 

(m, 1H). 13CNMR (100 MHz, DMSO-d6)   164.46, 142.18, 141.03, 135.90, 129.70, 

127.60, 125.86, 121.98, 120.89, 120.63, 120.43, 119.29, 117.89, 111.79, 110.30, 90.17, 

69.69, 61.70, 56.70, 50.21, 46.38, 45.60, 29.40, 27.30, 23.99, 22.93, 5.61, 5.12, 2.53. 

HRMS m/z found 486.2411 [M + H]+., Calculated  485.2315. IR (ATR, cm-1) ν max 3267, 

1671, 1621, 1539, 1505, 1455, 1313, 1176, 1119 
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17-Cyclopropylmethyl-3,14β-dihydroxy-4,5α-epoxy-6β-(indole-4-

carboxamido)morphinan (12) 

 

The title compound was prepared by following the general procedure in 31% yield. 

1HNMR (400 MHz, DMSO-d6)  11.31 (s, 1H, exchangeable), 9.34 (s,1H, 

exchangeable), 8.87 (bs, 1H, exchangeable), 8.39 (d, J=8.12, 1H, exchangeable), 7.55 

(d, J=8.04, 1H), 7.48 (d, J=7.16, 1H), 7.43 (m,1H), 7.15 (t, J=7.72, 1H), 6.88 (s, 1H), 

6.73 (d, J=8.12, 1H), 6.66 (d, J=8.16, 1H), 6.19 (s, 1H, exchangeable), 4.89 (d, J=7.76, 

1H), 3.88 (d, J=4.92, 1H), 3.77-3.72 (m, 1H), 3.32 (m,1H), 3.13-3.04 (m, 2H), 2.87 

(m,1H), 1.93 (q, J=12.08, 1H), 1.78 (d, J=13.68, 1H), 1.65 (m, 1H), 1.46 (m, 2H), 1.09 (t, 

J=6.96, 2H), 0.70-0.68 (m, 1H), 0.60 (m, 1H), 0.53-0.50 (m, 1H), 0.43-0.41 (m, 1H). 

13CNMR (100 MHz, DMSO-d6)   167.77, 142.15, 141.02, 136.35, 129.67, 126.30, 

126.09, 125.75, 120.64, 120.19, 119.34, 118.50, 117.90, 114.31, 101.78, 89.92, 69.68,  

61.68, 56.68, 50.89, 46.37, 45.61, 29.43, 27.29, 23.66, 22.90, 5.58, 5.11, 2.50. HRMS 

m/z found 486.2434 [M + H]+., Calculated  485.2315. IR (ATR, cm-1) ν max 3207, 2166, 

1639,1503,1455, 1319, 1237, 1195, 1123, 1037, 917. 
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17-Cyclopropylmethyl-3,14β-dihydroxy-4,5α-epoxy-6β-(indole-5-

carboxamido)morphinan (13) 

 

The title compound was prepared by following the general procedure in 61% yield. 

1HNMR (400 MHz, DMSO-d6)  11.36 (s, 1H, exchangeable), 9.32 (s, 1H, 

exchangeable) 8.88 (s, 1H, exchangeable), 8.48 (d, J=8.08, 1H, exchangeable), 8.18 (s, 

1H), 7.66 (dd, J=1.56, 8.56, 1H), 7.42 (m, 2H), 6.73 (d, J=8.12, 1H), 6.65 (d, J=8.16, 

1H), 6.53 (s, 1H), 6.20 (s, 1H, exchangeable), 4.89 (d, J=7.8, 1H), 3.88 (s, 1H), 3.71 (m, 

1H), 3.35 (s, 2H), 3.11-3.04 (m, 2H), 2.87 (m, 1H), 1.90 (q, J=12.6, 1H), 1.78 (d, 

J=13.76, 1H), 1.62 (m, 1H), 1.49-1.39 (m, 2H), 1.09 (m, 1H), 0.68 (m, 1H), 0.59 (m, 1H), 

0.52 (m, 1H), 0.42 (m, 1H). 13CNMR (100 MHz, DMSO-d6)   166.77, 142.30, 141.30,  

137.41, 129.77, 126.99, 126.60, 125.29, 120.56, 120.49, 119.91, 119.16, 117.92, 

110.80, 102.05, 90.06, 69.80, 61.81, 56.74, 51.11, 46.52, 45.62, 29.44, 27.41, 23.93, 

23.06, 5.72, 5.09, 2.65. HRMS m/z found 486.2434 [M + H]+., Calculated  485.2315. IR 

(ATR, cm-1) ν max 3125, 2162, 1980, 1622, 1595, 1547, 1360, 1311, 1249, 1124, 1037, 

919, 760, 672. % Purity 98.51%. 
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17-Cyclopropylmethyl-3,14β-dihydroxy-4,5α-epoxy-6β-(indole-6-

carboxamido)morphinan (14) 

 

The title compound was prepared by following the general procedure in 29% yield. 

1HNMR (400 MHz, DMSO-d6)  11.43 (s, 1H, exchangeable), 9.33 (s, 1H, 

exchangeable) 8.87 (s, 1H, exchangeable), 8.54(d, J=7.4, 1H, exchangeable), 7.99 (s, 

1H), 7.58 (s, 2H), 7.50 (s, 1H), 6.73 (d, J=6.36, 1H), 6.66 (d, J=7.68, 1H), 6.49 (s, 1H), 

6.20 (s, 1H, exchangeable), 4.90 (d, J=5.92, 1H), 3.88 (s, 1H), 3.71 (s, 1H), 3.17-3.06 

(m, 2H), 2.89 (m, 2H), 2.5 (s, 1H), 1.90 (m, 1H), 1.78 (d, J=12.32, 1H), 1.62 (d, J=10.56, 

1H), 1.49-1.39 (m, 2H), 1.09 (t, J=6.52, 2H), 0.68 (s, 1H), 0.60 (s, 1H), 0.52 (s, 1H), 0.42 

(s, 1H). 13CNMR (100 MHz, DMSO-d6)   166.85, 142.16, 140.23, 135.05, 129.76, 

127.74,127.20, 119.34, 118.39, 117.95, 116.98,111.16, 101.20, 90.74, 69.62, 61.76, 

58.35, 51.50, 49.99, 39.96, 39.76, 30.60, 29.99, 24.65, 22.25, 3.72, 3.46. HRMS m/z 

found 486.2396 [M + H]+., Calculated  485.2315. IR (ATR, cm-1) ν max 3223, 2152, 1970, 

1608, 1551, 1312, 1035, 920, 820, 740. % Purity 99.86%. 
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17-Cyclopropylmethyl-3,14β-dihydroxy-4,5α-epoxy-6β-(indole-7-

carboxamido)morphinan (15) 

 

The title compound was prepared by following the general procedure in 56% yield. 

1HNMR (400 MHz, DMSO-d6)  11.07 (s, 1H, exchangeable), 9.37 (s, 1H, 

exchangeable), 8.90 (s, 1H, exchangeable), 8.75 (d, J=8.04, 1H, exchangeable), 7.78-

7.75 (dd, J=4.24, 3.12, 2H), 7.35 (t, J=2.6 1H), 7.10 (t, J=7.6, 1H), 6.74 (d, J=8.12, 1H), 

6.67 (d, J=8.16, 1H), 6.49 (m, 1H), 6.26 (bs, 1H, exchangeable), 4.93 (d, J=7.8, 1H), 

3.91 (d, J=4.84,1H), 3.82-3.78 (m, 2H), 3.18-3.06 (m, 3H), 2.91-2.86 (m, 1H), 2.02-1.93 

(q, J=11.56, 1H), 1.65 (m, 1H), 1.56-1.41 (m, 2H), 1.10 (t, J=7, 2H), 0.71-0.68 (m, 1H), 

0.62-0.60 (m, 1H), 0.55-0.52 (m, 1H), 0.44-0.42 (m, 1H). 13CNMR (100 MHz, DMSO-d6) 

  164.50, 139.51, 138.46, 131.48, 127.15, 126.67, 123,95, 121.72, 118.20, 117.28, 

117.02, 115.79, 115.40, 113.77, 98.68, 87.35, 67.21, 62.45, 59.20, 54.25, 48.23, 43.86, 

43.16, 26.96, 24.75, 21.14, 20.39, 12.43, 3.07, 2.65. HRMS m/z found 486.2411 [M + 

H]+., Calculated  485.2315. IR (ATR, cm-1) ν max 3090, 2162, 1979, 1633, 1540, 1327, 

1248, 1040 
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17-Cyclopropylmethyl-3,14β-dihydroxy-4,5α-epoxy-6β- 

[2-(indol-3-yl)acetamido)morphinan (16) 

 

The title compound was prepared by following the general procedure in 49% yield. 

1HNMR (400 MHz, DMSO-d6)  10.89 (s, 1H, exchangeable), 9.32 (s, 1H, 

exchangeable), 8.82 (s, 1H, exchangeable), 8.20 (d, J=7.92, 1H, exchangeable), 7.54 

(d, J=7.76, 1H), 7.34 (d, J=8.04, 1H), 7.18 (d, J=2.08, 1H), 7.06 (t, J=7.08, 1H), 6.98 (t, 

J=7.24, 1H), 6.70 (d, J=8.12, 1H), 6.62 (d, J=8.16, 1H), 6.14 (s, 1H, exchangeable), 

4.60 (d, J=7.84, 1H), 3.82 (d, J=5.2, 1H), 3.50 (q, J=14.96, 2H), 3.40 (m, 1H), 3.32 (m, 

1H), 3.28 (s, 1H), 3.07-3.01 (dd, J=5.96, 19.24, 2H), 2.84 (m, 1H), 2.43-2.39 (m, 2H), 

1,68 (m, 2H), 1.49-1.28 (m, 3H), 1.07 (m, 1H), 0.67-0.66 (m,1H), 0.60-0.56 (m, 1H), 

0.51-0.48 (m, 1H), 0.41-0.39 (m, 1H). 13CNMR (100 MHz, DMSO-d6)  170.94, 170.86, 

141.99, 140.99, 135.88, 129.55, 127.03, 123.57, 121.02, 120.58, 119.36, 118.53, 

118.42, 117.83, 111.28, 108.49, 99.49, 69.56, 61.54, 56.62, 46.32, 45.49, 32.78, 29.17, 

27.21, 23.45, 22.82, 5.55, 5.08, 2.46. HRMS m/z found 500.2539 [M + H]+., Calculated  

499.2471. IR (ATR, cm-1) ν max 3270, 1666, 1549, 1463, 1303,1274, 1232, 1174, 1124, 

1030, 898 
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17-Cyclopropylmethyl-3,14β-dihydroxy-4,5α-epoxy-6β- 

[3-(indol-3-yl) propanamido)morphinan (17) 

 

The title compound was prepared by following the general procedure in 70% yield. 

1HNMR (400 MHz, DMSO-d6)  10.77 (s, 1H, exchangeable), 9.34 (s, 1H, 

exchangeable), 8.83 (s, 1H, exchangeable), 8.14 (d, J=7.8, 1H, exchangeable), 7.52 (d, 

J=7.8,1H), 7.32 (d, J=8.04, 1H), 7.10 (s, 1H), 7.06 (t, J=7.96, 1H), 6.97 (t, J=7.88, 1H), 

6.72 (d, J=8.12), 6.63 (d, J=8.16, 1H), 6.18 (s, 1H, exchangeable), 4.55 (d, J=7.8, 1H), 

3.85 (s, 1H), 3.45 (m, 1H), 3.34-3.29 (m, 2H), 3.09-3.00 (m, 2H), 2.92-2.83 (m, 3H), 

2.45-2.42 (m, 4H), 1.71-1.68 (m, 2H), 1.53-1.50 (m, 1H), 1.42 (d, J=9.76, 1H), 1.33 (t, 

J=12.32, 1H), 1.08 (m, 1H), 0.68-0.63 (m, 1H), 0.60-0.57 (m, 1H), 0.52-0.48 (m, 1H), 

0.42-0.38 (m, 1H). 13CNMR (100 MHz, DMSO-d6)   141.98, 140.93, 135.97, 129.53, 

126.86, 121.96, 120.98, 120.64, 119.41,118,26, 117.89, 113.57, 111.27, 89.91, 69.58, 

61.58, 56.67, 50.47, 46.31, 45.49, 39.62, 29.21, 27.21, 23.43, 22.83, 20.85, 5.55, 5.11, 

2.47, 0.012. HRMS m/z found 514.2714, [M + H]+., Calculated  513.2628. IR (ATR, cm-

1) ν max 3187, 2160, 1640, 1541, 1505, 1450, 1325, 1271, 1234, 1124, 1032,854 
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17-Cyclopropylmethyl-3,14β-dihydroxy-4,5α-epoxy-6β- 

[4-(indol-3-yl) butanamido)morphinan 18 

 

The title compound was prepared by following the general procedure in 39% yield. 

1HNMR (400 MHz, DMSO-d6) , 10.79 (s, 1H, exchangeable), 9.35 (bs, 1H, 

exchangeable), 8.84 (s, 1H, exchangeable), 8.09 (d, J=7.88 1H, exchangeable), 7.51 (d, 

J=7.84, 1H), 7.33 (d, J=8.04, 1H), 7.12 (d, J=2.08, 1H), 7.08 (t, J=7.46, 1H), 6.97 (t, 

J=7.42, 1H), 6.72 (d, J=8.12, 1H), 6.64 (d, J=8.16, 1H), 6.18 (bs, J=1H, exchangeable), 

4.56 (d, J=7.84, 1H), 3.85 (d, J=4.84, 1H), 3.09-3.03 (dd, J=5.88, 19.48, 2H), 2.88-2.84 

(m, 1H), 2.68 (t, J=7.48, 2H), 2.44-2.41 (m, 2H), 2.16 (t, J=7.32, 2H), 1.89-1.85 (m, 2H), 

1.75-1.70 (m, 2H), 1.56-1.53 (m, 1H), 1.43 (d, J=9.68, 1H), 1.38-1.31 (m, 1H), 1.12-1.05 

(m, 2H), 0.69-0.67 (m, 1H), 0.61-0.58 (m, 1H), 0.53-0.50 (m, 1H), 0.43-0.40 (m, 1H). 

13CNMR (100 MHz, DMSO-d6)   142.02, 140.99, 136.07, 129.56, 127.05, 122.03, 

120.88, 120.60, 119.35, 118.28, 118.18, 117.87, 114.11, 111.27, 89.88, 69.59, 67.88, 

61.59, 56.65, 50.44, 46.33, 45.49, 29.24, 27.22, 26.15, 24.05, 23.53, 22.85, 15.00, 5.56, 

5.10, 2.48. HRMS m/z found 528.2874 [M + H]+., Calculated  527.2784. IR (ATR, cm-1) 

ν max 3268,1671, 1633, 1505, 1455, 1423, 1316, 1178, 1127, 1033 
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17-Cyclopropylmethyl-3,14β-Dihydroxy-4,5α-Epoxy-6α-(Isoquinoline-3-

Carboxamido)morphinan (NAQ) 

 

1HNMR (400 MHz, DMSO-d6)  9.44 (s, 1H), 8.98 (bs, 1H, exchangeable), 8.65 (s, 1H), 

8.57 (d, J=8.76, exchangeable), 8.28 (d, J=8.08, 1H), 8.24 (d, J=8.08, 1H), 7.94 (t, 

J=8.04, 1H), 7.85 (d, J=8, 1H), 6.80 (d, J=8.04, 1H), 6.60 (d, J=8.16, 1H), 4.80 (d, 

J=3.76, 1H), 4.77-4.70 (m, 1H), 4.03 (d, J=6.68, 1H), 3.38 (d, J=19.68, 1H), 3.31-3.25 

(m, 1H), 3.13-3.02 (m, 3H), 2.78-2.72 (m, 1H), 2.57 (dd, J=4.76, 13.6, 1H), 2.04-1.98 

(m, 1H), 1.68-1.65 (m, 2H), 1.50-1.44 (m, 1H), 1.14-1.02 (m, 2H), 0.72-0.66 (m, 1H), 

0.65-0.62 (m, 1H), 0.53-0.50 (m, 1H), 0.43-0.41 (m, 1H). 13CNMR (100 MHz, DMSO-d6) 

  163.46, 151.54, 145.32, 141.94, 138.54, 135.30, 132.08, 129.72,129.12, 128.66, 

128.07, 127.91, 122.03, 120.21, 119.73, 118.12, 87.44, 69.21, 57.05, 48.43, 45.27, 

45.17, 45.07, 29.92, 28.87, 23.31, 19.82, 5.50, 5.19, 2.38. HRMS m/z found 498.2461 

[M + H]+., Calculated  497.2315. IR (ATR, cm-1) ν max 

6.3 Instruments used for characterization 

The Bruker 400 MHz NMR was used to determine the 1H and 13C NMR spectra of the 

compounds. The masspec and IR spectra were determined using the Perkin Elmer ToF 

mass spectrometer and Thermo Scientific smart iTR instruments, respectively. The 

purity of the compounds was determined using Varian Prostar HPLC instrument. The 

HPLC parameters used were: column= C18, injection volume=5 µL, sample 
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concentration= 3mM, mobile phase=60 H2O : 40 MeCN, flowrate=1 mL/min, detector= 

UV detection at 210 and 254 nm. 

6.4 Pharmacological assays 

Pharmacological assays were conducted to determine the binding affinity, selectivity 

and functional activity of the synthesized compounds. Chinese hamster ovary (CHO) 

cells expressing MOR, KOR and DOR were used in this assay. These cells were 

cultured in in Dr. Selley’s laboratory in the department of Pharmacology and Toxicology 

at VCU. For the in vivo study, male Swiss Webster mice were used for both the warm-

water immersion and opioid withdrawal assays. The mice weighed 23-35 g and were 

housed five to a cage in animal care quarters maintained at 22 oC on a 12 hour light-

dark cycle with food and water available ad libitum. The mice were transferred to the 

test room and the tests were then conducted 18 hours later. Protocols and procedures 

were approved by the Institutional Animal Care and Use Committee at Virginia 

Commonwealth University Medical Center and complied with the recommendations of 

the International Association for the Study of Pain. 

6.4.1 Cell culture 

Cells obtained from the -80 oC freezer were thawed by warming by hand. The cells were 

then transferred into a culture dish containing 10 mL of culture media. The culture 

media used for MOR CHO cells contained 500 mL DMEM/F12 media, 10% FBS, 1% 

penicillin/streptomycin, and 2.75 mL G418. The DOR and KOR CHO cells were cultured 

in the same media except that 5% FBS was used instead of 10%. The cells are placed 

in an incubator set at 30 oC with 5% CO2 and 95% humidity for 24 hours. The old media 

containing DMSO is then replaced with fresh culture media that does not contain 
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DMSO. The cells are allowed to grow until they are 80-95% confluent after which they 

are split. The splitting is done by first aspirating the old media and then rinse the cells 

with 5 mL PBS. 3 mL trypsin is then added and the cells are placed in the incubator for 

5 mins or until all cells are detached. The trypsin is then aspirated and the cells are 

suspended in 1 mL cell culture media. Aliquots of the cells suspended in media is then 

transferred to new culture disk containing 10 mL cell media. The cells are then placed in 

the incubator and the media changed regularly. During the next splitting, the size of the 

culture dishes are changed from (100 mm x 20 mm) to (150 mm x 25mm). The cells are 

continuously split while increasing the culture dishes until there are enough culture 

dishes (16) for harvesting. 

6.4.2 Cell membrane harvesting 

This step does not need sterile conditions. Once the cells in the large culture dishes are 

very confluent, the old media is aspirated and the cells are rinsed with 5 mL PBS. 5 mL 

PBS is added to each dish and the cells are then scraped off the dishes using a scraper 

and then transferred into a 50 mL centrifuge tube. The cells are then centrifuged at 

1000 x g for 10 minutes. After centrifugation, the supernatant is poured out and 

membrane buffer (50 mM Tris, 3 mM MgCl2, and 1 mM EGTA, pH 7.4) is added to the 

tube. The cells are then homogenized and then centrifuged again at 50000 x g for 10 

minutes. The supernatant is poured away and the cells homogenized again in 

membrane buffer. A Bradford assay is conducted to determine the concentration of the 

membrane protein which are then aliquoted making sure each Eppendorf tube contains 

3 mg of membrane protein. The membrane protein preparations are the stored at -80 

oC. 
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6.4.3 Competition binding assay 

The competition binding assay was conducted to determine the affinity and selectivity of 

the synthesized compounds to MOR over KOR and DOR. [3H]NLX was used to label 

MOR whilst [3H]DPN was used to label both DOR and KOR. The Kd and Bmax values for 

[3H]NLX at MOR and [3H]DPN at KOR had been determined previously in Dr. Selley’s 

laboratory. The Kd and Bmax values for [3H]DPN at DOR were determined using varying 

concentrations of [3H]DPN and fixed a concentration of 30 µg DOR membrane protein 

and 5 µM SNC80. The potency of the drugs in displacing the specific binding of the 

radioligand was determined by linear regression analysis of Hill plots. Specific (i.e., 

opioid receptor-related) binding at MOR, KOR and DOR was determined as the 

difference in binding obtained in the absence and presence of 5 µM naltrexone, 

U50,488 and SNC80, respectively. The IC50 values were determined and converted to Ki 

values using the Cheng–Prusoff equation. 215. This assay was performed as described 

below. 

50 mL tubes containing distilled water, membrane buffer, TME (50 mM Tris, 3 mM 

MgCl2, and 0.2 mM EGTA adjusted to 7.7 pH) buffer (without NaCl) respectively were 

put in an ice bucket filled with ice. The membrane protein preparations were obtained 

from the -80 oC freezer, thawed, and then transferred to a spin tubes containing 4 mL 

membrane buffer. The membrane preparations have to be kept on ice all the time. The 

membrane protein preparations were then homogenized, 2 mL membrane buffer is 

used to rinse the homogenizer, the membrane preparations were then centrifuged at 

50000 x g for 10 mins. After centrifugation, the supernatant is poured away and then 4 

mL of TME buffer (without NaCl) was added to the membrane protein pellet. The 
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membrane protein was homogenized and the homogenizer was rinsed with 2 mL TME 

buffer (without NaCl). The Bradford assay was then conducted to determine the 

concentration of the membrane protein. In Bradford assay, varying concentrations of 

BSA were used to construct a standard curve which was used to determine the 

concentration of the membrane protein preparations. Distilled water was used to dilute 

BSA. A stock solution 10 times the desired concentration of the radioligand was 

prepared and placed on ice. A stock solution 10 times the desired concentration of the 

compound used for non-specific binding was prepared and placed on ice. Test-tubes 

were added to the test-tube rack and labeled accordingly. Three sets of test-tube racks 

were used, one for the drug curve, one for the experiment, and another for incubation. 

Drug dilutions of the compounds (naltrexamine analogs) and the membrane protein 

were made accordingly. The desired amount of the protein per tube was 30 µg. All 

concentrations prepared were 10 times the desired amount since there was a 10-fold 

dilution when compounds were added to the experimental rack. TME buffer (without 

NaCl) was used for all the dilutions required. Once all the protein, radioligand, 

compound dilutions, and nonspecific concentrations were made, 300 mL TME buffer 

(without NaCl) was added to each of the test-tubes for the experimental rack. 50 µl of 

non-specific compound and naltrexamine analog compounds were added to their 

respective test-tubes in the experimental racks. 50 µl radioligand was then added to all 

the test-tubes and to 3 scintillation vials (these vials will be used as standards). 4 mL 

Scintillation fluid was then added to these vials. Finally, 100 µl of membrane protein was 

added to all the test-tubes to afford a total volume of 500 µl. All the test-tubes were then 

vortexed, rearranged in the test-tube racks for incubation and placed in the shaking 



 

98 
 

water bath at 30 oC for 90 minutes. The blue racks were filled with scintillation vials 

making sure the first and last slots are left open. 10 minutes before incubation was 

complete, the tubes of Brandel harvester were rinsed with 70% ethanol then distilled 

water. GF/B glass filter paper was then fixed onto the harvester and rinsed with cold 

Tris buffer. After 90 minutes of incubation, the bound radioligand was filtered and rinsed 

three times with cold Tris buffer. The filtered bound radioligand was then transferred into 

the scintillation tubes and the tubes were then filled with 4 mL of scintillation fluid and 

capped. The scintillation tubes were labelled and the bound radioligand was quantified 

using the liquid scintillation counter. Counting was delayed for 9 hrs to allow the 

radioactivity to get into solution. The percentage of bound radioligand was calculated 

using excel which was then subjected to nonlinear regression analysis to determine the 

IC50 values with Prism 6.0 software (GraphPad Software, San Diego, CA).. The Ki 

values were determined from the IC50 values using the Cheng-Prusoff equation [Ki = 

IC50/(1+(L*/Kd*))]. The assay was performed in triplicates and repeated at least three 

times. 

6.4.4 [35S]GTPS functional assay 

The [35S]GTPS functional assay was used to determine the relative efficacy of the 

synthesized compounds. Agonists result in activation of GPCRs upon binding to the 

receptor. The agonist’s activity of the compounds was measured relative to 3 µM 

DAMGO at MOR since DAMGO is a full agonist at MOR. In this assay, upon receptor 

activation due to agonist binding, [35S]GTPS binds to the Gα subunit. Thus, [35S]GTPS 

replaces endogenous GTP and since the γ-thiophosphate bond is resistant to hydrolysis 

by GTPase, [35S]GTPS labelled Gα subunits accumulate and can be quantified by 
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measuring the amount of incorporated [35S].229 The assay was performed as described 

below. 

50 mL tubes containing distilled water, membrane buffer, TME (50 mM Tris, 3mM 

MgCl2, 0.2 mM EGTA, and 100 mM NaCl adjusted to pH 7.7)  buffer (with NaCl) 

respectively were put in an ice bucket filled with ice. The membrane protein 

preparations were obtained from the -80 oC freezer, thawed, and then transferred to a 

spin tubes containing 4 mL membrane buffer. The membrane preparations have to be 

kept on ice all the time. The membrane protein preparations weere then homogenized, 

2 mL membrane buffer was used to rinse the homogenizer, the membrane preparations 

were then centrifuged at 50000 x g for 10 mins. After centrifugation, the supernatant 

was poured away and then 4 mL of TME buffer (with NaCl) was added to the membrane 

protein pellet. The membrane protein was homogenized and the homogenizer rinsed 

with 2 mL TME buffer (with NaCl). The Bradford assay was then conducted to 

determine the concentration of the membrane protein. In Bradford assay, varying 

concentrations of BSA were used to construct a standard curve which was used to 

determine the concentration of the membrane protein preparations. Distilled water was 

used to dilute BSA. A stock solution 10 times the desired concentration of [35S]GTPS 

was prepared by adding a specific volume of TME buffer (with NaCl) (the volume of 

buffer used depends on the calibration date of [35S]GTPS) to the 15 ml vials containing 

pre-aliquoted [35S]GTPS. 50 µL of [35S]GTPS  was then transferred into three 

scintillation vials and then filled with 4 mL of scintillation fluid. The radioactivity was 

determined using the liquid scintillation counter. The DPM per tube was initially 

measured to make sure the value was between 115000 and 135000 before the assay 
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was continued. A stock solution 10 times the desired concentration of cold GTPS used 

for non-specific binding was prepared and placed on ice. A stock solution 10 times the 

desired concentration of DAMGO and GDP were made and also placed on ice. Test-

tubes were added to the test-tube rack and labeled accordingly. Three sets of test-tube 

racks were used, one for the drug curve, one for the experiment, and another for 

incubation. Drug dilutions of the compounds (naltrexamine analogs) and the membrane 

protein were made accordingly. The desired amount of the protein per tube was 10 µg. 

All concentrations prepared were 10 times the desired amount since there was a 10-fold 

dilution when compounds were added to the experimental rack. TME buffer (with NaCl) 

was used for all the dilutions required. Once all the protein, [35S]GTPS, GDP, cold 

GTPS, and compound dilutions were made, 250 mL TME buffer (with NaCl) was added 

to each of the test-tubes in the experimental racks. 50 µL of GDP was also added to all 

the test-tubes in the experimental racks. 50 µL of cold GTPS and naltrexamine analog 

compounds were also added to their respective test-tubes in the experimental racks. 50 

µL [35S]GTPS was then added to all the test-tubes and to 3 scintillation vials (these 

vials will be used as standards). 4 mL Scintillation fluid was then added to these vials. 

Finally, 100 µL of membrane protein was added to all the test-tubes to afford a total 

volume of 500 µL. All the test-tubes were then vortexed, rearranged into the test-tube 

rack for incubation and placed in the shaking water bath at 30 oC for 90 minutes. The 

blue racks were filled with scintillation vials making sure the first and last slots are left 

open. 10 minutes before incubation was complete, the tubes of Brandel harvester were 

rinsed with 70% ethanol then distilled water. GF/B glass filter paper was then fixed onto 

the harvester and rinsed with cold Tris buffer. After 90 minutes of incubation, the bound 
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radioligand was filtered and rinsed three times with cold Tris buffer. The filtered bound 

radioligand was then transferred into the scintillation tubes using the puncher/filler and 

the tubes were then filled with 4 mL of scintillation fluid and capped. The scintillation 

tubes were labelled and the bound radioligand was quantified using the liquid 

scintillation counter. Counting was delayed for 9 hrs to allow the radioactivity to get into 

solution. Percent DAMGO stimulation was defined as (net stimulated binding of test 

compound/ net stimulated binding of DAMGO) x 100%. The normalized data were then 

subjected to nonlinear regression analysis to determine EC50 and Emax values using 

Prism 6.0 software (GraphPad Software, San Diego, CA).The assay was performed in 

triplicates and repeated at least three times. 

6.4.5 warm-water immersion assay 

Antinociception for the 6α/β-naltrexamine derivatives was determined using the warm-

water tail immersion assay described by Coderre and Rollman.230 The assay was 

conducted using male Swiss Webster mice. The a water bath temperature was 

maintained at 56 ± 0.1 oC. The baseline latency (control) was determined before 

injecting the compounds into the mice. The average baseline latency obtained for this 

experiment was 3.0 ± 0.1 s and only mice with a baseline latency of 2 to 4 s were used. 

To test for agonism, the tail immersion was done 20 min (time that morphine effect 

starts to peak) after injecting the indole analogs of 6α/β-naltrexamine. To prevent tissue 

damage, a 10 s maximum cut off time was imposed. Antinociceptive response was 

calculated as the percentage maximum possible effect (%MPE), where %MPE = [(test –

control)/ (10 – control)] x 100. In the antagonism study, the 6α/β-naltrexamine 

derivatives were given 5 min before morphine. The tail immersion test was then 
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conducted 20 min after giving morphine. %MPE was calculated for each mouse using at 

least five mice per drug. AD50 values were calculated using the least-squares linear 

regression analysis followed by calculation of 95% confidence interval by Bliss method. 

6.4.6 Opioid withdrawal assay 

Male Swiss Webster mice were used in this study. A 75 mg morphine pellet was 

implanted in to the base of the neck of the mice and the mice were then given time to 

recover in their home cages before the test was conducted. The mice were then allowed 

for 30 min habituation to an open-topped, square, clear Plexiglas observation chamber 

(26 x 26 x 26 cm3) with lines partitioning the bottom into quadrants before they were 

given antagonist. All drugs and test compounds were administered subcutaneously 

(s.c.). Withdrawal was precipitated at 72 h from pellet implantation with naltrexone (1.0 

mg/kg, s.c.), and the test compounds at indicated doses. Withdrawal commenced within 

3 min after antagonist administration. Escape jumps, paw tremors and wet dog shakes 

were quantified by counting their occurrences over 20 min for each mouse using five 

mice per drug. The data is given as the mean ± SEM. One-way ANOVA followed by the 

post hoc Dunnett test were performed to assess significance using the Prism 6.0 

software. 

6.5 Molecular modeling study 

Molecular modeling studies were conducted to observe the binding interactions of 

compound 6 with MOR which might help in understanding its molecular mechanism of 

action. Chemical structures of the compounds were sketched in SybylX-2.1, and 

Gasteiger−Hückel charges were assigned before energy minimization (100 000 

iterations) with the Tripos Force Fields. The X-ray crystal structure for MOR (4DKL) was 
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retrieved from the Protein Data Bank (PDB) and prepared for docking by adding 

hydrogens and deleting water molecules and bound ligands inside the binding pocket.  

6.5.1 Molecular docking study 

Automated docking on MOR was done utilizing genetic algorithm docking program 

GOLD 5.4. The binding site was defined to include all atoms within 10 Å of the γ-carbon 

atom of Asp147 along with a hydrogen bond constraint between the 17-N of the ligand’s 

morphinan skeleton and the carboxylate group of Asp147. Compound 6 was docked 50 

times into MOR. The best CHEM-PLP scored solutions were chosen for further 

analyses. Pictures were generated using PyMOL Molecular Graphics System, version 

1.7.4.5211  

6.5.2 Molecular dynamics simulation 

The best CHEM-PLP-scored solutions for binding pose 1 and 2 were chosen for 

molecular dynamics (MD) studies. Force field parameter and topology files for 

compound 6 were generated utilizing CGenFF. Coordinates for the spatial arrangement 

of the receptors within the lipid bilayer were retrieved from the Orientations of Proteins 

in Membranes (OPM) database. The simulation system, consisting of the receptor–

ligand complex embedded in a lipid (POPC) bilayer surrounded with saline solution 

(0.15 MNaCl) was created in VMD 1.9.3 using the CHARMM force field topology file. All 

simulations were performed under hybrid CHARMM force field parameters that included 

protein, lipids and ligand with a time-step of 2 femtoseconds (fs). Periodic boundary 

conditions were employed, and Particle Mesh Ewald (PME) summation was used to 

calculate long-range electrostatic interactions. Non-bonded interactions were calculated 

with a smooth cutoff at 14 Å with a frequency of 2 fs. The temperature was maintained 
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at 310 K via Langevin dynamics. All molecular modeling simulations were performed 

using NAMD 2.8. MD simulations were carried out in four stages. In the first stage, 

equilibration of the fluid-like lipid bilayer was performed via minimization (1000 

iterations) followed by NPT equilibration (pressure equilibration, 0.5 ns) of the lipid tails 

only. In the second stage, an NPT equilibration of the system was run for a period of 1 

ns with harmonic constraints placed on protein and NNQ atoms (5 kcal/(mol-Å)). The 

harmonic restraint was released in stage 3 and the entire system was equilibrated using 

the NVT canonical ensemble for a further 1 ns. The final production run was conducted 

for 10 ns using an NVT ensemble. Energy landscape analysis was performed using the 

NAMD Energy 1.4 plug-in; non-bonded interaction analyses were performed at various 

distances with a dielectric constant of 6.5. The best-scored poses based on the NAMD 

non-bonded interactions were selected for further analysis. Figures were generated 

using the PyMOL Molecular Graphics System, Version 1.3. 

6.6 QSPKR study 

Values for molecular weight (MW), clogP, pKa, LogD7.0 solubility at pH of 7 [g/L], 

hydrogen bond donors (HBD) , and hydrogen bond acceptors (HBA) were obtained by 

first drawing the structures of the opioid compounds in the existing databases in 

Chemdraw 13.0, and their physicochemical properties were determined in Scifinder 

using the Scifinder search tool in Chemdraw. The physicochemical properties obtained 

were used to predict whether the compounds will pass Lipinsky’s rule of 5, GI 

permeability and CNS penetration: Compounds with molecular weight (MW) exceeding 

500 Da, more than five hydrogen bond donors (HBD, expressed as the sum of hydroxyl 

and amino groups present in a molecule), octanol–water partition coefficient (clogP) 
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greater 5 and more than 10 hydrogen bond acceptors (HBD, expressed as the sum of 

nitrogen and oxygen atoms in the molecule) failed the Lipinsky’s rule of 5. To access GI 

permeability, 0 > logD < 3 was used as the criteria. Compounds with logD out of this 

range failed the test.226 Norinder and Haeberlein rule was used to predict CNS 

permeability: If N + O (the number of nitrogen and oxygen atoms) in a molecule is less 

than or equal to 5, it has a high chance of entering the brain.227 All the compounds failed 

this test, including NTX, which is known to penetrate the CNS - suggesting that this in-

silico screen may not be useful. 

 

The values for logD7.4 were calculated using the equation: LogD7.4 = clogP -

log(1+10^(pKa-7.4)). 

Values for Dmax
sol [mg], i.e., the maximally soluble dose in the GI tract, were calculated 

using the lowest solubility within a pH range of 1-8 [g/L] multiplied by 250 mL (estimated 

volume of GI fluid.
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QSPKR Table

 

Compound ID MW cLogP pKa logD7.4 HBD HBA O+N nRot CI/AI LogD7.0Sol at pH7 [g/L] Note1 Note2 Lipinsky RO5 GI Perm Dmax
sol

 [mg] CNSPen fu [%] Vdss
u
 [L/kg] CLren

u
 [mL/minkg] CLnonren

u 
[mL/minkg] CLtot

u
 [mL/min/kg] Vdss [L/kg] CLtot [mL/min/kg] syst t1/2 [min]

1. VZMN001 342 0.49 7.99 -0.20 4 5 5 5 CI -1.11 120 amine at position 6 Pass Pass 30000 Fail 69% 2.1 1.7 9.9 16.3 1.4 11.3 89

2. VZMN002 342 0.49 7.99 -0.20 4 5 5 5 CI -1.11 120 amine at position  6 Pass Pass 30000 Fail 69% 2.1 1.7 9.9 16.3 1.4 11.3 89

39. VZMN045 449 0.31 7.19 0.10 3 8 8 6 N -0.29 5.4 Pass Pass 1350 Fail 65% 2.7 1.8 12.8 19.6 1.8 12.7 96

35. VZMN038 468 1.65 8.57 0.45 3 7 7 6 CI -0.35 47 Pass Pass 11750 Fail 60% 3.6 1.8 17.1 24.1 2.2 14.4 104

34. VZMN037 505 0.85 7.31 0.59 4 9 9 8 N 0.36 1.7 FAIL Pass 425 Fail 58% 4.1 1.8 19.1 26.1 2.4 15.1 108

6. VZMN006 499 1.23 7.72 0.74 3 8 8 6 CI 0.12 0.75 Pass Pass 187.5 Fail 56% 4.6 1.8 21.6 28.5 2.6 15.9 112

7. VZMN007 448 1.04 7.24 0.81 3 7 7 6 N 0.39 2.2 Pass Pass 550 Fail 55% 4.9 1.8 23.0 29.8 2.7 16.3 114

12. VZMN013 448 1.04 7.24 0.81 3 7 7 6 N 0.39 2.2 Pass Pass 550 Fail 55% 4.9 1.8 23.0 29.8 2.7 16.3 114

59. VZMN066 478 1.02 7.11 0.84 3 8 8 7 N 0.44 1.6 Pass Pass 400 Fail 54% 5.0 1.8 23.5 30.3 2.7 16.5 115

43. VZMN049 449 1.08 7.09 0.91 3 8 8 6 N 0.51 1.3 Pass Pass 325 Fail 53% 5.3 1.9 25.0 31.6 2.8 16.9 117

13. VZMN014 448 1.18 7.24 0.95 3 7 7 6 N 0.57 1.8 Pass Pass 450 Fail 53% 5.5 1.9 26.0 32.5 2.9 17.1 118

8. VZMN008 448 1.18 7.17 0.98 3 7 7 6 N 0.57 1.8 Pass Pass 450 Fail 52% 5.7 1.9 26.6 33.0 3.0 17.3 119

33. VZMN036 462 1.29 7.17 1.09 3 7 7 6 N 0.67 1.3 Pass Pass 325 Fail 51% 6.2 1.9 29.0 35.1 3.1 17.9 122

60. VZMN067 559 1.84 7.94 1.19 3 8 8 7 CI 0.36 1.3 FAIL Pass 325 Fail 49% 6.8 1.9 31.7 37.4 3.3 18.5 125

5. VZMN005 498 1.77 7.84 1.20 3 7 7 6 CI 0.61 0.26 Pass Pass 65 Fail 49% 6.8 1.9 31.8 37.5 3.3 18.5 125

11. VZMN011 498 1.77 7.84 1.20 3 7 7 6 CI 0.61 0.26 Pass Pass 65 Fail 49% 6.8 1.9 31.8 37.5 3.3 18.5 125

37. VZMN043 462 1.42 7.17 1.22 3 7 7 6 N 0.80 1.2 Pass Pass 300 Fail 49% 6.9 1.9 32.3 37.9 3.4 18.6 126

26. VZMN029 448 1.52 7.29 1.27 3 7 7 6 N 0.88 1.4 Pass Pass 350 Fail 48% 7.2 1.9 33.9 39.2 3.5 18.9 128

27. VZMN030 448 1.52 7.29 1.27 3 7 7 6 N 0.88 1.4 Pass Pass 350 Fail 48% 7.2 1.9 33.9 39.2 3.5 18.9 128

50. VZMN056 473 1.51 7.12 1.33 3 8 8 6 N 0.92 0.28 Pass Pass 70 Fail 47% 7.6 1.9 35.6 40.6 3.6 19.3 130

49. VZMN055 516 2.00 7.94 1.35 3 7 7 6 CI 0.55 2.9 FAIL Pass 725 Fail 47% 7.7 1.9 36.0 41.0 3.6 19.4 130

30. VZMN033 482 1.59 7.09 1.42 3 7 7 6 N 1.03 0.41 Pass Pass 102.5 Fail 46% 8.2 1.9 38.2 42.8 3.8 19.8 132

32. VZMN035 462 1.69 7.34 1.42 3 7 7 7 N 0.97 0.96 Pass Pass 240 Fail 46% 8.2 1.9 38.4 42.9 3.8 19.8 133

31. VZMN034 526 1.70 7.08 1.53 3 7 7 6 N 1.14 0.46 FAIL Pass 115 Fail 45% 9.0 1.9 42.0 45.7 4.0 20.4 136

55. VZMN061 558 2.16 7.85 1.57 3 9 9 8 CI 1.02 0.2 FAIL Pass 50 Fail 44% 9.3 1.9 43.6 47.0 4.1 20.7 138

3. VZMN003 498 2.16 7.79 1.62 3 7 7 6 CI 1.06 0.16 Pass Pass 40 Fail 43% 9.7 1.9 45.4 48.4 4.2 20.9 139

9. VZMN009 498 2.16 7.79 1.62 3 7 7 6 CI 1.06 0.16 Pass Pass 40 Fail 43% 9.7 1.9 45.4 48.4 4.2 20.9 139

0. NTX 341 2.05 7.50 1.69 2 5 5 4 N 1.32 1.8 ketone at position 6 DD Pass Pass 450 Fail 42% 10.3 1.9 48.2 50.5 4.4 21.3 142

38. VZMN044 476 2.01 7.36 1.72 3 7 7 8 CI 1.24 0.62 Pass Pass 155 Fail 42% 10.6 1.9 49.4 51.3 4.4 21.5 143

23. VZMN026 447 2.04 7.35 1.76 3 6 6 6 N 1.30 0.34 Pass Pass 85 Fail 41% 10.9 2.0 51.0 52.5 4.5 21.7 144

25. VZMN028 447 2.04 7.35 1.76 3 6 6 6 N 1.30 0.34 Pass Pass 85 Fail 41% 10.9 2.0 51.0 52.5 4.5 21.7 144

36. VZMN042 482 1.97 7.13 1.79 3 7 7 6 N 1.39 0.31 Pass Pass 77.5 Fail 41% 11.2 2.0 52.0 53.3 4.6 21.8 145

29. VZMN032 526 1.99 7.12 1.81 3 7 7 6 N 1.41 0.38 FAIL Pass 95 Fail 41% 11.4 2.0 53.0 54.0 4.6 22.0 146

53. VZMN059 543 2.45 7.85 1.87 3 10 10 7 CI 1.32 0.06 FAIL Pass 15 Fail 40% 12.0 2.0 55.7 56.0 4.8 22.3 148

54. VZMN060 543 2.45 7.85 1.87 3 10 10 7 CI 1.32 0.06 FAIL Pass 15 Fail 40% 12.0 2.0 55.7 56.0 4.8 22.3 148

64. VZMN072 499 2.37 7.73 1.88 3 8 8 6 CI 1.33 0.048 Pass Pass 12 Fail 40% 12.1 2.0 56.1 56.3 4.8 22.3 148

63. VZMN071 514 2.61 7.95 1.95 4 8 8 7 CI 0.49 0.021 FAIL Pass 5.25 Fail 39% 12.8 2.0 59.7 58.8 5.0 22.7 151

42. VZMN048 478 2.17 7.14 1.98 3 8 8 7 N 1.57 0.57 Pass Pass 142.5 Fail 38% 13.1 2.0 61.1 59.8 5.0 22.8 152

48. VZMN054 555 2.63 7.92 2.00 4 9 9 8 CI 1.66 0.13 FAIL Pass 32.5 Fail 38% 13.3 2.0 61.9 60.4 5.1 22.9 153

58. VZMN064 541 2.67 7.88 2.06 3 8 8 7 CI 1.51 0.065 FAIL Pass 16.25 Fail 37% 14.1 2.0 65.4 62.8 5.2 23.3 155

4. VZMN004 498 2.71 7.89 2.10 3 7 7 6 CI 1.55 0.19 Pass Pass 47.5 Fail 37% 14.5 2.0 67.3 64.1 5.3 23.4 157

10. VZMN010 498 2.71 7.89 2.10 3 7 7 6 CI 1.55 0.19 Pass Pass 47.5 Fail 37% 14.5 2.0 67.3 64.1 5.3 23.4 157

71. VZMN096 486 3.09 7.99 2.40 4 7 7 4 CI 1.76 0.26 Pass FAIL 65 Fail 32% 18.7 2.0 86.7 76.7 6.0 24.7 169

70. VZMN078 523 3.04 7.75 2.53 3 8 8 6 CI 1.92 0.029 FAIL FAIL 7.25 Fail 30% 20.8 2.0 96.5 82.8 6.3 25.2 174

69. VZMN077 512 3.09 7.80 2.54 3 7 7 6 CI 1.98 0.097 FAIL FAIL 24.25 Fail 30% 21.2 2.0 98.0 83.7 6.4 25.3 175

22. VZMN025 497 3.22 7.93 2.58 3 6 6 6 CI 1.97 0.045 Pass FAIL 11.25 Fail 30% 21.8 2.1 101.1 85.6 6.5 25.4 177

24. VZMN027 497 3.22 7.93 2.58 3 6 6 6 CI 1.97 0.045 Pass FAIL 11.25 Fail 30% 21.8 2.1 101.1 85.6 6.5 25.4 177

41. VZMN047 446 2.87 7.06 2.70 2 7 7 5 N 2.36 0.12 ketone at position 6 Pass Pass 30 Fail 28% 24.2 2.1 111.7 91.9 6.8 25.7 182

62. VZMN069 512 3.42 7.93 2.77 3 7 7 7 CI 2.17 0.082 FAIL FAIL 20.5 Fail 27% 25.7 2.1 118.5 95.9 6.9 25.8 185

61. VZMN068 526 3.53 7.96 2.86 3 7 7 8 CI 2.25 0.063 FAIL FAIL 15.75 Fail 26% 27.6 2.1 127.4 101.0 7.1 26.0 189

40. VZMN046 446 3.01 6.88 2.90 2 7 7 5 N 2.57 0.094 ketone at position 6 Pass FAIL 23.5 Fail 25% 28.5 2.1 131.5 103.3 7.2 26.0 191

57. VZMN063 562 3.43 7.78 2.90 3 8 8 7 CI 2.34 0.025 FAIL FAIL 6.25 Fail 25% 28.5 2.1 131.7 103.4 7.2 26.0 191

65. VZMN073 532 3.50 7.84 2.92 3 7 7 6 CI 2.37 0.033 FAIL FAIL 8.25 Fail 25% 29.1 2.1 134.2 104.8 7.2 26.0 192

56. VZMN062 548 3.61 7.90 2.99 4 8 8 7 CI 1.37 4.70E-03 FAIL FAIL 1.175 Fail 24% 30.9 2.1 142.3 109.3 7.4 26.0 196

46. VZMN052 446 3.35 7.18 3.15 2 7 7 5 N 2.84 0.08 ketone at position 6 Pass FAIL 20 Fail 22% 35.2 2.1 162.1 119.9 7.6 25.9 204

44. VZMN050 496 3.60 7.66 3.15 2 7 7 5 CI 2.61 0.013 ketone at position 6 Pass FAIL 3.25 Fail 22% 35.3 2.1 162.4 120.1 7.6 25.9 204

28. VZMN031 446 3.69 7.35 3.42 1 7 7 6 N 3.61 0.03 ketone at position 6 Pass FAIL 7.5 Fail 18% 44.2 2.2 203.0 140.8 7.9 25.0 218

68. VZMN076 503 3.70 7.26 3.46 3 9 9 7 N 3.18 0.046 ketone at position 6 FAIL FAIL 11.5 Fail 17% 45.9 2.2 210.7 144.5 7.9 24.8 220

47. VZMN053 445 3.87 7.34 3.60 2 6 6 5 N 3.23 0.021 ketone at position 6 Pass FAIL 5.25 Fail 15% 51.4 2.2 235.9 156.7 7.8 23.9 228

52. VZMN058 496 3.99 7.53 3.62 2 7 7 5 CI 3.13 7.40E-03 ketone at position 6 Pass FAIL 1.85 Fail 15% 52.5 2.2 240.5 158.9 7.8 23.7 229

19. VZMN022 446 3.85 6.26 3.82 1 7 7 6 N 3.77 0.011 ketone at position 6 Pass FAIL 2.75 Fail 12% 62.0 2.2 283.7 178.7 7.5 21.6 240

17. VZMN020 446 3.86 6.34 3.82 1 7 7 6 N 3.77 0.011 ketone at position 6 Pass FAIL 2.75 Fail 12% 62.3 2.2 285.1 179.3 7.5 21.5 241

45. VZMN051 496 4.54 7.78 4.00 2 7 7 5 CI 3.54 9.90E-03 ketone at position 6 Pass FAIL 2.475 Fail 9% 72.6 2.2 331.6 199.8 6.8 18.8 252

66. VZMN074 460 4.48 7.30 4.23 2 7 7 6 N 3.96 0.021 ketone at position 6 Pass FAIL 5.25 Fail 6% 87.8 2.3 400.3 228.5 5.5 14.2 266

67. VZMN075 474 4.59 7.36 4.31 2 7 7 7 CI 4.02 0.016 ketone at position 6 Pass FAIL 4 Fail 5% 94.0 2.3 428.5 239.8 4.8 12.2 272

51. VZMN057 495 5.05 7.88 4.45 2 6 6 5 CI 3.88 3.00E-03 ketone at position 6 FAIL FAIL 0.75 Fail 3% 105.5 2.3 480.5 260.2 3.3 8.1 281

15. VZMN017 497 4.58 6.94 4.45 1 7 7 6 N 4.32 6.00E-04 ketone at position 6 Pass FAIL 0.15 Fail 3% 106.0 2.3 482.5 261.0 3.2 8.0 281

18. VZMN021 497 4.88 6.97 4.74 1 7 7 6 N 4.62 7.40E-04 ketone at position 6 Pass FAIL 0.185 Fail 1% 135.0 2.3 613.2 309.7 1.4 3.1 302

21. VZMN024 446 5.20 6.75 5.11 1 6 6 6 N 5.01 1.30E-03 ketone at position 6 FAIL FAIL 0.325 Fail 1% 184.0 2.4 832.7 385.2 1.8 3.9 331

16. VZMN019 550 6.16 6.65 6.09 0 7 7 8 N 6.00 5.20E-06 ketone at position 6 ester at position 3 FAIL FAIL 0.0013 Fail 1% 420.8 2.5 1888.5 690.8 4.2 6.9 422

20. VZMN023 496 6.38 7.05 6.22 1 6 6 6 N 6.06 6.90E-05 ketone at position 6 FAIL FAIL 0.01725 Fail 1% 469.9 2.5 2106.3 746.7 4.7 7.5 436

14. VZMN016 497 6.42 6.87 6.30 1 7 7 6 N 6.19 1.20E-04 ketone at position 6 FAIL FAIL 0.03 Fail 1% 505.2 2.6 2263.3 786.0 5.1 7.9 446

mean 483 2.69 7.47 2.31 3 7 7 6 1.83 5.E+00 1127

min 341 0.31 6.26 -0.20 0 5 5 4 -1.11 5.E-06 0.0013

max 562 6.42 8.57 6.30 4 10 10 8 6.19 1.E+02 30000

All compounds are Ioniziable as tertiary amine in position 17

with pKa between 6.5-8.0, i.e., cations at low pH, neutral at high pH

phenolic OH (acidic) has pKa outside physiological range 

Quantitative Structure Pharmacokinetic Relationship (QSPKR) TABLE
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