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Abbreviations used for amino acids are according to the rules specified by the IUPAC-

IUB Joint Commission of Biochemical Nomenclature. All amino acids are in the L-

configuration unless otherwise specified. 
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BOP  benzotriazole-1-yl-oxy-tris-(dimethylamino)-phosphonium 

hexafluorophosphate 

PyBOP benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexaflurophosphate 

HCTU 1H-benzotriazolium-1-[bis(dimethylamino)methylene]-5-chloro-

hexafluorophosphate-(1-),3-oxide 

BBB blood brain barrier 

Boc  t-butyloxycarbonyl 

CCDC  cambridge crystallographic data centre  

CB  cannabinoid 

CHO  chinese hamster ovary 

HOCt   6-chloro-1-hydroxybenzotriazole 

CCK  cholecystokinin 

COX  cyclooxygenase 

DAMGO [DAla2,NMePhe4,Gly5-ol]enkephalin 
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DRG  dorsal root ganglion 

DYN  dynorphin 
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β-EP  β-endorphin 

EM  endomorphin 

EtOAc  ethyl acetate 

ESI-MS electron spray ionization – mass spectrometry 

EXINs  excitatory interneurones 

DPDPE c[DPen2,DPen5]enkephalin 

Fmoc   9-fluorenylmethoxycarbonyl 

FDA   Food and Drug Administration 

GLU  glutamate 

GPI  guinea pig ileum 

HRMS high-resolution mass spectroscopy 
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Hist  histamine 

hDOR  human δ-opioid receptor 
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hexafluorophosphate 
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GABA  γ-hydroxy-butyric acid 

IC50  50% inhibitory concentration 
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I.p intraperitoneal 

LOX  lipoxygenase 

LMMP longitudinal muscle with myentericplexus 

NMM   N-methyl morpholine 

MVD   mouse vas deferens 

Musc  muscarinic 

MOR  mu opioid receptor 

NK1 neurokinin-1 

NPVF  neuropeptide VF  

NT  neurotensin 

Nic  nicotinic 

NO  nitric oxide 

NSAIDs non steroidal anti-inflammatory drugs 
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NA  noradrenaline 

NMR   nuclear magnetic resonance spectroscopy 

NMDA N-methyl-d-aspartate 

OFQ  orphanin FQ 

PAF  primary afferent fibre  

PNs  projection neurons,   

rMOR   rat μ-opioid receptor 

RP-HPLC reverse-phase high-performance liquid chromatography 

ROESY  rotating frame overhause effect spectroscopy 

NaBH4 sodium borohydride 

NaHMDS sodium bis(trimethylsilyl)amide 

NaCl  sodium chloride 

SPPS solid-phase peptide synthesis 

SAR structure activity relation 

SP  substance P 
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THF  tetrahydrofuran 

Tic  1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid 

TLC   thin layer chromatography 

TOCSY  total correlation spectroscopy 

TEA  triethylamine 

TFA  trifluoroacetic acid 
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ABSTRACT 

Currently, opioids are extensively used in clinical practices in order to treat pain in 

patients. However, prolonged administration of opioids are not feasible due to the 

development of side effects especially tolerance, constipation, addiction and dependence. 

Our drug design is mainly aimed to reduce opioid induce side effects such as 

development of tolerance. 

The first strategy examined involves design and synthesis of peptide based single 

molecules that have a mu agonist and delta agonist pharmacophore in combination with a 

COX2 inhibitory pharmacophore. A new molecule, 3-17 having good delta agonist 

activity, partial COX2 inhibitory activity and weak mu agonist activity was produced. 

Moreover, Investigation of the bioactivities of the synthesized ligands including 3-17 in 

terms of their ligand receptor interactions were probed using NMR conformational 

analysis along with docking analysis to the respective homology modeled mu and delta 

opioid receptors as well as the COX2 enzyme. As a further continuation of this work, 

instead of peptide based mu agonist and delta agonist type pharmacophore, the highly mu 

selective fentanyl pharmacophore was used in combination with a pyrazole based and a 

pyrazolone based COX pharmacophore. Based on the SAR study and docking analysis of 

synthesized ligands to the homology modeled mu opioid receptor, an ideal tolerant 

position without significant loss of mu opioid agonist activity for fentanyl were found.  

The second strategy involves design and synthesis of a peptide based single molecule that 

has a mu agonist and a delta antagonist pharmacophore in combination with a NK1 

antagonist pharmacophore. A novel molecule (4-2) containing delta antagonist activity, 
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weak mu agonist activity and NK1 antagonist activity was identified. Its homology 

modeled mu opioid receptor bound conformation was compared with that of reference 

ligands. Docking analysis of modified 4-2 to the homology modeled mu opioid receptor 

revealed that it can be further modified to obtain better mu agonist activity.  4-2 showed 

antinociception for 45 min period of time after injection in tail flick assay.           

In addition to studies that were directed to avoid tolerance development due to opioid 

administration, peptide based potential analgesics such as biphalin was modified by 

introducing more peptidomimetic character in order to enhance its blood brain barrier 

permeability and proteolytic stability. The novel molecule (6-7) was produced in this 

study and its antinociception lasted for 30 min period of time after injection in the tail 

flick assay.  
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1 CHAPTER 1 

1.1 PAIN PERCEPTION 
 
Pain is defined in the Merrian Webster dictionary as a basic bodily sensation induced by 

a noxious stimulus, received by naked nerve endings, characterized by physical 

discomfort (as pricking, throbbing, or aching), and typically leading to evasive action1. 

According to the International Association for the Study of Pain(IASP), pain is defined as 

“unpleasant sensory and emotional experience associated with actual or potential tissue 

damage, or described in terms of such damage”2. In the United States, billions of dollars 

are spent yearly for pain medications. But, still there are unmet pain medication needs. 

Daily social activities, mood and behavior are greatly affected by chronic pain. Pain is an 

essential part in survival. When there is an injury, the brain provides a signal as pain to 

direct our attention. Pain supports the process of wound healing at the site of injury via 

avoiding any further contacts to the injured tissue.   

Pain perception or nociception process generally starts when primary sensory 

neurons/nerves known as nociceptors are activated by nociceptive stimuli. Examples 

include thermal stimuli, mechanical stimuli, and chemical stimuli. Nociceptors have a 

characteristic threshold and sensitivities that are different from sensory nerve fibres (see 

Figure 1.1-1 below). For example among all the peripheral nerves such as lightly 

myelinated, small diameter Aδ fibres, myelinated large diameter (Aα, Aβ) fibres and 

unmyelinated small diameter C fibers, Aδ and C fibres are considered to be the 

nociceptors and facilitate pain transmission.  
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Figure 1.1-1. Different nociceptors, their characteristic threshold, sensitivities and 

conduction velocities towards pain 3. 

Because of the different pain conduction velocities of the nociceptors, a person can 

perceive pain as a first and second pain. For example sensitization of the Aδ fibres 



31 
 

provides the first pain as it rapidly conducts pain signal where as sensitization of the C 

fibres provides the second pain as it slowly conducts the pain signal (see Figure 1.1-1). 

Here Aδ and C fibres both respond to the mechanical, thermal and chemical stimuli. 

There are two types of pain experienced by human beings; acute pain and chronic pain. 

Acute pain will last only for a short period of time. If the pain prevails months or years, 

and if it is destructive to one’s health and makes one disabled, we consider that kind of 

pain as chronic pain. Pain can originate from central or peripheral locations. Peripheral 

pain can arise due to injuries to the peripheral nerves, and central pain arises due to the 

injuries to the spinal cord or CNS or its dysfunction.  

Generally inflammation processes start following tissue injuries in the periphery. These 

processes generate a large amount of inflammatory mediators (e.g. bradykinin, 

arachidonic acid, serotonin, prostaglandins etc.), nerve growth factors, extracellular 

protons and nucleotides. These mediators can increase the sensitivity, excitability and 

firing rate of the neurons. When signal reaches to the axon of a primary neuron, the signal 

further propagates to the secondary neurons by using neurotransmitters released at the 

presynaptic neurons, e.g. substance P, CGRP, glutamate etc4.  These released 

neurotransmitters interact further with the receptors at the postsynaptic neurons, carrying 

the pain signal. Moreover, these mediators increase excitability of the neurons, decrease 

the threshold of activating neurons, causing more sensitization. Pain signals transduce 

spinally to the hypothalamus and finally to the cerebral cortex where pain perception 

occurs.  
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Figure 1.1-2. Pain processing centers6 

 
Pain processing can start at the peripheral, spinal and supraspinal levels6 (see Figure 1.1-

2). For example, COX inhibitors can process pain by blocking the pain perception via 

inhibiting PGs sensitizing the nociceptors at the periphery, whereas opioids promote  

antinociception by acting on the spinal and supraspinal sites. 

In addition, one can attenuate pain perception by electrical stimulation to the 

periaqueductal gray. By stimulation of the lateral hypothalamus, one can promote 

antinociception. Two different pathways associated with pain are important. They are 
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ascending and descending pathways. Pain signals which go from periphery to brain via 

spinothalmic pathway known as ascending pathway can be modulated by fibres from the 

descending pathway. The descending pathway which lies through periaqueductal grey 

(PAG) and rostral ventral medulla (RVM) can modulate the ascending pathway of pain 

perception either by facilitation or inhibition of pain. The fibres in the descending brain 

have powerful modulatory effects towards the dorsal horn neurons and primary afferent 

fibres that carry nociponsive response toward the brain. Descending inhibition (DI) can 

reduce the release of pronociceptive mediators from the primary afferent fibres and 

reduce the excitation of the projection neurons (PN) (see figure 1.1-3). 

 
 For natural endogenous systems such as the enkephalins, antinociception is due to the 

descending inhibition in pain signaling in the ascending pathway of the pain perception. 

In addition the descending facilitatory (DF) pathway promotes the pain signal by 

increased pain transmission in the spinal cord. Descending facilitation can be invoked by 

peripheral and visceral tissues inflammation.7-16 Further, the DF promotes hyperalgesia 

and allodynia.  Allodynia is defined as pain due to non-painful stimuli which arises due to 

lowering of the threshold for the nociceptive stimuli of the Aβ type nerve fibres17-20 (e.g. 

a simple touch can invoke pain). One probable cause of allodynia may be increased 

expression of substance P pain signaling and we will describe creation of novel ligands 

which act as antagonist for substance P receptor in the later chapters. Hyperalgesia is 

increased pain due to painful stimuli. This arises due to the lowering of the threshold of 

the C fiber for nociceptor stimuli.  
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Figure 1.1-3. Neuromodulators involved in the modulation of the activity of pathways 

mediating descending inhibition as compared to descending facilitation19 

 
There is always a balance between the descending inhibition and descending facilitation 

(DF). This equilibrium can be reversibly or irreversibly shifted by the internal or external 

environment of the organism. Under inflammatory conditions, the net direction of 

descending pathway is running towards descending facilitation. Many neurotransmitters 

such as substance P, cholecystokinin, N-methyl-D-aspartic acid receptors, nitric oxide, 

and dynorphin can be affected due to the mechanism of DF. Some neurotransmitters  

enhance descending facilitation or enhance inhibition21 (For example 5 HT). In addition 

to neuronal cells, non-neuronal cells like glial cells release cytokines at the inflammatory 

sites and participate in pain signaling22. They also can modulate the many 
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neurotransmitters in the descending pathway. Since many neurotransmitters and receptors 

are involved in the pain pathway, it is not appropriate to focus designing ligands only to a 

one receptor as a pain relieving agent. Ideally, one has to design ligands targeting 

multiple receptors to modulate multiple pathways of pain transmission in order to have 

better analgesic properties.23- 24  

Spontaneous chronic pain such as neuropathic pain, can be described as a burning, 

shooting, tingling or shock-like pain. This condition affects 2%-3% of the population.25 It 

arises primarily due to nerve injuries directly to peripheral or central nerves (due to spinal 

cord injury) or as a consequence of a diseases such as diabetics, cancer, HIV, complex 

regional pain syndromes, etc.26 Unlike inflammatory pain due to tissue injury, 

neuropathic pain and its symptoms lasts long even after the nerve damage has healed. 

The problem with neuropathic pain is that there is no effective drug on the market today 

to completely cure it. It is manifested by two major characteristic symptoms, allodynia 

and hyperalgesia (as we discussed above) which are common symptoms associated with  

inflammatory pain. Our study will concentrate on novel opioid and nonopioid based 

trifunctional molecules for chronic pain such as neuropathic pain.  

1.2 Opioids  
 
Many medications are available for acute pain and neuropathic pain today including 

anticonvulsants, local anesthetics, antidepressants, opioids and NSAIDs. Pain 

medications are not uniformly effective for different pain conditions.23      

Opioids are well known for their pain relieving effects. Occasionally, they have been 

used for diarrhea. Their analgesic effect is helpful to overcome moderate to severe pain in 
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patients. Opioids are not very efficacious for chronic pain such as neuropathic pain. They 

interact presumably with the mu opioid receptor and mediate the biological effect via this 

receptor. Opioid receptors belong to the G protein coupled receptor superfamily.27  

There are three distinct types of opioid receptor subtypes, which are designated mu, delta 

and kappa opioid receptors28(see Table 1.2-1). Extensive studies have revealed that the 

opioid receptors are localized in the entire nervous system including spinal and supra 

spinal sites. For example the mu opioid receptor is localized in the outer laminae of the 

dorsal horns in the spine, whereas the delta opioid receptor is diffusely distributed 

throughout the dorsal horn29-30. Similarly, opioid receptors are expressed in the 

supraspinal sites29-35 such as the frontal cortex, hippocampus, thalamus, hypothalamus, 

periaquedutral gray (PAG), nuclear and rapha magneus (NRM) and influence powerful 

modulatory effect (descending inhibition) on ascending pain pathways. This is done via 

inhibition of the calcium ion channels in the presynaptic terminal or decrease of the 

release of the substance P, glutamate, calcitonin gene-related peptide (CGRP) pain 

transmitting neurotransmitters from the primary afferent fibres or opening the potassium 

channels of the postsynaptic terminal to hyperpolarize the nociceptors4. Although 

opioids’ function is described as descending inhibition of pain pathways, prolonged 

treatment with opioids results in descending facilitation of pain pathways5 and promotes 

abnormal pain. 

 

Opioids, which activate the receptor upon binding, are designated as agonist. For 

example. fentanyl and morphine.  Others bind to the opioid receptor and do not mediate 
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any biological signal. We call them antagonists. Opioid receptors exist either in active 

conformational form or inactive conformational form depending on the type of ligand 

interaction with the opioid receptor.36 Ligand receptor interactions at the active state of 

the opioid receptor are completely different compared with that of the ligand receptor 

interactions in the inactive state of the opioid receptor37. Also conformations stabilized by 

different agonists are not the same38. 

 

Mu receptor agonists have the greater analgesic effect compared to delta and kappa 

agonists39. In the literature, delta selective receptor agonist are described as analgesic 

agents with no respiratory depression and with less development of tolerance and less 

physical dependence compared to the mu selective agonist, morphine40-44. Kappa agonists 

promote dysphoria which is unfavorable for their development as analgesic agents45-46. 

Some believe that mu and delta receptors are in the near vicinity of each other and can be 

oligomerized47. Others believe that the mu and delta receptors are not nearby48-49.  

Gi/Go type G proteins are coupled to opioid receptors50. There are 3 subunits of G 

proteins known as Gα, Gβ and Gγ. When an opioid agonist binds to the opioid receptor, 

the receptor undergoes a conformational change. Following a conformational change, 

GDP bound to the Gαi associates with the receptor and loses GDP51. Subsequently Gαi 

binds to GTP. Upon GTP binding to the subunit, it separates from the beta and gamma 

subunits. 
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Table 1.2-1. Opioid receptors, pharmacological function and their ligands49 

 
The αiGTP subunit and βγ subunit now have the ability to independently activate or 

inhibit other effector systems (such as ion channels, enzymes). In this case, αiGTP 

decreases the adenylate cyclase enzymes activity and reduces the intracellular cyclic 

adenosine monophosphate (cAMP) formed at the basal state. Because of the reduction of 

intracellular cAMP, there is indirect inhibition of the calcium channel activation and 

reduction of pain transmitting neurotransmitters release52. GTPase activity resides in α 

subunit promoted to degrade GTP to GDP. The latter change induces α subunit to 

reassociate with βγ subunit. Generally, the reassociation of the α and βγ subunit and 

ligand dissociation from the receptor happens at the same time and receptor returning to 

the basal state (see Figure 1.21). 
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Figure 1.2-1. Schematic representation of the ligand –GPCR interaction mediated for a 

G protein coupled receptor 51 

Opioid ligands can be divided into two types. They are alkaloids and peptides. Further, 

these types of opioids can be subdivided to artificial and natural. Examples of natural 

alkaloids are morphine, codeine, thebaine, noscapine and papaverine and examples for  

man-made alkaloids are oxycodone, hydrocodone and pholcodine53, etc.  The examples 

of man-made opioid peptides used as pharmacological tools in drug development and 

discovery are DPDPE, DAMGO, DALDA, DIPP-NH2 (ψ) etc, and examples of natural 

opioid peptides (endogenous neurotransmitters) for the three different opioid receptors 

subtypes are enkephalins derived from the proenkephalin precursor, dynorphins derived 

from the prodynorphin precursor, and beta endorphin all derived from the 

proopiomelanocortin precursor (see Table 1.2-2).  Further, nociceptin is derived from a 

pronocicpetin precursor.  
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Precursor Endogenous peptide Amino acid sequence  Affinity 
for opioid 
receptor 

Pro-enkephalin [Met]enkephalin Tyr-Gly-Gly-Phe-Met δ, μ  
δ>>μ   [Leu]enkephalin Tyr-Gly-Gly-Phe-Leu 

  Tyr-Gly-Gly-Phe-Met-Arg-Phe  
  Tyr-Gly-Gly-Phe-Met-Arg-Gly-

Leu 
 Metorphamide Tyr-Gly-Gly-Phe-Met-Arg-Arg-

Val-NH2 
Pro-
opiomelanocortin 

Beta-endorphin Tyr-Gly-Gly-Phe-Met-Thr-Ser-
Glu-Lys-Ser-Gln-Thr-Pro-Leu-
Val-Thr-Leu-Phe-Lys-Asn-Ala-Ile-
Ile-Lys-Asn-Ala-Tyr-Lys-Lys-Gly-
Glu 

μ, δ 
μ= δ 

Pro-dynorphin Dynorphin A Tyr-Gly-Gly-Phe-Leu-Arg-Arg-
Ile-Arg-Pro-Lys-Leu-Lys-Trp-
Asp-Asn-Gln 

κ,μ, δ 
 

 Dynorphin A (1-8) Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile κ>>μ and 
δ

 Dynorphin B Tyr-Gly-Gly-Phe-Leu-Arg-Arg-
Gln-Phe-Lys-Val-Val-Thr 

κ>>μ and 
δ 

 α-Neoendorphin Tyr-Gly-Gly-Phe-Leu-Arg-Lys-
Tyr-Pro-Lys 

 β-neoendorphin Tyr-Gly-Gly-Phe-Leu-Arg-Lys-
Tyr-Pro 

 [Leu]enkephalin Tyr-Gly-Gly-Phe-Leu 
Pro-nociceptin Nociceptin Phe-Gly-Gly-Phe-Thr-Gly-Ala-

Arg-Lys-Ser-Ala-Arg-Lys-Leu-
Ala-Asn-Gln 

ORL 

Unknown Endormorphin-1 Tyr-Pro-Trp-Phe-NH2 μ 
 Endomorphin-2 Tyr-Pro-Phe-Phe-NH2 

 

Table 1.2-2. Endogenous peptides54 

Currently, information regarding the precursor of endomorphine 1 and 2 is unknown. 

Enkephalins have higher affinity for delta opioid receptors. Dynorphins have lower 

affinity for the mu and delta opioid receptors compared to the kappa opioid receptor. All 

precursor peptides along with their respective neurotransmitters share the common Tyr-

Gly-Gly-Phe tetrapeptide sequence54.This N-terminal tetrapeptide sequence is considered 
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to be the message sequence for the opioid receptor, and the C-terminal residues are 

considered as the address sequence. This message sequence is important in terms of the 

opioid agonist activity. The N-terminal tetrapeptide constitutes a beta turn 

conformation55and by disrupting it, opioid activity is significantly reduced.  

 
 

Figure 1.2-2. Enkephalin55 in DMPC/DHPC bicelles (protein data bank pdb: 1PLW)  

The C-terminal address region is important for the opioid receptor selectivity/specificity. 

In addition, for each and all opioids have well established pharmacophore residues as 

illustrated in Table 1.2-3.  
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According to Table 1.2-3, the residues in position 1 and 4 in the message sequence for the 

opioid receptors are considered to be pharmacophoric residues. They are connected by 

spacer residues to maintain the bioactivity conformation for the opioid receptor. By 

removing the pharmacophore residues of the opioid ligands, one can remove the agonist 

activity of ligands towards the opioid receptors. 

 

 

 

 

 

 

Opioid peptide Message sequence Address sequence 
pharmacophoric 
residues 

Spacer pharmacophoric 
residues 

Leu-enkephalin Tyr Gly-Gly Phe Leu-NH2 
Met-enkephalin Tyr Gly-Gly Phe Met-NH2 
Dynorphin A(1-8) Tyr Gly-Gly Phe Leu-Arg-Arg-Ile 
Deltorphin 1 Tyr D-Ala Phe Asp-Val-Val-Gly-

NH2 
Deltorphin 11 Tyr D-Ala Phe Glu-Val-Val-Gly-NH2

Dermenkephalin Tyr D-Met Phe His-Leu-Met-Asp-
NH2 

β-Casomorphin Tyr Pro Phe Pro-Gly-Phe-Ile-OH 
Morphiceptin Tyr Pro Phe Pro-NH2 
Endomorphin-1 Tyr Pro Trp Phe-NH2 
Endomorphin-2 Tyr Pro Phe Phe-NH2 
Dermorphin Tyr D-Ala Phe Gly-Tyr-Pro-Ser-NH2 

Table 1.2-3. Message and address region of endogenous peptides 54 
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As described above, morphine is a natural alkaloid which is isolated from the opium 

poppy along with other alkaloids. There are morphine derivatives such as codeine and 

thebaine. In addition there are man-made derivatives of morphine derivatives such as 

diacetyl morphine (heroin). See Figure 1.2-3. 

It is believed that the peptide based opioids such as Leu-enkephalin and alkaloid opioids 

such as morphine share the common tyramine moiety and a positively charged N atom 

for opioid activity as exemplified in Figure 1.2-4 below56.  

 
 
 
 
.  
 
 
 
 
 
 

 

Figure 1.2-3. Morphine, Codeine, Thebaine 

O OH

N
Me

H

morphine

HO

H2N

O

Gly-Gly-Pe-Leu-OH

HO

Leu-enkephalin

Figure 1.2-4. The difference between the morphine and Leu-enkephalin 
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Simplification of morphine produces further non-peptide based opioids. E.g. morphinans, 

benzomorphans, 4-phenylpiperidine, 4-anilopiperidine, N-phenylpiperazine and 

methadone.56 See Figure 1.2-5.  

 

 

Levorphanol, pentazocine, miperidine, fentanyl, methadone and propoxyphene (Figure  

1.2-6) are examples of morphinans, benzomorphans, 4-phenylpiperidine, 4 

anilopiperidine, methadone derivatives and methadone derivatives respectively. 

Generally, these non- peptide based alkaloids are more favorable as analgesics compared 

to the peptide based opioids because of their higher stability in vivo and their higher 

permeability of the blood brain barrier.  

Figure 1.2-5. Morphine Derivatives56 
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It is believed that when morphine is administered, its antinociceptive action or efficacy 

comes via by synergistic interactions with spinal and supraspinal sites as it is evidenced 

by increased antinociceptive effect when morphine is administered to both the spinal and 

supraspinal sites compared with when morphine is given to either spinal or supraspinal 

sites57. However, morphine antinociceptive synergy decreases with several 

administrations of morphine due to the development of tolerance.  
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1.3 Development of Tolerance 
 
In this research study, the overall/ultimate objective is to reduce tolerance development 

due to opioids use. Development of tolerance is one of the biggest problems with opioid 

treatment. Due to tolerance, patients need to be administered escalating doses of opioids 

to maintain the same level of antinociception. Tolerance can be seen to develop in animal 

models of antinociception such as tail flick or hot plate tests along with intrathecal 

morphine treatment by shifting the log dose response curves to the right58. For example 

prolonged spinal infusion of DAMGO using an osmotic minipump in rats produces 

antinociceptive tolerance resulting in a rightward shift of the dose-response curve in the 

tail flick assay59. Tolerance can occur over periods of days to weeks60. Reports indicate 

that prolonged treatment with opioids results in unexpected heightened pain or abnormal 

pain61. Patients sometime described this abnormal pain apart from the original pain as a 

burning sensation or intermittent shooting pain. It is believed that this increased pain or 

abnormal pain can be considered as tolerance62. Development of hyperalgesia and 

allodynia with chronic exposure to the opioids may be viewed as abnormal pain and can 

be considered as the tolerance opposed to opioid mediated antinociception63. For 

example, patients treated with 30 mg/mL infusion of morphine resulted in development 

of severe allodynia64. In another case, patients treated with 80 mg/day of morphine 

infusion resulted in spontaneous pain, hyperesthesia and allodynia.65 Similarly, sustained 

opioids treatment resulted in hyperalgesia in animal models66-67. For example, continuous 

spinal infusion of DAMGO or morphine results in exaggerated pain or heightened pain 

accounting for development of thermal hyperalgesia and allodynia59, 66,69. According to 
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Vanderah et al.,68 chronic morphine treatment results in abnormal pain owing to the 

enhancement of the rostral ventral medulla (RVM) mediated descending facilitation. 

Consequently, it produces elevated nociceptive sensitivity and antinociceptive tolerance 

instead of the morphine analgesia.   

There are many underlining mechanisms generally accepted for the development of 

tolerance with opioid treatment. One possible way to develop tolerance to opioid use is 

due to opioid receptor desensitization. There are two types of desensitization described in 

the literature, homologous and heterologous desensitization70-71. Homologous 

desensitization involves phosphorylation of the agonist activated receptor by the G 

protein coupled receptor kinases (GRK) family72. When the receptor is phosphorylated, it 

is dissociated from the G protein via β-arrestins and internalized. These internalized 

receptors can become recycled with the help of the phosphatases, or completely degraded 

by the lysosome. Heterologous type desensitization involves receptor phosphorylation by 

agonist induced second messenger dependent kinases (e.g. map kinases, protein kinase C) 

and alteration of the signal transduction of the receptor70-73.  Phosphorylation of the 

opioid receptor happens in a very short time (15 min) with agonist (morphine) treatment. 

Similarly, desensitization of the opioid receptor can happen within shorter periods of 

time. The degree of the desensitization of the receptor depends on the type of opioid 

ligand. The desensitization of the receptor is greater when more receptor is expressed. In 

some situations, disappearance of the opioid receptor population known as opioid 

receptor down regulation is also correlated with desensitization of the opioid receptors. 

This could be due to dependent or independent involvement of β arrestins.   
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In addition to receptor desensitization, tolerance to opioids can occur due to spinal 

sensitization or expression of unwanted genes that sensitize the nociceptors. Acute 

morphine exposure increased expression of the substance P, CCK etc., and can promote 

the descending facilitation to induce pain74,75,76. Many pain signaling neurotransmitters 

such as CGRP, substance P, NMDA, glutamate, CCK and dynorphin expression are 

inducible when there are injuries.  Therefore, it is imperative to inhibit several pain 

signaling neurotransmitters/pathways to achieve efficacious or optimum pain relieving 

effect.  Several pain transmitting neurotransmitters (or neuromodulators), their 

expression, modulation and their potential applications as inhibitors against opioid 

induced tolerance development are described below.   

1.3.1 Glutamate 
 
The NMDA receptor agonist glutamate is well known for its central sensitization or 

spinal sensitization77-78. Hyperalgesia is due to central sensitization in chronic pain 

situations. Co-administration of NMDA antagonists with opioids can reverse the 

antinociceptive tolerance due to chronic morphine treatment. For example, chronic 

morphine treatment results in antinociceptive tolerance in rats along with thermal 

hyperalgesia, and it is reversed by the NMDA antagonist MK80179. Results suggest that 

chronic morphine treatment results in spinal or central sensitization that is NMDA 

receptor mediated.  
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1.3.2 Substance P  
 
There is a considerable body of evidence that abnormal pain could be NK1 receptor 

mediated, since sustained morphine treatment abolishes the abnormal pain in NK1 

knockout mice80. Similarly, morphine-induced hyperalgesia was reversed by spinal 

administration of an NK-1 receptor antagonist in rats and mice.81 Moreover, chronic 

spinal morphine treatment increases substance P immune reactivity. DRG neurons 

exposed to morphine for 6 days indicate that there is increased release of substance P82. 

Co-administration of NK1 antagonist (substance P) with opioids can reverse the 

antinociceptive tolerance due to the chronic morphine treatment83. 

1.3.3 Dynorphin 
 
Chronic morphine spinal administration results the elevated expression of the dynorphin 

and promotes descending facilitation84,68,69.  This is manifested behaviorally as tolerance.  

Dynorphin is pronociceptive, and can release the CGRP excitatory neurotransmitters 

(pain signaling) from the primary afferent fibres and sensitize the nociceptors towards 

nociceptive stimuli. Similarly, it has been found that dynorphin facilitates the capsaicin 

evoked substance P release from trigeminal nuclear slices85. Elevated dynorphin can 

modulate the bradykinin receptor and stimulate pronociceptive action. Allodynia and 

hyperalgesia are associated with increased levels of spinal dynorphin. Spinal 

administration of dynorphin results in long term tactile allodynia in rats and mice. Nerve 

injuries often are accompanied by elevated level of the spinal dynorphin. Pain behavior 

associated with dynorphin can be reversed by dynorphin antiserum. Likewise, it can 

reduce tolerance development by blocking the rightward displacement of the dose effect 
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curve for spinal morphine in DAMGO infused rats.86  In conclusion, dynorphin promotes 

its own receptor with algesic action with downstream signaling and provides tolerance as 

opposed to the analgesic action to the opioids, although it is an endogenous 

neurotransmitter for the kappa opioid receptor to which it is supposed to provide 

endogenous antinociception following injury. 

1.3.4 Cholecystokinin (CCK) 
 
CCK is well known for its anti-opioid effect. Opioid exposure within a short period of 

time increases CCK expression in the brain and spinal cord and produces antinociceptive 

tolerance.87-88 Intrathecal (i.t.) morphine exposure increased the extracellular level of 

CCK in the dorsal horn in a naloxone reversible manner89. CCK promotes descending 

facilitation from the RVM by activating the on cells and promoting pain.60-90 Similarly, 

CCK in the RVM facilitates hyperalgesia and allodynia which are blocked by CCK 

antagonist to the RVM. Knockout of the CCK B gene abolishes hyperalgesia in 

mononeuropathic mice. 91,92,90 Knock down of the CCK B gene enhances morphine 

antinociception93. Pro CCK mRNA expression is seen with the exposure with the 

morphine88. In the light of these findings, co-administration of opioids with the CCK 

antagonist can reduce  antinociceptive tolerance development94-95.    

1.3.5 Cannabinoids 
 
The biological transduction pathway for the antinociception of cannabinoids and opioids 

are very similar96. Both inhibit pain transmitting neurotransmitter release from the 

presynaptic terminal and reduce the excitation of the nociceptors terminals. It is found 
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that the cannabinoid receptor and opioid receptor are colocalized in the presynaptic 

terminal96. Also, the literature indicates that antinociception of the cannabinoid agonist is 

partly due to the expression of the endogenous peptides for the opioid receptor. Co- 

administration of the opioid agonist with cannabinoid agonist shows that there is a potent 

additive analgesic effect along with a reduction of the opioid induced tolerance 

development. 96, 97, 99 This synergism is probably due to the up regulation of the opioid 

receptors due to cannabinoid treatments.   In addition, co-administration of the opioid 

agonist with a cannabinoid antagonist reduces the development of tolerance due to 

chronic morphine administration98.     

1.3.6 CGRP 
 
Acute exposure of morphine results in release of the CGRP from spinal tissue. CGRP 

results in enhanced NMDA receptor activity and increased release of glutamate and 

substance P. The latter release causes an excitatory effect of postsynaptic second order 

neurons.  The dose-response curve for  DPDPE or morphine is shifted to the right due the 

action of exogenous administration of the CGRP. CGRP promotes the descending 

facilitation pathway and promotes pain57.  Co-administration of morphine with a non- 

peptide CGRP antagonist attenuates the development of tolerance in animal models100. 

1.3.7 Calcium channels 
 
Pain transmitting neurotransmitter release depends on extracellular Ca+2 influx to the 

primary efferent nerve terminals via voltage gated calcium channels. Blockade of the L 

type voltage gated calcium channel improves morphine induced antinociception. Furthur, 
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co-administration of a Ca+2 ion blocker with morphine reduces antinociceptive 

tolerance101. 

1.3.8 P38 mitogen activated protein kinase (MAP kinase) 
 
One of the mechanisms by which morphine induced tolerance development occurs due to  

mu opioid receptor endocytosis102. This is done via MAP kinase activation. It has been 

found that MAP kinase inhibitors block allodynia and hyperalgesia in animal models103 

of peripheral tissue inflammation, spinal nerve injury and spinal cord inflammation. 

Moreover, intrathecal administration of selective p38 inhibitors reduce morphine induced 

tolerance and thermal hyperalgesia104.  

In summary, tolerance development due to opioid use can be avoided or reduced by co-

administration of the opioids with following drugs. CGRP antagonists 100, 105; NO 

synthase inhibitors106; calcium channel blockers101,107; CCK antagonists108; 

cyclooxygenase inhibitors106;Map kinase inhibitors104; cannabinoid agonists96,97,99; 

cannabinoid antagonists98; substance P antagonists83 and protein kinase C inhibitors109. 

1.4 Drug Design110 
 
There are two approaches/strategies for designing a drug like molecule111. The first using 

a pharmacophore based method or a receptor based method. The receptor based method 

as a design strategy is particularly useful when there is a crystal structure of the target 

such as a receptor or enzyme available. However, the pharmacophore based method, as a 

strategy to drug design, is useful when there is no crystal structure for the target. In 

receptor based methods, the molecules are docked into the catalytic site/binding pocket of 
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the target whereas in pharmacophore based method, structural and conformational 

features of the active molecules are taken into account and every effort is taken to retain 

the identified structural and conformational features in the new molecules of design. The 

ideal project is the one where both pharmacophore based and receptor based methods can 

be used as depicted in Figure 1.4-1. 

 
Figure 1.4-1. Receptor and pharmacophore based method in drug design 111 

 

Here drug design is briefly discussed for peptides. Some endogenous peptides such as 

Leu-enkephalin and Met-enkephalin are not qualified as administered drugs since they 

rapidly undergo proteolysis in vivo and are poorly biodistributable. This may be due to 

avoid receptor over activation by agonist.  Often the question is whether to select agonist 

or antagonist properties for drug design. In general, it depends on type of the disease you 

are dealing with. If agonist properties are desirable for the disease state, all the agonist 

features for the drug are identified and retained. Similarly, if antagonist properties are 

desirable for the disease state, all the antagonist features for the drug are identified and 
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retained. Agonist design involves identification of the minimum pharmacophore residues 

which is important for agonist activity. Deletion of the N-terminal or C-terminal residues 

of known neurotransmitters acting as an agonist is particularly useful in some cases112.  

Once the minimum residues have been established, amino acid scans such as glycine 

scans, alanine scans or D-amino acid scans are useful to further probe which residues are 

significant for the target recognition or signal transduction process (bioactivity and 

affinity) by simply evaluating the loss or gain of biological activity and affinity112-113. In 

an alanine scan or D-amino acid scan, each amino acid of the desired neurotransmitter 

agonist is replaced with alanine/D-amino acid in order to evaluate the relative 

significance to the activity and affinity. It is known that the D-amino acids can stabilize 

turn structures and destabilize alpha helix structures114. This enables us to determine 

significance of particular conformations to the activity and affinity. For example the D-

Ala residue in the H-Tyr-D-Ala-Gly-Phe-OH tetrapeptide sequence stabilizes a beta turn 

conformation and it is evident by the higher potent opioid activity115. In addition, the 

significance of particular amino acid side chains can be assessed by replacing with 

hydrophobic/hydrophilic residues. For example, Tyr or Nal can be replaced instead of 

Phe, or Arg can be replaced instead of Lys, or Asn can be replaced instead of the Asp, or 

Nle can be replaced instead of the Met110. Once the minimum pharmacophore and the 

significance of each residue have been established, one has to probe the conformation of 

the peptide.  There is a possibility that the peptide will adopt many conformations 

varying in energy. Neurotransmitters especially adopt conformations which are 

complementary to the target when they bind to the targets. Conformations related to 
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bioactivity and affinity need to be carefully assessed. The information about 

conformational space is ultimately important for the design of the small molecules. 

Peptide backbone conformations are governed by φ, ψ, and ω dihedral angles described 

in Figure 1.4-2.  

 
 

Figure 1.4-2. a) Definitions of the ϕ, ψ and ω torsional angles; b) Torsional angles of an 

α helix, β sheet (antiparallel) and type 1 and1' β-turn conformations110. 

It is known that the low energy conformations of a peptide contain preferred φ and ψ 

dihedral angles as evident by the Ramachandran plot for the alpha helices, beta sheets etc. 

α helices (ϕ=570, ψ=-470), anti parallel β sheet (ϕ=-1390, ψ=+1350), type 1 β turn ϕi+1 =-

600, ψi+1=-300 and type 1’ β turn ϕi+2 =-900, ψi+2=00.  
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There are two ways you can introduce conformational constraint to a peptide, either local 

conformational constraint or global conformational constraint or both. Local 

conformational constraint can be introduced, for example, via D amino acid substitution 

or substitution of the α position of the amino acid, or N-methylation of the amino acid110., 

and many others. For example D-amino acid substitutions sometimes promote turn 

structures and destabilize α helices114. Alpha position substitution of the amino acid 

promotes α helices. N-Methylation removes H bonding and destabilizes the secondary 

structures and it is good way to assess the extent of conformational freedom. Global 

conformational constraint can be introduced either by cyclization from side chain to side 

chain or side chain to N terminal or side chain to C terminal or C terminal to N terminal, 

etc. This has to be done very carefully to avoid loss of bio activity and affinity of the 

peptide.  One has to be very cautious about selecting the residues and needs to select 

tolerant residues in the peptide.  The discovery of DPDPE is a good example for global or 

local conformational constraint that can be done to a peptide such as Met or Leu 

enkephalins116.  Both Met and Leu enkephalin are endogenous peptides slightly selective 

for the delta opioid receptor. However, they are not very selective for the delta receptor. 

In order to make a selective ligand for the delta opioid receptor, it was cyclized by use of 

side chain to side chain cyclization at residues at the 2 and 5 position via introducing D-

Cys and Cys respectively. The cyclized compound is more potent but less selective 

compared to Met enkephalin. So local conformational constraints, using one or two α, α-

dimethyl substituted penicillamine residues instead of the two cysteines resulted in a 

highly delta selective, very potent delta agonist c[D-Pen2, D-Pen5]-enkephalin 
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(DPDPE)116. In addition to the global and local conformational constraint, the side chain 

topography played a vital role in signal transduction and molecular recognition processes. 

χ1 and χ2 torsional angles of side chain can be constrained by β substituted alkyl group of 

the amino acid. For example 4 different TMT stereoisomers substituted DPDPE were 

prepared, only the DPDPE with (2S, 3R) stereoconfiguration provides the best delta 

selectivity and agonist activity117.   

1.5 Cyclooxygenase inhibitors 
 
COX inhibitors stand for the cyclooxygenase enzyme inhibitors. They are three different 

types of COX isoenzymes present which are COX1, COX2 and COX3. The latter is a 

splice variant of COX1 and its precise function is not known. 

The COX1 enzyme is constitutively expressed. In contrast to the COX1 enzyme, the 

COX2 enzyme expression is inducible under inflammatory conditions where cytokines 

are abundantly present. The COX1 enzyme plays many physiological functions in the 

body such as maintaining renal blood flow, gastric cytoprotection, and platelet 

aggregation. The major roles for COX2 involve wound healing, renal blood regulation 

and ovulation. The COX1 enzyme is present in almost all the tissues. The COX2 enzyme 

is present in macrophages, endothelial, synovial, fibroblast, mast cells and osteoblasts.    
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Figure 1.5-1. Cyclooxygenase pathway118 

 

Figure 1.5-2. Membrane bound cyclooxygenase 1 and cyclooxygenase 2 enzymes118 
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 The cyclooxygenase enzyme exists as a homodimer and each monomer has three 

domains which are the EGF domain, the membrane binding domain and the catalytic 

domain. The EGF domain lies in the N terminus of the enzyme. The membrane binding 

domain constitutes an amphipathic alpha helix and the catalytic domain constitutes a long 

hydrophobic channel. COX1 and COX2 bound to membrane as depicted in Figure 1.5-2. 

The COX2 enzyme has an additional side pocket adjoining to the main channel of the 

active site. This additional pocket is created by substitution of valine 523 residue instead 

of the isoleucine in the COX2 enzymes (see Figure 1.5-5). It is believed that the 

sulfonamide moiety which is common to the COX2 inhibitor series lies in this additional 

side pocket of the COX2 enzyme and induces COX2 enzyme selectivity.  

The cyclooxygenase pathway starts with arachidonic acid which is stored in the 

membrane and which gets cleaved by phospholipase A2 and C enzymes. It is converted to 

prostaglandin G2 and prostaglandin H2 by the enzymatic action of COX1 and COX2 (see 

Figure 1.5-1)118.  

The prostaglandin H2 is further converted to the prostaglandins such as PGE2, PGF2α, 

PGD2, TXA2 (thromboxane A2) or PGI2 (prostacyclin) by tissue specific isomerases and 

synthases118. PG’s bind to GPCR and nuclear receptors and mediate the biological effect 

(see Table 1.5-1). For example, PGE2, PGF2α, PGI2, TXA2 and PGD2 bind to the EP1-4, 

FP, IP, TP, and DP respectively.  These can stimulate/inhibit Ca+2 and cyclic AMP levels.  
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Table 1.5-1. PG’s biological functions119 

 

Tissue / Organ Mediators Effects 
Female reproductive 

system 
PGE2, PGF2α Uterine contraction 

 
 

Male reproductive 
organs 

 

 
PGE2,  
PGF2α 

 
Fertility 

 

 
 
Cardiovascular system 

TXA2,PGI2 Thrombosis, platelet aggregation 
TXA2 Vascular permeability 

PGE2,PGI2 Arterial vasodilators 
TXA2,PGF2α Venous vasoconstrictor 
PGE2, PGI2 Potency of the fetal Ductus Arteriosus 

 
Respiratory system 

PGE2 Bronchodilaton 
 

PGF2α,TXA2 Bronchoconstriction 
 

 
 
 
 

Renal system 

PGE2,PGI2 Regulation of the renal blood flow and 
glomeruler filtration rate 

 
PGE2,PGI2 Renin release 

 
PGE2  

Inhibition of the hydroosmotic 
 effect of ADH 

 
Gastrointestinal system PGE2,PGI2 Cytoprotection 

 
 

Immune system 
 

PGE2,PGI2 
 

Inhibition T and B lymphocytes activation and 
proliferation 

 
 
 

Central nervous system 

PGE2 Fever 
 

PGD2 Sleep 
 

PGE2,PGI2 Pain 
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There are two types of COX inhibitors which are classical type non steroidal anti-

inflammatory drugs (See Figure 1.5-3) and COX2 selective inhibitors. Typical structures 

for the classical NSAIDS and COX 2 inhibitors are given in Figure 1.5-4. They have 

antipyretic, anti-inflammatory and analgesic effects due to inhibition of the substrate 

arachidonic acid which is required for formation of the prostanoids. 

 

Figure 1.5-3. Classical NSAIDS 

Most of the analgesic effects are due to the inhibition of COX2 enzymes compared to the 

COX1 enzymes.  COX2 inhibitors lack the typical COOH group characteristic to the 

classical NSAIDS that is required for the some interaction with the Arg 120 in the 

catalytic site.  In addition, the COX2 inhibitor classes of compounds contain a sulfone (-

SO2-) or sulfonamide (SO2NH2) moiety substituted in one of the aryl groups of the 

vicinal diaryl moiety which can interact with Arg 513 (Figure 1.5-5) in the additional side 

pocket of the COX2 active site.120, 121 
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Figure 1.5-4. COX2 inhibitors 

 
 

Figure 1.5-5. Difference between the COX1 and COX2 catalytic pocket 121 
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COX1 enzymes are involved in many important physiological functions in the body. 

Inhibition of COX1 enzymes creates gastric irritation and ulcers in patients. Therefore, 

inhibition of the COX1 is not clinically favorable. All the beneficial therapeutic effect 

comes from the inhibition of the COX2 enzymes. For example COX2 selective inhibitors 

such as celecoxib has less gastric irritation compared with classical COX1 inhibitors. 

However, some of the COX2 inhibitors were withdrawn from the market due to 

cardiovascular effects. Only celecoxib remains on the market with a warning label stating 

that it may have potential to create increased cardiovascular effects. There are several 

mechanisms proposed to explain the cardiovascular toxicity associated with the COX2 

inhibitors122. But the actual mechanism of COX2 inhibitors related to their cardiovascular 

toxicity is still not clear122.   

In addition to the classical NSAIDS and COX2 inhibitors, there are dual inhibitors such 

as Tepoxalin. The dual inhibitors for COX and LOX (lipoxygenase) enzymes have been 

known for superior anti-inflammatory activity in addition to analgesic and antipyretic 

activities due to their cytokine modulatory activity123. The structure of tepoxalin and 

some other dual inhibitors are given in Figure 1.5-6.   
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Figure 1.5-6. Chemical Structures of Opioid and LOX dual inhibitors 

The biological assays for tepoxaline COX and LOX are summarized below (Table 1.5-2). 

Depending on the assay types, the magnitude of the assay data can be changed. 

According to the data below, there are no nM range IC50 values for COX inhibitors so 

far124(see Table 1.5-3). 
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Table 1.5-2. Biological results of the above molecules described in Figure 1.5-6. 

 
 IC50 

COX1 

(µM) 

IC50 COX2 

(µM) 

COX2 selectivity 

ratio of IC50 

COX1/COX2 

Etoricoxib 116 ± 18 1.1 ± 0.1 106 
Rofecoxib 18.8 ± 0.9 0.53 ± 0.02 35 
Valdecoxib 26.1 ± 4.3 0.87 ± 0.11 30 
Celecoxib 6.7 ± 0.9 0.87 ± 0.18 7.6 

Nimesulide 4.1 ± 1.2 0.56 ± 0.12 7.3 
Diclofenac 0.15 ± 0.04 0.05 ± 0.01 3.0 
Etodolac 9.0 ± 2.5 3.7 ± 0.7 2.4 

Meloxicam 1.4 ± 0.4 0.70 ± 0.28 2.0 
Indomethacin 0.19 ± 0.02 0.44 ± 0.07 0.4 

Ibuprofen 4.8 ± 3.5 24.3 ± 9.5 0.2 
6-MNA 28.9 ± 5.5 154 ± 51 0.2 

Piroxicam 0.76 ±  0.05 9.0±  1.3 0.08 
JTE-522 >30 >30  

   
   

Table 1.5-3. IC50 value for the inhibition of COX1 and COX2 in the human whole 

blood assays 124. 

1.6 Neurokinin receptor antagonist 
 
There are three neurokinin receptor subtypes (NK1, NK2 and NK3). They belong to the 

G protein coupled receptor superfamily125and interacted with three endogenous agonist 

peptides sharing a C-terminal region (Phe-X-Gly-Leu-Met-NH2) (see Table 1.6-1). For 

Molecule IC50/ µM 5-LOX/µM 
Tepoxalin 4.2 1.7 

1. 0.03 0.11 
2. 0.31 0.07 
3. 0.05 0.003 
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example substance P for NK1 and neurokinin A for NK2 and neurokinin B for NK3. 

Each can function as agonist for all receptors with less selectivity126,127.   

 

 

To date, no neurokinin antagonists have been reported as an analgesic agent for in vivo 

applications; however there is a possibility that neurokinin antagonist can developed as 

agents for the treatment of migraine, asthma and emesis128. These three endogenous 

neurokinins distribute such that Substance P, neurokinin A and B are in the unmyelinated 

sensory somatic and visceral neuron fibres. In the presence of the nociceptive stimuli, 

substance P receptors are activated and transmit pain signals. 

Substance P induces inflammation by the release of the histamine from the mast cells 

degranulation which results in edema. Substance P can interact with the neurokinin 

receptor 1, can activate the transcription factor NF-KB and initiate the production of the 

proinflammatory cytokines interleukin 1, interleukin 6, interleukin 12 and tumor necrosis 

factor-alpha129. 

1.7 Advantages of designing multifunctional ligands130,24 
 
The traditional approach where drug discovery is based on one target and one disease 

approach often fails since many diseases involve many biological pathways and shutting 

down one biological pathway is not sufficient to address the disease properly. Therefore, 

Substance P Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH2 

Neurokinin A His-Lys-Thr-Asp-Ser-Phe-Val-Gly-Leu-Met-NH2 

Neurokinin B Asp-Met-His-Asp-Phe-Phe-Val-Gly-Leu-Met-NH2 

Table 1.6-1. The neurokinins 
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many research scientists in pharmaceutical industry and academia today have shifted to 

develop single drug entity for more than one targets (receptors and enzymes).  

There are three clinically feasible pathways where one can modulate multi-targets 

simultaneously. (See Figure 1.7-1)  

 

Figure 1.7-1. Three clinically favorable scenarios for multi-target therapy 130, 24 

As illustrated in scenario A, drugs can be introduced to patients as a drug cocktail. These 

types of treatments are not convenient for the patient and often lead to poor patient 

compliance. In contrast to drug cocktails as treatments, the patients can be treated with a 

single tablet containing many components of the drug, e.g. Vytarin, Caduet. (see Scenario 

B.) However, this method of treatment may produce side effects due to the drug-drug 

interactions as opposed to patient compliance. Moreover, pharmacodynamic and 

pharmacokinetic kinetics are different for the several different compounds, and needs to 

be clinically assessed to properly understand the limitations of the drug therapy.  In order 

to improve multicomponent therapy, scientists have begun to research multifunctional 

ligand therapy. In multifunctional therapy, a single ligand that can interact with several 

targets to produce the desired biological effect (e.g. Tepoxaline) and reduces some of the 

drawbacks which is inherent in multicomponent therapy is developed.  Designing a 
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multifunctional ligand with balance activity and affinity for all targets (e.g. receptors or 

enzymes) is always challenging, difficult and time consuming. However, it is relatively 

easier to control the desired pharmacokinetic and pharmacodynamic activity of a single 

multifunctional ligand compared with the multicomponent approach. The higher the 

number of targets, where the drug is to interact, the greater the challenge one faces to 

design a multifunctional ligand.  

 

Figure 1.7-2. Designing bi-functional ligands130 

Bi-functional ligands can be designed in three ways. For example a linker can be used to 

attach two pharmacophores to each other or two pharmacophore can be fused or merged 

as shown in the Figure 1.7-2.  

1.7.1 Examples of multifunctional ligands  
 
Agnes et al.131created a multifunctional ligand containing mu agonist activity and delta 

agonist activity at the opioid receptor and antagonist activity at the CCK receptor in order 

to reduce the tolerance development to the opioid consumption  (For example Tyr-D-Nle-

Gly-Trp-Nle-Asp-Phe-NH2.) In their approach, the hybrid molecule SNF2009, Asp-Tyr-

D-Phe-Gly-Trp-NMeNle-Asp-Phe-NH2 which contains an opioid pharmacophore for 

agonist activity towards the opioid receptor that is based on the Met-enkephalin, Tyr-Gly-
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Gly-Phe-Met-OH and the, CCK pharmacophore for the antagonist activity at the CCK 

receptor that is based on CCK8 pharmacophore Asp-Tyr(SO3H)-Met-Gly-Trp-Met-Asp-

Phe-NH2 was further strategically modified to get a multifunctional ligand with the 

balanced mu agonist activity, delta agonist activity and CCK antagonist activity. These 

novel hybrid molecules can be considered as being a hybrid of two merged 

pharmacophores.        

Yamamoto et al. 132 created a multifunctional ligand containing mu agonist activity and 

delta agonist activity at opioid receptors, and antagonist activity at the neurokinin 

receptors in order to treat neuropathic pain and to reduce the development of tolerance. 

(E.g. H-Tyr-D-Ala-Gly-Phe-Nle-Pro-Leu-Trp-O-3,5-Bzl(CF3)2). This design was based 

on hybrid approach having two pharmacophores merged to each other.  Here the opioid 

pharmacophore H-Tyr-D-Ala-Gly-Phe-OH was connected to the NK1 antagonist 

pharmacophore Phe-Pro-Leu-Trp-O-3,5-Bzl(CF3)2 using a common residue Phe. Results 

revealed that this type of peptide multifunctional ligand has very high mu affinity 

(Ki=9.7nM) and delta affinity (Ki=1.8 nM) for the opioid receptor, the very high agonist 

potency at the mu receptor (EC50= 28 nM) and delta receptor (EC50= 4.0 nM) and very 

high antagonist potency at the NK1 receptor (Ke=7.9 nM).  

Daniels et al.133created a multivalent ligand by connecting delta opioid antagonist 

pharmacophore (naltrindole) and mu agonist pharmacophore (oxymorphone) by varying 

linker length, in order to evaluate the tolerance development and physical dependence 

due to opioid treatment. Results revealed that the MDAN21 (See Figure 1.7-3) has no 
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tolerance development and no physical dependence along with the high opioid agonist 

potency. 

 

Figure 1.7-3. Structure of the MDAN21 133 

1.8 Binding studies 134 
 
The dissociation equilibrium constant Kd is an important parameter in characterizing the 

ligand for ligand receptor interaction. A high magnitude Kd means, there is less ligand 

receptor interactions. On the other hand, a low magnitude Kd means there is very potent 

ligand-receptor interactions. Measurement of the Kd can be done by utilizing 3 different 

models which are a kinetic model, or an equilibrium model or an inhibitory model.  

1.8.1 Kinetic model 
 
Ligand receptor interaction can be depicted as a general equation below, where 

association is a bimolecular process and dissociation is a unimolecular process 134. 

 
Figure 1.8-1 Reversible reaction between the receptor and ligand 
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k1= association rate constant  

k-1= dissociation rate constant 

At equilibrium, the dissociation constant can be written as following.  

Kd= [L][R]/[LR]  = 1/Ka 

[L] : concentration of unbound ligand 

[LR] :  concentration of ligand receptor complex 

[R] : concentration of free receptor 

Ka : association constant  

Kd  : dissociation constant 

In kinetic models, the equilibrium constant is related to the kinetic parameter as given 

below. 

Kd=k-1/k1   

1.8.1.1 Determination of the association rate constant 134 
 
 The association rate constant (k1) can be found by time course experiments of 

association using the second order rate equation.   

 
[LT]  : the total concentration of ligand 

[RT]  : the total concentration of binding sites 

[LR]e   : the concentration of ligand receptor complex at equilibrium 
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[LR]  : the concentration of the ligand receptor complex at time t 

The kinetic association rate constant can be determined by the slope of a plot where y 

axis having the variables of the left hand side of equation 1, and X axis having the 

variables of the right hand side of the equation 1. In this methodology, determination of 

the k1 requires independent measurement of the total receptor concentration using a 

Scatchard plot.     

Under pseudo first order conditions, where [Lt] >>> [LR]e is assumed, then most of the 

ligand remains free and a small fraction of the ligand is bound(10%) to the receptor. The 

equation 1 can be further simplified as follows. 

 
The pseudo order kinetic association rate constant can be determined by the slope of a 

plot where y axis having the variables of the left hand side of equation 2 and X axis 

having the variables of the right hand side of the equation 2. In this methodology, 

determination of the k1 requires an independent measurement of the total receptor site 

using the Scatchard plot.    

1.8.1.2 Determination of the dissociation rate constant 
 
The dissociation rate constant of bound ligand to the receptor can be determined by time 

course experiments of dissociation using the first order rate equation as given below.  The 

reverse reaction is promoted by dilution of the system or by introducing a competing 
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agent to the system where dissociation can be induced to 99% from labeled ligand 

equilibrium.  

  
[LR]  : the total concentration of complex at time t after initiation of 

dissociation; 

[LR]o  : concentration of the drug receptor complex prior to dilution or 

addition of the competing agent to promote dissociation; 

Y =mX type relationship is observed and dissociation of the rate constant can be found 

from the slope of the plot where y axis having variables on the left hand side of the 

equation 3 and x axis having variables on the right hand side of the equation 3.  

1.8.2 Equilibrium properties 134 
 
The dissociation constant (Kd) can be determined using equilibrium saturation binding 

data utilized in a Scatchard plot and a Hill plot. A Scatchard plot is frequently used 

because total receptor content can be found without independent measurement of it. In 

contrast to the Scatchard plot, the Hill plot requires knowledge of the total concentration 

of the receptors.  
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1.8.2.1 Scatchard equation 
 

 
[LR]  : Concentration of the bound ligand 

[L]  : Concentration of the free ligand 

[RT]  : the total concentration of binding sites 

The dissociation constant can be determined by the slope of a plot where y axis having 

the variables of the left hand side of equation 4 and X axis having the variables of the 

right hand side of the equation 4.  

1.8.2.2 Hill equation 
 

 
 
n  : Hill coefficient 
K0.5  : concentration of the free ligand at which half of the binding sites 

are filled  

[LR]  : Concentration of the bound ligand 

[L]  : Concentration of the free ligand 

[RT]  : the total concentration of binding sites 
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The dissociation constant can be determined by the intercept of the abscissa of a plot 

where y axis having the variables of the left hand side of equation 5 and X axis having 

the variables of the right hand side of the equation 5.  

1.8.3 Inhibition studies 
 
Kd can be analyzed indirectly via IC50s of ligands using competitive ligand binding 

curves. These curves involve characterization of the unlabeled ligand for its IC50 by 

competitive inhibition of the binding of a labeled ligand by the unlabeled ligand.  The 

IC50 is defined as the concentration of ligand which inhibits 50% of the specific binding 

of radioligand to the receptor. Once the IC50 is determined the Kd can be determined 

using the Cheng and Prusoff equation135.   

 
[L]  : concentration of the free labeled ligand 

KL  : the equilibrium dissociation constant of the labeled ligand  

 

It is assumed that the labeled ligand follows the principles of mass action and can only be 

applied when bound ligand is a small percentage of total ligand and when KL is much 

greater than the concentration of the receptor sites.134 

1.9 Dose response curves 
 
Dose response curves (Figure 1.9-1) can be useful to characterize ligands for agonist 

activity, antagonist activity or inverse agonist activity. In dose response curves, the Y 

axis is labeled as response and the X axis is labeled as the log concentration of the ligand. 
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Response can be inhibition of the muscle contraction or increase of blood pressure and so 

forth.  

 

Figure 1.9-1. Example of a dose response curve 

The concentration or dose needed to produce the 50% maximal response is defined as 

EC50 or ED50. By knowing EC50, potencies of different ligands can be compared. Efficacy 

of the ligand correlates to the Emax value where it represents the maximal response that 

drug can induce. Based on Emax, one can differentiate the drug as an agonist or partial 

agonist. When the biological efficacy of ligand is zero, the ligand is considered as a full 

antagonist.      

1.10 Quantifying magnitude of the pain136 
 
Two main processes govern quantifying pain. They include the manipulation of the 

experimental subject to induce the pain like state, and measurement of the behavior 

related to the pain state. There are three well known models described in the literature to 

assay pain.136 They are the acute pain models, the inflammatory pain models, and 

neuropathic pain models. The acute model is extensively used to assay antinociception of 

opioids because of its inherent technical simplicity. There are two ways you can perform 

the assay in the acute pain model. Either you introduce a radiant heat source to the rat tail 
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(tail flick assay) or hind paw (hot plate assay) and measure the latency to withdrawal of 

the tail or hind paw from the radiant heat source (nociceptive stimuli). In this method, 

rapid withdrawal of paw or tail means nociception and attenuation of the tail withdrawal 

response means evidence for analgesia or antinociception.136 There are two disadvantages 

associated with this acute pain model.  This method of assay in pain is not good for 

screening NSAIDs (COX inhibitors). Also, it is prone to give erroneous results when 

there is motor impairment of the test subject. The inflammatory pain model is useful to 

evaluate the analgesic effect, antihyperalgesic effect and antiallodynic effect of drugs 

such as NSAIDs and morphine like opioid drugs. In this model, inflammatory mediators 

(bradykinin or prostaglandins) or chemicals (Carrageenan or formalin or iodoacetate) that 

invoke the immune system are injected to the hind paw to induce an 

inflammation/disease state (osteoarthritis) and one measures the latency to paw flinching.  

The main disadvantage of this method of pain assay is that data can be misinterpreted due 

to motor impairment of the test subject. The neuropathic pain model for assay involves 

use of the nerve injuries for the L5 or L6 nerves137-138. Further chemicals can be 

administered to induce the neuropathic pain models (vincristine and paclitaxel). The 

selection of the correct neuropathic assay model depends solely on the type of  

neuropathic pain.  

In the following chapters, drug design, synthesis and biological activity of different 

multifunctional peptides and non peptides will be discussed.  
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2 CHAPTER 2 

2.1 Objective 
 

In succeeding chapters, docking of some of the synthesized ligands to their respective 

targets such as COX2 enzyme (PDB ID; 1CX2; http://www.pdb.org) or homology 

modeling of the mu opioid receptor was carried out, in order to understand difference in 

bioactivities of synthesized ligands: trifunctional ligands that target the mu and delta 

opioids receptors, the COX2 enzymes, or the trifunctional ligands that target the mu and 

delta opioid receptors and the NK1 receptor. In this chapter, we want to validate the 

docking method used, reproduce the binding pose for a reference set of ligands, and 

compare the predicted best binding mode conformations and the predicted interaction 

energies of some of the reference ligands2 for their respective receptors along with their 

observed binding mode conformations (qualitatively and quantitatively similar to known 

x-ray crystallographic conformations) and observed interaction energy using the docking 

software, AutoDock 4.2 developed by Morris et al3. 

In the market, there are several docking software programs available such as DOCK1, 

AutoDock3, Gold4, Glide5, FlexX6, AutoDock Vina7 etc. It has been reported that the 

AutoDock method consistently provides reliable docking results compared to FlexX8. 

AutoDock 4.2 was used in this study, because it is free and known to predict very 

accurate ligand receptor complexes very similar to x-ray crystallographic structures of 

ligand receptor complexes. Information regarding the Autodock search algorithm and 

scoring functions are discussed in the next section. 
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2.2 Molecular docking 
 

Molecular docking is a process of achieving an optimized conformation for both the 

target and the ligand such that the free energy of the overall system (target and ligand) is 

minimized9. High throughput docking is important for hit identification and lead 

optimization in drug discovery and development, when the x-ray structure of the target is 

available.10 Docking of the ligands to a receptor/acceptor is generally based on one of 

two strategies. The first strategy compares the steric/hydrogen bonding 

complementarity11  between the ligands and receptors and identifies the potential site on 

the receptor/acceptor for binding. The second strategy involves a calculation of the 

energy landscape of the receptor in terms of the probe atoms or small molecules and 

identifies the favorable energy landscape which is considered to be the potential site for 

the ligand receptor interactions. Dock programs are involved in the first strategy, where 

as AutoDock, uses the second strategy. AutoDock uses positional, orientational and 

conformational search engines along with a grid based methodology to calculate the 

energy of interactions. The grid based methodology, where pairwise calculations of 

energy of interactions are used first introduced by both Pattabiraman12 and Goodford13 in 

1985. Grid based methodology, where energetic contributions of the receptor or its 

catalytic pocket on grid points are stored so that it can be accessed during ligand 

scoring10.  

According to Pattabiraman et al.12,  the total energy interaction of the ligand with the 

receptor can be given by equation 2.1. A grid box enclosing a probed ligand was defined 

so that it could be enclosed and moved around on the receptor sites. As one moved the 
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gird box around the receptor sites, interaction energies could be calculated automatically. 

In his methodology, the total energy is considered as comprised of the non bonding 

interaction energy and the electrostatic interaction energy. The disadvantage of this 

method is that the interaction energy of the ligand and receptor can be wrongly estimated 

as a result of other factors which contribute to the energy of interactions.    

 ∑ | | 
∑

 | |
∑

 | |  ,  ,,                   ‐‐‐‐‐ 2.1 

In equation 2.1, the first term represents the energy due to electrostatic interactions and 

the last two terms represents energy due to non bonding interactions (Van der Waals 

interactions). Here, Vtot is the total energy of interaction of ligand and target. qr and qd are 

considered to be the charges of the atoms of the receptor and the drug molecules 

respectively. Rr and Rd are considered as the vectors representing the receptor and ligand 

atoms. Ard, Brd and ε refer to non bonded and the dielectric constants. 

Amino, carbonyl oxygen, carboxy oxygen, hydroxyl, methyl and water groups were used 

as probe groups by Goodford13. A three dimensional grid box enclosing the target protein 

was defined. The energy landscape of the target, in terms of the small molecule, was 

constructed. Pair wise energies of interaction between each grid point and the probe 

group is given by the Exyz term.   Exyz term is a function of Van der Waals, electrostatic 

and hydrogen bonding potential as illustrated below.  

∑ ∑ ∑  

∑ Elj : 12-6 Lennard-Jones potential 

‐‐‐‐ 2.2 
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∑ Eel : electrostatic potential 

∑ Ehb : hydrogen bonding potential 

In his methodology, one is able to construct an energy contour map for probe groups. The 

location of favorable water molecule occupant sites in the target protein was correctly 

predicted by his method.  

Alternatively, Morris et al2. placed the target protein in the 3D grid box.  A probe atom 

such as a different carbon, hydrogen, nitrogen, oxygen was sequentially placed at each 

grid point and the energy of interaction is calculated for each grid point with the probed 

atom. A table of energy of interaction of different probe atoms was made up for quickly 

looking up for the simulation studies. The simulation study such as a Monte Carlo 

simulated annealing technique is popular in docking studies for a global or local search. 

In this case, the probe ligand is in a random position on the target and is allowed to walk 

on the target initially at a high temperature. For each translational move of ligand on the 

target, a grid based interaction energy is calculated for the ligand. Then, the system is 

allowed to cool gradually so that the ligand can occupy only the sites where favorable 

energies of interaction are allowed. The main disadvantage of this method is that when 

there are many degrees of freedom associated with the ligand, the simulated annealing 

technique fails to predict the crystallographic conformation of the ligand receptor 

complexes3. This conformational search methodology is not good to predict the docked 

conformation for the peptide ligands as it involves many torsional degrees of freedom.   
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In addition to this simulated annealing techniques, the Lamarkian genetic algorithm 

(LGA) is another local and global search methods found in the AutoDock 4 application. 

It is a genetic algorithm14 with a local search methodology. In the LGA methodology15, 

the ligand state is described by the chromosomes, which consists of a string of real valued 

genes representing the ligand location by three variables such as coordinates, 

orientations, and conformations, The simulation creates random populations of 

individuals followed by generation cycles consisting of the following steps: mapping; 

fitness evaluations; selection; genetic crossover; mutation and elitist selection. Each 

generation performs a local search. The solutions are ranked based on the scoring 

function, accounting for Van der Waals and electrostatic interactions, loss of entropy 

upon ligand binding, hydrogen bonding and solvation. To date, this LGA (Lamarkian 

genetic algorithm) methodology has proven to provide a ligand-receptor complex very 

similar to the X-ray crystallographic ligand receptor bound conformation3.  

In AutoDock 4, the free energy change involved in the binding process16 is the difference 

between the energy of the ligand and the protein in a separated unbound state, and the 

energy of the ligand-protein complex, and is written as the following equation. Here, L 

refers to the ligand and P refers to the protein. Sconf refers to the entropy lost upon 

binding. 

G VL L VL L V V VP L VP L S  

Docking a ligand to its target and scoring the ligand is an important aspect regarding any 

docking program. Scoring ligands involves matching the ligand’s fitness towards the 
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target. There are many scoring functions available.17 AutoDock 4 has an improved 

scoring function when compared to the traditional force field scoring functions. It enables 

one to measure the free energy change due to receptor-ligand binding. It accounts for the 

interaction energy of a molecular system in terms of the dispersion/repulsion, hydrogen 

bonding, electrostatics, desolvation and deviation from covalent geometry energies. Each 

energy term is evaluated as a function of interatomic distance as illustrated in the Figure 

2.2-1. 

G binding = Gvdw + Ghbond + Gelec+ Gconf+ Gtor+ Gsol 

Gvdw  =  12-6 Lennard –Jones potential 

Gvdw  =  12-10 Hydrogen bonding potential with Goodford13 directionality 

Gtor     = Number of rotatable bonds 

Gsol    = Charge dependent variant of Stouten pairwise atomic solvation parameters 

Gelec   = with Solmajer & Mehler distant dependent dielectric 

In AutoDock, the force field equation along with empirical weights are used in the 

regression analysis to calibrate known protein ligand complexes to their experimentally 

determined free energy of binding of the two molecules. For example, AutoDock 3 uses 

empirical weights to determine the entropic contribution of changes in solvation and 

conformational mobility. The purpose of introducing these empirical weights is to 

approximate the predicted binding constant to the experimental binding constant. 188 

diverse protein-ligand complexes were evaluated to calibrate the force field.  The 
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AutoDock 4 force field function is an improved version of force field function of  

AutoDock 3. AutoDock 4 uses a force field which is very similar to the AMBER force 

field19.  AutoDock uses pair wise terms energy of interaction calculations between the 

probe atom and a grid as illustrated below.  

 

 

 

 

Letter i refers to ligand atoms and j refers to protein atoms j. W is the empirical 

factors/weights incorporated in a AutoDock to approximate the predicted binding 

constant of the ligand receptor complex to the experimental binding constant of the same 

ligand receptor complexes.   
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Figure 2.2-1. AutoDock potentials. Examples of 4 different type potentials are used in 

the AutoDock. For example C-C type dispersion and repulsion type non bonding 

interactions, oxygen and hydrogen interactions representing hydrogen bonding type of 

interaction, electrostatic interactions based on two oppositely charged atoms and 

desolvation potential for carbon atom with approximately 10 atoms displacing water is 

depicted18. 
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The first term in the equation represents a typical 12-6 Lennard –Jones potential for 

dispersion and repulsion interactions. A and B are the parameters found in the Amber 

force filed calculations. The second term represents the directional H bond term based on 

the 10-12 potential where E(t) is a directional weight based on the angle t between the 

probe and the target. The Coulombic electrostatic potential is given for the third term. 

The fourth term represents the torsional entropy loss upon binding. The final term 

represents the desolvation energy. 

In this chapter, we focus on reproducing already published docking results of reference 

ligands described in the literature3.  See Figure 2.2-2 for reference ligands used in this 

study. In order to verify the predicted binding constant or predicted binding energy of 

reference ligands to their respective targets approximate that of their respective 

experimental binding energies, they were docked into their respective targets. Deviations 

of experimental versus predicted binding energy of reference ligands were calculated and 

tabulated (see Table 2.4-1). 

Further, in this study, predicted binding conformations of reference ligands with their 

respective targets were superimposed with already published X-ray crystallographic 

binding conformations (see Figures from 2.4-1 to 2.4-7). Deviations of experimental 

versus theoretical binding modes are calculated. The reference ligands bound to their 

targets and binding energy values were taken from the literature3. 
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Figure 2.2-2. The structures of reference ligands chosen for docking and validation of

the docking protocol; a) benzamidine, b) isopropylated sialic acid, C) biotin,  d) HIV-1

protease inhibitors XK-263, e) phosphocholine, f) methotrexate, and g) SC558. 
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Protein - ligand complex PDB 
code 

Resolution
Å 

Number 
of 
rotatable 
bonds 

Energy of crystal 
structure  
(kcal mol-1) 

β‐Trypsin /  benzamidine20  3ptb  1.7  0  ‐7.86 
Influenza hemagglutinin / sialic 
acid21 

4hmg 3.0  11  ‐4.71 

Streptavidin / biotin22 1stp  2.6  5  ‐8.86 
HIV – 1 protease / XK26323 1hvr  1.8  10  ‐18.62 
McPC-603 / phosphocholine24 2mcp 3.1  4  +5.48 
Dihydrofolate reductase / 
methotrexate25 

4dfr  1.7  7  ‐13.64 

SC558 / cyclooxygenase 2 
enzyme26 

1cx2  3  4  ‐ 

 

Table 2.2-1. Crystallographic structural information of the reference set of ligands. 

According to Table 2.2-1, reference ligands have different degrees of difficulty or 

challenge in docking experiments3 with their respective targets, owing to their different 

degrees of freedom, different number of rotatable bonds and different types of 

interactions within nearby residues in the catalytic pocket. Therefore, our overall aim in 

this study is to reproduce the known binding energy and constant values for the reference 

set of ligands, as well as validate the docking procedure for other ligands that we 

synthesized in the succeeding chapters.  
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2.3 Experimental section 
 

Protein - ligand complex PDB 
code 

The coordinates of the 
center of the grid box 

(X,Y,Z) 

Number of 
energy 

evaluations 
β-Trypsin /  benzamidine20 3ptb -1.997, 14.128, 16.319 1.50x106

Influenza hemagglutinin / sialic 
acid21 

4hmg -6.15, 74.187, 25.911 1.50x106

Streptavidin / biotin22 1stp 11.42, 2.371, -11.373 1.50x106

HIV – 1 protease / XK26323 1hvr -8.715, 15.544, 27.9 1.50x106

McPC-603 / phosphocholine 2mcp 50.235, 58.787, -36.424 1.50x106

Dihydrofolate reductase / 
methotrexate24 

4dfr 20.511, 63.454, 25.334 1.50x106

SC558 / cyclooxygenase 2 
enzyme26 

1cx2 60.803, 44.596, 75.097 1.50x106

 

Table 2.3-1. The coordinates of the grid box for reference ligands 

The PDB for each target complex was downloaded from the Brookhaven pdb data base 

(www.pdb.org). Ligand and target was separated and the coordinates for the ligand 

binding at the target catalytic pocket site were recorded. All water molecules were 

removed from the target molecule (receptor). Polar hydrogen atoms were added and 

charges were assigned. Energy minimization was performed in order to relieve steric 

congestions among residues in the target molecule. The PDB file was generated for the 

newly energy minimized target.  

The Larmarkian genetic algorithm (LGA) was performed for conformational sampling17. 

At the end of the each LGA run, The AutoDock outputted a single docked conformation 

as a final result. In order to obtain a 100 conformational ensemble, 100 LGA runs were 

performed for each reference ligand. Each LGA run is performed with a population size 
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of 150 chromosomes, a crossover ratio of 0.80, an elitism ratio of 0.10 and a mutation 

ration of 0.2017.  

The maximum number of GA evaluations is 2,500,000. All the rotatable bonds 

comprising sp3-sp3 and sp3-sp2 bonds are allowed to rotate during the docking 

experiment unless those whose rotations do not provide any different conformations. For 

example, terminal groups such as CH3, CF3 etc. The cyclic molecules conformational 

flexibility is not taken into account (e.g. boat conformation vs. chair conformation of the 

cyclohexane ring system).  

The size of the grid box is 62 Å x 62 Å x 62 Å. Generally, the grid box was centered on 

the experimentally observed position of the ligand within the catalytic pocket as 

illustrated in Table 2.3-1. For example see the coordinates of the center of the grid box. 

The grid box was chosen in such a way that it was large enough to enclose the ligand 

along with the catalytic pocket of the target. The grid spacing default value which is 0.35 

was accepted in this study. During the docking of ligands to their respective target, the 

target was treated as a rigid body. 
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2.4 Experimental results 
 

Results of Lamarckian Genetic Algorithm Docking 
 

Energy (kcalmol-1) and rmsd (Å) 

PDB 
code 

No. of 
clusters 

No. in 
rank1 

Lowest 
energy 
( ) 

Ref 
RMS     

3ptb 2 1 -5.01 0.4 -5.62 0.16 0.55 -6.46 -1.45 

4hmg 2 1 -4.82 1.62 -5.94 -1.1 1.37 -3.48 1.34 

1stp 2 1 -5.85 0.98 -7.12 -0.12 1.37 -18.27 -12.42 

1hvr 2 1 -14.69 4.02 -
15.59 

-2.82 2.2 -12.96 1.73 

2mcp 2 1 -3.96 1.33 -4.53 -1.15 1.1 -7.13 -3.17 

4dfr 2 1 -11.07 1.18 -
12.92 

-0.72 2.47 -13.22 -2.15 

1cx2 2 1 -9.97 1.31 -11.4 -0.69 1.37 - -

 

Table 2.4-1. Docking results of reference set of ligands and their respective 
experimental results3. 
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Figure 2.4-1.  a) The superimposition of the best docked conformation (green color) and

X-ray crystallographic binding conformation of benzamidine to its target, β-trypsin (PDB

ID: 3ptb); b) The histogram of energy of different binding conformations of benzamidine

to its target, β-trypsin (3ptb). 
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Figure 2.4-2.  a) The superimposition of the best docked conformation(green color) and

X-ray crystallographic binding conformation of sialic acid to its target, influenza

hemagglutinin(PDB ID: 4hmg); b) The histogram of energy of different binding

conformations of sialic acid to its target, influenza hemagglutinin(4hmg). 
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Figure 2.4-3.  a) The superimposition of the best docked conformation (blue color) and

X-ray crystallographic binding conformation of biotin to its target, streptavidin ; b) The

histogram of energy of different binding conformations of biotin to its target, streptavidin

(PDB ID:1stp). 
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Figure 2.4-4.  a) The superimposition of the best docked conformation (green color) and

X-ray crystallographic binding conformation of XK263 inhibitor to its target, HIV – 1

protease; b) The histogram of energy of different binding conformations of XK263

inhibitor to its target, HIV – 1 protease (PDB ID:1hvr). 
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Figure 2.4-5. a) The superimposition of the best docked conformation and X-ray

crystallographic binding conformation of phosphocholine to its target, McPC-60; b) The

histogram of energy of different binding conformations of phosphocholine to its target,

McPC-603 (PDB ID:2mcp). 
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Figure 2.4-6. a) The superimposition of the best docked conformation (green color) and

X-ray crystallographic binding conformation of methotrexate to its target, dihydrofolate

reductase; b) The histogram of energy of different binding conformations of methotrexate

to its target, dihydrofolate reductase (PDB ID:4dfr). 
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a) 

 

 

 

 

 

 

b) 

 

 

 

 

 

Figure 2.4-7. a) The superimposition of the best docked conformation (green color) and

X-ray crystallographic binding conformation of SC558 to its target, COX2 enzyme; b)

The histogram of energy of different binding conformations of SC558 to its target,

COX2 enzyme (PDB ID:1cx2). 
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2.5 Discussion 
 

Reference RMS stands for the root-mean-square deviation (RMSD) of heavy atoms of the 

best predicted structures from the corresponding crystal structures. According to Table 

2.4-1, benzamidine docked towards the β-Trypsin target provides the best binding mode 

conformation very similar to the X-ray crystallographic conformation as evident from its 

lowest reference RMS value of 0.4. In contrast, XK263 docked towards the HIV – 1 

protease target provides the most deviated docked conformation relative to the X-ray 

crystallographic conformation as evident by the highest reference RMS values of 4.02. 

We can conclude that the overall docking of the reference set of ligands towards the 

respective target provides qualitatively and quantitatively very similar results to the X-ray 

crystallographic conformation, even though given docking problems were ranging from 

mild to moderate difficulty. The lowest energy term as illustrated in Table 2.4-1 

represents the free energy change of the best binding mode of the ligand to its respective 

target.  It can be observed that the highest deviation of predicted free energy change 

verses the experimentally found free energy term is for the biotin and Streptavidin 

complex. This type of deviation for biotin and Streptavidin complex was well cited for 

the AutoDock docking calculations long ago3. Since, AutoDock uses the empirical 

weights for regression analysis to calibrate the force field functions, outliers from 

experimental results can happen occasionally. Overall, Autodock along with LGA 

conformational search method provides reasonable free energy change values for ligands 

binding to their respective targets. In conclusion, we successfully validated the docking 

procedure for the set of reference ligands towards their respective targets.  
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3 CHAPTER 3 

3.1 NOVEL  TRIFUNCTIONAL  PEPTIDE  MOLECULES  CONTAINING 
OPIOID  MU  AGONIST  ACTIVITY,  DELTA  AGONIST  ACTIVITY  AND 
COX2 INHIBITORY ACTIVITY FOR THE CHRONIC PAIN 

One of the greatest problems with opioid use in long term treatment of pain is the 

development of tolerance. It is often accompanied by hyperalgesia and allodynia which is 

thought to be related to the development of tolerance as described in early chapters112. 

There are many pathways by which tolerance can develop 13-18. There are many ways 

tolerance development due to opioid administration in animals can be suppressed19-32. In 

this study, trifunctional ligands that can interact with opioid receptors and the COX2 

enzyme were synthesized for a number of reasons. Firstly, co-administration of COX 

inhibitors with opioids enhances analgesia33-34 and reduces tactile allodynia in 

neuropathic pain models35. Secondly, co-administeration of the NSAIDS with the opioids 

can reduce tolerance development36. Thirdly, co-administeration of the mu opioid agonist 

with the delta opioid agonist enhances antinociception in animal models37-39   

There are three significant advantage of making trifunctional ligands when compared to 

multicomponent or drug cocktail therapy as described in the section 1.7. Firstly, 

trifunctional ligands can reach their respective targets and bind in a monomeric fashion 

which has the potential to improve the overall analgesic effect40. This can be due to the 

proximity effect of trifunctional pharmacophores to the targets in a chemical synapse. 

Secondly, lead to drug development is relatively easier, since you have to account only 

for one trifunctional molecule (single molecule) rather than three different molecules. 

Finally, the traditional one drug, one target approach is not appropriate for treating 
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neuropathic pain since pain can involve multiple pathways. This requires a 

multifunctional (trifunctional) approach that targets multiple targets simultaneously40-43.  

In this study, we have connected both the mu opioid agonist pharmacophore and delta 

opioid agonist pharmacophore to the COX2 pharmacophore. We hypothesized that these 

novel tri-functional molecules will exhibit COX2 inhibitory activity, and opioid agonist 

activity.   

3.1-1a)   

                            

 

 

 

 

3.1-1b) 

 

 

 

 

 

Figure 3.1-1a) Structure of celebrex 3.1-1b) Structure of the NSAID analogue “ 

tepoxaline” 
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Met-enkephalin : H-Tyr-Gly-Gly-Phe-Met-OH   

Leu-enkephalin :  H-Tyr-Gly-Gly-Phe-Leu-OH   

Biphalin  :  H-Tyr1-D-Ala2-Gly3-Phe4-NH 

                                             H-Tyr1’-D-Ala2’-Gly3’-Phe4’-NH 

Figure 3.1-2. Structure of opioid analogues 

 

3.2 Drug Design Strategy 

 
According to Food and Drug Administration in the United States, only celecoxib 

(Celebrex) is approved as a COX2 inhibitor for the treatment of various forms of arthritis 

pain with a warning label highlighting their potential for an increased risk of 

cardiovascular events (see Figure 3.1-1a). This prompted us to select the celecoxib 

scaffold as a COX2 pharmacophore. COX2 pharmacophoric features such as a central 

heterocyclic ring (imidazole, triazole, pyrazole, oxazole, isoxazole etc.) and two vicinal 

phenyls adjacent to each other are important for COX2 enzyme inhibition50-53. 

Tepoxaline is a derivative of Celebrex54-57 (Figure 3.1-1b). When comparing the docked 

conformation of Celebrex (COX2 inhibitor) and Tepoxaline (COX and LOX dual 

inhibitor) in the catalytic pocket of the COX2 enzyme (see Figures 3.2-1 and 3.2-2), it 

can be clearly seen that the binding mode of celebrex or tepoxaline at the catalytic pocket 

of COX2 enzyme are similar. It can be suggested that it is possible to introduce a linker 

or moiety on the 3rd carbon of the pyrazole ring of the celebrex or celebrex types 

analogues without introducing any new steric clashes with nearby residues inside the 
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catalytic pocket of the COX2 enzyme. This led us to modify celebrex at the 3rd carbon 

(the tolerant position) of the pyrazole of the COX2 pharmacophore with a 

propionylhydrazide or formylhydrazide linkers containing the opioid pharmacophore (see 

designed molecules in Figures of 3.2-3, 3.2-4 and 3.2-5).  

The endogenous neuropeptides Met-enkephalin or Leu-enkephalin share the common N-

terminal tetra-peptide sequence44 H-Tyr-Gly-Gly-Phe- (See Figure 3.1-2.). This tetra 

peptide is considered to be the message sequence for opioid activity and is known to 

constitute a beta turn. Moreover, it has been found from structure activity studies that 

modification of the amino group of the N-terminal of the tetra-peptide sequence reduces 

mu and delta potency45. Removal of the first residue of the tetra peptide (e.g.Tyr) 

sequence eliminates mu agonist potency46. The second residue of the tetra peptide 

sequence which is Gly can be replaced by the hydrophobic D amino acid without losing 

opioid activity46. Generally, substitution of a peptide with a D amino acid instead of a L 

amino acid increases the stability towards proteolytic degradation47-49. The third residue 

of the tetra peptide sequence can be replaced with an alkyl spacer without losing activity. 

The C terminal “COOH” group can be replaced by a carboxy amide group to increase mu 

opioid potency and stability46. In addition, the C terminal COOH group can be deleted 

without harm of mu potency. According to the above SAR studies, biphalin (see Figure 

3.1-2.) pharmacophore is considered to be the optimal sequence for the agonist activity 

and potency for the mu/delta opioid receptor (For Example, H-Tyr-D-Ala-Gly-Phe-

CONH2). Therefore, we have taken it as an opioid pharmacophore for our trifunctional 

construct.  
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Figure 3.2-1. Conformation of the docked celebrex to the cyclooxygenase 2 enzyme 

(PDB ID : 1cx2) 

 
 

 

 

 

 

 

 Figure 3.2-2.Conformation of the docked tepoxaline to the cyclooxygenase 2 enzyme 

(PDB ID: 1cx2) 
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Figure 3.2-3. Designed trifunctional molecules with propionylhydrazide linker (tetra 

peptide analogues 126b4, 145b4 and 98b6) 

 

 

Figure 3-.2-4. Designed trifunctional molecules with propionylhydrazide linker 

(dipeptide analogue 44b7) 

 

 

 

Biphalin pharma.  linker 

COX2 pharma. 

COX2 pharma. 

Shortened 
opioid 
pharma. 

linker 
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The half biphalin opioid pharmacophore (H-Tyr-D-Ala-Gly-Phe) and H-Tyr-D-Ala were 

constructed using solution phase synthesis and the succinimide ester coupling method.  

The COX2 scaffolds were constructed using solution phase methods. Two precursors 

were coupled and deprotected to get the final peptides (see Figure 3.3-1 to 3.3-5). The 

peptides were purified using reverse phase semi preparative HPLC, and their purities 

were characterized by analytical HPLC. In addition, Rf values were obtained with three 

different TLC systems:(I) CHCl3:MeOH:AcOH:90:10:3, (II) EtOAc:n-

BuOH:water:AcOH:5:3:1:1, (III) n-BuOH:water:AcOH: 4:1:1 (See Table 3.4-1). The 

lowest energy conformations (global minimum) of each trifunctional peptide were found 

using the Schrödinger suite 2007 along with NMR constraints (long range NOEs and 

coupling constant 3JCH-NH). The global minimum conformation of the trifunctional 

molecules were docked into the homology modeled mu and delta opioid receptors in their 

active state, and cyclooxygenase 2 enzyme (PDB ID: 1CX2) by using AutoDock 4.2, in 

order to evaluate the binding score and the binding mode. Further, binding affinity was 

evaluated for the mu and delta opioid receptors by competitive radio-labeled binding 

Biphalin pharma. linker 

COX2 pharma. 

Figure 3.2-5. Designed trifunctional molecules with formylhydrazide linker  
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assays and agonist efficacy was measured by guinea pig ileum (GPI) and mouse isolated 

vas deferens (MVD) tissue assays.    

3.3 Synthetic methodology 
 

Boc-Gly-OSu                    Boc-Gly-Phe-OEt (3-1)         H-Gly-Phe-OEt (3-2) 

Boc-Tyr-OSu                     Boc-Tyr-D-Ala-OH (3-3)                Boc-Tyr-D-Ala-Gly-Phe-

OEt (3-4) 

3-4                    Boc-Tyr-D-Ala-Gly-Phe-NH-NH2 (3-5)  

Boc-Tyr-OSu + H-D-Ala-OMe                     Boc-Tyr-D-Ala-OMe (3-6) 

 3-6                    Boc-Tyr-D-Ala-NH-NH2 (3-7)  

Figure 3.3-1. Reagents and conditions for synthesizing peptide precursors 3-1 to 3-7 

a) Solvent: DME, DCM and water, H-Phe-OEt (1.5eq), TEA (2eq); b) 50% Cold TFA in 

DCM at 00C; c) H-D-Ala-OH (1.5eq), Solvent: H2O: DME=1:3, TEA(1eq); d) H-Gly-

Phe-OEt (1.2eq), HOBt(1.1eq), PyBOP(1.1eq), 4-methylmorpholine (2eq); e) N2H4, 

EtOH; f) H-D-Ala-OMe (1.5eq),TEA (2eq), Solvent:DME; g) N2H4, MeOH  

 

a  b 

c  d 

e 

f 

g 
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Figure 3.3-2. Reagents and conditions: h) NaHMDS (1.1eq), Solvent: THF; i) Succinic 

anhydride (1.0 eq); j) TEA, EtOH, [2-(4-methoxyphenyl) hydrazinium chloride or 2-(4-

(methylsulfonyl) phenyl) hydrazinium chloride or 2-(4-sulfamoylphenyl) hydrazinium 

chloride]. 

Figure 3.3-3.. Reagent and conditions: k) sodium ethoxide, diethyl oxalate; l) 2-(4-

(methylsulfonyl)phenyl)hydrazinium chloride, ethanol, reflux  3 h; m) NaOH, MeOH, 

H2O, Reflux 1 h. 



109 
 

 

 

 

 

 

 

 

Figure 3.3-4. Reagents and conditions: n) 3-15, PyBOP (1.1 eq), HOBt (1.1eq), NMM 

(2eq); o) 90% TFA in DCM; p) PyBOP(1.1 eq), HOBt(1.1eq), NMM(2 eq); 3-10/3-11/3-

12; q) 90% TFA in DCM 

 

 

 

 

Figure 3.3-5. Reagents and conditions: r) 3-10, HOBt (1.1eq), BOP (1.1eq), TEA (1.2 

eq); s) 90%TFA in DCM 

 

C
H
N

O H
N

NN

R3

R4

O
H-Tyr-D-Ala-Gly-Phe

C
H
N

O H
N

NN

R1

R2

O
H-Tyr-D-Ala-Gly-Phe

1) n,3-15
2) o

1) p, 3-10/3-11/3-12
2) q

3-17 - (R2=Cl, R1=OCH3) Isu126b4
3-18 - (R2=Cl, R1=SO2CH3 Isu145b4
3-19 - (R2=CH3, R1=SO2NH2) Isu98b6

3-16 - (R4=H, R3=SO2CH3) Isu129b43.5
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3.4 Results and Discussion 
 

From Figures 3.3-2, diketone analogues (3-8, 3-9) to the pyrazole formation (3-10, 3-11, 

3-12) can theoretically lead to formation of two regioisomers. For example reaction of 6-

(4-chlorophenyl)-4, 6-dioxohexanoic acid with 2-(4-methoxyphenyl)hydrazinium 

chloride should provide either 3-(3-(4-chlorophenyl)-1-(4-methoxyphenyl)-1H-pyrazol-5-

yl)propanoic acid or 3-(5-(4-chlorophenyl)-1-(4-methoxyphenyl)-1H-pyrazol-3-

yl)propanoic acid. We have obtained only one regioisomer and its methyl ester derivative  

If it is the regioisomer 3-(5-(4-chlorophenyl)-1-(4-methoxyphenyl)-1H-pyrazol-3-

yl)propanoic acid or its methyl derivative containing two phenyl groups vicinal to each 

other, characterization of them are possible with the aid of the 1D NOE. (For example, 

selective irradiation of the para hydrogens vicinal to each other should provide NOE 

enhancement).  

Figure 3.4-1. Crystallographic structure of the 3-(5-(4-chlorophenyl)-1-(4-

methoxyphenyl)-1H-pyrazol-3-yl) propanoic acid 58 
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Characterization of these above products using 1D NOE spectra failed, since the 

predicted structure from 1D NOE was not the same as provided by later crystallographic 

studies. Further, the crystallographic studies confirmed that the pyrazole formation 

reactions were regiospecific, and its methyl ester can sometimes be observed depending 

on longer reaction time. See references58-59for more details and Figures of 3.4-1, 3.4-2 & 

3.4-3. 

 

Figure 3.4-2. Crystallographic structure of the methyl 3-(5-(4-chlorophenyl)-1-(4-

methoxyphenyl)-1H-pyrazol-3-yl)propanoate58 

All of the COX2 precursor molecules were coupled to their respective peptide precursors 

using the solution phase synthesis method using PyBOP, HOBt, and NMM coupling 

reagents to obtain the BOC protected final peptides. The Nα-BOC deprotection was 

carried out using 90% TFA in DCM for 20 min in order to get the final peptides. All 

peptides were purified with semi prep HPLC system followed by the characterization 
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with NMR spectrometry, mass spectrometry, analytical HPLC and thin layer 

chromatography. 

 

Figure 3.4-3. Crystallographic structure of the 3-(1-(4-sulfamoylphenyl)-5-p-tolyl-1H-

pyrazol-3-yl)propanoic acid 

See Table 3.4-1 for characterization of each trifunctional molecule.  Competitive binding 

assays for the synthesized trifunctional ligands were performed using radio-labeled 

ligands [3H]-DPDPE and [3H]-DAMGO and stably expressed human δ-opioid receptors 

(hDOR) and rat µ-opioid receptors (rMOR) respectively60-63 (See Table 3.4-2). The 

agonist efficacies of ligands were estimated at the level of receptor G-protein interaction 

measuring agonist stimulated binding of the GTP analogue guanosine-5`-O-(3-[35S]thio)-

triphosphate ([35S]GTPγ) on the same transfected cells as used for the binding affinity 

assays60-63. Functional in vitro efficacy studies were performed for the trifunctional 

ligands using tissues such as mouse vas deferens (MVD),and guinea pig isolated ileum 

(GPI) assay following published protocols60-65(See Table 3.4-3). 
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No MS(M-
TFA+H)+ 

  HRMS(M-
TFA+H)+ 

  tR HPLC   TLC 
(Rf) 

  

 observed calcd.. observed calcd. min %purity I II III 

     A     
3-16 795.1 794.88 795.2914 795.2919 15.8 97.3 0.48 0.67 0.41 
3-17 809.2 809.31 809.3167 809.3173 19.8 100 0.44 0.64 0.44 
3-18 857.2 857.37 857.2829 857.2842 3.9 98.0 0.48 0.64 0.32 
3-19 838.2 838.94 838.335 838.33  16.62 100   0.50  0.60  0.39 
3-20 605.1 605.08 605.2276 605.2274 17.2 100  0.43 0.55 0.38 

 

 

 

 

 

 

 

Lipophilicity (clogD values at pH 7.4) was calculated using a web based software 

programe69-70. COX2 inhibition was calculated by following published protocols67. Table 

3.4-3 summarizes the functional efficacy measurement (MVD and GPI), clogD values, 

and COX2 inhibitory data. According to Table 3.4-2 almost all of the trifunctional 

molecules sharing the N terminal tetrapeptide sequence had very potent affinity towards 

the mu and delta opioid receptors. When compared to the GTPase second messenger 

assay data of the trifunctional ligands, they all have agonist efficacy for the mu opioid 

receptor, though 3-17 lacks efficacy (zero efficacy towards the mu opioid receptor). On 

the contrary, agonist efficacies varied depending on the tetrapeptides’ different C 

terminal COX2 pharmacophore substitutions (see Table 3.4-2).  

Table 3.4-1. Characterization data of the trifunctional molecules using HPLC and 

mass spectrometry.  High resolution and low resolution mass spectrometry data (M - 

TFA + Na)+ (A) Analytical HPLC 10-90% of acetonitrile containing 0.1% TFA within 

40 min and up to 100% with flow rate of 1 mL per min. Rf of different TLC solvent 

systems:  (I) CHCl3:MeOH:AcOH:90:10:3, (II) EtOAc: n-BuOH:water:AcOH:5:3:1:1, 

(III) n-BuOH:water:AcOH: 4:1:1. 
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Ligand 
no 
 

rMOR, 
[3H]-DAMGO 

hDOR, 
[3H]-Deltorphin 11 

35S-GTP-γ-S, 
rMORCHN-1 

 Lg 
[IC50+-] 

Ki 
(nM)

Lg 
[IC50+-] 

Ki 
(nM)

Lg 
[EC50+-] 

EC50 
(nM) 

Emax
+ (%) 

3-16 Lg[-6.96+-
0.06] 52 Lg[-6.37+-

0.14] 200 Lg[-7.30+-
0.24] 51 35+-2 

3-17 Lg[-8.59+-
0.06] 1 Lg[-7.90+-

0.15] 6 no response 
   

3-18 Lg[-8.13+-
0.08] 3 Lg[-8.82+-

0.08] 3 Lg[-7.29+-
0.43] 51 16+-2 

3-19 Lg[-8.39+-
0.08] 2 Lg[-8.09+-

0.08] 3.9 Lg[-7.37+-
0.33] 43 53 

3-20  2900  -    
Biphalin64  1.4  2.6    
DPDPE66  720  1.2    

 

\ 

Ligand 
  no 

 

clogD 
(pH 7.4) 

MVD 
IC50 
(nM) 

 

GPI/LMMP 
IC50 (nM) 

 

COX2 activity 
%inhibition at 

100µM 

COX2 
IC50 
(µM) 

COX2 
activity 

%inhibition 
at 10µM 

3-16 1.09 97 84 7 - - 
3-17 2.60 63 659 93 30  
3-18 1.60 56 87 47 - - 
3-19 1.28 217 257 60 - - 
3-20 2.59 30.4 % 

at 1 uM
- - - 21 

Biphalin64 -1.37 27±1.5 8.8±0.3 - - - 
DPDPE66  3.9 11,300 - - - 

NS398    - 0.04 - 
Celebrex    - - 91 

 

 

Table 3.4-2. Bio activity and affinity data for the trifunctional molecules 

Table 3.4-3.  Hydrophobicity calculations and, agonist efficacy studies with MVD and 

GPI assays, and COX2 enzyme inhibition data of the trifunctional ligands. 
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For example, according to the GPI IC50 data, 3-17 showed partial mu opioid antagonism  

owing to the COX2 pharmacophore, 3-(5-(4-chlorophenyl)-1-(4-methoxyphenyl)-1H-

pyrazol-3-yl)propanoic acid at its C terminal, whereas 3-18 showed high mu agonist 

potency owing to the COX2 pharmacophore, 3-(5-(4-chlorophenyl)-1-(4-

(methylsulfonyl)phenyl)-1H-pyrazol-3-yl)propanoic acid at its C terminal. In addition, 3-

17 showed modest COX2 inhibitory activity (COX2 IC50: 30 µM), whereas the rest of the 

trifunctional molecules showed negligible COX2 inhibitory activities. Moreover, When 

comparing clogD values of all trifunctional ligands with that of biphalin (clogD at pH 

7.4=-1.67), they seem to have greater hydrophobicity compared with biphalin (See Table 

3.4-3). 

 

 

 

Figure 3.4-4.  Superimposed spectra of TOCSY and ROESY spectra of the 3-18 (NH-

CH region) Red color cross peaks represent the TOCSY peak and the grey color cross 

peaks represent the ROESY peaks  
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Figure 3.4.5.  Superimposed spectra of TOCSY and ROESY spectra of the 3-17 (NH-CH 

region) Red color cross peaks represent the TOCSY peak and the grey color cross peaks 

represent the ROESY peaks.  

To understand the different mu and delta opioid bioactivities and COX2 inhibitory 

activities mentioned above, the trifunctional molecules were subjected to conformational 

analysis and docking studies. Conformational analysis involved finding the lowest energy 

conformation (global minimum) using the software of Macromodel 8 in conjunction with 

NMR constraint data (long range NOEs and coupling constants). It was performed as 

described previously in the literature71. 

In order to obtain NMR constraints for conformational analysis, a 5 mM peptide solution 

in DMSO-d6 was prepared for each peptide and 1D NMR, 2D ROESY, 2D DQF COSY, 

and 2D TOCSY data were obtained and processed. 
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Figure 3.4-6. Superimposed spectra of TOCSY and ROESY spectra of 3-16 (NH-CH 

region). Red color cross peaks represent the TOCSY peaks and the grey color cross peaks 

represent the ROESY peaks. 

All the proton signals in the 1D NMR were assigned to relevant hydrogens of the 

trifunctional ligands with the help of the TOCSY and ROESY data. Superimposition of 

the ROESY and TOCSY data were useful to identify the long range NOE assignments for 

proton pairs. Coupling constant for the 3JCH-NH type interactions were calculated using the 

DQF COSY or 1H NMR data.   

We were able to notice very interesting correlations of NOE data of trifunctional ligands 

to their mu agonist activities (see Figure 3.4-4 to Figure 3.4-7). For example, when 

comparing the long range NOE for all the trifunctional peptides, i to i+3 type long range 
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NOE (Phe->Tyr) were prominent only for those molecules having very good mu agonist 

potency (e.g. 3-18 and 3-16 See the NMR for all the trifunctional molecules). 

 

 

 

 

To understand the different bioactivities of trifunctional peptides discussed above, 

conformational analysis and docking studies was performed. In conformational analysis, 

the molecules’ energy was minimized and polar conditions were taken into account. See 

the result of conformational analysis for ligand 3-17 (Figure 3.4-8), 3-18 (Figure 3.4-9), 

3-19 (Figure 3.4-10) and 3-16 (Figure 3.4-11). 

 

 

Figure 3.4-7. Superimposed spectra of TOCSY and ROESY spectra of 3-19 (NH-CH 

region). Red color cross peaks represent the TOCSY peaks and the grey color cross 

peaks represent the ROESY peaks.  
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Figure 3.4-8. Three lowest energy conformations predicted using Schrodinger 2007 

and NMR constraints for 3-17 (Type IV β turn is visible). 

Figure 3.4-9. The ten lowest energy conformations predicted by Schrodinger 2007 

using NMR constraint for the 3-18 (Type 11’ β tun is visible). 
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Figure 3.4-10. Thirteen lower energy NMR modeled conformations of 3-19 (Type IV β 

turn is visible) using conformational analysis with Schrödinger 2007. 

Figure 3.4-11. Eight lower energy NMR modeled conformations of 3-16 (Type IV β 

turn is visible) using conformational analysis with Schrödinger 2007. 
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β turns originally defined by Venkatachalam72 are stabilized by a hydrogen bond between 

the main chain C=O of residue i and the NH hydrogen of residue i + 3. The β turn is 

defined in such a way that it comprises four consecutive residues, where the distance 

between  and   is less than 7 Å and the tetrapeptide chain is not in a helical 

conformation73‐74. Moreover, there are 10 types of beta turn structures under the latter 

classification, which is based on dihedral angles for the i+1 and i+2 residues of the 

peptides75-77. Some of them do not necessarily require a hydrogen bond between the main 

chain C=O of residue i and the NH of residue i + 3 requirement, in order to be considered 

as β turn78.  

 

Table 3.4-4.  Dihedral angles, distance between  and (Å), distance between C=O 

of residue i and the NH of residue i + 3 (Å) and types of β turn structures of trifunctional 

ligands. 

NMR conformational analysis revealed that all the trifunctional molecules such as 3-18, 

3-17, 3-19 and 3-16 adapt β turn type structures, as their distance between  and  

are less than 7 Å and the tetrapeptide chains are not in a helical conformation (see Table 

ligand ϕi+1 ψi+1 ϕ i+2 ψ i+2 distance 
between   
and (Å) 

distance between 
C=O of residue i 

and the NH of 
residue i + 3 (Å) 

Β 
turn 
Type

3-16 79.4 17.7 120.1 -177.5 4.8 6.0 IV 
3-17 100.1 -3.1 -107.7 79.0 5.6 6.6 IV 
3-18 73.0 -98.9 -113.8 -5.2 6.7  2.0 II’ 
3-19 150.6 -165.7 25.4 -114.9 5.9 5.3 IV 
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3.4-4 above.) 3-18 adapts a type II’ β turn conformation, whereas the rest of trifunctional 

ligands (3-17, 3-19 and 3-16) adapt type IV β turn conformations.   

To further understand mu opioid receptor associated bioactivity difference of the 

trifunctional opioid peptides on the basis of the ligand receptor interactions, all of the 

molecules were docked into the homology modeled mu opioid receptor in its active state. 

It has been found79 that the accuracy of docking results largely depends on the starting 

conformation of the ligand. When it comes to peptides, they have greater degrees of 

freedom than most molecules. Therefore, conformational analysis prior to docking is 

imperative, in order to understand the bioactive conformation of the ligand (see docked 

images of the ligands to their respective receptors in Figures 3.4-12 to 3.4-15 and Figures  

A 40 to A 43 in Appendix A).  

Literature indicates80-82 that two significant interactions, which are between mu opioid 

agonist ligand with the mu opioid receptor in the active state, are important for mu 

agonism. Accounting for these interactions, it is possible to predict or explain or 

understand the ligands bioactivity towards the mu opioid receptor. For example, the Asp 

147 and His 297 residues of the homology modeled mu opioid receptor in the active state 

are the key residues promoting interactions vital for mu opioid agonism80-82, where they 

form salt and hydrogen bonding type interactions with the free N terminal NH2 of the 

opioid ligands and the hydroxyl group of the tyrosine1 residue of the opioid peptide 

ligands respectively and, where their mutations result loss of mu opioid agonism in the 

opioid assay.  
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In this study, we hypothesized that the trifunctional peptide ligands which are agonists at 

the mu opioid assay should have at least a minimum of one key residue interactions 

important for the mu opioid receptor agonism as mentioned above. Further, we 

hypothesized that the peptide ligands, which show antagonism at the mu opioid 35S-GTP-

γ-S second messenger assay should have none of these key residues interactions 

important for the mu opioid agonism as described above. The docked conformation of 3-

18 to the homology modeled mu opioid receptor in active state (see Figure 3.4-12) 

reveals that critical interactions do exist for the ligand 3-18 with the mu opioid receptor 

for opioid agonism.  

 

 

For example, the free N terminal amino group of the 3-18 ligand has weak salt 

interactions with Asp 147 residue of the mu opioid receptor (4.5 Å) in the active state, 

Figure 3.4-12. Docked conformation of 3-18 to the mu opioid receptor in active state. 
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and the hydroxyl group of the tyrosine residue of the 3-18 ligand has a strong hydrogen 

bonding interaction with the His 297 residue (2.39 Å) of the mu opioid receptor in its 

active state (see Figure 3.4-12 & Table 3.4-5). Based on these key interactions, 3-18 can 

be classified as an agonist at the mu opioid receptor. This further supports the 

experimental bioactivity data (GPI IC50) of 3-18 at the mu opioid receptor. 

 

Figure 3.4-13.  Docked conformation of 3-16 the homology modeled mu opioid receptor 

in active state. 

Similarly, the docked conformations of the ligands 3-16 and 3-19 in the active state of the 

mu opioid receptor revealed that the free N-terminal amine of each them maintain weak 

and very strong salt interactions with Asp 147 residue respectively (see Figure 3.4-13 and 

3.4-14 respectively & Table 3.4-5). However they both lack the hydrogen bonding 

interactions with His 297 of the mu opioid receptor in its active state.  
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Figure 3.4-14.  Docked conformation of 3-19 to the homology modeled mu opioid 

receptor in active state. 

 
Figure 3.4-15.  Docked conformation of 3-17 to the mu opioid receptor in its active 

state. 
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Peptide ligand Interactions with the mu opioid receptor in active state 

3-16 • Free N terminal NH2 of 3-16 weak salt interaction with Asp 147  
• His 223 hydrogen bond with backbone NH of the hydrazine of 3-

16 
• Side chain amine of Lys 233 hydrogen bond with  NH of Gly of 3-

16 
• CO of Ala 240 hydrogen bond with the Tyr-OH of 3-16 
• NH of Gly of 3-16 hydrogen bond with side chain amine of Lys 

233 
• Pi-pi stacking interactions between the phenyl group of Phe 237 

and tyrosine of 3-16 
• CO of Tyr 299 hydrogen bond with NH of Phe of 3-16 
• Tyr 148 –OH hydrogen bond with the CO group of Tyr of 3-16 

 
3-17 • N of Phe 152 hydrogen bond with the hydroxyl of Tyr of 3-17 

• Thr 218-OH hydrogen bond with free N terminal NH2 of Tyr of 3-
17, NH of hydrazine of 3-17 and CO of Phe of 3-17  

• His 223 weak hydrogen bond with the pyrazole ring of the 3-17 
• CO of Tyr 299 hydrogen bond NH of Phe of 3-17 

3-18 • Free N terminal NH2 of 3-18 salt interactions with Asp 147  
• Tyr-OH of 3-18 hydrogen bond with the His 297 
• CO  of Ala 240 hydrogen bond with Tyr-OH of 3-18 
• CO of Asp 147 hydrogen bond with NH of D-Ala of 3-18 
• Thr 218 -OH hydrogen bond with CO group of D-Ala of 3-18 
• N of Cys 217 hydrogen bond with CO of D-Ala of 3-18 
• Tyr148 –OH hydrogen bond to CO of Tyr of 3-18  

3-19 • Free N terminal NH2 of 3-19 strong salt interaction with Asp147 
side chain 

• CO of Ala 240 hydrogen bond with Tyr-OH of 3-19 
• Thr 218-OH hydrogen bond with NH of Gly of 3-19 
• Thr 218-OH hydrogen bond with NH of Phe of 3-19 
• NH of Hydrazine hydrogen bond with CO of Trp 318 of 3-19 

Table 3.4-5.  Detailed interactions of trifunctional peptide ligands with the mu opioid 

receptor in its active state. 

We can suggest that because of the presence of mu agonist type interactions for the two 

ligands, 3-16 and 3-19 with the mu opioid receptor in its active state, they can act as 

agonists at the mu opioid receptor. Our prediction is consistent with the biological data in 
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Tables of 3.4-2 and 3.4-3. In contrast, when considering the docked conformation of 

ligand 3-17 to the mu opioid receptor in its active state, it does not have any salt 

interactions or hydrogen bonding between the ligand and Asp 147 or His 297 of mu 

opioid receptor in its active state (see Figure 3.4-15). These interactions are widely 

regarded as mu agonist type interactions80-82 between the peptide based opioid ligand 

with the mu opioid receptor. This may be the reason 3-17 acts as a mu opioid antagonist 

in the mu opioid 35S-GTP-γ-S second messenger assay (see Tables of 3.4-3 & 3.4-2 for 

bioassay results). Table 3.4-5 illustrates all the interactions of individual ligands with the 

mu opioid receptor in its active state.     

Peptide ligand Interactions with the delta opioid receptor in active state 

3-16 • CO of Ala 221 hydrogen bond with Tyr-OH of 3-16 
• CO of Phe of 3-16 hydrogen bond OH of Tyr 129 
• NH of hydrazine of 3-16 hydrogen bond with Tyr 129- (O) 
• CO of pyrazole of 3-16 hydrogen bond with Tyr 129 -OH 
  

3-17 • Free amine of 3-17 salt interactions with Asp 128 
• Free amine of 3-17 hydrogen bond with Tyr 308-OH 
• Tyr-OH of  3-17 hydrogen bond with side chain NH of Gln105, 

Tyr 308-OH CO of Cys 198 
3-18 • Free amine of 3-18 salt interactions Asp 128 side chain 

• Tyr-OH of 3-18 hydrogen bond with His 278 (N) 
• NH of hydrazine of 3-18 hydrogen bond with side chain (N) of 

Lys 214 
• CO of Gly of 3-18 hydrogen bond with NH of Val 281 
• Free amine of Tyr of 3-18 hydrogen bond with Met 132 (S) 

3-19 • Free amine of 3-19 salt interactions with Asp 128 
• CO of Ala 221 hydrogen bond with Tyr-OH of 3-19 
• S of Met 199 hydrogen bond with NH of Gly of 3-19 
• Side chain NH2 of Lys 214 hydrogen bond with CO of Phe of 3-

19 
 
Table 3.4-6. Detailed interactions of trifunctional peptide ligand with the delta opioid 

receptor in its active state. 
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Similarly, all the trifunctional ligands except 3-20 were docked into the homology 

modeled delta opioid receptor in its active state, in order to understand the ligands’ delta 

opioid bioactivity in terms of their interactions with the residues of the catalytic pocket of 

delta opioid receptor. (see Supporting Information in Appendix A for docked images of 

the ligands to the delta opioid receptor in its active state).  

According to the literature83 substitution of C terminal COOH of the opioid tetra-peptide 

pharmacophore, H-Tyr-D-Ala-Gly-Phe-OH with a C-terminal amide results in decreased 

delta opioid agonist potency. This can be understood by studying ligands and delta opioid 

receptor interactions which we have found in our modeling study. For example, our 

docking results revealed that C-terminal opioid tetrapeptide pharmacophore is in the 

vicinity of positively charged amino acids such as Lys 214 of the delta opioid receptor, 

and can promote stable salt interactions when opioid ligands having a C-terminal 

carboxylic acid instead of the carboxamide (see Table 3.4-6) such  that the Lys 214 

residue plays a crucial role in stabilizing the functional groups at the C-terminal position 

in almost all opioid ligands.  Our ligands and DOR receptor interactions are consistent 

with the findings of other groups84. 

Further, the literature indicates81 that the Asp 128 plays a pivotal role in maintaining delta 

agonism by interacting with the free amino terminal group of the peptide based opioid 

ligands. In this study, we were able to observe that the free N-terminal opioid peptide 

ligands maintain salt bridge interactions and hydrogen bonding interactions with Asp 128 

and Tyr 308 respectively in the catalytic pocket (See Table 3.4-6). In addition, the lowest 
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energy docked conformation of 3-16 reveals that there are no salt interactions between 

the free N terminal of NH2 of 3-16 with Asp 128 of delta opioid receptor in active state. 

This might be the reason 3-16 shows reduced affinity towards the delta opioid receptor 

when compared to other ligands (See Figure A41 in Appendix A). 

 

Figure 3.4-16.   Space filled top view of the docked conformation of the 3-17 to the 

cyclooxygenase 2 enzyme.  

In order to assess the difference in COX2 inhibitory activity of the trifunctional 

molecules, they were docked into the catalytic pocket of the COX2 enzyme (PDB ID: 

1CX2). According to Figure 3-17, the COX2 pharmacophore of the ligand has accessed 

the catalytic pocket of the COX2 enzyme, and its predicted binding energy was favorable 

(See Figure 3.4-16).  
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Figure 3.4-17.   Space filling top view of the docked conformation of 3-18 to the 

cyclooxygenase 2 enzyme.  

On the other hand, the lowest docked conformations of 3-18 and 3-19 reveal that their 

COX2 pharmacophore interactions are outside of the COX2 catalytic pocket and their 

predicted binding energies towards the COX2 enzyme were unfavorable (See Figures of 

3.4-17 & Figure A 44 in Appendix A). In the case of 3-16, its predicted binding energy 

towards the COX2 enzyme was unfavorable, although its lowest energy docked 

conformation in the COX2 enzyme indicates that its pharmacophore is inside of the 

catalytic pocket of the COX2 enzyme (see Figure A45 in Appendix).   

From the docked conformation of 3-17(See Figure 3.4-18), we found that the free N 

terminal NH2 of 3-17 hydrogen bonds with the NH of Leu 531 and CO of Ala 527, the 

NH of D-Ala of 3-17 hydrogen bonds with the side chain O of Ser 530, the NH of Gly of 
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3-17 hydrogen bond with the N of Ala 527, the NH of Phe of 3-17 hydrogen bonds with 

the N of Ala 527, the NH of hydrazine of 3-17 hydrogen bonds with the O of Tyr 355, the 

NH of hydrazine of 3-17 hydrogen bond with the CO of Ser 353 and the CO of Leu 352, 

and the N of the pyrazole ring of 3-17 hydrogen bonds with the NH of the side chains of 

His 90 and the CO of Ser 353. It can be deduced that the 3-17 conformation adopted a 

novel binding mode within the COX2 catalytic pocket. 

 

Figure 3.4-18.  Docked conformation of the 3-17 to the cyclooxygenase 2 enzyme. 

Further, these studies confirmed that 3-17 is a lead molecule in this series, since it has 

moderate COX2 inhibitory activity. This molecule can be easily modified to improve the 

mu opioid agonism via substitution of the Tyr residue at position one of opioid 

tetrapeptide pharmacophore with a DMT residue. 3-20 was made in order to evaluate 

whether COX2 inhibitory activity increases with reduction in the bulky tetrapeptide 
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opioid peptide part of the trifunctional molecular constructs. The biological assay for the 

3-20 shows that it retains the COX2 inhibitory activity closer to 3-17 but it lacks opioid 

activity and affinity towards the mu and delta receptor.    

3.5 Experimental Section 

Preparation of the Boc-Gly-Phe-OEt (3-1) 

Boc-Gly-OSu (1 eq, 5 g, 0.018 mol) and H-Phe-OEt (1.5 eq, 6.326 g, 0.0275 mol) was 

added to a 250 mL round bottom flask with a magnetic stir bar.  Then 95 mL of the DME 

and 10 mL of water were added as solvents. Triethylamine (1 eq, 2.56 mL) was added to 

the mixture which was allowed to stir for 16 h. To the mixture was added 50 mL of ethyl 

acetate and the solution was treated twice with 30 mL of 1N HCl, and twice with the 30 

mL saturated NaCl solution. The organic layer was separated and dried with anhydrous 

Na2SO4. The dried organic layer was evaporated until it became a sticky liquid. Mass 

calculated 350.41, LCQ-ESI 350.7, yield 90%, retention time (tr) 17.86 min using 

analytical HPLC with 10 to 90 % acetonitrile in 0.1% TFA gradient (99% purity) in 40 

min. 

Preparation of the H-Gly-Phe-OEt (3-2) 

The previously obtained sticky residue Boc-Gly-Phe-OEt (3-1) was dissolved in 20 mL 

of DCM and cooled in an ice bath for 30 min. Then, 30 mL of cold TFA was added and 

the solution was left stirring for 20 min in an ice bath. Toluene was added and the 

solution was evaporated using the rotor evaporator. Then petroleum ether was added and 

left for solidification over night. A white solid formed. Mass Calculated MW 250.29, 
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LCQ-ESI (M+H)+ 251.0 Yield 99%, retention time (tr) 7.86 min using analytical HPLC 

with a 10 to 90 % acetonitrile in 0.1% TFA gradient (97% purity) in 40 min. 

Preparation of the Boc-Tyr-D-Ala-OH (3-3) 

Boc-Tyr-OSu (2.5 g, 6.606 mmol) was added into a round bottom flask containing a 

magnetic stir bar and 100 mL of a 3:1 ratio of DME and H2O. To the solution was added 

H-D-Ala-OH (1.5 eq, 882.79 mg) along with TEA (1 eq, 0.92 mL). It was left over night 

stirring.  To it was added 50 mL ethyl acetate, and the solution was washed twice with 30 

mL 1N HCl saturated with NaCl, and twice with the 30 mL saturated NaCl solution. The 

organic layer was separated and dried with anhydrous Na2SO4. The dried organic later 

was evaporated. It was treated with di-isopropyl ether to crystallize and left overnight for 

complete crystallization. Yield 1.74 g, white solid. Mass calculated MW 352.4, LCQ-ESI 

(M+Na)+ 375.1 retention time (tr) 10.657 min using analytical HPLC with 10 to 90 % 

acetonitrile in 0.1% TFA gradient (96% purity) in 40 min. 

Preparation of the Boc-Tyr-D-Ala-Gly-Phe-OEt (3-4) 

Boc-Tyr-D-Ala-OH (1 g, 2.834 mmol) was dissolved in 30 mL of cold DMF in an ice 

bath. H-Gly-Phe-OEt (1.2 eq, 853.60 mg) was added and stirred for 30 min. Then HOBt 

(1.1eq, 421.22 mg), PyBOP (1.1 eq, 1.622 mg) and 4-methylmorpholine (2 eq, 0.6 mL) 

were added and the mixture stirred for 14 h. The resultant mixture was rotor evaporated 

until the final volume was ¼ of the original volume. Then, 50 mL of ethyl acetate was 

added and the solution extracted with 30 mL of 1N HCl two times, 30 mL of saturated 

NaHCO3 solution two times, and 30 mL of the saturated NaCl two times. The resultant 
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organic layer was dried with anhydrous Na2SO4, vaccum filtered and evaporated, until 

fully dried; 95% yield; mass calculated 584.66, LCQ-ESI 584.9, retention time (tr) 14.4 

min using analytical HPLC with 10 to 90 % acetonitrile in 0.1% TFA gradient (98% 

purity) in 40 min. 

Preparation of the BOC-Tyr-D-Ala-Gly-Phe-NH-NH2 (3-5) 

Boc-Tyr-D-Ala-Gly-Phe-OEt (1.021g) was added into a 50 mL round bottom flask 

containing a magnetic stir bar and 25 mL of the absolute ethanol. Then anhydrous 

hydrazine solution (17 eq., 0.53 mL) was added while stirring. The mixture was left over 

night for complete formation of the final product. White residue formation was observed. 

It was rotor evaporated until ¼ the original volume, and then di-isopropyl ether was 

added to precipitate the product. A white colored product was vacuum filtered and 

allowed to dry. Product yield, 1.2 g; mass calculated MW 570.64, LCQ-ESI (M+Na)+ 

593.1, retention time (tr) 12.92 min using analytical HPLC with 10 to 90 % acetonitrile in 

0.1% TFA gradient (98% purity). 

Preparation of the Boc-Tyr-D-Ala-OMe (3-6) 

Boc-Tyr-OSu (2.0 g, 5.28 mmol) was added to a round bottom flask containing a 

magnetic stir bar, and 100 mL of DME. Then H-D-Ala-OMe (1.5 eq., 1.107 g) was added 

to the mixture along with TEA (2 eq., 1.54 mL). It was left over night stirring. The 

mixture was added with 50 mL ethyl acetate and extracted twice with 30 mL 1N HCl 

saturated with NaCl, and twice with the 30 mL saturated NaCl solution. Organic layer 

was separated and dried with the anhydrous Na2SO4. The dried organic layer was 
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evaporated. Product yield 1.89 g, white solid, mass calculated MW 366.41, LCQ-ESI 

(M+Na)+
, 389.0, Retention time (tr) 12.56 min using analytical HPLC with 10 to 90 % 

acetonitrile in 0.1% TFA gradient (96% purity) in 40 min. 

Preparation of the Boc-Tyr-D-Ala-NH-NH2 (3-7) 

Boc-Tyr-D-Ala-OMe (1.89 g, 5.158 mmol) was added to a 50 mL round bottom flask 

containing a magnetic stir bar and 25 mL of the absolute methanol. Anhydrous hydrazine 

solution (18 eq, 2.91 mL) was added while stirring. The solution was left overnight for 

complete formation of the final product. A white residue formed. The mixture was rotor 

evaporated until you see the white product.  Product yield 2.08g, mass calculated MW 

366.41, LCQ-ESI 366.4 (M+Na)+, retention time (tr) 8.44 min using analytical HPLC 

with 10 to 90 % acetonitrile in 0.1% TFA gradient (98% purity). 

6-(4-Chlorophenyl)-4, 6-dioxohexanoic acid (3-8) 

The method was described earlier by Murray et al.85 (1.0 M, 62.5 mmol, 62.5 mL) of 

NaHMDS solution along with 100 mL of THF were added to a dry, N2 filled round 

bottom flask fitted with a stirrer and addition funnel and the mixture was cooled to -200 

C. 4-Chloroacetophenone (62.5 mmol, 8.105 mL) in 100 mL THF was added. The 

resulting solution was stirred at -200C for 30 min. Succinic anhydride (2.5 g, 25 mmol) in 

100 mL THF was added to this solution. It was stirred for 1 h at -200 C and allowed to 

warm to room temperature. Further, it was stirred overnight for completion of reaction. 

Then, 3 N, 50 mL aq HCl and 250 mL of Et2O was added. The layers were separated, and 

the Et2O/THF layer was extracted with 1N NaOH (2x50 mL).  The base extracts were 
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combined, acidified to the cloud point approximately pH=2 with 3 N aq. HCl, the 

precipitate which formed was collected by the filtration and dried under high vacuum. 

The residue was recrystallized with DCM product 6-(4-chlorophenyl)-4, 6-dioxohexanoic 

acid, white solid (3.93 g, 25%), M.P. 1490-1510 C, Chemical Formula: C12H11ClO4, mass 

calculated MW  254.67, LCQ MS m/z 254.9; 1H NMR (500 MHz, CDCl3) δ 7.79 (d, J = 

8.6 Hz, 2H), 7.42 (d, J = 8.6 Hz, 2H), 6.15 (s, 1H), 2.91 – 2.67 (m, 4H); 13NMR δ (500 

MHz, CDCl3) 196.950, 178.825, 177.225, 177.157, 138.500, 132.507, 130.095, 129.123, 

128.939, 128.172, 96.138, 34.282, 28.538 

4,6-dioxo-6-p-tolylhexanoic acid (3-9) 

This was made by following the published method85. The final product was recrystallized 

with EtOAc white solid (1.93 g, 33%); M.P. 1400-1420C; Mass calculated for C13H14O4; 

234.25, Mass observed; LCQ-ESI MS 235.0, the product is isolated in its keto-enol form. 

1H NMR (500 MHz, CDCl3) δ 8.64 (dd, J = 10.5, 8.3 Hz, 2H), 8.14 (dd, J = 8.2, 2.7 Hz, 

2H), 7.34 (s, 1H), 5.06 (s, 1H), 4.14 (s, 3H), 3.63 (t, J = 6.5 Hz, 1H), 3.54 (t, J = 6.8 Hz, 

1H), 3.38 (t, J = 6.8 Hz, 2H), 3.23 (dd, J = 12.6, 6.2 Hz, 2H), 3.19 (s, 4H). 13C NMR (126 

MHz, CDCl3) δ 214.74 – 212.30 (m), 207.45 (s), 205.76 – 202.45 (m), 190.07 – 187.39 

(m), 182.88 (s), 153.64 – 153.21 (m), 152.36 (s), 143.64 – 143.09 (m), 140.27 (s), 138.88 

(s), 138.69 (s), 138.04 (s), 136.21 (s), 105.34 (s), 62.28 (s), 47.15 (s), 43.55 (s), 38.03 (s), 

37.10 (s), 30.62 (d, J = 5.1 Hz). 

 

 



137 
 

3-(5-(4-Chlorophenyl)-1-(4-methoxyphenyl)-1H-pyrazol-3-yl) propanoic acid (3-10) 

The preparation method has been described by Murray et al85. A mixture of 6-(4-

chlorophenyl)-4,6-dioxohexanoic acid (1.27 g, 5 mmol), 4-methoxyphenylhydrazine 

hydrochloride (873 mg, 5 mmol) and Et3N (506 mg, 5 mmol) in MeOH (40 mL) was 

stirred at room temperature for 6 h. The mixture was then concentrated in vacuo to a 

residue, which was partitioned between Et2O (40 mL) and 5% aqueous HCl (37.5 mL). 

The ether layer was separated, washed with 5% aqueous HCl (2 x 10 mL) and brine (10 

mL), dried over Na2SO4, filtered, and concentrated to a residue. The crude residue was 

flash chromatographed on silica gel using hexane–EtOAc–AcOH (6:2:1) as an eluant and 

separated into the two products. (major and minors) The major compound was 

crystallized by slow evaporation of a diethyl ether solution (yield 70%), while the minor 

compound was crystallized by slow evaporation of a deuterated methanol solution (yield 

30%).Two products were obtained and characterized by X ray crystallography. Major 

compound 3-(5-(4-chlorophenyl)-1-(4-methoxyphenyl)-1H-pyrazol-3-yl)propanoic acid, 

Calculated 356.80, LCQ-ESI 357.2; 1H NMR (600 MHz, MeOD) δ 7.30 (d, J = 5.3 Hz, 

2H), 7.18 (m, 4H), 6.96 – 6.92 (m, J = 8.7 Hz, 2H), 6.47 (s, 1H), 3.81 (s, 3H), 2.99 (t, J = 

7.6 Hz, 2H), 2.73 (t, J = 7.6 Hz, 2H) 13C NMR (151 MHz, CDCl3) δ 176.40 (s), 161.02 

(s), 153.57 (s), 144.59 (s), 135.48 (s), 133.84 (s), 131.23 (s), 130.25 (s), 129.72 (s), 

128.41 (s), 115.38 (s), 107.20 (s), 56.02 (s), 34.53 (s), 24.34 (s). The minor compound: 

Calculated 370.83 LCQ MS m/z 371.1 Methyl 3-(5-(4-chlorophenyl)-1-(4-

methoxyphenyl)-1H-pyrazol-3-yl)propanoate; 1H NMR (500 MHz, MeOD) δ 7.31 – 7.27 

(m, 2H), 7.19 – 7.13 (m, 4H), 6.96 – 6.90 (m, 2H), 6.44 (s, 1H), 3.81 (s, 3H), 3.70 – 3.67 



138 
 

(m, 3H), 2.99 (t, J = 7.6 Hz, 2H), 2.75 (t, J = 7.6 Hz, 2H); 13C NMR δ (500MHz,MeOD) 

24.481, 34.604,   107.262, 115.465, 128.453, 129.802, 130.394, 131.310, 134.047, 

135.525, 144.604, 153.476, 161.048, 174.982.  

3-(5-(4-Chlorophenyl)-1-(4-(methylsulfonyl)phenyl)-1H-pyrazol-3-yl)propanoic acid 

(3-11) 

6-(4-Chlorophenyl)-4, 6-dioxohexanoic acid (0.63 g, 2.5 mmol), 4-

sulfonamidophenylhydrazine hydrochloride (0.556 g, 2.5 mmol) and Et3N (0.25 g, 5 

mmol) were combined in MeOH (20 mL) and stirred at room temperature for 6 h. The 

mixture was then concentrated in vacuo to a residue, which was partitioned between Et2O 

(40 mL) and 5% aqueous HCl (12.5 mL). The ether layer was separated, washed with 5% 

aqueous HCl (2 x 10 mL) and brine (10 mL), dried over Na2SO4, filtered, and 

concentrated to a residue. The crude residue was flash chromatographed on silica gel with 

a 5:5:0.9 of EtOAc, hexane, and AcOH; yield 0.89 g; percent yield 87%, M.P. 1430-1450 

C, calculated MW 404.87, LCQ- MS m/z 405.1; 1H NMR (500 MHz, MeOD) δ 7.95 – 

7.81 (m, 2H), 7.52 – 7.39 (m, 2H), 7.36 – 7.27 (m, 2H), 7.23 – 7.09 (m, 2H), 6.46 (s, 1H), 

3.08 (s, 3H), 2.95 (t, J = 7.5 Hz, 2H), 2.69 (t, J = 7.5 Hz, 2H); 13C NMR (500 MHz, 

MeOD) δ 176.32 (s), 155.20 (s), 145.13 – 145.08 (m), 144.70 – 144.65 (m), 140.73 – 

140.45 (m), 136.00 (s), 131.44 (s), 130.06 (s), 129.55 (s), 126.53 (s), 109.43 (s), 44.26 

(s), 34.19 (s), 24.45 (s). 
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Ethyl 2-hydroxy-4-oxo-4-phenyl-2-butenoate (3-13) 

This was made by following the published method90 75  mL ethanol was converted to 

sodium ethoxide by portionwise addition of the sodium (2.95 g, 128.5 mmol) before a 

solution of diethyl oxalate (17.5 mL, 128.5 mmol) and acetophenone (7.5 mL, 64.25 

mmol) in ethanol (37.5 mL) was added dropwise at 50 0C. The mixture was heated at 

reflux for 2 h. After cooling, the solvent was removed and the residue was taken up in 

water (375 mL) and acidified with concentrated HCl (7.5 mL). The aqueous mixture was 

extracted with diethyl ether (3 x 350 mL). The combined extracts were washed with brine 

(50 mL) dried MgSO4 and concentrated. The crude brown oil (7.5 g, 53%)n which was 

purified by flash chromatography (heptanes: AcOEt 7:3) to give ethyl 2-hydroxy-4-oxo-

4-phenyl-2-butenoate, Calculated MW 220.22; 1H NMR (500 MHz, CDCl3) δ 7.97 – 7.91 

(m, 2H), 7.56 (t, J = 7.4 Hz, 1H), 7.45 (t, J = 7.7 Hz, 2H), 7.04 (s, 1H), 4.37 (q, J = 7.1 

Hz, 2H), 1.39 (t, J = 7.1 Hz, 3H); 13C NMR δ (500 MHz, CDCl3) 190.165, 169.416, 

161.647, 134.408, 133.366, 128.460, 128.128, 127.853, 127.448, 97.505, 62.150, 13.737. 

 

Ethyl 1-(4-(methylsulfonyl)phenyl)-5-phenyl-1H-pyrazole-3-carboxylate (3-14) 

This was made by following the published method90. Ethyl 2-hydroxy-4-oxo-4-phenyl-2-

butenoate (2.5mmol, 550.6 mg) in 20 mL of ethanol was added to the 2-(4-

(methylsulfonyl)phenyl)hydrazinium chloride (2.5 mmol, 556.7 mg) and refluxed for 3h  

and cooled to 200 C. then 50 mL of ethyl acetate was added and solution was extracted 

with the 1N HCl. Then, it was extracted with the ethanol. The final product was 
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crystallized. M.P. 1630-1650 C; Yield (0.78g, 84%); mass calculated 370.42, LCQ-ESI 

m/z 370.9, 1H NMR (500 MHz, CDCl3) δ 7.91 (d, J = 8.6 Hz, 2H), 7.56 (d, J = 8.6 Hz, 

2H), 7.42 – 7.34 (m, 3H), 7.24 – 7.21 (m, 2H), 7.05 (s, 1H), 4.46 (q, J = 7.1 Hz, 2H), 3.06 

(s, 3H), 1.43 (t, J = 7.1 Hz, 3H); 13C NMR  δ (500MHz, CDCl3) 14.407, 44.505, 61.391, 

110.934, 125.853, 128.378, 128.775, 128.928, 128.979,  129.345, 139.724, 143.626, 

144.997, 145.420.  

1-(4-(Methylsulfonyl)phenyl)-5-phenyl-1H-pyrazole-3-carboxylic acid (3-15) 

This was made by following the published method90. Ethyl 1-(4-(methylsulfonyl)phenyl)-

5-phenyl-1H-pyrazole-3-carboxylate (0.202 g) was added to 11.1 g of NaOH in 45 mL of 

MeOH and 15 mL of H2O and refluxed for 1 hour. The reaction mixture was acidified 

with 3 N HCl and extracted with ethyl ether. The organic layer was dried with anhydrous 

Na2SO4. The dried organic layer was rotor evaporated to obtain the residue of ethyl 1-(4-

(methylsulfonyl)phenyl)-5-phenyl-1H-pyrazole-3-carboxylate, white color solid (0.148 g, 

79%), mass calculated  342.37, LCQ FAB MS m/z 343.0, 1H NMR (500 MHz, CDCl3) δ 

7.94 (d, J = 8.6 Hz, 2H), 7.57 (d, J = 8.6 Hz, 2H), 7.45 – 7.36 (m, 3H), 7.27 – 7.22 (m, 

2H), 7.12 (s, 1H), 3.08 (s, 3H); 13C NMR δ ( 500 MHz, CDCl3) 44.473, 111.286, 125. 

784, 126.761, 128.440, 128.649, 128.800, 129.047, 129.528, 139.950, 143.379, 144.294, 

145.527, 165.443. 

3-(1-(4-sulfamoylphenyl)-5-p-tolyl-1H-pyrazol-3-yl)propanoic acid (3-12) 

This was made by following the published method85 and characterized with X ray 

crystallography. Percentage yield 100%, M.P. 1380-1400 C, Mass calculated 385.44, LCQ 
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ESI (M+H)+ 386.1; 1H NMR (500 MHz, CDCl3) δ 7.92 – 7.79 (m, 2H), 7.44 – 7.33 (m, 

2H), 7.20 – 7.05 (m, 4H), 6.43 (s, 1H), 2.99 (t, J = 7.5 Hz, 2H), 2.73 (t, J = 7.6 Hz, 2H), 

2.32 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 176.38 (s), 154.75 (s), 145.99 (s), 143.93 (s), 

143.65 (s), 140.08 (s), 130.36 (s), 129.78 (s), 128.50 (s), 128.03 (s), 126.35 (s), 108.45 

(s), 34.36 (s), 24.47 (s), 21.25 (s). 

 

Compound 3-16 

 

Boc-Tyr-D-Ala-Gly-Phe-NH-NH2 (83.34 mg, 0.146 mmol) and 3-15 (50 mg, 0.146 

mmol) were dissolved in DMF (10 mL) and cooled in ice-bath for 10 min. PyBOP (75.96 

mg, 0.146 mmol), HOBt(19.7 mg, 0.146 mmol), and 0.06 mL (0.292 mmol) of NMM 

were added to the reaction mixture, which stirred for 30 min at 0 °C and for 5 h at room 

temperature. After checking for disappearance of the starting amine, the mixture was 

concentrated under reduced pressure, followed by dilution with EtOAc (150 mL) and 1 N 

HCl (20 mL). The organic layer was washed with saturated NaHCO3 (2 x 15 mL) and 

brine (20 mL) and dried over anhydrous Na2SO4. After filtering, the solution was 

concentrated and dried in vacuo. The residue was dissolved in cold TFA (20 mL) and 

stirred for 20 min at 0 °C. The mixture was evaporated and coevaporated with toluene (2 

x 50 mL). The solid was dissolved in MeOH and purified by the semiprep HPLC system. 

Final peptide was characterized by high resolution mass spectrometry and 1H NMR 

spectroscopy. 1H NMR (600 MHz, DMSO-d6) δ 10.36 (s, 1H), 10.30 (s, 1H), 8.54 (d, J = 

C
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7.6 Hz, 1H), 8.18 (dd, J = 10.3, 7.3 Hz, 2H), 8.06 (d, J = 12.0 Hz, 3H), 8.04 – 7.98 (m, 

2H), 7.64 – 7.61 (m, 2H), 7.46 – 7.42 (m, 3H), 7.35 – 7.26 (m, 6H), 7.20 (dd, J = 11.5, 

4.4 Hz, 1H), 7.12 (s, 1H), 7.02 (d, J = 8.5 Hz, 2H), 6.70 (d, J = 8.5 Hz, 2H), 4.69 (td, J = 

9.5, 3.9 Hz, 1H), 4.33 (p, J = 7.0 Hz, 1H), 4.00 (d, J = 21.5 Hz, 1H), 3.76 (dd, J = 16.9, 

5.9 Hz, 1H), 3.60 (dd, J = 16.9, 5.7 Hz, 1H), 3.32 (m, 1H), 3.28 (s, 3H), 3.12 (dd, J = 

13.8, 3.7 Hz, 1H), 2.95 – 2.79 (m, 3H), 1.05 (t, J = 7.4 Hz, 3H). See mass spec. 

characterization Table 3.4-1. 

 

Compound 3-17  

 

Boc-Tyr-D-Ala-Gly-Phe-NH-NH2 (151.8 mg, 0.280 mmol) and 3-10 (100 mg, 0.280 

mmol) were dissolved in DMF (10 mL) and cooled in ice-bath for 10 min. PyBOP (145.7 

mg, 0.280 mmol), HOBt (37.8 mg,0.280 mmol), and 0.06 mL (0.560 mmol) of NMM 

were added to the reaction mixture, which was stirred for 30 min at 0 °C and for 5 h at 

room temperature. After checking for the disappearance of the starting amine by TLC, 

the mixture was concentrated under reduced pressure, followed by dilution with EtOAc 

(150 mL) and 1 N HCl (20 mL). The organic layer was washed with saturated NaHCO3 

(2 x 15 mL) and brine (20 mL) and dried over anhydrous Na2SO4. After filtering, the 

solution was concentrated and dried in vacuum. The residue was dissolved in cold 20 mL 

of TFA and stirred for 20 min at 0 °C. The mixture was evaporated and co-evaporated 

with toluene (2 x 50 mL). Crude yield 0.32 g, the solid was dissolved in MeOH and 

C
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purified by the semiprep HPLC system. The final peptide was characterized by high 

resolution mass spectrometry and 1H NMR spectroscopy. 1H NMR (600 MHz, DMSO-

d6) δ 10.12 (s, 1H), 9.95 (s, 1H), 8.53 (d, J = 7.6 Hz, 1H), 8.17 (t, J = 5.8 Hz, 1H), 8.13 

(d, J = 8.6 Hz, 1H), 8.05 (s, 3H), 7.41 (t, J = 8.0 Hz, 2H), 7.25 (dd, J = 7.6, 5.8 Hz, 4H), 

7.23 – 7.18 (m, 3H), 7.18 – 7.14 (m, 2H), 7.02 (d, J = 8.4 Hz, 2H), 6.95 (t, J = 6.1 Hz, 

2H), 6.70 (d, J = 8.3 Hz, 2H), 6.54 (s, 1H), 4.60 (td, J = 9.3, 4.3 Hz, 1H), 4.33 (p, J = 7.1 

Hz, 1H), 3.98 (d, J = 5.2 Hz, 1H), 3.77 (s, 3H), 3.73 (dd, J = 16.1, 5.0 Hz, 1H), 3.61 (dd, 

J = 16.9, 5.7 Hz, 1H), 3.04 (dd, J = 13.9, 4.1 Hz, 1H), 2.93 – 2.73 (m, 6H), 2.60 – 2.54 

(m, 2H), 1.05 (d, J = 7.0 Hz, 3H). See mass spec. characterization Table 3.4-1. 

 

Compound 3-18  

 

 

Boc-Tyr-D-Ala-Gly-Phe-NH-NH2 (83.34 mg, 0.146 mmol) and 3-11 (58.99 mg, 0.146 

mmol) were dissolved in DMF (10 mL) and cooled in ice-bath for 10 min. PyBOP (75.96 

mg, 0.146 mmol), HOBt (19.7 mg, 0.146 mmol), and 0.06 mL (0.292 mmol) of NMM 

were added to the reaction mixture, which stirred for 30 min at 0 °C and for 5 h at room 

temperature. After checking for disappearance of the starting amine, the mixture was 

concentrated under reduced pressure, followed by dilution with EtOAc (150 mL) and 1 N 

HCl (20 mL). The organic layer was washed with saturated NaHCO3 (2 x 15 mL) and 

brine (20 mL) and dried over anhydrous Na2SO4. After filtering, the solution was 
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concentrated and dried in vacuo. The residue was dissolved in cold TFA (20 mL) and 

stirred for 20 min at 0 °C. The mixture was evaporated and coevaporated with toluene (2 

x 50 mL). The solid was dissolved in MeOH and purified by the semiprep HPLC system. 

Final peptide was characterized by high resolution mass spectrometry and 1H NMR 

spectroscopy. 1H NMR (600 MHz, DMSO-d6) δ 10.13 (s, 1H), 9.96 (s, 1H), 8.52 (d, J = 

7.6 Hz, 1H), 8.16 (t, J = 5.8 Hz, 1H), 8.13 (d, J = 8.6 Hz, 1H), 8.06 (s, 3H), 7.97 – 7.92 

(m, 2H), 7.51 – 7.46 (m, 4H), 7.32 – 7.28 (m, 2H), 7.28 – 7.17 (m, 5H), 7.02 (d, J = 8.5 

Hz, 2H), 6.70 (d, J = 8.4 Hz, 2H), 6.64 (s, 1H), 4.60 (td, J = 9.2, 4.3 Hz, 1H), 4.33 (p, J = 

7.0 Hz, 1H), 3.98 (s, 1H), 3.74 (dd, J = 16.9, 5.9 Hz, 1H), 3.61 (dd, J = 16.9, 5.7 Hz, 1H), 

3.32 (s, 1H), 3.24 (d, J = 13.3 Hz, 3H), 3.06 – 2.98 (m, 1H), 2.96 – 2.75 (m, 5H), 2.59 (t, 

J = 7.6 Hz, 2H), 1.05 (d, J = 7.0 Hz, 3H). See mass spec. characterization Table 3.4-1. 

 

Compound 3-19 

 

Boc-Tyr-D-Ala-Gly-Phe-NH-NH2 (148 mg, 0.259 mmol) and 3-12 (100 mg, 0.259 

mmol) were dissolved in DMF (10 mL) and cooled in ice-bath for 10 min. PyBOP 

(134.98 mg, 0.259 mmol), HOBt (35.05 mg, 0.259 mmol), and 0.06 mL (0.292 mmol) of 

NMM were added to the reaction mixture, which stirred for 30 min at 0 °C and for 5 h at 

room temperature. After checking for disappearance of the starting amine, the mixture 

was concentrated under reduced pressure, followed by dilution with EtOAc (150 mL) and 

1 N HCl (20 mL). The organic layer was washed with saturated NaHCO3 (2 x 15 mL) 
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and brine (20 mL) and dried over anhydrous Na2SO4. After filtering, the solution was 

concentrated and dried in vacuo. The residue was dissolved in cold TFA (20 mL) and 

stirred for 20 min at 0 °C. The mixture was evaporated and coevaporated with toluene (2 

x 50mL). The solid was dissolved in MeOH and purified by the semiprep HPLC system. 

Final peptide was characterized by high resolution mass spectrometry and 1H NMR 

spectroscopy. 1H NMR (600 MHz, DMSO-d6) δ 10.13 (s, 1H), 9.96 (d, J = 1.4 Hz, 1H), 

8.53 (d, J = 7.6 Hz, 1H), 8.17 (t, J = 5.8 Hz, 1H), 8.14 (d, J = 8.5 Hz, 1H), 8.06 (d, J = 

4.2 Hz, 3H), 7.81 – 7.79 (m, 2H), 7.45 – 7.38 (m, 4H), 7.28 – 7.08 (m, 9H), 7.02 (d, J = 

8.5 Hz, 2H), 6.70 (d, J = 8.5 Hz, 2H), 6.52 (d, J = 7.5 Hz, 1H), 4.60 (tt, J = 16.5, 8.1 Hz, 

1H), 4.33 (p, J = 7.1 Hz, 1H), 3.98 (d, J = 5.6 Hz, 1H), 3.73 (dd, J = 16.9, 5.9 Hz, 1H), 

3.61 (dd, J = 16.9, 5.7 Hz, 1H), 3.04 (dd, J = 13.8, 4.1 Hz, 1H), 2.94 – 2.74 (m, 6H), 2.58 

(t, J = 7.5 Hz, 2H), 2.32 (s, 3H), 1.05 (d, J = 7.0 Hz, 3H). See mass spec. characterization 

Table 3.4-1. 

 

Compound 3-20  

 

 

Boc-Tyr-D-Ala-NH-NH2 (735 mg, 2.00 mmol) and 3-10 (650 mg, 1.821 mmol) were 

dissolved in DMF (10 mL) and cooled in ice-bath for 10 min. BOP (886 mg, 2 mmol), 

HOBt (306 mg, 1.99 mmol), and 0.30 mL (2.15 mmol) of TEA were added to the 

reaction mixture, which stirred for 30 min at 0 °C and for 5 h at room temperature. After 

checking for disappearance of the starting amine, the mixture was concentrated under 
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reduced pressure, followed by dilution with EtOAc (150 mL) and 1 N HCl (20 mL). The 

organic layer was washed with saturated NaHCO3 (2 x 15 mL) and brine (20 mL) and 

dried over anhydrous Na2SO4. After filtering, the solution was concentrated and dried in 

vacuo. The residue was dissolved in cold TFA (20 mL) and stirred for 20 min at 0 °C. 

The mixture was evaporated and coevaporated with toluene (2 x 50 mL). The solid was 

dissolved in MeOH and purified by the semiprep HPLC system. Final peptide was 

characterized by high resolution mass spectrometry and 1H NMR spectroscopy. 1H NMR 

(600 MHz, DMSO-d6) δ 9.97 (d, J = 1.3 Hz, 1H), 9.91 (d, J = 1.4 Hz, 1H), 8.61 (d, J = 

8.0 Hz, 1H), 8.09 (d, J = 4.3 Hz, 3H), 7.47 – 7.38 (m, 2H), 7.24 – 7.18 (m, 2H), 7.17 – 

7.12 (m, 2H), 7.02 (d, J = 8.5 Hz, 2H), 6.97 – 6.94 (m, 2H), 6.71 (d, J = 8.4 Hz, 2H), 6.52 

(s, 1H), 4.43 (p, J = 7.1 Hz, 1H), 4.04 – 3.94 (m, 1H), 3.77 (s, 3H), 2.95 – 2.79 (m, 4H), 

2.55 (t, J = 7.7 Hz, 2H), 1.11 (d, J = 7.1 Hz, 3H). See mass spec. characterization Table 

3.4-1. 

3.5.1 Xray Crystallographic Experimental  
 

This work was performed by the Dr. Garry Nichol in the Department of Chemistry and 

Biochemistry, The University of Arizona. Data were collected on a Bruker SMART1000 

diffractometer using graphite-monochromatic MoKα radiation and a crystal temperature 

of 115 K for compound 3-(1-(4-sulfamoylphenyl)-5-p-tolyl-1H-pyrazol-3-yl)propanoic 

acid and 150 K for compound 3-(5-(4-chlorophenyl)-1-(4-methoxyphenyl)-1H-pyrazol-3-

yl)propanoic acid and methyl 3-(5-(4-chlorophenyl)-1-(4-methoxyphenyl)-1H-pyrazol-3-

yl)propanoate maintained with an Oxford Cryosystems Cryostream.  The structure was 
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solved by direct methods and refined by full-matrix least-squares on F2.  Programs used 

were: data collection and reduction: SMART86, SAINT87; absorption correction: 

SADABS88; structure solution and refinement: SHELXTL89.   

3.5.2 NMR data collection 
 

All NMR spectra of final peptides were recorded on a Bruker DRX600, 600 MHz 

spectrometer with 5 mm Nalorac triple-resonance single-axis gradient probe. 5 mM 

concentrations of peptides in DMSO-d6 were prepared for the NMR experiments. One 

dimensional 1H NMR spectra (1D NMR), Two-dimensional double quantum filtered 

correlation (DQFCOSY), rotating frame nuclear overhauser effect (ROESY), and total 

correlation spectra (TOCSY) were acquired using standard pulse sequences and 

processed using XwinNmr and Mestrenova v 6.0.4-5850 (from Mestrelab Research). The 

mixing time for ROESY spectra was 200 ms. All 2D spectra were acquired in the TPPI 

mode with 2 k or 1 k complex data points in t2 and 750 real data points in t1, and the 

spectral processing used 90°-shifted sine bell window functions in both dimensions. In 

order to determine the distance constraint for the long range NOE, cross-peak volumes 

were calibrated based on known distance using two para hydrogens. The 1/r6 rule was 

used to calculate the volume cutoffs for sorting NOEs into distance bins. Long range 

NOEs were identified using ROESY and TOCSY spectra superimposition. Distance 

constraints were evaluated depending on the magnitude of the cross peak volume. Upper 

bound distance constraints for weak NOEs, medium NOEs, strong NOEs and very strong 

NOEs were assigned as 5 Å, 4 Å, 3.3 Å and 2.9 Å respectively (see Tables A1 to Table 
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A4). Lower bound distance constraint for weak NOEs, medium NOEs, strong NOEs and 

very strong NOEs were assigned as 1.8 Å.  H-N-C-Hα dihedral angles of final peptides 

were constrained based on the J coupling and NOE constraint. The 3JNH-Hα was calculated 

by the 1H NMR or DQF COSY spectra using the mestrenova. As mentioned earlier, 

based on the J values, the dihedral angle was constrained. For example, if the coupling 

constant 3JNH-Hα is greater 8 Hz, an extended conformation was assumed and the φ 

dihedral angle was restricted91 to the range -1500 to -900. If the coupling constant is less 

than 6 Hz a helical conformation was assumed and φ dihedral angle was restricted to the 

range -900 to -400. If the coupling constant is between the 6 and 8 Hz, then a random coil 

was assumed and no conformational constraints were placed on the φ dihedral angle. 

3.5.3 Determination of the NMR conformation of ligands  
 

Molecular modeling experiments employed MacroModel 8.1 equipped with Maestro 5.0 

graphical interface installed on a Linux RedHat 9.0 system. Peptide structures were built 

into extended structures with standard bond lengths and angles, and they were minimized 

using the OPLS-AA force field and the Polak-Ribier conjugate gradient (PRCG). 

Optimizations were converged to a gradient rmsd less that 0.005 kJ/Å mol or continued 

until a limit of 50000 iterations was reached. Aqueous solution conditions were simulated 

using the continuum dielectric water solvent model (GB/SA)92 in MacroModel. Extended 

cutoff distances were defined at 8 Å for van der Waals, 20 Å for electrostatics, and 4 Å 

for H-bonds.  
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Conformational analysis of the peptides was performed by Macromodel’s 

MCMM/LMCS procedure by using the energy minimization parameters along with the 

NMR constraint data (e.g. long range NOE and φ). A total of 1000 search steps were 

performed and the conformations with energy difference of 21 kJ/mol from the global 

minimum were saved. Interatomic distances and dihedral angles were measured for each 

peptide analogue using the standard Maestro measurement tool. 

3.5.4 Determination of the docked conformation of  ligands with their 
respective targets94‐96 

 

The PDB for the COX2 target complex was downloaded from the Brookhaven pdb 

database (www.pdb.org), and the PDB for the homology modeled receptor was 

downloaded from the Dr. Mosberg official website 

(http://mosberglab.phar.umich.edu/resources/). Ligand and target was separated in PDB 

and the coordinates for the ligand binding at the target catalytic pocket site were 

recorded. All the water molecules were removed from the target molecule (receptor). 

Polar hydrogen atoms were added and charges were assigned. Energy minimization was 

performed, in order to relieve the steric congestions among residues in the target 

molecule. PDB file was generated for the newly energy minimized target.  

All calculations and graphical manipulations were performed on AMD quad core 

computer using the software package Autodock 4.2. The lowest energy conformation 

produced by Macromodel was docked to the homology modeled mu and delta opioid 

receptor in active state and COX2 enzyme (1CX2 PDB) to evaluate the binding affinity 

and docking pose of final peptides. The Larmarkian genetic algorithm (LGA) was 
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performed for conformational sampling. At the end of the each LGA run, the AutoDock 

output was a single docked conformation as the final result. In order to obtain a 100 

conformational ensemble, 100 LGA runs were performed for each reference ligand. Each 

LGA run was performed with a population size of 150 chromosomes, a crossover ration 

of 0.80, elitism ratio of 0.10 and a mutation ration of 0.20.  

The maximum number of GA evaluations was 2,500,000. All the rotatable bonds 

comprising sp3-sp3 and sp3-sp2 were allowed to rotate during the docking experiment, 

unless those whose rotations did not provide any different conformations. For example, 

terminal groups such as CH3, CF3 etc. The cyclic molecules conformational flexibility 

was not considered.  

The size of the grid box was 62 Å x 62 Å x 62 Å. Generally, the grid box was centered on 

the experimentally observed position of the ligand within the catalytic pocket. For 

example (X, Y, Z) coordinates of the center of the grid box for COX2 enzyme was 

(60.803, 44.596, 75.097), (X, Y, Z) coordinates of the center of the grid box for the mu 

opioid receptor was (-13.889, 9.116, -0.136) and (X, Y, Z) coordinates of the center of 

the grid box for the delta opioid receptor was (-15.881, 8.81, -1.079). The grid box was 

chosen such a way that it was large enough to enclose the ligand along with the catalytic 

pocket of the target. The grid spacing default value which was 0.35 was accepted in this 

study. During the docking of ligands to their respective target, the latter was treated as a 

rigid body. 

 



151 
 

3.5.5 Radioligand labeled binding assays for opioid receptors 
 

The radioligands labeled binding assays for opioid receptors were performed by Dr. S. 

Ma in Dr. Lai’s laboratory in the Department of Pharmacology,The University of 

Arizona. Membranes were prepared as previously described60-63from the transfected cells 

that express the MOR or the DOR. The protein concentration of the membrane 

preparations was determined by the Lowry method, and the membranes were stored at -

80 °C until use. Membranes were resuspended in assay buffer [50 mM Tris, pH 7.4, 

containing 50 µg/mL bacitracin, 30 µM bestatin, 10 µM captopril, 100 µM 

phenylmethylsulfonylfluoride (PMSF), 1 mg/mL BSA].  

In order to determine the Kd values for the radioligands for mu and delta opioid receptors, 

saturation binding analysis was performed for varying concentrations of [3H]-DAMGO or 

[3H]DPDPE along with the membrane proteins from their respective mu or  delta opioid 

receptors expressing cells. For example, six concentrations of [3H]-DAMGO (0.02-6 nM, 

47.2 Ci/mmol) or [3H]DPDPE (0.1-10 nM, 44 Ci/mmol) were each mixed with 200 µg of 

membranes from MOR or DOR expressing cells respectively in a final volume of 1 mL.  

In order to determine the Kd values and IC50 values for the synthesized trifunctional 

ligands, competition inhibition binding analysis were performed. Ten concentrations of a 

test compound were each incubated with 50 µg of membranes from mu  or  delta opioid 

receptors expressing cells and the Kd concentration of [3H]DAMGO (1.0 nM, 50 

Ci/mmol) or of [3H]- DPDPE (1.0 nM, 44 Ci/mmol), respectively. In order to obtain 

amount of the specific binding of ligand to the receptors, amount of total binding of 

ligands was subtracted from the quantity of the non specific binding to the receptors. 
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Naloxone at 10 µM was used to define the nonspecific binding of the radioligands in all 

assays. All samples were carried out in duplicate. The samples were incubated in a 

shaking water bath at 25 °C for 3 h, followed by rapid filtration through Whatman grade 

GF/B filter paper (Gaithersburg, MD) presoaked in 1% polyethyleneimine and washing.  

four times each with 2 mL of cold saline, and the radioactivity was determined by liquid 

scintillation counting (Beckman LS5000 TD). Once the Kd values for the ligands were 

established, the Cheng and Prusoff93 equation was used to calculate the IC50 values for 

the ligands. 

3.5.6 GPI and MVD in vitro bioassays 
 

The in vitro tissue bioassays (GPI and MVD) were performed by Ms. Peg Davis in Dr. 

Porreca’s laboratory in the Department of Pharmacology, The University of Arizona.  In 

vitro bio assays were performed according to the method described previously60-65. IC50 

values represent the average of no less than four tissues. The Hill equation along with non 

linear least square calculations were performed to fit the assay data and calculate the 

IC50s  and then standard error bars. Male ICR mice under ether anesthesia were sacrificed 

by cervical dislocation and the vas deferentia was removed for the MVD assay. Vas 

tissue was tied to a gold chain with suture silk and mounted between platinum wire 

electrodes at a tension of 0.5 g in 20-mL organ baths containing the Mg+2 free Kreb’s 

solution. It was maintained at 370C and was bubbled with 95% O2 and 5% CO2 

continuously. They were electrically stimulated (0.1 Hz, single pulses, 2.0 ms duration) at 

supramaximal voltage. Following an equilibrium period, compounds were added to the 
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bath cumulatively in volumes of 14-16 mL, until maximum depression of the twitch was 

reached. Response to an IC50 dose of DPDPE (10 mM) was measured to determine tissue 

integrity before compound testing began.  

In the GPI bioassay, male Hartley guinea pigs under anesthesia were sacrificed by 

decapitation and a non-terminal portion of the ileum was removed. The longitudinal 

muscle with myenteric plexus (LMMP) was carefully separated from the circular muscle 

and was cut into strips. The tissue was tied to a gold chain with suture silk, mounted 

between platinum wire electrodes in 20-mL baths of Kreb solution of following 

composition (118 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.19 mM KH2PO4, 1.18 mM 

MgSO4, 25 mM NaHCO3, and 11.48 mM glucose) at 1 g of tension. It was maintained at 

37 °C under continuous bubbling of 95% O2 and 5% CO2. It was allowed to equilibrate 

for 15 min. The tissues were stimulated electrically (0.1 Hz, 0.4 ms duration) at 

supramaximal voltage. Following equilibration, the compound was added to the baths in 

15-60 μL aliquots until maximum inhibition was observed. Percent inhibition was 

calculated by using the average contraction height for 1 min preceding the addition of the 

compound divided by the contraction height 3 min after exposure to the dose of the 

compound. Response to an IC50 dose of PL-017 (10 nM) was measured to determine 

tissue integrity before compound testing begins. 

3.5.7 [35S]GTPγS binding assay for the opioid receptors 
 
The radioligands labeled binding assays for opioid receptors were performed by Dr. S. 

Ma in Dr. Lai laboratory in the Department of Pharmacology,The University of Arizona. 
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The assay work was carried out according to the previously described method60-63. The 

membrane (10 µg) was isolated from transfected cells of rMOR and hDOR and it was 

added to a final volume of 1 mL incubation mix (50 mM HEPES, pH 7.4, 1 mM EDTA, 

5 mM MgCl2, 30 µM GDP, 1 mM dithiothreitol, 100 mM NaCl, 0.1 mM 

phenylmethylsulfonyl fluoride (PMSF), 0.1% BSA, 0.1 nM [35S]GTPγS) along with 

various concentrations, in duplicate or triplicate, of the test drug and incubated for 90 min 

at 30 °C in a shaking water bath. Reactions were terminated by rapid filtration through 

Whatman GF/B filters (presoaked in water), followed by four washes with 4 mL of ice-

cold wash buffer (50 mM Tris, 5 mM MgCl2, 100 mM NaCl, pH 7.4). The radioactivity 

was determined by liquid scintillation counting as above. The basal level of [35S]GTPγS 

binding was defined as the amount bound in the absence of any test drug. Nonspecific 

binding was determined in the presence of 10 µM unlabeled GTPãS. Total binding was 

defined as the amount of radioactivity bound in the presence of test drug. The effect of 

the drug at each concentration on [35S]GTPγS binding was calculated as a percentage by 

the following equation: [total bound - basal]/ [basal - nonspecific] x 100. Data were 

expressed as the mean (SEM from three independent experiments and analyzed by 

nonlinear regression analysis using GraphPad Prism4. 

3.5.8 Human recombinant COX2 assay  
 

This COX2 inhibitory assay was performed by the Cerep, France laboratories. The assay 

work was carried out according to the previously described method67. The test compound, 

reference compound or water (control) was pre-incubated for 20 min at 22°C with the 
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enzyme (≈ 0.2 µg) in a buffer containing 100 mM Tris-HCl (pH 8.0), 2 mM phenol and 1 

µM hematine. Thereafter, the reaction was initiated by adding 2 µM arachidonic acid and 

the mixture was incubated for 5 min at 22°C. For basal control measurements, 

arachidonic acid was omitted from the reaction mixture. Following incubation, the 

reaction was stopped by the addition of 1 M HCl then 1 M Tris/HCl (pH 8.0) followed by 

cooling to 4°C. The amount of PGE2 present in the reaction mixture was quantified using 

an EIA detection kit and the measurements are made with a micro plate reader. The 

results were expressed as a percent inhibition of the control enzyme activity. The 

standard inhibitory reference compound is NS 398, which was tested in each experiment 

at several concentrations to obtain an inhibition curve from which its IC50 value is 

calculated. 

3.6 Conclusions 
 

In this study, we found a novel trifunctional ligand, 3-17 having weak mu antagonist, 

delta agonists and COX2 inhibitory activities. Our findings are very crucial, since delta 

agonists have been described as providing non addictive analgesia when compared to mu 

opioid agonists68. In addition, modest COX2 inhibition may help to overcome tolerance 

development due to opioid administration. The N-terminal tetrapeptide sequence, which 

is message sequence, is important for the opioid activity. But, the C terminal residues can 

increase or decrease the opioid activity via stabilizing or destabilizing conformations 

favorable for mu and, delta opioid activities. In the future, in vivo antinociception studies 

can be carried out using a inflammatory or neuropathic pain model for the ligand, 3-17. 
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Moreover, ligand-opioid receptor interactions can be further validated with mutation 

studies of residues of wild type opioid receptor.  

3.7 Future Perspective 
 

The study of creation of novel peptide based trifunctional ligand that has mu agonist 

activity, delta agonist activity and COX2 inhibitory activity produced a novel hit 

molecule which has COX2 inhibitory activity of 30 µM along with delta agonist activity 

and partial mu antagonist activity (compound 3-17). This can be modified to obtain the 

optimum mu agonist activity by replacing the Tyr1 moiety of the opioid pharmacophore 

(1/2 biphalin pharmacophore) of 3-17 with a Dmt moiety. The proposed novel 

trifunctional molecule’s structure is depicted below.  

C
H
N

O H
N

NN

O

Cl

O
H-Dmt-D-Ala-Gly-Phe

 

Figure 3.7-1 Proposed trifunctional molecule having optimum bioactivity and affinity 

towards target 
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4 CHAPTER 4 

4.1 IMPROVING  THE  PHARMACOLOGICAL  PROPERTIES  OF  DIPPNH2 
(HDMTTICPHEPHENH2) BY ADDING CTERMINAL NEUROKININ 
1 ANTAGONIST FUNCTIONALITY 

 

There are two types of pain described in the previous section, acute pain and chronic 

pain1. Chronic pain can result from nerve damage and its outcome is inflammation2. 

Because of the inflammation, several pain sensitizing neurotransmitters are released at 

the inflammatory site, interact with their corresponding receptors, and promote excitation 

of the nociceptors such as Aδ and C3 fibers. This produces the heightened pain 

perception.  

Substance P is one of the neurotransmitters released when there are nerve damages4-5. It 

binds preferably to the NK1 receptor that is a G protein coupled receptor (GPCR). It 

promotes descending facilitation pathways and enhances pain perception. It has been 

found that prolonged administration of opioids can attenuate analgesic efficacy due to up 

regulation of substance P6-20 and its corresponding receptor (NK1). Moreover, prolonged 

treatment with opioids can result in unexpected pain or abnormal pain34-37. Patients 

sometime described this abnormal pain apart from the original pain as a burning 

sensation or intermittent shooting pain. Abnormal pain arises due to descending 

facilitation. Development of hyperalgesia and allodynia18-33 with chronic exposure to 

opioids may be viewed as abnormal pain.  
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In addition, chronic opioid administration induces tolerance development. Because of 

tolerance development, patients are required to administer higher amount of opioids to 

maintain the same level of antinociception. In another words, the ED50 value of the 

opioids increases over time40.  

 

Figure 4.1-1. Structure of H-Dmt-Tic-Phe-Phe-NH2: [DIPP-NH2] 

 

Figure 4.1-2. Structure of H-Dmt-Tic-[ψCH2-NH]-Phe-Phe-NH2: [DIPP-NH2 (ψ)] 

 

Figure 4.1-3. Structure of Naltrindole 
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Pharmacologically, continuous morphine administration shifts the dose response curve to 

the right. There is a considerable body of evidence that the abnormal pain could be NK1 

receptor mediated, since sustained morphine treatment does not lead to abnormal pain in 

NK1 knockout mice59 and morphine-induced hyperalgesia can be treated by spinal 

administration of a NK-1 receptor antagonist in rats and mice. Further, the literature 

indicates that co-administration of a NK1 antagonist (substance P antagonist) with 

opioids can treat antinociceptive tolerance41-43 and hyperalgesia19 resulting from chronic 

morphine treatment and potentiates the antinociceptive effects of opioids44. In addition, it 

has been found out that the NK1 and opioid receptors are colocalized45-51. This prompted 

us to design novel trifunctional molecules that have mu opioid agonism, delta opioid 

antagonism, and NK1 antagonism.  We designed delta antagonism in our trifunctional 

design since there is literature evidence that co-administration of delta antagonists with 

mu agonists reduces the development of tolerance and enhance antinociception of opioid 

agonists52-58. Schiller and co- workers60-62 are the pioneers in this field and have made 

DIPP-NH2 (ψ) analogues which have mu agonist and delta antagonist properties, and 

which show greater antinociception when compared to morphine and have less opioid 

induced tolerance. However prolonged usage of DIPP-NH2 (ψ) may release substance P- 

like compounds. In another words, there is evidence that delta antagonism potentiates 

substance P-like material release. For example, it has been found that in the presence of a 

delta antagonist, ligands such as naltrindole (see Figure 4.1-3) enhances the release of 

vivo pronociceptive substance P-like material from the whole spinal cord in halothane-

anesthetized rats but not in the presence of the delta agonists63. In addition, it can be 
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assumed that like all mu agonists, DIPP-NH2 (ψ) administration can be predicted to 

decrease substance P release at the initial stage. However its prolonged usage can be 

predicted to increase substance P release (like all mu agonists). Similarly, the delta 

antagonism present in DIPP-NH2 (ψ) can be predicted to increase substance P-like 

material release. Therefore the net predicted direction would be increases of substance P 

release due to prolonged usage of DIPP-NH2 (ψ). Therefore, it is essential to retain the 

NK1 antagonism along with delta antagonist activity in our design. Besides the substance 

P like materials that are released with delta antagonism63, it has been reported that delta 

antagonism can decrease cholecystokinin (CCK) release in the presence of high doses of 

morphine (10 mg/Kg i.p.)64. It is well known that CCK has an anti-opioid effect65. 

Further, morphine induced release of CCK-like immunoreactivity (CCK-LI) in the dorsal 

horn was completely blocked by the delta receptor antagonist, naltrindole66 (10 μM in the 

perfusion fluid). This attenuated CCK release may be the reason/mechanism, by which 

ligands with mu agonist and delta antagonist activities such as DIPP-NH2 (ψ) show 

greater antinociception (Figure 4.1-1) and induce less opioid  tolerance compared to  

morphine60. Under these circumstances, we envisioned that there could be a possibility to 

improve DIPP-NH2 (ψ) based molecules via by modifying their structure to a structure 

that would show NK1 antagonism, while retaining its delta antagonist activity. Our 

ultimate objective is to obtain a ligand which has high efficacy in treating neuropathic 

pain without the development of tolerance. Therefore, we decided to design trifunctional 

molecules having mu agonist activity, delta antagonist activity and NK1 antagonist 

activity. We hypothesize that such designed molecules will possess mu agonist activity, 
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delta antagonist activity and NK1 antagonist activity by interacting with these three 

receptors in nerve terminals in pain pathways. In addition, in order to understand the 

basis of the opioid activity and affinity of trifunctional ligands, conformational analysis 

and docking studies were performed for the ligands using the homology modeled mu and 

delta opioid receptors in their active state88-91. We have taken the DIPP-NH2 and DIPP-

NH2 (ψ) as reference compounds60-62 (Figures of 4.1-1 and 4.1-2) for docking and 

conformational analysis studies and compared them with our designed trifunctional 

molecules (See compounds in Figures of 4.2-1). 

4.2 Design strategy 
 

 

 

4-8 (35b6):  H-Dmt-Tic-Phe-Phe-Phe-Pro-Leu-Trp-CONH-Bn(CF3)2 

 

 

4-1 (ISU 39b6): H-Tyr-Tic-Trp-CONH-Bn(CF3)2      

4-2 (ISU 56b6): H-Dmt-Tic-Trp-CONH-Bn(CF3)2      

4-3 (ISU 40b6): H-Tyr-Tic-Leu-Trp-CONH-Bn(CF3)2      

4-4 (ISU 28b6): H-Tyr-Tic-Pro-Leu-Trp-CONH-Bn(CF3)2    

4-5 (ISU 29b6): H-Tyr-Tic-Phe-Pro-Leu-Trp-CONH-Bn(CF3)2    

4-6 (ISU 47b6): H-Tyr-Tic-Phe-Phe-Pro-Leu-Trp-CONH-Bn(CF3)2    

4-7 (ISU 34b6): H-Dmt-Tic-Phe-Phe-Pro-Leu-Trp-CONH-Bn(CF3)2    

Figure 4.2-1. Sequences of designed DIPP-NH2 derivatives 

Opioid pharmacophore  

(DIPP-NH2) 

NK1 antagonist  

Pharmacophore 
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As shown in Figure 4.2-1, we have used a mu agonist and delta antagonist 

pharmacophore67 DIPP-NH2, (H-Dmt-Tic-Phe-Phe-NH2) and NK1 antagonist 

pharmacophore68 Phe-Pro-Leu-Trp-CONH-Bn(CF3)2 for our study. We systematically 

reduced the overall length of the peptides, in order to understand the importance of each 

residue for the biological activities, and to hopefully obtain a molecule that would 

penetrate the blood brain barrier69. 

This was done by systematically eliminating residues one by one at the center of the 

peptide. We have studied the first residue effect towards the mu and delta opioid activity 

and affinity by replacing the Tyr residue of some of the trifunctional peptides by the 

2',6’-dimethyltyrosine (DMT) residue. Most of the synthesized ligands show more 

lipophilicity (clogD values at pH 7.4) compared to the lipophilicity of biphalin (Biphalin 

clogD -1.67 at pH 7.4). See Table 4.3-1 for calculated clogD values. Lipophilicity values 

(clogD at pH 7.4) were calculated based on the web based clogD programme 

(http://intro.bio.umb.edu/111-112/OLLM/111F98/newclogp.html).   
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4.3 Synthetic Methodology 

 

 

 

 

We have previously reported70 the synthesis of H-Dmt-Tic-Phe-Phe-Phe-Pro-Leu-Trp-

CONH-Bn(CF3)2 (4-8). In this study, the rest of the peptides synthesized are reported. 

These syntheses were a little different when compared with synthesis of 4-8. The Nα-

Fmoc protected amino acids were gradually added one by one to a 2-chlorotrityl resin 

using coupling agents PyBOP and HBTU and a base, DIPEA using the Nα-Fmoc strategy, 

in order to elongate the peptide in the C to N terminal direction.   

The protected linear peptides, Boc-Tyr-Tic-Trp(Boc)-COOH, Boc-Dmt-Tic-Trp(Boc)-

COOH, Boc-Tyr(Boc)-Tic-Leu-Trp(Boc)-COOH, Boc-Tyr(Boc)-Tic-Pro-Leu-Trp(Boc)-

COOH, Boc-Tyr(Boc)-Tic-Phe-Pro-Leu-Trp(Boc)-COOH, Boc-Tyr(Boc)-Tic-Phe-Phe-

Pro-Leu-Trp(Boc)-COOH  and Boc-Dmt-Tic-Phe-Phe-Pro-Leu-Trp(Boc)-COOH were 

obtained by cleaving the synthesized protected peptide on the resin using 1% TFA in 

DCM solution for 30 min. The crude protected linear peptide was coupled to 3, 5-

bis(trifluoromethyl)benzylamine in the presence of HOBt, PyBOP and NMM in a 

b 

c d 

a 

Figure 4.3-1. Reagent and conditions. a) FmocNH-AA1-OH (1.2 eq); b) 1% TFA in 

DCM; c) PyBOP, HOBt, NMM 2eq, NH2-CH2Ph(CF3)2 

Boc-NH-AAn-NHCH2Ph(CF3)2 Boc-NH-AAn-OH H-AAn-NHCH2Ph(CF3)2 
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minimum amount of the DMF as solvent. DMF was co-evaporated with toluene and 

deprotection of the final protected peptides was carried out with 90% TFA in DCM to 

obtain the desired final product. The final deprotected peptides were purified by semiprep 

high performance liquid chromatography and were characterized by high resolution mass 

spectrometry and NMR spectroscopy.   

 

Table 4.3-1. Characterization data of the trifunctional molecules using HPLC and mass 

spectrometry.  High resolution and low resolution mass spectrometry data (M - TFA + 

Na)+ (A) Analytical HPLC 10-90% of acetonitrile containing 0.1% TFA within 40 min 

and up to 100% with flow rate of 1 mL per min. Rf of different TLC solvent system  (I) 

CHCl3:MeOH:AcOH:90:10:3, (II) EtOAc: n-BuOH:water:AcOH:5:3:1:1, (III) n-

BuOH:water:AcOH: 4:1:1 

4.4 Pharmacological studies 
 

The biological activities of synthesized linear peptide derivatives were determined by 

previously described methods71-74. The binding affinities of the synthesized peptide 

derivatives for the human δ-opioid receptors and rat μ-opioid receptors were determined 

Lig
. 

 HPLC 

tR 

TLC (Rf)  HRMS(M-
TFA+H)+ 

MS 
(M-

TFA+H)+ 
No. clogD 

(pH 7.4) 
%purity 

Min A 
(1) (11) (111) MW 

Calc. 
MW 
Obs. 

MW 
Obs 

4-1 5.49 100 25.17 0.48 0.45 0.30 751.72 752.2666 752.1 
4-2 6.50 99 21.90 0.47 0.45 0.30 779.77 780.2974 780.2 
4-3 6.20 100 28.29 0.52 0.45 0.30 864.87 865.3504 865.2 
4-4 5.94 100 26.36 0.48 0.50 0.34 961.99 962.4030 962.40 
4-5 7.06 100 26.15 0.48 0.47 0.29 1109.16 1109.4719 1109.47 
4-6 8.18 100 29.82 0.50 0.48 0.31 1256.34 1256.5411 1257.3 
4-7 9.19 98.3 30.50 0.40 0.48 0.32 1284.39 1284.5704 1285.3 
4-8 10.31 100 32.19 0.43 0.50 0.35 1431.56 1431.6392 1432.5 
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by competitive binding against [3H]-c[D-Pen2, DPen5]-enkephalin ([3H]DPDPE) and 

[3H]-[D-Ala2, NMePhe4, Gly5-ol]- enkephalin ([3H]DAMGO) in cells that stably express 

these receptors71-74.  

Ligands which had promising affinities for the mu and delta receptors were further 

probed for their functional activities using a [35S]GTPγS second messenger assay. In vitro 

tissue bioassays using the guinea pig ileum (GPI assay) and mouse vas deferens (MVD) 

were performed to evaluate their agonist efficacy71-78. Substance P antagonist activity 

(Ke) was determined by the modified GPI assay101-102.     

4.5 Conformational analysis and docking 
 

Peptides 4-7, 4-1, 4-2, DIPP-NH2 and DIPP-NH2 (ψ) were used to perform the 

conformational analysis using Macromodel 8. Firstly, structures of each peptide were 

energy minimized.  Energy minimization studies were performed using the 

MCMM/LMCS algorithm76 found in Macromodel 8. It is known that the final docking 

output containing the lowest energy docked conformation depends on the starting 

conformation77 of the ligand. Therefore, when selecting the correct ligand conformations 

for the docking analysis with Autodock 4.2, we have taken peptides that have low energy 

conformations and very similar dihedral angles as those found for crystallographic 

structures80 of Dmt-Tic analogues found in the CCDC database, or that represent the 

highest population of the low energy conformations. We have compared the values of the 

dihedral angles of the above 5 peptides, the distance between the  and (Å), and the 

distance between C=O of residue i and the NH of residue i + 3 (Å) to compare 
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conformational properties with opioid activity data. Also we have studied the four 

peptides, DIPP-NH2, DIPP-NH2 (ψ), 4-2, and 4-1 with mu and delta opioid receptors in 

their active state using docking analysis with Autodock 4.2 to assess what type of 

interactions are important for their opioid activity88-91.      

4.6 Results and Discussion 
 

 

Table 4.6-1. Biological affinities of DIPP-NH2 based derivatives towards the mu, delta 

opioid receptors and NK1 receptors.  

All the peptides synthesized in this study have very potent  affinity towards the δ opioid 

receptor (Tables of 4.6-1).  H-Dmt-Tic-Trp-CONH-Bn(CF3)2 (4-2) has the highest 

affinity towards the delta opioid receptor (Ki=0.79 nM) and H-Tyr-Tic-Phe-Phe-Pro-Leu-

 hDOR,[3H]
-DPDPE 

n rMOR, 
[3H]-

DAMGO 

n hNK1, 
[3H]-

Sub. P 

n HDOR rMORCHN-1   

Comp. 
No. 

Ki (nM)  Ki (nM)  Ki(nM)  35S-GTP-γ-S 
EC50(nM) 

35S-GTP-γ-S 
EC50 (nm) 

E 
max 

n

4-1 10 2 2300 2 63 3 ND ND   
4-2 0.79 2 32 2 51 3 no stimulation 0.69 17% 3

4-3 74 2 2900 2 16 3 ND ND   

4-4 130 2 2800 2   ND ND   

4-5 54 2 2200 2 20 3 ND ND   

4-6 81 2 2900 2 31      

4-7 3.3 2 230 2   no Stimulation   2

4-8 13 2 1200 2 41 3     

DIPP-
NH2

67 
0.447  0.943  -  - - -  

DIPP-
NH2(ψ)67 

0.118  1.19  -  - - -  
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Trp-CONH-Bn(CF3)2 (4-6) shows the lowest affinity at the delta opioid receptor(Ki= 81 

nM). 

 

Table 4.6-2. Functional assay result for DIPP-NH2 derivative ligands at opioid and 

substance P receptors 

Affinity of the peptides towards the mu opioid receptor varies considerably with the 

length of the peptide and type of the first amino acid substitution at the N terminal 

residue. For example when comparing  H-Tyr-Tic-Phe-Phe-Pro-Leu-Trp-CONH-

 MVD GPI/ 
LMMP 

mu 
antagonism 
at the GPI? 

delta 
antagonist at 
the MVD? 

Substance P 
activity 

Lig. No. nM IC50 +/- s.e.m or % 
inhibition of contraction 

height at 1 µM 

Agonist 
activity 

Antagonist 
activity 

nM Ke +/- 
sem 

4-1 12%  at 1 µM 8% at 1 
µM 

no nM Ke =       
350 +/- 90 

none at 
1 µM 

no shift n = 2 

4-2 18% 4.9% at 1 
µM 

no Ke = 790 +/- 
350 

none at 
1 µM 

450+/- 80 
 

4-3 20 %  at 1 µM 4.7 % at 1 
µM 

no no none at 
100 nM 

29 +/- 5.4 

4-4 14 % at 
1 µM      nM 
Ke = 271 +/- 

70 

1.6 % no no none at 
100 nM 

23.0 +/- 4.4 

4-5 27% at 
1 µM 

2.9 % at 1 
µM 

no insignificant 
shift 

none at 
1 µM 

160.8 +/- 
101.2 

4-6 23 % at 
1 µM 

1.8 % at 1 
µM 

no no none at 
1 µM 

680+/- 250 

4-7 32 % at 
1 µM 

10.7 % no nM Ke = 500 
+/- 220 

none at 
1 µM 

275 +/- 64 

4-8 37% at 
1 µM 

5.7 % at 1 
µM 

slight no none at 
1 µM 

no shift 

DIPP-
NH2

67 
nM Ke=0.209 18 nM - - - - 

DIPP-
NH2(ψ)67 

nM Ke =0.537 7.7 nM no nM Ke 
=0.537 

- - 
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Bn(CF3)2 (4-6) and H-Tyr-Tic-Trp-CONH-Bn(CF3)2 (4-1), the latter peptide shows 1.2 

fold greater affinity towards the mu opioid receptor compared with the former peptide 

since its shorter compared to the former.  H-Dmt-Tic-Trp-CONH-Bn(CF3)2 (4-2) has the 

highest mu affinity (Ki=32 nM) towards the mu opioid receptor, whereas H-Tyr-Tic-Phe-

Phe-Pro-Leu-Trp-CONH-Bn(CF3)2 (4-6) shows the lowest  affinity at the mu opioid 

receptor (Ki=2900 nM). From the SAR, we can see there is a clear involvement of the 

first residue of the ligand with mu opioid activity and affinity as well as delta opioid 

affinity. For example, substitution of the Tyr residue at the first position with a Dmt 

residue leads to a 70 fold increase in mu affinity and a 13 fold increase in delta receptor 

affinity. Similarly, 4-2 has the highest mu agonist potency compared to the rest of 

peptides (EC50=0.69 nM). Nearly, all the molecules show very similar affinity towards 

the NK1 receptor (Table 4.6-1). 4-2 and 4-7 show delta antagonist activity (Ke) of 790 

nM and 500 nM respectively at the MVD assay (Table 4.6-2). There is no stimulation of 

ligands 4-2 and 4-7 in [35S]GTPγS second messenger assay for the delta opioid receptor. 

A maximum efficacy of 17% was reported by 4-2 ligand in the [35S]GTPγS second 

messenger assay for mu opioid receptor(Table 4.6-2). 4-4 shows the greatest substance P 

antagonist activity (Ke=23 nM), and 4-6 shows the lowest substance P activity (Ke=450 

nM).  

Table 4.6-3 summarizes the results of the conformational analysis studies. A β turn can 

be defined where the distance between  and  is less than 7 Å and the tetrapeptide 

chain is not in a helical conformation81-87. According to the conformational analysis data 
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of DIPP-NH2 (ψ), a β turn structure is associated with DIPP-NH2 (ψ).  On the other hand, 

the rest of the peptides lack a β turn structure in their conformations.  

ligand  ϕi+1  ψi+1  ϕ i+2 ψ i+2 ϕi+3 ψi+3 distance 
between    

and  
(Å)  

distance 
between
C=O of 
residue i 
and the  
NH of 
residue  
i + 3 (Å) 

DIPP-
NH2 

-81.4 114.3 -127.2 75.0 -153.7 157.5 7.245 1.829 

DIPP-
NH2(ψ) 

-97.7 166.7 - -37.8 -51.1 153.9 5.093 6.191 

4-1 -83.6 151.5 -80.9 143.1 - -   

4-2 -91.3 147.8 -80.4 147.9 - - - - 

4-7 -79.9 -42.4 -157.3 -57.6 -86.0 149.6 7.3 6.1 

 

Table 4.6-3. Dihedral angles, distance between the C=O of residue i and the NH of 

residue i + 3 (Å), distance between  and , type beta turn structure of the 

trifunctional peptide ligands. 

This may be the reason that DIPP NH2 (ψ) has very potent agonist activity at the mu 

opioid receptor. We further probed the basis of the opioid bioactivity of the peptide 

trifunctional ligands by studying ligands-receptor interactions using the homology 

modeled mu and delta opioid receptors in their active state. See the Experimental Section 

for further details of the docking analysis of peptide based ligands and Table 4.6-4 and 

4.6-5 of ligand receptor (mu and delta opioid receptors) interactions for the peptide based 

ligands.   
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Peptide ligand Interactions with the mu opioid receptor in active state 

DIPP-NH2 • Asp 147 has salt interactions with Free N terminal NH2 of the 
DIPP-NH2 

• CO of Dmt of DIPP-NH2 hydrogen bond with Thr 218-OH 

• N of Tic of DIPP-NH2 hydrogen bond with Thr 218-OH 

• C-terminal amide group hydrogen bond with Lys 303 and Thr 
307 

DIPP-NH2 (ψ) • Asp 147 has salt interactions with Free N terminal NH2 of the 
DIPP-NH2 (ψ)  

• OH of Dmt of DIPP-NH2 (ψ) hydrogen bond with CO of Lys 
233 and NH of Phe 237 

• NH of Phe3 of DIPP-NH2 (ψ) hydrogen bond with Thr 218 side 
chain O 

• C-terminal Carboxamide of DIPP-NH2 (ψ)  hydrogen bond with 
Glu 229 side chain CO 

4-2 • OH of Dmt of 4-2 has hydrogen bonding interaction with CO 
and N of Tyr 148 and N of Phe 152 

• Trp NH of 4-2 hydrogen bond with CO of Lys 303, NH and O of 
Thr 307  

• CF3 of 4-2 hydrogen bond with His 223-NH  

4-7 • CO of Tic of 4-7 hydrogen bond with NH of Val 300 
• CO of Phe3 of 4-7 hydrogen bond with NH of Val 300 
• NH of Trp of 4-7 hydrogen bond with N of His 223 
• CO of Trp of 4-7 hydrogen bond with NH of His 223 
• N of carboxamide of 4-7 hydrogen bond with OH of Glu 310 

side chain.   
 

Table 4.6-4. Detailed interactions of trifunctional peptide ligand with the mu opioid 

receptor in its active state. 
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Peptide ligand Interactions with the delta opioid receptor in active state 

DIPP-NH2 • OH of DIPP-NH2 hydrogen bond with CO of Ala 221 and NH of 
Phe 222 

• Free N terminal of DIPP-NH2 hydrogen bonds with Tyr 129 –OH 

• CO of Tic of DIPP-NH2 hydrogen bonds with NH of Leu 200  

• NH of Phe3 of DIPP-NH2 hydrogen bonds with NH of Leu 200 

• NH of of Phe4 of DIPP-NH2 hydrogen bonds with CO of Gln 201  

• C terminal carboxamide of DIPP-NH2 hydrogen bond with CO of 
Gln 201 and NH of Phe 202 

DIPP-NH2 (ψ) • Free N terminal of DIPP-NH2 (ψ) hydrogen bond with Tyr 129 –
OH 

• CO of Dmt of DIPP-NH2 (ψ)  hydrogen bonds with Tyr 129 –OH 

• OH of Dmt of DIPP-NH2 (ψ) hydrogen bonds with CO of Ala 
221 

• CO of Phe3 of DIPP-NH2 (ψ) hydrogen bonds with Lys 214 side 
chain NH 

• Free C terminal carboxamide group of DIPP-NH2 (ψ)  hydrogen 
bond with CO of Trp 284 and CO of Val 281 

4-2 • OH of Dmt of 4-2 hydrogen bonds with CO of Ala 221 

• CO of Tic of 4-2 hydrogen bonds with NH of Met 199 

• NH of Trp of 4-2 hydrogen bonds with S of Met 199 

• CF3 of 4-2 hydrogen bond with Asp 288 side chain  

4-7 • OH of Dmt of 4-7 hydrogen bond with Lys 214 
• CO of C terminal carboxamide of 4-7 hydrogen bond with OH of 

Asp 288 side chain  
• NH of Trp of 4-7 hydrogen bond with N of Arg 291 side chain 
• CF3 of 4-7 hydrogen bond with N of Arg 291 side chain 

Table 4.6-5. Detailed interactions of trifunctional peptide ligand with the delta opioid 

receptor in its active state 
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As mentioned in Chapter 3, the accuracy of the final outputs of the docking analysis 

greatly depends on the starting conformation77 of the ligand. When it comes to linear 

peptides, they have greater degrees of freedom and can adapt many conformations. 

Therefore, conformational analysis prior to docking is imperative, in order to understand 

the bioactive conformation of the ligand.  

 

 

For example, it has been found that there are two key interactions, between mu opioid 

agonists and the mu opioid receptor in its active state, that are vital for mu agonism88-91. 

Accounting for these interactions, it is possible to predict or explain or understand the 

ligands’ bioactivities towards the mu opioid receptor. In particular, the Asp 147 and His 

297 residues of the homology mu opioid receptor in the active state are the important 

residues promoting interactions essential for the mu opioid agonism88-91, where they form 

Figure 4.6-1. DIPP-NH2 (ψ) docked to the MOR in its active state 
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salt and hydrogen bonding type interactions with the free N terminal NH2 of the opioid 

ligands and the hydroxyl group of the tyrosine1 residue of the opioid peptide ligands 

respectively. Mutations result in loss of the mu opioid agonism in the opioid assay88-91. 

 

 

According to the GPI bio assay data DIPP-NH2 (ψ) and DIPP-NH2, can be classified as 

mu agonists. When comparing mu agonist potency of DIPP-NH2 (ψ) with that of DIPP-

NH2, the former shows greater agonist activity in GPI assay.  

The docked conformation of the DIPP-NH2 (ψ) and DIPP-NH2 to the homology modeled 

mu opioid receptor in its active state (See Figures 4.6-1 and 4.6-2 and Table 4.6-4) reveal 

that there are critical interactions for, DIPP-NH2 (ψ) and DIPP-NH2 with the mu opioid 

receptor in its active state for the opioid agonism. For example, for both DIPP-NH2 (ψ) 

Figure 4.6-2. DIPP-NH2 docked to the MOR in its active state 
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and DIPP-NH2 the free N-terminal amino group forms a salt interaction with the Asp 147 

essential for the mu opioid agonism88-91. This might be the reason why they act as potent 

agonists in the GPI assay.  

 

Figure 4.6-3. DIPP-NH2 (ψ) docked to the DOR in its active state 

Similarly, it has been long known that the Asp 128 plays a pivotal role in maintaining 

delta agonism by interacting with the free amino terminal group of peptide based opioid 

ligands89. This has been previously discussed in Chapter 3.  In this study, we were not 

able to observe the free N terminal amino group of the opioid peptide ligands, DIPP-NH2 

(ψ) and DIPP-NH2 form salt interactions and hydrogen bonding interactions with Asp 

128 and Tyr 308 respectively in the catalytic pocket of delta opioid receptor in its active 

state (see Figures of 4.6-3 and 4.6-4). This might be the reason both DIPP-NH2 (ψ) and 

DIPP-NH2 act as an antagonist in the MVD assay.   
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According to the GPI assay and the GTPase second messenger assay for the mu opioid 

receptor, we conclude that 4-2 has very weak agonist activity at the mu opioid receptor 

(see Tables 4.6-1 and 4.6-2). Our docking analysis results for 4-2 shows that it lacks mu 

agonist type interactions with the Asp 147 residue of mu opioid receptor in active state88-

91(see Figure 4.6-5). 

  

Figure 4.6-4. DIPP-NH2 docked to the DOR in its active state 

The calculated distance between the free N terminal group of the 4-2 and Asp 147 residue 

of mu opioid receptor in active state is 5.8 Å. This distance is not good enough to 

maintain either hydrogen bonding interactions or salt interactions. Therefore we conclude 

that this might be the reason 4-2 has very weak mu agonist activity compared with DIPP-

NH2 and DIPP-NH2 (ψ).  
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Figure 4.6-5. 4-2 docked to the MOR in its active state. 

 

Figure 4.6-6.  4-2 docked to the DOR in its active state. 
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Like DIPP-NH2 (ψ) and DIPP-NH2, 4-2 lack the residues vital for delta agonism89 (see 

Figure 4.6-6). For example, its free N-terminal NH2 does not participate in any 

interactions with the Asp 128 residue of the delta opioid receptor in its agonist state89.  

 

Figure 4.6-7. Superimposition of global minimum conformation of DIPP-NH2 (ψ) and 

4-2 using Macromodel. 

The calculated distance between the free N-terminal group of 4-2 and the Asp 128 

residue of the delta opioid receptor in its active state is 7.4 Å. This distance is not close 

enough to maintain either hydrogen bonding interactions or salt interactions. We can 

conclude that 4-2 should act as a delta antagonist. However, it can be seen in Figure 4.6-7 
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that the global minimum conformations of DIPP-NH2 (ψ) and 4-2 superimpose on each 

other. 4-2 shows very high agonist potency towards the mu opioid receptor (EC50 =0.69 

nM in GPI assay with less efficacy 17%) because of its residues are overlapped with 

DIPP-NH2 (ψ). In addition, we have performed docking analysis studies with ligand, 4-7 

with the homology modeled mu and delta opioid receptor in their active states. All the 

ligand receptor interactions are consistent with the biological data found in this study.   

4.6.1 Latency to tail withdrawal and Antinociception studies  
 

 

 

 

 

 

 

Figure 4.6-8  Tail withdrawal latency in male ICR mice receiving 5 µL of 10% DMSO 

(control group) and 10 µg/ 5 µL, i.p. of 4-2 (test group). 
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Figure 4.6-9  % antinociception in male ICR mice receiving 5µL of 10% DMSO (control 

group) and 10 µg/5µL, i.p. of 4-2 (test group). 

Tail flick latency and % antinociception preliminary data were calculated using male ICR 

mice containing control group and test group according to method described by Horan et. 

al90. Control group was administered with the vehicle containing 5µL of 10% DMSO and 

the test group was administered 4-2 (10 µg/5 µL i.p.). According to the figure 4.6-8, the 

vehicle control group did not result in a significant response in latency for tail withdrawal 

throughout the 60 min post injection time period except at 10 min after injection. On the 

other hand test group containing 4-2 (10 µg/5 µL i.p.) showed marked increased latency 

(antinociception) to tail withdrawal until 45 min time period after post injection (figure 

4.6-8). In other words, 4-2 injected to test group male ICR showed antinociception until 

45 min time after post injection based on Figure 4.6-8. Figure 4.6-9 indicates that 

constant level antinociception% (approximately 8.5%) lasted until 45 min period of time 
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after injection of 4-2 to the test group and it was gradually decreases to zero when t=60 

min after injection.  

4.7  Experimental Section 

4.7.1 Peptide synthesis  
 

The peptide 4-8 is taken as an example to illustrate the peptide syntheses. It was 

synthesized manually by the Nα-Fmoc solid phase strategy using PyBOP as the coupling 

reagent. 2-Chlorotrityl resin (500 mg, 0.845 mmol/g) was placed into a 50 mL 

polypropylene syringe with the frit and swollen in DMF (20 mL) for 1 h. The resin was 

washed with DMF (3 x 15 mL) and then with DCM (3 x 15 mL). Nα-Fmoc-Trp(Boc)-OH 

(1.2 equiv.) was dissolved in 30 mL of DCM, and then DIEA (5 equiv.) was added. The 

reaction mixture was transferred into the syringe with the resin then shaken for 2 h. The 

resin was washed three times with DMF (15 mL) and three times with DCM (15 mL), 

and then with DMF (3 x15 mL). The Nα-Fmoc protecting group was removed by 20% 

piperidine in DMF (20 mL, 1 x 2 min and 1 x 20 min). The deprotected resin was washed 

with DMF (3 x 15 mL), DCM (3 x 15 mL) and then with DMF (3 x 15 mL). The 

protected amino acid (5 equiv.), HOBT (4.9 equiv.) and PyBOP (4.9 equiv.) were 

dissolved in 30 mL of DMF, then DIEA (10 equiv.) was added. Fmoc-Leu-OH (5 equiv.), 

Fmoc-Pro-OH (5 equiv.), Fmoc-Phe-OH (5equiv.), Fmoc-Phe-OH (5 equiv.), Fmoc-Tic-

OH(5 equiv.) and Boc-Dmt-OH(5 equiv.) were used for respective coupling as protected 

amino acids. The coupling mixture was transferred into the syringe with the resin, and 

then shaken for 2 h. All the other amino acids were consecutively coupled using the 
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procedure described above, using the chloranil93 test or Kaiser test94 to check the extent of 

coupling. In case of a positive test, the coupling was repeated until a negative test result 

was obtained. The resulting batch of the resin-bound protected peptide was carefully 

washed with DMF (3 x 15 mL), DCM (3 x 15 mL), DMF (3 x 15 mL), and DCM (3 x 15 

mL), and dried under reduced pressure. The peptide was cleaved from the solid support 

with 1% v/v TFA in DCM (30 mL) for 30 min, and most of the organic solvent was 

removed under reduced pressure. The obtained protected peptide with free C-terminal 

was precipitated out by the addition of chilled petroleum ether (45 mL) to give a white 

precipitate. The suspensions were centrifuged for 20 min at 7000 rpm, and then the liquid 

was decanted off. The crude peptide was washed with petroleum ether (2 x 50 mL), and 

after another centrifugation, the peptides were dried under vacuum (2 h) to obtain the 

corresponding crude protected peptide. The protected peptide (Boc-Dmt-Tic-Phe-Phe-

Pro-Leu-Trp(Boc)-OH) and  NH2-CH2-Ph(CF3)2 (1.1 equiv.) were dissolved in DMF 

(100 mL) and cooled in ice bath for 10 min. PyBOP (1.1 equiv.), HOBt  and NMM (2 

equiv.) were added to the reaction mixture, which stirred for 30 min at 00 C and for 7 h at 

room temperature. After checking for disappearance of the starting amine, the mixture 

was concentrated under reduced pressure, followed by dilution with EtOAc (150 mL) and 

2N HCl (70 mL). The organic layer was washed with saturated NaHCO3 (2 x 15 mL) and 

brine (20 mL) and dried over anhydrous Na2SO4. After filtering, the solution was 

concentrated and dried in vacuo to give Boc-Dmt-Tic-Phe-Phe-Pro-Leu-Trp(Boc)-NH-

CH2Ph(CF3)2 as a sticky solid.  It was further dissolved in cold TFA (20 mL) and stirred 

for 20 min at 00C. The mixture was evaporated and coevaporated with toluene (2 x 50 
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mL). The solid was dissolved in MeOH and purified with preparative RP-HPLC using 

HPLC grade acetonitrile and 1% TFA in water, and then lyophilized. Preparative RP-

HPLC was performed on Waters Delta Prep 4000 with Waters XTerra C-18 column (19 x 

250 mm, 10 μm, a linear gradient. The purity of the final peptide peptide (>90%) was 

checked by analytical RP-HPLC using a Hewlett Packard 1100 system (230 nm) on a 

reverse phase column (Waters NOVA-Pak C-18 column, 3.9 x 150 mm, 5 μm, 60 Å). 

The peptide was analyzed with a 10% to 90% a gradient of aqueous 0.1% TFA in 

H2O/CH3CN at a flow rate of 1.0 mL/min.  

4.7.2 Characterization of peptides  
 

The purified peptides were characterized by HRMS, TLC, analytical HPLC and 1H NMR 

(see Table 4.3-1). High resolution MS were taken in the positive ion mode using FAB 

methods at the University of Arizona Mass Spectrometry Facility. TLC was performed 

on aluminum sheets coated with a 0.2 mm layer of Silica Gel 60 F254 Merck using the 

following solvent systems: (1) CHCl3/MeOH/AcOH = 90:10:3; (2) EtOAc/n-

BuOH/water/AcOH = 5:3:1:1; and (3) n-BuOH/water/AcOH = 4:1:1. TLC 

chromatograms were visualized by UV light and by ninhydrin spray followed by heating 

(hot plate). Analytical HPLC was performed on a Hewlett Packard 1100 or Hewlett 

Packard 1090 m with Waters NOVA-Pak C-18 column (3.9 x 150 mm, 5 μm, 60 Å) or 

Vydac 218TP104 C-18 column (4.6 x 250 mm, 10 μm, 300 Å). 1H-1D NMR spectra were 

obtained on Bruker DRX-500 or DRX-600 spectrometer. 
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4.7.3 Determination of the Conformation of ligands  
 

Molecular modeling experiments employed MacroModel 8.1 equipped with Maestro 5.0 

graphical interface installed on a Linux RedHat 9.0 system. Peptide structures were built 

into extended structures with standard bond lengths and angles, all the charges of the 

functional groups of peptides at physiological pH = 7.2 were taken into  account, and 

they were minimized using the OPLS-AA force field95 and the Polak-Ribier conjugate 

gradient (PRCG). Optimizations were converged to a gradient root mean square deviation 

(RMSD) less that 0.005 kJ/Å mol or continued until a limit of 50000 iterations was 

reached. Aqueous solution conditions were simulated using the continuum dielectric 

water solvent model92 (GB/SA) in MacroModel. Extended cutoff distances were defined 

at 8 Å for van der Waals, 20 Å for electrostatics, and 4 Å for H-bonds.  

Conformational analysis of the peptides was performed by Macromodel’s 

MCMM/LMCS procedure76 by using the energy minimization parameters along with the 

NMR constraint data (e.g. long range NOE and φ). A total of 1000 search steps were 

performed and the conformations with energy differences of 21 kJ/mol or less from the 

global minimum were saved. Interatomic distances and dihedral angles were measured 

for each peptide analogue using the standard Maestro measurement tool. 

4.7.4 Determination of the docked conformation of ligands96-99 
 

The PDBs for the homology modeled receptors were downloaded from Dr. Mosberg’s 

official website (http://mosberglab.phar.umich.edu/resources/). Ligand and target was 
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separated in the PDB and the coordinates for the ligand binding at the target binding 

pocket site were recorded. All water molecules were removed from the target molecule 

(receptor). Polar hydrogen atoms were added and charges were assigned. Energy 

minimization was performed, in order to relieve the steric congestions among residues in 

the target molecule. A PDB file was generated for the newly energy minimized target.  

All calculations and graphical manipulations were performed on Advanced Micro 

Devices (AMD) quad core computer using the software package Autodock 4.2. The 

lowest energy conformation produced by Macromodel was docked to the homology 

modeled mu and delta opioid receptor in the active state, to evaluate the binding affinity 

and docking pose of the final peptides. A Larmarkian genetic algorithm (LGA) was 

performed for conformational sampling. At the end of each LGA run, the AutoDock 

output was a single docked conformation as the final result. In order to obtain an 

ensemble of 100 conformations, 100 LGA runs were performed for each reference ligand. 

Each LGA run was performed with a population size of 150 chromosomes, a crossover 

ration of 0.80, an elitism ratio of 0.10 and a mutation ration of 0.20.  

The maximum number of GA evaluations was 2,500,000. All the rotatable bonds 

comprising sp3-sp3 and sp3-sp2 were allowed to rotate during the docking experiment, 

except those whose rotations did not provide different conformations, for example, 

terminal groups such as CH3, CF3 etc. The conformational flexibility of cyclic molecules 

was not considered.  

The size of the grid box was 62 Å x 62 Å x 62 Å. Generally, the grid box was centered on 

the experimentally observed position of the ligand within the catalytic pocket.  X, Y, Z 
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coordinates of the center of the grid box for mu opioid receptor was (-13.889, 9.116, -

0.136), and (X, Y, Z) coordinates of the center of the grid box for delta opioid receptor 

was (-15.881, 8.81, -1.079). The grid box was chosen in such a way that it was large 

enough to enclose the ligand along with the catalytic pocket of the target. The grid 

spacing default value which was 0.35 was accepted in this study. During the docking of 

ligands to their respective receptor target, the latter was treated as a rigid body. 

4.7.5 Radioligand labeled binding assays for opioid receptors71-74, 75, 100 

This assay work was described in section 3.5.5.  

4.7.6 Radioligand labeled binding assays for NK1 receptors 

The radioligands labeled binding assays for opioid receptors were performed by Dr. 

Suneeta Tumati in Dr. Eva Varga’s laboratory in the Department of Pharmacology, The 

University of Arizona. This was done by following the published methodology101-102. For 

the NK1 receptor, competition binding assay for the human NK1 receptors was carried 

out on crude membranes prepared from transfected CHO cells expressing the 

corresponding NK1 receptor. Ten concentrations of a test compound were each 

incubated, in duplicates, with 50–100 μg of membrane homogenate and 0.3-0.4 nM [3H] 

substance P (135 Ci/mmol, Perkin-Elmer) in 1 mL final volume of assay buffer (50 mM 

Tris, pH 7.4, containing 5 mM MgCl2, 50 μg/mL bacitracin, 30 μM bestatin, 10 μM 

captopril, and 100 μM phenylmethylsulfonylfluoride (PMSF) at 25 °C for 20 min. 

Substance P at 10 μM was used to define the nonspecific binding. Membrane 

concentrations used in the assay were within the tissue linearity range. [3H]Substance P 
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concentration was selected based on the saturation binding experiments that showed a 

high affinity binding with Kd = 0.40 ±0.17 nM at the hNK1 receptor. The incubation 

times correspond to the binding equilibrium as determined from the kinetic experiments. 

The reaction was stopped by rapid filtration and was washed as described above. The 

filter-bound radioactivity was measured by liquid scintillation counting (Beckman LS 

6000SC). Log IC50 values for each test compound were determined from nonlinear 

regression analysis of data collected from two independent experiments performed in 

duplicates (40 independent experimental values) using GraphPad Prizm 4 software 

(GraphPad, San Diego, California). The inhibition constant (Ki) was calculated from the 

antilogarithmic IC50 value by the Cheng and Prusoff equation100. 

4.7.7 GPI and MVD in vitro bioassays 
 

The  in vitro tissue bioassays (GPI and MVD) were performed by Ms. Peg Davis in Dr. 

Porreca’s laboratory in the Department of Pharmacology, The University of Arizona. In 

vitro bio-assays were performed according to the method described71‐78,102 previously. IC50 

values represent the average of no less than four tissues. The Hill equation along with a 

non linear least square calculation was performed to fit the assay data and calculate the 

IC50 and its standard error bars. Male ICR mice under ether anesthesia were sacrificed by 

cervical dislocation and the vasa deferentia was removed in the MVD assay. Vas deferens 

tissue was tied to a gold chain with suture silk and mounted between platinum wire 

electrodes at a tension of 0.5 g in 20-mL organ baths containing the Mg+2 free Kreb’s 

solution. It was maintained at 370C and was bubbled with 95% O2 and 5% CO2 
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continuously. They were electrically stimulated (0.1 Hz, single pulses, 2.0 ms duration) at 

supramaximal voltage. Following an equilibrium period, compounds were added to the 

bath cumulatively in volumes of 14-16 mL, until maximum depression of the twitch was 

reached. Response to an IC50 dose of DPDPE (10 mM) was measured to determine tissue 

integrity before compound testing began.  

In the GPI bioassay, male Hartley guinea pigs under anesthesia were sacrificed by 

decapitation and a non-terminal portion of the ileum was removed. The longitudinal 

muscle with myenteric plexus (LMMP) was carefully separated from the circular muscle 

and was cut into strips. The tissue was tied to a gold chain with suture silk, mounted 

between platinum wire electrodes in 20-mL baths of Kreb’s solution with the following 

composition (118 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.19 mM KH2PO4, 1.18 mM 

MgSO4, 25 mM NaHCO3, and 11.48 mM glucose) at 1 g of tension. It was maintained at 

37 °C under continuous bubbling of 95% O2 and 5% CO2. It was allowed to equilibrate 

for 15 min. The tissues were stimulated electrically (0.1 Hz, 0.4 ms duration) at 

supramaximal voltage. Following an equilibration, the compound was added to the baths 

in 15-60 μL aliquots until maximum inhibition was observed. Percent inhibition was 

calculated by using the average contraction height for 1 min preceding the addition of the 

compound divided by the contraction height 3 min after exposure to the dose of the 

compound. Response to an IC50 dose of PL-017 (10 nM) was measured to determine 

tissue integrity before compound testing begins. 

PL-017 dose-response curve was constructed to test for opioid antagonist activity. All 

peptide ligands’ substance P antagonist activities were carried out in the presence of 1 
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μM naloxone to block opioid effects on the tissue. Two minutes after naloxone was added 

to the bath, the test peptide was added. Four minutes after naloxone was added, the test 

dose of substance P was added to the bath, the peak height was noted, and the tissues 

were washed. Possible agonist activity of the analogue also was observed during this 

period. Testing stopped at 1 mM concentrations of the test compound. For substance P 

data analysis, the height of the maximum peak produced during the control substance P 

dose response curve was used as a 100% response and other values calculated as a 

percentage. Ke values represent the mean of not less than four tissues and were 

determined by computerized nonlinear least-squares analysis (FlashCalc). 

4.7.8 [35S]GTPγS binding assays for the opioid receptors79 

This assay work was described in section 3.5.7.  

4.7.9 Animals 

Male ICR mice (18-30 g) were used for all the experiments and were housed in groups of 

five, maintained on 12/12 hr light/dark cycle and provide water and food ad libitum until 

antinociceptive testing. All the test, and drug delivery procedures were performed in 

accordance with the policies and recommendations of the international association for the 

study of pain (IASP) and the National Institutes of Health (NIH) guidelines for the 

handling and use of laboratory animals and received approval from Animal Care and Use 

Committee (ACUC) of the University of Arizona. Groups of 6 to 10 rats were used in all 

experiments.  
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4.7.10 Antinociceptive testing 
 

This assay was done by Dr. Tally Largent-Miles in Dr. Todd Vanderah’s laboratory in the 

Department of Pharmacology, The University of Arizona. The warm water (55°C) tall 

flick test was the nociceptive stimulus used in mice in these experiments as described 

previously90. 15 s cut off time was introduced to avoid tissue damage to the test subjects.  

Mice which did not respond within 5 s during the determination of control tail flick 

latencies were not used for further antinociceptive testing. Data were expressed as % 

antinociception which was determined with the following formula 100 × (test latency-

control latency)/(15-control latency). In time course studies, control group animals were 

administered spinally via lumbar puncture with vehicle  (5 µL;10% DMSO: 90% 

Millipore H2O) and whereas test group animals were administered  with 4-2 (10 µg/5 µL) 

i.p. and latency to  tail withdrawal and the % antinociception determined at 10, 20, 30, 45 

or 60 min after drug administration. 

4.8 Conclusions 
 

We have made several novel trifunctional ligands including 4-2 which have delta 

antagonist activity at the delta opioid receptor, partial agonist activity at the mu opioid 

receptor, and NK1 antagonist activity towards the NK1 receptor. The compound 4-2 is a 

hit molecule in this study. Further we were able to virtually screen ligands for mu and 

delta opioid agonism based on the ligands-receptor interactions produced from docking 

analysis studies of ligands to their respective receptors (mu and delta opioid receptors) in 

active state.  



190 
 

 

Further, docking analysis studies of reference molecules such as DIPP-NH2 and DIPP-

NH2 (Ψ) illustrated the significance of Asp 147 residue of the homology modeled mu 

opioid receptor in active state for the mu opioid agonism. Therefore, it can be confirmed 

that the peptide based opioids require these interactions for the mu opioid agonism. It 

could be advantageous to screen the future peptide based molecules for the mu opioid 

agonism by following and matching above criteria for mu agonism before their synthesis.    

Following the study with tail withdrawal latency and antinociception study (using tail 

flick assay), the hit molecule, 4-2 in this study produced antinociception in male ICR 

mice for 45 min period of time after injection (i.p. 10 µg/5 µL).   

4.9 Future perspective 
 

 

Figure 4.9-1 Proposed compound, 4-2(Ψ) containing improved mu agonist activity, 

delta antagonist activity and NK1 antagonist activity compared that of with 4-2.  

Investigation of novel trifunctional ligands containing mu opioid agonist activity, delta 

antagonist activity and NK1 antagonist activity produced novel hit molecule (4-2), which 

has delta antagonist activity, NK1 antagonist activity and partial mu agonist activity. This 
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molecule can be further modified to obtain full mu opioid agonist activity via by 

introducing the reduced amide bond between the Tic2 and Trp3 residue of the hit 

molecule, 4-2 in our study. See Figure 4.9-1 for the structure of the proposed molecule, 

4-2(Ψ) that has improved agonist activity towards the mu opioid receptor compared with 

4-2.  

This proposed molecule, 4-2(Ψ) was screened for mu opioid agonism by docking the 

ligand to the homology modeled mu opioid receptor in active state. Results revealed that 

the 4-2(Ψ) maintains significant ligand receptor interactions with the mu opioid receptor 

for mu opioid agonism. [E.g. it maintains the salt type interactions with Asp 147 residue 

of the homology modeled mu opioid receptor in active state. See 4-2(Ψ) bound to the mu 

opioid receptor in active state in figure 4.9-2].  

 

Figure 4.9-2. Compound 4-2(Ψ) bound to the mu opioid receptor in active state. 
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Based on these docking analysis data, we can conclude that the 4-2(Ψ) is predicted to 

have higher mu agonist activity towards the mu opioid receptor compared with the hit 

molecule in this study. A proposed synthesis of 4-2(Ψ) is illustrated in the Figure 4.9-3. 

Figure 4.9-3.       Proposed synthesis of 4-2(Ψ) 
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5 CHAPTER 5 

5.1 INVESTIGATION  OF  FENTANYL  BASED  BIFUNCTIONAL  LIGANDS 
FOR CHRONIC PAIN CONDITIONS 

 
There are currently no effective pain medications for the treatment of chronic pain. 

Opioids such as fentanyl are clinically popular because of their rapid clearance from the 

body and short duration of action.1 when compared with morphine. Fentanyl has about 

10-100 times more agonist potency for the mu opioid receptor than morphine, and 

selectively binds to the mu opioid receptor. Currently, it is available as fentanyl citrate2 

for intravenous administration, or as a patch for transdermal application3 for analgesic or 

anesthetic applications. But there are common toxicities associated with the opioid family 

of drugs such as respiratory depression14, constipation15, tolerance development4 and 

addiction5. Opioids mediate the analgesic effect interacting with the opioid receptors in 

spinal and supraspinal pain processing centers, whereas COX inhibitors produce 

analgesic effects by interacting and inhibiting COX enzymes in peripheral pain 

processing centers6. Opioids conduct two major functions at the chemical synapse. 

Firstly, opioid agonists bind to opioid receptors which reside in the presynaptic terminal 

and inhibit the pain transmitting neurotransmitters released from the presynaptic nerve 

terminal to produce analgesia7. Secondly, opioid agonists bind to opioid receptors which 

reside in the postsynaptic terminals inducing hyperpolarization of nerve cells which 

promotes analgesia7,8. Literature indicates that   COX enzymes exist in the post synaptic 

nerve terminals in spinal locations9,11 and it is thought that COX enzymes play 

pronociceptive roles associated with these spinal locations12.  In this study, we have 
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investigated the possible development of fentanyl based bi-functional molecules that have 

mu opioid agonist activity at the opioid receptors and inhibitory activity at the COX2 

enzymes as well as  BBB permeability29 of the bi-functional ligands and reduced opioid 

induced tolerance development.  

Previous studies indicates that simultaneous therapy of mu opioid agonist and the COX 

inhibitors shows greater and prolonged antinociception8 and reduces opioid induced 

tolerance24,26. Also, there is evidence that prostaglandins are capable of inducing central 

sensitization10, hyperalgesia12 and allodynia13. Under these circumstances, we anticipate 

the COX pharmacophore in conjunction with the opioid pharmacophore will reduce the 

opioid induced hyperalgesia16,17,18,8,26and allodynia19,20,21and opioid induced tolerance24,26 

and potentiate  antinociception8,25,27,28. We were prompted to preferably choose the 

fentanyl opioid pharmacophore rather than the peptide based opioid pharmacophore in 

this study, because the fentanyl pharmacophore is lipophilic22,23 when compared with 

peptide based opioid pharmacophore and will not be susceptible to proteolytic 

degradation29.  
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5.2 Drug Design Strategy 

 

Figure 5.2-1.  Some fentanyl family molecules 

 

Fentanyl was first discovered by Paul Janssen in 1960. It belongs to the 4 

anilinoopiperidine class of compounds. In addition to its analgesic activity, fentanyl is 

reported to inhibit glucose stimulated insulin release5 from rat islets. There are many 

molecules in the fentanyl family (see Figure 5.2-1). Sufentanil is 5 to 10 times more 

potent than fentanyl31. Carfentanil is 20-30 more potent than the fentanyl32, and is good 

for veterinary medicine to anesthetize a large animal33 (e.g. elephant). Alfentanil has 

similar potency as fentanyl. It has a rapid clearance from the body1. Opioids have 

different activities and affinities for the mu opioid receptor depending on the 
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pharmacophore moieties. In this study we propose that the 4-anilinopiperidine moiety 

which is a common scaffold of the fentanyl family is an important pharmacophore moiety 

for opioid receptor recognition and signal transduction.   

 

 

 

 

Pyrazole and pyrazolone34 have been used as a scaffold for the COX inhibitor 

pharmacophore. It has antipyretic activity, anti-inflammatory activity and an analgesic 

effect. (see Figure 5.2-2). Two different series of hybrid molecules were tested.   

Figure 5.2-2. Classical COX inhibitors and COX2 inhibitors 
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Compound  R1  R4  R5 
5‐1  PhCH2  CH3  CF3 
5‐2  CH3  Ph  CF3 
5‐3  PhCH2  Ph  CF3 
 5‐4  Ph CH2CH2  CF3  CF3 
5‐5  Ph CH2CH2  Ph  CF3 
5‐6  Ph CH2CH2  CH3  CF3 
5‐7  CH3  CF3  CF3 
5‐8  PhCH2  Ph  Ph 
5‐9  CH3  Ph  Ph 

5‐10  PhCH2  CF3  CF3 
5‐11  PhCH2CH2  Ph  Ph 
5‐12  PhCH2  CH3  CH3 
5‐13  PhCH2CH2  Ph  CH3 
5‐14  PhCH2CH2  CH3  CH3 
5‐15  CH3  CH3  CH3 
5‐16  PhCH2  OH  Ph 

 

Table 5.2-1. Designed and synthesized pyrazole analogues 

 

 

 

 

 

 

Table 5.2-2. Designed and synthesized pyrazolone analogues 

 

1-Phenethylpiperidine was used as the opioid pharmacophore and a pyrazolone was used 

as a COX pharmacophore. They were joined together covalently to form a single 

molecule. Second, 1-phenethylpiperidine was used as an opioid pharmacophore and a 

pyrazole as a COX pharmacophore were combined into a single molecule. In addition, in 

Compound  R1  R2  R3 

5‐17  PhCH2  PhCH2  CH3 
5‐18  PhCH2CH2  H  CH3 
5‐19  PhCH2  H  CH3 

COX 
Pharmacophore. 

Opioid 
Pharmacophore. 

COX 
Pharmacophore. 

Opioid 
Pharmacophore. 
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the bifunctional construct, the opioid pharmacophore was shortened to methyl and 

benzyl, in order to see its effect on biological activities. For such purposes, 1-

benzylpiperidine and 1-methylpiperidine were used as opioid pharmacophores (see 

Tables of 5.2-1 and 5.2-2). 

5.3 Synthetic methodology 
 

 

 

 

 

 

 

 

 

 

Figure 5.3-1. Reagents and conditions in the construction of hydrazine hydrochloride 

derivatives: (i) EtOH, 270 C , 2 days;  (ii) Toluene, Na , reflux;  (iii) 4 eq c. HCl, H2O, 

reflux, 5-6 hours;  (iv) EtOH, CH3CONHNH2, r.t., 1 day;  (v) THF, EtOH, NaBH4, 1 day;  

(vi) EtOH, 4M HCl, reflux, 8h. 

All the pyrazolone and pyrazole hybrid analogues were synthesized using solution phase 

synthesis (see Figures of 5.3-1, 5.3-2 and 5.3-3). They were purified by flash 

chromatography and were characterized by using mass spectrometry and NMR 

spectroscopic methods.   
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Figure 5.3-2. Reagents and conditions in the construction of pyrazolone analogues:(vii) 

ethyl acetoacetate ester, excess pyridine, ethanol, inert atmosphere, 5-6 days. 

 

 

 

 

Figure 5.3-3. Reagents and conditions in the construction of pyrazole analogues: (viii) 

95% EtOH, R5COCHR4COOEt, 2 days. 

Conformational analysis was performed on the designed bifunctional molecules, in order 

to examine the energetically global minimum conformation of the ligands. In order to 

understand the bioactivities and affinities of the synthesized ligands with the respective 

enzyme and receptor, the designed ligands were docked into the COX2 enzyme as well as 

the homology modeled mu opioid receptor in its active state. PDB ID: 1cx2 for the COX2 

enzyme was obtained from the RCSB protein data bank35 and the PDB for the homology 

modeled mu opioid receptor in its active state was obtained from Dr. Mosberg’s official 

website36-38. Solution phase synthesis was carried out to obtain the products in each step. 

 

N
R1

N
N

R5

R4

25

N

NH

R1

-Cl+H3N

viii
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5.4 Results and discussion  
 

Preparation of 1-phenethylpiperidin-4-one has been previously described39. We have 

synthesized it in very similar manner (see Figure 5.3-1). In our study, phenethylamine 

was allowed to react with ethyl acrylate for 2 days to obtain diethyl 3,3'-

(phenethylazanediyl)dipropanoate in good yields with 98% purity. It was used without 

purification for reaction with sodium to obtain ethyl 4-oxo-1-phenethylpiperidine-3-

carboxylate via a Dieckmann condensation.  

 

 

 

Figure 5.4-1. Global minimum conformation of two regioisomers; A) 1-benzyl-4-(5-

phenyl-3-(trifluoromethyl)-1H-pyrazol-1-yl)piperidine (5-3); B) 1-benzyl-4-(3-phenyl-

5-(trifluoromethyl)-1H-pyrazol-1-yl)piperidine (5-3’) and their corresponding 

distances between nearby hydrogens in Å. 
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Ethyl 4-oxo-1-phenethylpiperidine-3-carboxylate was acid hydrolyzed and 

decarboxylated to obtain 1-phenethylpiperidin-4-one. Synthesis of N'-(1-

phenethylpiperidin-4-ylidene) acetohydrazide was performed in the presence of the 1-

phenethylpiperidin-4-one along with acetyl hydrazine. The product was further reduced 

using sodium borohydride to obtain N'-(1-phenethylpiperidin-4-yl) acetohydrazide. The 

hydrazine hydrochloride derivative, 2-(1-phenethylpiperidin-4-yl)hydrazinium chloride, 

was obtained by acid hydrolysis of N'-(1-phenethylpiperidin-4-yl) acetohydrazide and the 

resulting product  was very stable in air.   2-(1-Phenethylpiperidin-4-yl)hydrazinium 

chloride was cyclized to obtain pyrazole and pyrazolone analogues by using diketone 

derivatives or ethyl acetoacetate derivatives, respectively (see Figures of 5.3-2 and 5.3-3). 

Flash chromatography was performed along with an appropriate solvent gradient in order 

to purify the final products in each step. Characterization of products was done with 

homonuclear and heteronuclear NMR (1H NMR, 13CNMR, TOCSY, ROESY) 

experiments along with mass spectroscopic methods. 

Reactions between 2-(1-phenethylpiperidin-4-yl)hydrazinium chloride and diketone 

derivatives should theoretically  produce two regioisomers. The desired regioisomer (see 

Table 5.2-1) was isolated. In order to prove that the correct regioisomer was separated, 

we have considered the reaction of 1-benzyl-4-hydrazinylpiperidine hydrochloride with 

4,4,4-trifluoro-1-phenylbutane-1,3-dione providing 1-benzyl-4-(3-phenyl-5-

(trifluoromethyl)-1H-pyrazol-1-yl)piperidine and 1-benzyl-4-(5-phenyl-3-

(trifluoromethyl)-1H-pyrazol-1-yl)piperidine as an example. The desired regioisomer, 1-

benzyl-4-(5-phenyl-3-(trifluoromethyl)-1H-pyrazol-1-yl)piperidine (5-3) was isolated in 
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this study. It is evident by the superimposed TOCSY and ROESY spectra of 1-benzyl-4-

(5-phenyl-3-(trifluoromethyl)-1H-pyrazol-1-yl)piperidine (5-3) (see Figure 5.4-2). 

 

Figure 5.4-2. Superimposed TOCSY and ROESY spectra of 1-benzyl-4-(5-phenyl-3-

(trifluoromethyl)-1H-pyrazol-1-yl)piperidine (5-3). 

For example, according to the global minimum conformation of 1-benzyl-4-(5-phenyl-3-

(trifluoromethyl)-1H-pyrazol-1-yl)piperidine, the hydrogen at position 24 is in proximity 

(< 5 Å) with  both hydrogens at position 1 and 6 (see Figure 5.4-1) and should provide a  
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Compound  R1  R4  R5  predicteda  predictedb 
            Ki/µM  Ki/µM 

5‐1  PhCH2  CH3  CF3  5.14  2.28 
5‐2  CH3  Ph  CF3  3.29  3.16 
5‐3  PhCH2  Ph  CF3  0.290  0.119 
 5‐4  Ph CH2CH2  CF3  CF3  4.32  1.82 
5‐5  Ph CH2CH2  Ph  CF3  0.128  0.036 
5‐6  Ph CH2CH2  CH3  CF3  2.52  1.01 
5‐7  CH3  CF3  CF3  286.11  96.55 
5‐8  PhCH2  Ph  Ph  0.035  0.004 
5‐9  CH3  Ph  Ph  0.090  0.073 

5‐10  PhCH2  CF3  CF3  11.13  3.49 
5‐11  PhCH2CH2  Ph  Ph  0.002  0.001 
5‐12  PhCH2  CH3  CH3  3.97  1.93 
5‐13  PhCH2CH2  Ph  CH3  0.081  0.029 
5‐14  PhCH2CH2  CH3  CH3  1.22  0.384 
5‐15  CH3  CH3  CH3  51.96  13.69 
5‐16  PhCH2  OH  Ph  0.150  0.083 

 

 

 

 

 

 

 

 

Table 5.4-2. Predicted inhibitory activity and affinity values of synthesized 

pyrazolones; a: inhibitory activity (IC50) of ligands for COX2 enzyme; b: Affinity (IC50) 

of ligands for homology modeled MOR in active state. 

Compound  R1  R2  R3  predicteda  predictedb 

         Ki/µM  IC50/ µM 

5‐17  PhCH2  PhCH2  CH3  0.196  0.028 
5‐18  PhCH2CH2  H  CH3  1.13  0.309 
5‐19  PhCH2  H  CH3  2.89  2.45 

Table 5.4-1. Predicted inhibitory activity and affinity values synthesized pyrazoles; a: 

inhibitory activity (IC50) of ligands for COX2 enzyme; b: Affinity (IC50) of ligands for 

homology modeled MOR in active state. 
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strong long range NOEs. Superimposed TOCSY and ROESY spectra revealed that above 

long range NOEs do exist for the isolated product. (see Figure 5.4-2). However, these 

long range NOEs do not exist between the H1 and H24 hydrogens of 1-benzyl-4-(3-

phenyl-5-(trifluoromethyl)-1H-pyrazol-1-yl)piperidine (5-3’), since the distance between 

corresponding hydrogens is greater than 5 Å. Therefore, we conclude that we have 

isolated the correct regioisomer (5-3). 

Docking analysis of the synthetic ligands to the COX2 enzyme revealed that 5-

11(compound 5-11) should have the greatest inhibitory affinity for the COX2 enzyme 

(Ki=2 nM predicted), whereas compound 5-7 should have the lowest inhibitory affinity 

constant for the COX2 enzyme (Ki=286 μM predicted). When comparing the predicted 

COX2 inhibitory activities of 5-9 and 5-11 in Table 5.4-1, the latter has a higher 

inhibitory affinity constant towards the COX2 enzyme. The difference between 5-9 and 

5-11 lies in the R1 substituent group. R1 of 5-9 contains a methyl group whereas R1 of 5-

11 contains a phenethyl group. Similarly, when comparing 5-4 and 5-7, the former is 

predicted to have a higher COX2 inhibitory affinity constant (Ki=4.32 μM). Again, the 

difference between the 5-4 and 5-7 lies in the R1 group. i.e. The R1 group of 5-4 contains 

a phenethyl group whereas the R1 group of 5-7 contains a methyl group. Therefore, we 

can suggest that the phenethyl scaffold as an opioid pharmacophore plays an essential 

role in inducing COX2 inhibitory activity.  

Further, according to Table 5.4-1 and 5.4-2, a substituent group such as phenyl at the R4 

position of 5-5 instead of a CF3 or CH3 is predicted to increase COX2 inhibitory activity 
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36 fold and 21 fold, respectively. This is evident from the predicted COX2 inhibitory 

activities of 5-5, 5-4 and 5-6.  It can be hypothesized that the R4 position plays a major 

role in enhancing the COX2 inhibitory activity when it is substituted by a phenyl group. 

In order to further investigate our hypothesis, docking analysis of 5-1, 5-3 and 5-10 were 

performed towards the COX2 enzyme (see Table 5.4-1). Results revealed that the 5-3 

containing a phenyl group at position R4 is predicted to have the highest COX2 inhibitory 

activity (Ki= 0.290 μM) compared that of with 5-1 containing methyl group (Ki=5.14 

µM), or 5-10 containing a CF3 (Ki =11.1 μM) group at the position R4. It can be 

concluded that the R4 position substituted with a phenyl group is predicted to enhance the 

COX2 inhibitory activity.   

Similarly, docking results of pyrazoles derivatives suggest that there is a pivotal role of 

substituent groups at the R5 position involved in modulation of the COX2 inhibitory 

affinity constant (Ki). This is because 5-11 prefers a phenyl group to either a CF3 or a 

CH3 substituent at the R5 position for COX2 inhibitory affinity. For example, a phenyl 

substituted at the R5 of 5-11 is predicted to increase COX2 inhibitory affinity constant to 

a Ki= 2 nM, whereas when R5 in 5-11 is substituted with a CH3 a Ki = 0.081 μM is 

predicted  or with a CF3 a Ki = 0.128 μM is predicted (Table 5.4-1).   

Pyrazolone analogues provide a very similar pattern of SAR results with COX2 enzyme 

when compared with that of with pyrazole analogues. For example, it can be seen for 5-

18 and 5-19 that when R1 is substituted a phenethyl group (5-18). The analogue has two 
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fold higher inhibitory activity in COX2 binding when compared with R1 substituted with 

a benzyl group.  

Moreover, a benzyl group substituted at the R2 position of 5-17 is favorable for COX2 

inhibitory activities compared to a H group, as it is evident by the predicted COX2 

inhibitory activities of 5-17 vs. 5-18. In summary, when considering the pyrazolone 

analogues, the optimal substituent group for R1 is phenethyl and for R2 is benzyl. 5-11 is 

the most promising candidate having the best predicted COX2 inhibitory constant. The 

COX2 enzyme bound conformation for 5-11 is depicted in Figure 5.4-3. 

 

 

When 5-11 is bound to the COX2 enzyme, it maintains hydrophobic interactions with 

nearby lipophilic residues. Docking analysis of the pyrazole analogues with the 

Figure 5.4-3. 5-11 bound to COX2 enzyme. 
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homology modeled mu opioid receptor (MOR) in its active state revealed that 5-11 has 

the greatest predicted opioid affinity towards the MOR (Ki=1 nM), whereas 5-7 has the 

least predicted affinity towards the MOR (Ki= 97 μM). The phenethyl moiety as an 

opioid pharmacophore is essential for the affinity towards the MOR. For example when 

comparing predicted MOR affinities of 5-5, 5-3 and 5-2, the former containing a 

phenethyl moiety has 86 fold greater predicted affinity towards the MOR compared with 

that of the latter containing methyl moiety as an opioid pharmacophore. Similarly, when 

comparing predicted MOR affinities of 5-11, 5-8, and 5-9, the former containing the 

phenethyl moiety as an opioid pharmacophore has greater affinity towards the MOR than 

5-9 containing the methyl moiety as an opioid pharmacophore.    

In addition, when comparing 5-5 and 5-6, the former has the 28 fold greater predicted 

affinity towards the MOR. It can be suggested that substituent groups such as the phenyl 

of R4 play a pivotal role in recognizing the MOR. This assumption was further validated 

by the MOR predicted affinity data of 5-13 and 5-14 (Table 5.4-1) as well as MOR 

affinity data of 5-1 and 5-3 (Table 5.4-1). Based on this data, we can suggest that R4 of 

the pyrazole analogues requires a phenyl group in order to improve its MOR affinity.    

It can be suggested that substituent at R5 of pyrazoles  also prefers a phenyl group in 

terms of enhancing the MOR affinity as it is evident by the MOR affinity data of 5-11 

and 5-13. The former which possesses a phenyl group at the position R5, has 29 fold 

greater affinity towards the MOR than that of 5-13 which has a methyl group at the R5 

position. When comparing 5-2 and 5-9, the latter has a phenyl group at position R5 and 



208 
 

 

has a 43 fold greater predicted affinity towards the MOR compared with 5-2 which has a 

CF3 group at the R5 position. Therefore, it can be concluded that the R5 position of 

pyrazoles requires substitution of phenyl group for enhancing MOR affinity. A very 

similar SAR pattern can be elucidated for pyrazolones derivatives as well. For example, 

It can be seen in Table 5.4-2 that the phenethyl moiety of the opioid pharmacophore of 

pyrazolones are important compared with that of the benzyl counterpart.  

 

Figure 5.4-4.  5-11 bound to the homology modeled MOR in active state. 
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Assays MVD  GPI/LMMP  PL-017 
antagonism in the 
GPI?    

DPDPE 
antagonism  
in the MVD?  

Comp. 
ID 

nM IC50 +/- s.e.m or % inhibition of 
contraction height at 1 uM  

5-17 37.9 %  0 %  None at 1μM  None at 1μM 

5-18 37.9 %, 14862 n = 1  7.9 %  None at 1μM   None at 1μM 

5-19 0 %  0.9 %  None at 1μM None at 1μM 
 

 

In summary, both R4 and R5 require a phenyl group and R1 requires a phenethyl group in 

order to enhance MOR affinity. Therefore, 5-11 is the lead molecule in this predicted 

SAR study and its receptor bound conformation is illustrated in Figure 5.4-4.   

 

Figure 5.4-5.  Structure of NS398 (A selective COX2 inhibitor as a reference for COX2 

bioassay)  

A few compounds (5-17, 5-18 and 5-19) were tested for their mu and delta opioid 

receptor activities (see Experimental Section for MVD and GPI assay49-54 methods). The 

GPI and MVD results (Table 5.4-3) revealed that compounds 5-17, 5-18 and 5-19 have 

very little mu and delta opioid agonism respectively. In order to understand why we lost 

mu opioid agonism for 5-17, 5-18 and 5-19, fentanyl was docked to the homology 

modeled MOR receptor in the active state (see Figure 5.4-5). 

Table 5.4-3. Results of the GPI and MVD data for the 5-17, 5-19 and 5-20 
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Ligand. No. 
COX2 activity 

% inhibition at 100 
μM 

5-9 -5 
5-14 -32 
5-13 -18 
5-11 5 

NS398* - 
 

Table 5.4-4.  COX2 inhibitory data of bi-functional ligand (NS398* is the reference for 

COX2 inhibition assay and its IC50: 0.11 μM). 

Bi-functional ligands 5-9, 5-14, 5-13, and 5-11 were tested for COX2 inhibitory activities 

(see Table 5.4-4). Results revealed that 5-11 has the highest COX2 inhibitory activity 

(5% inhibition at 100 μM) vs. 5-9, 5-14 and 5-13. The data of all ligands tested in COX2 

inhibitory assay qualitatively correlates well with predicted their COX2 inhibitory 

activities. It can be suggested that this discrepancy between predicted versus actual 

experimental COX2 inhibitory values of ligands 5-9, 5-14, 5-13 and 5-11 are due to the 

fact that the receptors were treated as rigid bodies.  In addition, the force field used in 

Autodock4.2 may not be an optimum force field to predict the COX2 inhibitory activity 

of ligands approximate to their experimental COX2 inhibitory activity values.  
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Figure 5.4-6. Docked conformation of fentanyl in homology modeled MOR in active 

state.   

Fentanyl bound to the homology modeled MOR conformation in its active state (Figure 

5.4-5) revealed that the tertiary amine group of fentanyl maintains hydrogen bonding 

interactions with the OH group of Thr218. In addition, the CO group of fentanyl 

maintains weak hydrogen bonding interactions with the NH group of Phe237 of the 

MOR. The ethyl spacer for the N-phenylpropionamide of fentanyl has hydrophobic 

interactions with the phenyl group of Phe 152 of the MOR. The phenyl moiety of the N-

phenylpropionamide region of fentanyl maintains hydrophobic interactions with Val 236. 

Moreover, the phenyl group of the N-phenylpropionamide group of fentanyl is found in 

the hydrophobic pocket created by Val 202, Val 236, Phe 237 and Leu 219. The phenyl 

group of 1-phenethylpiperidine of fentanyl maintains hydrophobic interaction with 
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Ile322. Based on the these results, an assumption was made that the tolerant position of 

the fentanyl for further modification lies at the C8 carbon of fentanyl (see Figures 5.4-6 

and 5.4-7). The mu agonism was probably lost for the synthesized molecules because the 

hydrogen bonding and hydrophobic interactions were disrupted in the region of the N-

phenylpropionamide region of fentanyl by introducing the pyrazole or pyrazolone 

scaffolds to fentanyl in designing the bifunctional ligand with the COX2 pharmacophore.   

 

 

In order to further assess how to modify fentanyl without loss of mu opioid agonism, the 

space filled MOR bound conformation of fentanyl was used (Figure 5.4-7).  It can be 

seen that the phenyl group of fentanyl is at the exit of the MOR and the N-

phenylpropionamide along with piperidine moiety resides very deep in the catalytic 

pocket. Moreover, according to the space filled bound conformation of fentanyl to the 

MOR, modification of the phenyl group of the N-phenylpropionamide region of fentanyl 

with a linker or bulky moiety may result in loss of mu opioid agonism since there is no 

Figure 5.4-7. Structure of fentanyl 
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way that an additional bulky moiety or linker can exit from the MOR, unless it exits from 

the binding pocket of the MOR.  

 

Figure 5.4-8. Space filled MOR bound conformation of fentanyl predicted by 

Autodock4.2. 

Therefore, it appears that the ideal tolerant position for modification lies in the C8 carbon 

of the phenethyl piperidine moiety of fentanyl (Figures of 5.4-6 and 5.4-7). It can be 

further suggested that the mu opioid agonist activities can be maintained by attaching a 

linker with the pharmacophore at the C8 carbon of the phenethyl piperidine moiety of 

fentanyl (see Figure 5.4.6 for the C8 position of fentanyl). It can be proposed that a 

molecule such as N-(1-(3-amino-2-phenylpropyl)piperidin-4-yl)-N-phenylpropionamide 
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may be a molecule that can be further modified to attach any pharmacophore without loss 

of mu agonist activity.  

5.5 Experimental procedure 
 

5.5.1 General procedure for synthesis of pyrazole (from compounds 51 to 516) 
 

5.8 Mmol of the hydrazine hydrochloride derivative (methyl or benzyl or phenethyl) (5-

25) was added to 5.645 mmol ethyl acetoacetate derivative in 95% 100 mL ethanol with 

stirring. It was allowed to reflux for 24 h. After cooling to 250C, the solvent was removed 

in vacuo and 40 mL of water was added to the residue. The mixture was extracted with 3 

X 35 mL EtOAc, the combined organic extracts were dried over Na2SO4 and the solvent 

was removed in vacuo. If solid forms during the rotor evaporation, it   was isolated by 

vacuum filtration. Alternatively, the residue left after evaporation was flash 

chromatographed or recrystallized to give the pure compound. 

1-benzyl-4-(5-methyl-3-(trifluoromethyl)-1H-pyrazol-1-yl)piperidinium chloride (5-

1) 

1.05 g; 57% yield; M.P. 2520-2540 C; Calculated for C17H20F3N3; 323.36, Observed; TOF 

MS-ESI; 324.2. 1H NMR (500 MHz, CDCl3) δ 7.67 (s, 2H), 7.44 (s, 3H), 6.28 (s, 1H), 

4.60 (s, 1H), 4.20 (s, 2H), 3.58 (s, 2H), 3.35 (s, 2H), 2.98 (s, 2H), 2.32 (s, 3H), 2.08 (s, 

2H). 13C NMR (500 MHz, CDCl3) δ 131.46 (s), 130.25 (s), 129.38 (s), 104.14 (s), 61.19 

(s), 47.68 (s), 27.40 (s), 11.36 (s), 0.16 (s). 
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1-methyl-4-(5-phenyl-3-(trifluoromethyl)-1H-pyrazol-1-yl)piperidinium chloride (5-

2) 

1.13 g; 63% yield; M.P. 2440-2460 C; Calculated for C16H18F3N3; 309.33, Observed; ESI-

MS; 310.3. 1H NMR (500 MHz, CDCl3) δ 7.50 (d, J = 3.1 Hz, 3H), 7.29 (dd, J = 19.9, 2.1 

Hz, 2H), 6.56 (s, 1H), 4.75 (s, 1H), 3.76 (d, J = 9.1 Hz, 2H), 3.38 (d, J = 9.1 Hz, 2H), 

2.87 (s, 5H), 2.08 (d, J = 14.3 Hz, 2H). 13C NMR (500 MHz, CDCl3) δ 145.43 (s), 130.03 

(s), 129.41 (s), 129.03 (s), 128.66 (s), 104.71 (s), 50.14 (s), 47.69 (s), 43.85 (s), 27.97 (s). 

1-benzyl-4-(5-phenyl-3-(trifluoromethyl)-1H-pyrazol-1-yl)piperidinium chloride (5-

3) 

0.6 g; 28% yield; M.P. 2400 - 2420 C; Calculated for C22H22F3N3;  385.43, Observed; TOF 

MS-ESI; 386.2. 1H NMR (600 MHz, CDCl3) δ 7.69 (s, 2H), 7.48 (d, J = 21.4 Hz, 6H), 

7.33 – 7.20 (m, 2H), 6.51 (d, J = 38.0 Hz, 1H), 4.74 (s, 1H), 4.23 (s, 2H), 3.68 (s, 2H), 

3.33 (d, J = 9.7 Hz, 2H), 2.90 (s, 2H), 2.11 – 1.98 (m, 2H), 1.35 – 1.16 (m, 1H). 13C 

NMR (151 MHz, CDCl3) δ 145.54 – 145.23 (m), 131.54 (s), 130.33 (s), 130.03 (s), 

129.48 (s), 129.43 (s), 129.05 (s), 104.67 (s), 61.19 (s), 48.39 (s), 47.84 (s), 27.74 (s). 

4-(3,5-bis(trifluoromethyl)-1H-pyrazol-1-yl)-1-phenethylpiperidinium chloride (5-4) 

0.11 g; 4% yield; M.P. 2510-2530C; Calculated for C18H19F6N3; 391.35, Observed; TOF 

MS-ESI; 392.2. 1H NMR (600 MHz, CDCl3) δ 7.41 – 7.17 (m, 6H), 6.95 (s, 1H), 4.88 (s, 

1H), 3.56 (s, 3H), 3.28 (s, 4H), 3.05 (s, 2H), 2.21 (s, 2H). 13C NMR (600 MHz, CDCl3) δ 

136.06 (s), 129.25 (s), 128.85 (s), 127.60 (s), 106.41 (s), 58.78 (s), 52.00 – 50.77 (m), 

48.28 (s), 30.30 (s), 27.62 (s). 
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1-phenethyl-4-(5-phenyl-3-(trifluoromethyl)-1H-pyrazol-1-yl)piperidinium chloride 

(5-5) 

0.09 g; 4% yield; M.P. 2310-2320C; Calculated for C23H24F3N3; 399.45, Observed; ESI-

MS; 400.2. 1H NMR (500 MHz, MeOD) δ 7.61 – 7.39 (m, 5H), 7.33 – 7.14 (m, 5H), 6.60 

(s, 1H), 4.46 (ddd, J = 15.2, 11.1, 4.0 Hz, 1H), 3.46 (t, J = 19.8 Hz, 2H), 3.06 – 2.79 (m, 

4H), 2.70 (dd, J = 38.3, 26.1 Hz, 2H), 2.55 – 2.27 (m, 2H), 2.03 (dd, J = 54.5, 13.9 Hz, 

2H). 13C NMR (500 MHz, MeOD) δ 146.46 (s), 139.26 (s), 130.62 (s), 130.28 (s), 130.19 

(s), 129.67 (s), 127.68 (s), 116.02 (s), 105.35 (s), 59.94 (s), 55.98 (s), 52.85 (s), 32.80 (s), 

31.62 (s) 

4-(5-methyl-3-(trifluoromethyl)-1H-pyrazol-1-yl)-1-phenethylpiperidinium chloride 
(5-6)  

0.47 g; 25% yield; M.P. 243-2450 C; Calculated for C18H22F3N3; 337.38, Observed; ESI-

MS; 338.2. 1H NMR (500 MHz, MeOD) δ 7.39 – 7.33 (m, 4H), 7.33 – 7.24 (m, 1H), 6.38 

(s, 1H), 4.78 – 4.68 (m, 1H), 3.84 (d, J = 12.8 Hz, 2H), 3.49 – 3.29 (m, 4H), 3.24 – 3.06 

(m, 2H), 2.62 – 2.46 (m, 2H), 2.47 – 2.39 (m, 3H), 2.29 (dd, J = 26.3, 9.7 Hz, 2H). 13C 

NMR (500 MHz, MeOD) δ 142.01 – 141.85 (m), 137.68 – 137.38 (m), 129.93 (s), 129.80 

(s), 128.24 (s), 104.80 – 104.05 (m), 59.07 (s), 53.70 (s), 52.88 (s), 31.49 (s), 30.45 (s), 

10.79 (s). 

4-(3,5-bis(trifluoromethyl)-1H-pyrazol-1-yl)-1-methylpiperidinium chloride (5-7) 

0.55 g; 32% yield; M.P. 1500-1520 C; Calculated for C11H13F6N3; 301.23, Observed; TOF 

MS-EI; 301.10. 1H NMR (500 MHz, MeOD) δ 7.22 (s, 1H), 4.79 (tt, J = 11.0, 4.1 Hz, 

1H), 3.61 (d, J = 13.0 Hz, 2H), 3.23 (td, J = 12.8, 2.7 Hz, 2H), 2.88 (s, 3H), 2.60 – 2.45 
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(m, 2H), 2.30 (d, J = 13.9 Hz, 2H). 13C NMR (500 MHz, MeOD) δ 107.35 (s), 56.94 (s), 

54.02 (s), 44.01 (s), 30.83 (s). 

1-benzyl-4-(3,5-diphenyl-1H-pyrazol-1-yl)piperidinium chloride (5-8) 

0.79 g; 39% yield; M.P. 2100-2120 C; Calculated for C27H27N3; 393.52, Observed; TOF 

MS-ESI; 394.1. 1H NMR (500 MHz, MeOD) δ 7.88 – 7.72 (m, 2H), 7.58 – 7.22 (m, 

13H), 6.62 (s, 1H), 4.33 (s, 1H), 3.84 (s, 2H), 3.24 (s, 2H), 2.48 (s, 3H), 2.04 (d, J = 16.8 

Hz, 2H).13C NMR (500 MHz, MeOD) δ 153.19 – 150.08 (m), 146.45 – 145.87 (m), 

143.06 – 142.39 (m), 135.35 – 134.37 (m), 132.97 – 132.82 (m), 132.00 – 131.78 (m), 

131.28 (s), 130.13 (s), 129.97 (s), 129.92 (s), 129.67 (s), 129.51 (s), 128.62 (s), 126.58 

(s), 104.28 (s), 62.82 – 62.76 (m), 52.93 (s), 32.05 (s), 22.09 (s). 

4-(3,5-diphenyl-1H-pyrazol-1-yl)-1-methylpiperidinium chloride (5-9) 

1.32 g; 74% yield; M.P. 174-1760 C; Calculated for C21H23N3; 317.43, Observed; TOF 

MS-ESI; 318.1. 1H NMR (500 MHz, MeOD) δ 7.86 (dd, J = 20.6, 7.4 Hz, 2H), 7.60 – 

7.46 (m, 5H), 7.41 (dt, J = 15.0, 7.6 Hz, 2H), 7.36 – 7.27 (m, 1H), 6.70 (d, J = 23.1 Hz, 

1H), 4.56 (t, J = 11.2 Hz, 1H), 3.63 (d, J = 10.7 Hz, 2H),  3.19 (dd, J = 27.6, 15.3 Hz, 

2H), 2.87 (d, J = 18.2 Hz, 3H), 2.66 (dd, J = 24.0, 11.7 Hz, 2H), 2.22 (d, J = 13.7 Hz, 

2H). 13C NMR (126 MHz, CDCl3) δ 152.40 (s), 146.50 (s), 134.64 (s), 131.45 (s), 130.16 

(s), 130.12 (s), 130.07 (s), 129.54 (s), 128.83 (d, J = 4.9 Hz), 126.60 (s), 104.59 (s), 54.71 

(s), 53.62 (s), 43.93 (s), 31.09 (s). 

1-benzyl-4-(3,5-bis(trifluoromethyl)-1H-pyrazol-1-yl)piperidinium chloride (5-10) 

1.08 g; 50% yield; M.P. 2470-2490 C; Calculated for C17H17F6N3; 377.33, Observed; TOF 

MS-EI; 377.13. 1H NMR (500 MHz, CDCl3) δ 7.59 (s, 2H), 7.53 (s, 3H), 7.23 (s, 1H), 
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4.42 (s, 2H), 3.68 (d, J = 9.3 Hz, 2H), 3.36 (s, 2H), 2.57 (d, J = 11.4 Hz, 2H), 2.47 (s, 

1H), 2.34 (d, J = 13.4 Hz, 2H). 13C NMR (126 MHz, MeOH) δ 132.51 (s), 131.37 (s), 

130.42 (s), 130.07 (s), 107.39 (s), 61.83 (s), 57.19 (s), 52.17 (s), 30.58 (s). 

4-(3,5-diphenyl-1H-pyrazol-1-yl)-1-phenethylpiperidinium chloride (5-11) 

1.34 g; 58% yield; M.P. 1560-1580 C; Calculated for C28H29N3; 407.55, Observed; TOF 

MS-ESI; 408.2. 1H NMR (500 MHz, MeOD) δ 7.84 (dd, J = 8.1, 1.0 Hz, 2H), 7.58 – 7.43 

(m, 5H), 7.38 (t, J = 7.6 Hz, 2H), 7.34 – 7.11 (m, 6H), 6.64 (s, 1H), 4.39 – 4.21 (m, 1H), 

3.41 – 3.21 (m, 1H), 2.94 – 2.83 (m, 2H), 2.78 (dd, J = 10.6, 5.5 Hz, 2H), 2.60 – 2.42 (m, 

2H), 2.37 (t, J = 11.9 Hz, 2H), 2.01 (d, J = 12.5 Hz, 2H), 1.93 (d, J = 7.1 Hz, 1H). 13C 

NMR (500 MHz, MeOD) δ 152.17 – 151.67 (m), 146.16 (s), 140.62 – 140.27 (m), 135.14 

– 134.80 (m), 132.00 (s), 130.13 (s), 129.95 (s), 129.88 (s), 129.66 (s), 129.52 (d, J = 3.4 

Hz), 128.58 (s), 127.36 (s), 126.56 (s), 104.23 (s), 60.74 (s), 56.40 (s), 53.47 (s), 33.66 

(s), 32.54 (s). 

1-benzyl-4-(3,5-dimethyl-1H-pyrazol-1-yl)piperidinium chloride (5-12) 

0.85 g; 56% yield; M.P. 760-780 C; Calculated for C17H23N3; 269.38, Observed; TOF 

MS-ESI; 270.1. 1H NMR (600 MHz, CDCl3) δ 7.46 – 7.15 (m, 5H), 5.76 (s, 1H), 3.89 (tt, 

J = 11.8, 4.1 Hz, 1H), 3.54 (s, 2H), 3.00 (d, J = 11.8 Hz, 2H), 2.33 – 2.24 (m, 2H), 2.24 – 

2.20 (m, 6H), 2.14 – 2.06 (m, 2H), 1.82 – 1.75 (m, 2H). 13C NMR (600 MHz, CDCl3) δ 

147.07 (s), 139.01 (s), 137.91 (s), 128.93 (s), 128.30 (s), 127.04 (s), 104.98 (s), 62.81 (s), 

56.03 (s), 53.07 (s), 32.15 (s), 13.74 (s), 11.17 (s). 
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4-(3-methyl-5-phenyl-1H-pyrazol-1-yl)-1-phenethylpiperidinium chloride (5-13) 

0.56 g; 29% yield; M.P. 2410-2430 C; Calculated for C23H27N3; 345.48, Observed; ESI-

MS; 346.2. 1H NMR (500 MHz, MeOD) δ 7.41 (d, J = 14.6 Hz, 5H), 7.32 – 7.01 (m, 5H), 

6.25 (s, 1H), 4.53 (s, 1H), 3.84 – 3.49 (m, 2H), 3.45 – 3.15 (m, 3H), 3.05 (d, J = 46.9 Hz, 

3H), 2.48 (s, 2H), 2.31 (d, J = 24.3 Hz, 3H), 2.18 (s, 2H). 13C NMR (500 MHz, MeOD) δ 

149.44 (s), 148.16 (s), 137.41 (s), 130.89 (d, J = 33.8 Hz), 130.41 (s), 130.35 (s), 129.88 

(d, J = 3.1 Hz), 129.66 (s), 128.20 (s), 108.36 (s), 59.19 (s), 54.81 (s), 52.84 (s), 31.50 (s), 

30.57 (s), 12.73 (s). 

4-(3,5-dimethyl-1H-pyrazol-1-yl)-1-phenethylpiperidinium chloride (5-14) 

0.27 g; 17% yield; M.P. 2640-2660 C; Calculated for C18H25N3; 283, Observed; ESI-MS; 

284.1. 1H NMR (500 MHz, CDCl3) δ 7.40 – 7.16 (m, 5H), 5.78 (d, J = 17.7 Hz, 1H), 4.47 

(s, 1H), 3.92 – 3.67 (m, 2H), 3.44 (t, J = 24.1 Hz, 1H), 3.29 (s, 5H), 2.98 – 2.61 (m, 2H), 

2.40 – 1.93 (m, 8H). 13C NMR (126 MHz, CDCl3) δ 147.20 (s), 138.62 (s), 136.22 (s), 

128.92 (s), 128.73 (s), 127.22 (s), 105.22 (s), 58.06 (s), 48.57 (s), 46.95 (s), 30.23 (s), 

27.64 (s), 13.69 (s), 11.15 (s). 

4-(3,5-dimethyl-1H-pyrazol-1-yl)-1-methylpiperidinium chloride (5-15) 

1.03 g; 94% yield; M.P. 2320-2340 C; Calculated for C11H19N3; 193.29, Observed; TOF 

MS-EI; 193.16. 1H NMR (500 MHz, MeOD) δ 6.28 (d, J = 10.9 Hz, 1H), 3.62 – 3.54 (m, 

2H), 3.29 (td, J = 12.8, 2.4 Hz, 2H), 2.81 (s, 3H), 2.44 – 2.35 (m, 5H), 2.36 – 2.26 (m, 

4H), 2.20 (dd, J = 24.6, 10.0 Hz, 2H). 13C NMR (500 MHz, MeOD) δ 148.42 (s), 148.12 

(s), 109.16 (s), 54.56 (s), 54.15 (s), 43.89 (s), 29.61 (s), 11.51 (s), 11.23 (s). 
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1-benzyl-4-(5-hydroxy-3-phenyl-1H-pyrazol-1-yl)piperidinium chloride (5-16) 

0.01 Mol of one of the benzylhydrazine hydrochloride derivatives (5-25) and 0.01 mol of 

one of the ethyl acetoacetate ester derivatives in ethanol were mixed in a round bottom 

flask in an ice bath under a N2 atmosphere. To this solution was added pyridine (2.2 eq) 

drop by drop with stirring. After 5-6 hours, the mixture was rotorary evaporated. To the 

residue was added minimum amounts of water and the mixture was allowed to cool. An 

excess of NH4OH was added. The solution was extracted three times with CHCl3 to 

obtain the product  1.33 g; 39% yield; M.P. 1610-1630 C; Calculated for C21H23N3O; 

333.43, Observed; ESI-MS; 334.1. 1H NMR (600 MHz, DMF-d7) δ 7.80 (t, J = 7.2 Hz, 

2H), 7.50 – 7.32 (m, 6H), 7.28 (ddd, J = 18.5, 10.9, 3.9 Hz, 2H), 5.88 (s, 1H), 4.20 (td, J 

= 10.9, 5.2 Hz, 1H), 3.57 (s, 2H), 2.99 (t, J = 18.0 Hz, 2H), 2.32 – 2.06 (m, 4H), 1.93 – 

1.76 (m, 2H). 13C NMR (600 MHz, DMF-d7) δ 153.92 – 152.88 (m), 148.37 (s), 139.40 

(s), 135.27 (s), 129.12 (s), 128.59 (s), 128.51 (s), 127.21 (s), 125.04 (s), 83.47 (s), 62.73 

(s), 53.70 (s), 52.99 (s), 31.70 (s). 

5.5.2 General procedure for the pyrazolones  (Compounds from 517 to 519) 
 

To 0.01 Mol of one of the hydrazine hydrochloride derivatives (5-25) and 0.01 mol of 

one of the ethyl acetoacetate ester derivatives in ethanol (15 mL) were mixed in a round 

bottom flask in ice bath under N2 atmosphere. To this solution was added  pyridine (2.2 

eq) drop by drop with stirring. After 5-6 hours, the mixture was rotorary evaporated. To 

the residue was added minimum amount of water and allowed to cool. Then excess 

NH4OH was added. The solution was extracted three times with ethyl ether, and the 
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organic layers were isolated. Then the remaining aqueous solution was further extracted 

with CHCl3 to obtain the major product, pyrazolones. In some cases, the pyrazoles were 

formed. 

 1-benzyl-4-(4-benzyl-3-methyl-5-oxo-4,5-dihydro-1H-pyrazol-1-yl)piperidinium 

chloride (5-17) 

0.61g; 17% yield; Compound is in Keto enol. equilibrium, M.P. 1620-1640 C; Calculated 

for C23H27N3O; 361.48, Observed; ESI-MS; 362.2; 1H NMR (500 MHz, CDCl3) δ 7.37 – 

7.09 (m, 10H), 3.92 (dd, J = 13.4, 9.4 Hz, 1H), 3.62 (t, J = 16.4 Hz, 1H), 3.53 – 3.42 (m, 

2H), 3.29 (t, J = 5.4 Hz, 1H), 3.16 (d, J = 5.5 Hz, 2H), 2.86 (dd, J = 41.2, 9.6 Hz, 2H), 

2.18 – 1.88 (m, 7H), 1.85 – 1.59 (m, 2H); 13C NMR (500 MHz, CDCl3) δ 173.72 (s), 

158.16 (s), 138.89 (s), 136.32 (s), 129.01 (s), 128.92 (s), 128.53 (s), 128.25 (s), 127.14 

(s), 127.00 (s), 62.92 (s), 53.88 – 52.05 (m), 50.83 (s), 33.46 (s), 30.09 (s), 29.85 (s), 

16.36 (s) 

4-(3-methyl-5-oxo-4,5-dihydro-1H-pyrazol-1-yl)-1-phenethylpiperidinium chloride 

(5-18) 

0.71g; 56% yield; M.P. 1410-1430 C; Calculated for C17H23N3O; 285.38, Observed; FAB-

MS; 285.4; 1H NMR (500 MHz, CDCl3) δ 7.35 – 7.14 (m, 5H), 4.02 (ddd, J = 15.0, 11.1, 

3.9 Hz, 1H), 3.26 – 3.15 (m, 2H), 3.07 (d, J = 11.4 Hz, 2H), 2.88 – 2.74 (m, 2H), 2.68 – 

2.53 (m, 2H), 2.23 – 1.97 (m, 7H), 1.75 (d, J = 11.4 Hz, 2H); 13C NMR (500 MHz, 

CDCl3) δ 171.82 (s), 155.06 (s), 140.53 (s), 128.78 (s), 128.44 (s), 126.07 (s), 60.46 (s), 

52.96 (s), 50.91 (s), 42.30 (s), 34.05 (s), 30.23 (s), 17.14 (s). 
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4-(5-ethoxy-3-methyl-1H-pyrazol-1-yl)-1-phenethylpiperidinium chloride (5-18’) 

0.57 g; 44% yield; M.P. 660-680 C; Calculated for C19H27N3O; 313.44, Observed; ESI-

MS; 314.3; 1H NMR (500 MHz, CDCl3) δ 7.33 – 7.15 (m, 5H), 5.29 (s, 1H), 4.13 – 3.96 

(m, 3H), 3.10 (d, J = 11.7 Hz, 2H), 2.84 – 2.76 (m, 2H), 2.65 – 2.58 (m, 2H), 2.29 – 2.09 

(m, 7H), 1.92 – 1.82 (m, 2H), 1.44 – 1.36 (m, 3H); 13C NMR (500 MHz, CDCl3) δ 154.28 

(s), 146.57 (s), 140.71 (s), 128.85 (s), 128.44 (s), 126.06 (s), 84.80 (s), 67.31 (s), 60.45 

(s), 55.11 (s), 53.28 (s), 34.08 (s), 31.25 (s), 14.90 (s), 14.73 (s). 

1-benzyl-4-(3-methyl-5-oxo-4,5-dihydro-1H-pyrazol-1-yl)piperidinium chloride (5-

19) 

0.69 g; 26% yield; M.P. 1380-1400C; Calculated for C16H21N3O; 271.36, Observed; ESI-

MS; 272.1; 1H NMR (500 MHz, CDCl3) δ 7.41 – 7.19 (m, 5H), 4.09 – 3.94 (m, 1H), 3.51 

(s, 2H), 3.19 (s, 2H), 2.95 (d, J = 9.2 Hz, 2H), 2.14 – 1.99 (m, 7H), 1.69 (d, J = 11.6 Hz, 

2H); 13C NMR (500 MHz, CDCl3) δ 171.76 (s), 155.11 (s), 138.84 (s), 129.02 (s), 128.25 

(s), 127.02 (s), 62.94 (s), 52.86 (s), 50.91 (s), 42.31 (s), 30.27 (s), 17.13 (s) 

Diethyl 3,3'-(phenethylazanediyl)dipropanoate (5-20) 

Freshly distilled phenyl ethylamine 133.29 g (1.1mol) was added to a dropping funnel 

containing 150 mL of ethanol.  Ethyl acrylate 250.3 g (2.5mol) was added to an ice 

cooled 1 L round bottom flask containing 250 mL of ethanol and a 15mg of 

hydroquinone. Then, phenyl ethylamine was added to the round bottom flask drop wise. 

This mixture was allowed to react for 2 days and then was rotorary evaporated. Yield-

349.4 g; 98% yield; yellow color liquid; Calculated for C18H27NO4; 321.41, Observed; 
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LCQ-ESI: 322.2; 1H NMR (500 MHz, DMSO-d6) δ 7.34 – 7.07 (m, 5H), 4.03 (q, J = 7.1 

Hz, 4H), 2.81 – 2.70 (m, 4H), 2.70 – 2.56 (m, 4H), 2.38 (t, J = 6.9 Hz, 4H), 1.17 (dd, J = 

9.0, 5.3 Hz, 6H); 13C NMR (500 MHz, DMSO-d6) δ 171.82 (s), 140.27 (s), 128.49 (s), 

128.00 (s), 125.60 (s), 59.62 (s), 55.01 (s), 48.65 (s), 32.98 (s), 32.23 (s), 14.02 (s) 

Ethyl 4-oxo-1-phenethylpiperidine-3-carboxylate (5-21)  

Toluene (70 mL) was added to a 3 neck 250 mL round bottom flask equipped with a 

dropping funnel, thermometer and condenser.  The solvent was heated and 1 g (43.47 

mmol) of Na was added to the above flask gradually and was continued heating and 

stirring for 5 min. Then 13.97 g (43.47 mmol) of diethyl 3,3'-

(phenethylazanediyl)dipropanoate in 15 mL of toluene along with a small amount (5 mg) 

of hydroquinone was gradually added to the mixture which was refluxed for 3 hours time 

and left it o/n for reaction to completion. Then mixture was cooled using ice while 

stirring, 30 grams of ice was added into the mixture. Insoluble product formed 

immediately.  The residue was allowed complete precipitation by leaving it 20 to 30 min. 

It was rotor evaporated and 60 mL toluene was added and hexane and rotor evaporated. 

Then, it was filtered using a Buchner funnel. Finally the paste was dissolved in ethyl 

acetate (30 mL) and the solution was extracted with saturated sodium bicarbonate twice, 

0.5 N HCl and saturated sodium chloride.  10.8 g, 90% yield of product which is present 

in a keto-enol equilibrium; M.P. 1540-1560C; Calculated for C16H21NO3: 275.34, 

Observed; LCQ-ESI: 276. 1H NMR (500 MHz, DMSO-d6) δ 11.89 (s, 1H), 7.45 – 7.02 

(m, 10H), 4.32 – 3.92 (m, 3H), 3.55 (dt, J = 15.6, 7.8 Hz, 1H), 3.15 – 3.03 (m, 3H), 3.00 
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– 2.84 (m, 2H), 2.83 – 2.59 (m, 11H), 2.55 (ddd, J = 11.5, 8.8, 7.6 Hz, 1H), 2.41 – 2.26 

(m, 2H), 1.97 (d, J = 15.3 Hz, 1H), 1.30 – 1.10 (m, 6H); 13C NMR (500 MHz, DMSO-d6) 

δ 204.11 (s), 170.33 (s), 170.02 (s), 168.56 (s), 140.17 (s), 140.06 (s), 128.54 (d, J = 3.9 

Hz), 128.08 (s), 125.73 (d, J = 4.4 Hz), 114.14 (s), 96.26 (s), 60.40 (s), 60.14 (s), 58.59 

(s), 57.48 (s), 55.49 (s), 54.53 (s), 52.50 (s), 49.12 (s), 48.41 (s), 33.12 (s), 33.00 (s), 

29.02 (s), 14.12 (s), 13.99 (s). 

1-phenethylpiperidin-4-one (5-22) 

Decarboxylation was performed by transferring the ethyl 4-oxo-1-phenethylpiperidine-3-

carboxylate into a round bottom flask. Then 100 mL of a solution of 4 equiv. HCl ( 

36.5%) was added with 80 g of ice to the solid product. The mixture was refluxed 5 to 6 

hour. 150 mL of ether and 80 g of 50% solution of NaOH were added to the mixture until 

the pH is 7. The organic layer was separated and remaining aqueous layer was extracted 

two times with diethyl ether. The total organic layer was dried and rotor evaporated to get 

the crude product. The flash chromatography was performed using ethyl acetate: hexane 

= 4:1, yield is 50%; M.P. 500-520 C; Calculated for C13H17NO; 203.13, Observed: 204.2;  

1H NMR (500 MHz, DMSO-d6) δ 7.33 – 7.11 (m, 5H), 2.76 (dt, J = 12.3, 6.5 Hz, 6H), 

2.65 (dd, J = 9.4, 6.2 Hz, 2H), 2.34 (t, J = 6.1 Hz, 4H);  13C NMR (500 MHz, DMSO-d6) 

δ 208.22 (s), 140.18 (s), 128.54 (s), 128.12 (s), 125.75 (s), 58.26 (s), 52.33 (s), 40.61 (s), 

33.26 (s) 

N'-(1-phenethylpiperidin-4-ylidene) acetohydrazide (5-23) 

1- Phenethylpiperidine-4-one (0.1 mol) was dissolved in 50 mL of ethanol in a round 

bottom flask. Then 0.125 mol of acetyl hydrazine in 50 mL of ethanol was added to the 
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dropping funnel. The latter was added dropwise to the mixture in the round bottom flask 

with stirring. Reaction came to completion after leaving over night. The solid formed was 

filtered and washed with diethyl ether. It was recrystallized from ethanol;  Percent yield, 

80%; M.P. 1390-1410C; Calculated for C15H21N3O; 259.17, Observed: FAB 322.4; 1H 

NMR (500 MHz, CDCl3) δ 8.94 (s, 1H), 7.39 – 7.13 (m, 5H), 2.82 (dd, J = 9.7, 6.4 Hz, 

2H), 2.73 – 2.61 (m, 6H), 2.49 – 2.39 (m, 4H), 2.26 (s, 3H);  13C NMR (500 MHz, 

CDCl3) δ 173.66 (s), 151.93 (s), 140.17 (s), 128.75 (s), 128.51 (s), 126.23 (s), 59.96 (s), 

53.76 (d, J = 37.5 Hz), 52.42 (s), 34.85 (s), 34.06 (s), 26.28 (s), 20.57 (s) 

N'-(1-phenethylpiperidin-4-yl) acetohydrazide (5-24) 

N'-(1-Phenethylpiperidin-4-ylidene) acetohydrazide (0.1 mol), 100 mL of ethanol and 

200 mL THF was mixed in round bottom flask. NaBH4 (2 eq) was added to the mixture. 

It was left overnight for completion of the reaction. The excess NaBH4 was destroyed by 

adding 2 eq CH3COOH in 45-50 mL of H2O. The mixture was evaporated until dry and 

was mixed with a minimum amount of water and extracted with CHCl3. The organic 

layer was dried and evaporated and was boiled with hexane and decanted three times. 

The residue was recrystallized with ethanol; % yield, 80%; M.P. 1290-1310 C; Calculated 

for C15H23N3O; 261.18, Observed: FAB 324.4; 1H NMR (499 MHz, CDCl3) δ 7.33 – 7.13 

(m, 1H), 2.97 (d, J = 11.6 Hz, 1H), 2.92 – 2.72 (m, 1H), 2.68 – 2.52 (m, 1H), 2.18 – 2.06 

(m, 1H), 1.96 (s, 1H), 1.85 (d, J = 10.8 Hz, 1H), 1.50 (tt, J = 12.0, 6.1 Hz, 1H), 1.26 (t, J 

= 7.1 Hz, 1H);  13C NMR (126 MHz, CDCl3) δ 169.87 (s), 140.31 (s), 128.76 (s), 128.47 

(s), 126.14 (s), 60.51 (s), 51.81 (s), 33.89 (d, J = 18.8 Hz), 30.42 (s), 21.35 (s). 
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2-(1-phenethylpiperidin-4-yl)hydrazinium chloride (5-25) 

A mixture of 0.025 mol of N'-(1-phenethylpiperidin-4-yl)acetohydrazide, 15 mL of EtOH 

and 15 mL of 4 M HCl is transferred to a round bottom flask. The mixture was allowed to 

reflux for 8 hours and left overnight. It was rotor vaporized until dry. The residue was 

recrystallized with EtOH; Percent yield: 90%; M.P. 223-2250C, Calculated for 

C13H22ClN3; 255.15, Observed: LCQ-ESI [M+H]+ : 221.2;  1H NMR (500 MHz, DMSO-

d6) δ 11.09 (s, 1H), 7.46 – 7.12 (m, 5H), 3.60 (d, J = 12.0 Hz, 1H), 3.47 – 2.87 (m, 8H), 

2.22 – 2.00 (m, 3H), 1.80 (d, J = 12.0 Hz, 1H);  13C NMR (500 MHz, DMSO-d6) δ 

137.12 (s), 128.89 – 128.29 (m), 126.67 (s), 56.16 (s), 49.63 (s), 46.46 (s), 29.37 (d, J = 

6.1 Hz). 

5.5.3 Determination of the Conformation  
 

Under physiological pH, the piperidino nitrogen in Fentanyl is protonated1,40pKa=8.5). 

Therefore the protonated state of the piperidino nitrogen was incorporated, when starting 

geometries of fentanyl based analogues were used in conformational analysis. Molecular 

modeling experiments employed MacroModel 8.1 equipped a with Maestro 5.0 graphical 

interface installed on a Linux RedHat 9.0 system. Peptide structures were built as 

extended structures with standard bond lengths and angles, and were minimized using the 

OPLS-AA41 force field and the Polak-Ribier conjugate gradient (PRCG). Optimizations 

were converged to a gradient rmsd less that 0.005 kJ/Å mol or continued until a limit of 

50000 iterations was reached. Aqueous solution conditions were simulated using the 

continuum dielectric water solvent model (GB/SA) in MacroModel42. Extended cutoff 
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distances were defined at 8 Å for van der Waals, 20 Å for electrostatics, and 4 Å for H-

bonds. Conformational analysis of the peptides was performed by Macromodel’s SPMC 

(Systematic Pseudo-Monte Carlo) procedure43 by using the energy minimization 

parameters. A total of 1000 search steps were performed and the conformations with 

energy difference of 21kJ/mol from the global minimum were saved.  

5.5.4 Determination of the docked conformation44-46 
 

The PDB for the COX2 target complex was downloaded from the Brookhaven PDB 

database (www.pdb.org), and the PDB for the homology modeled receptor was 

downloaded from Dr. Mosberg’s official website 

(http://mosberglab.phar.umich.edu/resources/). The ligand and the target were separated 

in their PDBs and the coordinates for the ligand binding at the target catalytic pocket site 

was recorded. All the water molecules were removed from the target molecule (receptor). 

Polar hydrogen atoms were added and charges were assigned. Energy minimization was 

performed, in order to relive the steric congestions among residues in the target molecule. 

A PDB file was generated for the newly energy minimized target.  

All calculations and graphical manipulations were performed on an AMD (Advanced 

Micro Device) quad core computer using the software package Autodock 4.2. The lowest 

energy conformation produced by Macromodel was docked to the homology modeled mu 

and delta opioid receptor in their active state, and COX2 enzyme (1CX2 PDB) to 

evaluate the binding affinity and docking pose of final peptides. A Larmarkian genetic 

algorithm (LGA)47-48 was performed for conformational sampling. At the end of the each 
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LGA run, the AutoDock output was a single docked conformation as the final result. In 

order to obtain an ensemble of 100 conformations, 100 LGA runs were performed for 

each reference ligand. Each LGA run was performed with a population size of 150 

chromosomes, a crossover ration of 0.80, elitism ratio of 0.10 and a mutation ration of 

0.20.  

The maximum number of GA evaluations was 2,500,000. All the rotatable bonds 

comprising sp3-sp3 and sp3-sp2 were allowed to rotate during the docking experiment, 

except for those whose rotations did not provide any different conformations. For 

example, terminal groups such as CH3, CF3 etc. The cyclic molecules conformational 

flexibility was not accounted.  

The size of the grid box was 62 Å x 62 Å x 62 Å. Generally, the grid box was centered on 

the experimentally observed position of the ligand within the catalytic pocket. For 

example (X, Y, Z) coordinates of the center of the grid box for COX2 enzyme was 

(60.803, 44.596, 75.097), (X, Y, Z) and coordinates of the center of the grid box for mu 

opioid receptor was (-13.889, 9.116, -0.136). The grid box was chosen in such a way that 

it was large enough to enclose the ligand along with the catalytic pocket of the target. The 

grid spacing default value which was 0.35 was accepted in this study. During the docking 

of ligands to their respective target, the enzyme or protein was treated as a rigid body. 

 

 



229 
 

 

5.5.5 GPI and MVD in vitro bioassays4954 

This assay work was described in section 3.5.6.  

5.5.6 Human recombinant COX2 assay 55 

This assay work was described in section 3.5.8.  

5.6 Conclusion 

We have developed a method to make fentanyl based small molecules. Docking studies 

of fentanyl with homology modeled mu opioid receptor revealed the position where we 

need to put the COX2 pharmacophore without losing mu opioid activity. A novel weak 

COX2 inhibitor was produced in this study. 

5.7 Future perspective 

The study of creation of novel bi-functional molecules containing mu agonist activity and 

COX2 inhibitory activity produced a weak COX2 inhibitor (5-11) that lacks the mu 

agonist potency towards the MOR. The docked conformation of fentanyl to the homology 

modeled mu opioid receptor in its active state revealed that fentanyl maintains some 

critical interactions with mu opioid receptor for mu opioid agonism. When designing non 

peptide based new fentanyl derivatives, it is imperative to retain these interactions that 

fentanyl maintains, in order to have optimum mu agonist potency in the new fentanyl 

derivatives. Based on the docking analysis of fentanyl to the MOR, it can be proposed to 

use that the N-(1-(3-amino-2-phenylpropyl)piperidin-4-yl)-N-phenylpropionamide. as a 

scaffold which can be used as an opioid pharmacophore for fentanyl. As for future 

directions, synthesis of N-(1-(3-amino-2-phenylpropyl)piperidin-4-yl)-N-
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phenylpropionamide is described here from the starting material,  2-phenylpropane-1,3-

diamine (Figure 5.4-9). 

 

 

Figure 5.4-9. Proposed synthesis of N-(1-(3-amino-2-phenylpropyl)piperidin-4-yl)-N-
phenylpropionamide 
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6 CHAPTER 6 
 

6.1 SYNTHESIS OF NOVEL BIFUNCTIONAL OPIOID ANALOGUES 
 

Biphalin is a dimeric peptide [(H-Tyr-D-Ala-Gly-Phe-NH-)2] containing an enkephalin 

based opioid pharmacophore connected tail to tail by a hydrazide bridge. (see Figure 6.1-

1). It was first made by Lipkowski et al1. Biphalin has the highest potency in eliciting 

antinociception among all opioids when it is administered centrally2. The antinociception 

potency of biphalin is 7, 12, 2 and 3 fold higher compared that of i.c.v. etorphine, 

DAMGO, carfentanyl and morphine respectively2.   

Biphalin shows different magnitude of analgesia depending on the route of 

administration. For example biphalin administered subcutaneously shows a negligible 

analgesic effect, whereas biphalin administered intrathecally or i.c.v. produces a much 

greater analgesic effect3,4.   

 

 

Figure 6.1-1 Structure of biphalin 
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It was found out that biphalin passes the blood brain barrier5. Biphalin also possesses 

long lasting analgesia when compared with endogenous neuropeptides such as Met-

enkephalins because of its higher proteolytic stability. Proteolytic stability of biphalin 

arises due to the hydrazine linker attached to C-terminal of biphalin and substitution of 

D-Ala instead of Gly at the position of 2, 2’ of biphalin6.  

Further, biphalin has equal affinity towards the mu and delta opioid receptors at the 

spinal and supraspinal sites. Because of its mu and delta opioid agonist activities, it 

shows synergistic/enhanced antinociceptive effect. Biphalin induced less physical 

dependence when it is given via continuous i.p. infusion or continuous i.v. 

administration2 when compared with morphine.  Over many years, in order to improve 

pharmacological properties, biphalin and its analogues were investigated in our 

laboratory and other  laboratories for its structure activity relationships studies7-9, BBB 

permeability5,11,13, antinociception2,12 and proteolytic stability5.   
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Figure 6.1-2. Crystal structure of biphalin (downloaded from the CCDC database)21 

 

Many mechanisms are involved in transportation of substances to brain13. It has been 

reported that amino acids or glucose are carried by transporter molecules whereas the 

other molecules are carried by passive diffusion or endocytosis14,15. Biphalin was 

transported mainly by passive diffusion16-17. Lipophilicity is an important parameter 

when describing passive diffusion. In this study, we focus on making more lipophilic 

biphalin like analogues containing enhanced agonist potency and efficacy towards mu 

and delta opioid receptors.  Previous SAR studies indicate that Dmt instead of Tyr in 

enkephalin analogues increases the opioid agonist potency and affinity towards the mu 

and delta opioid receptors18, potential to cross the BBB19 and resistance to proteolytic 

enzymes20. Therefore, we were prompted to modify the published biphalin analogue42 

(Figure 6.1-3) with a Dmt residues at the 1, 1’ positions (Figure 6.1-4).   
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Figure 6.1-3. Structure of biphalin analogue42. 

NMR conformational analysis and docking analysis of para diamino-phenyl-bis-tyrosyl-

Dalanyl-glycyl-phenylalanine amide, 6-7 to the homology modeled mu and delta opioid 

receptors are in progress, in order to probe how the bioactivity of 6-7 related to ligand 

receptor interaction within the mu and delta opioid receptors. Biphalin X-ray atomic 

coordinates were obtained from the CCDC database21 (see crystal structure of biphalin in 

Figure 6.1-2). 

 

 

 
 

 

Figure 6.1-4.  Structure of synthesized biphalin analogue 38b7 (6-7). 



235 
 

6.2 Synthetic methodology for Biphalin analogue 

 

 

 

 

Figure 6.2-1.  Reagent and conditions a) H-Phe-OH excess, TEA, 

Solv:DME:H2O:DCM: 95:10:10 b) benzene-1,4-diamine, PyBOP, HOBt, NMM, 

Solv:DMF c) 95%TFA, 30 min, 00C, Solv:DCM d) Boc-D-Ala-OH, NMM, HOBt, 

PyBOP, Solv:DMF e) 95%TFA, 30 min, 00C, Solv:DCM f) Boc-Dmt-OH, PyBOP, 

HOBt, NMM, Solv:DMF g) 95%TFA, 30 min, 00C,Solv:DCM. 
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Peptide synthesis was carried out by solution phase synthesis (Figure 6.2-1). Nα-Boc-

glycine N-hydroxysuccinimide ester was obtained from Chem-Impex International. It 

was coupled to excess of L-phenylalanine (1.5 eq) in 50 mL solvent mixture containing 

DME: H2O: DCM: 95:10:10 and a base, TEA. The resulted crude protected peptide 6-1 

was attached to benzene-1, 4-diamine using coupling reagents PyBOP and HOBt and a 

base NMM to obtain 6-2. Boc deprotection was performed using the 95%TFA in 30 min 

at 00C to obtain 6-3. Boc-D-Ala-OH was coupled in the presence of PyBOP, HOBt and 

NMM with the deprotected peptide 6-3 to give 6-4. This was followed by Nα-Boc 

deprotection and it was coupled with Nα-Boc-Dmt-OH, HOBt, NMM and PyBOP to 

obtain 6-6. Then 6-6 was Nα-Boc deprotected to get the final peptide (6.7). The final 

deprotected peptide was purified by semi-prep high performance liquid chromatography 

and was characterized by high resolution mass spectrometry and NMR spectroscopy.  

6.3 Results and discussion 
 

 

 

 

 

Table 6.3-1. Comparison of clogD at pH 7.4, MVD and GPI assay data of 6-7 with 

biphalin, DPDPE, Leu-enkephalin and Met-enkephalin. 

 

Ligand 
 No/Name 

 

clogD 
(pH 7.4)

MVD 
IC50 (nM)

 

GPI/LMMP 
IC50 (nM) 

 
6-7 0.35 6.8 0.5 

Biphalin -1.67 27 8.8 
DPDPE -1.45 5.1 7300 

Leu-Enkephalin -3.41 23 650 
Met-Enkephalin -4.04 41 490 
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Ligand 
No./Name 

 

rMOR, 
[3H]-DAMGO 

hDOR, 
[3H]-Deltorphin 11 

 Lg 
[IC50+/-] 

 

Ki 
(nM)

Lg 
[IC50+/-] 

 

Ki 
(nM) 

6-7 Lg[-9.62 ± 
0.07] 

0.11 - - 

Biphalin - 1.4 - 2.6 
DPDPE - 720 - 1.2 

Leu-Enkephalin - 27.7 - 8.05 
Met-Enkephalin - 25.2 - 18.3 

 

Table 6.3-2. Comparison of Mu opioid affinity data of 6-7 with biphalin, DPDPE, Leu-

enkephalin and Met-enkephalin. 

Based on the calculated22, 23 clogD value of 6-7 vs. biphalin, DPDPE, Met-enkephalins 

and Leu-enkephalins, the former has the highest lipophilicity compared with biphalin or 

Met-enkephalins or Leu-enkephalins or DPDPE as shown in Table 6.3-1. Therefore we 

can assume that this novel 6-7 may penetrate the blood brain barrier by passive diffusion. 

When considering both Met-enkephalin and Leu-enkephalin, they have very short half 

life in vivo28. This is due to their rapid proteolysis by proteolytic enzymes29. Therefore, 

they are not suitable as analgesics. In the literature, there are many ways that proteolytic 

degradation of peptides can be avoided (E.g. by introducing peptide bond isosteres30, 

unnatural amino acids31,32, beta amino acids33, local and global cyclization34, D amino 

acids35, N-methylation36 and halogenations37).  In order to avoid 6-7 being recognized by 

proteolytic enzymes, it was incorporated with peptidomimetic character. This was done 

by introducing unnatural amino acids (e.g. Dmt) at the positions (1, 1’) and a lipophilic 

phenyl group at the C-terminal of biphalin.  
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MVD and GPI assay data39-44 of 6-7 revealed that it has very potent agonist activity 

towards mu and delta opioid receptors (Table 6.3-1) compared with the biphalin. When 

compared with the 6-7 substituted with Tyr at (1, 1’) positions with 6-7, the latter has 5 

fold greater agonist potency for the delta opioid receptor and has 80 fold greater agonist 

potency for the mu opioid receptor42. In addition, 6-7 shows higher affinity towards mu 

and delta opioid receptors when compared with biphalin. Similarly, it shows 12 times 

greater mu opioid affinity compared with 6-7 substituted with Tyr at (1, 1’) positions 

(Table 6.3-2)42. This could be due to the substitution effect of Dmt at position (1, 1’) of 6-

7 instead of 6-7 substituted with Tyr at (1, 1’) positions.  The literature indicates that 

there is enhanced antinociception when mu agonist and delta agonist are administered 

together simultaneously45. Therefore, 6-7 with very potent mu and delta agonist activities 

towards the mu and delta opioid receptors may show very high antinociception in vivo.  
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6.3.1 Latency to tail withdrawal and Antinociception studies  
 

 

 

 

 

 

 

Figure 6.3-1 Tail withdrawal latency in male ICR mice receiving 5 µL of 10% DMSO 

(control group) and 6.4 mg/kg, i.p. of 6-7 (test group). 

 

 

 

 

 

 

 Figure 6.3-2  % antinociception in male ICR mice receiving 5 µL of 10% DMSO 

(control group) and 6.4 mg/kg, i.p. of 6-7 (test group). 
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Tail flick latency and % antinociception preliminary data were calculated using male ICR 

mice containing control group and test group according to method described by Horan et 

al.46. The Control group was administered with the vehicle containing 5 µL of 10% 

DMSO and the test group was administered 6-7 (6.4 mg/kg, i.p.). According to figure 

6.3-1, the vehicle control group did not result in a significant response in latency for tail 

withdrawal throughout the 60 min post injection time period. On the other hand test 

group containing 6-7 (6.4 mg/kg, i.p.) showed marked increased latency (antinociception) 

to tail withdrawal after 5 min time period after post injection (figure 6.3.-1) and increased 

latency to paw withdrawal lasted for 30 min after post injection. In another words, 6-7 

injected to test group male ICR showed antinociception until 30 min time after post 

injection which is evident from Figure 6.3-1. Figure 6.3-2 indicates that a significant 

amount of antinociception% (approximately 12.5% antinociception @ 5 min after post 

injection and approximately 8.5% antinociception @ 30 min after post injection) lasted 

until 30 min period of time after injection of 6-7 to the test group. .  

6.4 Experimental section   
 

Preparation of the Boc-Gly-Phe-OH (6-1) 

Boc-Gly-OSu (4.60 g, 1 equiv., 16.893 mmol) and H-Phe-OH (4.186 g ,1.5 equiv.,  25.33 

mmol) were added to a 250 mL round bottom flask along with a magnetic stir bar. The 

resulted mixture was added to 95 mL of DME, 10 mL of water and 10 mL of DCM as 

solvents. Triethyl amine (1 equiv., 2.35 mL) was added to the mixture which was stirred 

for 5 h. Then 50 mL of ethyl acetate was added and the mixture was extracted twice with 
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30 mL 1N HCl followed by extraction twice with 30 mL saturated NaCl solution. The 

extracted organic layer was dried with the anhydrous Na2SO4. The dried organic layer 

was evaporated until it became a white solid. Yield (4 g, 73.4%); Calculated for 

C16H22N2O5; 322.36, Obtained LCQ-ESI (M+Na)+ 345.0;  retention time (tr) 18.708 min 

using analytical HPLC with 10 to 90 % acetonitrile in 0.1% TFA gradient in 40 min. 

Preparation of 6-2 

Boc-Gly-Phe-OH, 6-1 (1 equiv., 1 g, 3.10 mmol) and benzene-1,4-diamine (0.5 equiv., 

1.55 mmol, 156.26 mg) was added to a 100 mL round bottom flask along with a magnetic 

stir bar and were dissolved in DMF (10 mL) and cooled in ice-bath for 10 min. PyBOP 

(1654 mg, 1.1 equiv.), HOBt (429.54 mg, 1.1 equiv.), and 0.635 mL (2 equiv.) of NMM 

were added to the reaction mixture, which stirred for 30 min at 0 °C and for 5 h at room 

temperature. After checking for disappearance of the starting amine, the mixture was 

concentrated under reduced pressure, followed by dilution with EtOAc (75 mL) and 1 N 

HCl (15 mL). The organic layer was washed with saturated NaHCO3 (2 x 15 mL) and 

brine (20 mL) and dried over anhydrous Na2SO4. The dried organic layer was evaporated 

and the resulting residue was crystallized from diisopropyl ether to obtain 6.2, Yield (0.6 

g, 29%), Calculated for C38H48N6O8; 716.82, Obtained LCQ-ESI [M+Na]+ 739.1 

retention time (tr) 22.23 min using analytical HPLC with 10 to 90 % acetonitrile in 0.1% 

TFA gradient in 40 min. 
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Preparation of 6-4 from 6-2 

The residue of 6-2 (0.5 g, 0.697 mmol) was dissolved in cold 65% TFA (20 mL) in DCM 

and stirred for 20 min at 0 °C. The mixture was evaporated and coevaporated with 

toluene (2 x 50 mL). The solid product (6-3) was mixed with Boc-D-Ala-OH (281.58 mg, 

2.2 equiv.) in DMF (10 mL). The mixture was cooled in an ice-bath for 10 min. PyBOP 

(774.0 mg, 2.2 equiv.), HOBt (201 mg, 2.2 equiv.), and 0.297 mL (4 equiv.) of NMM 

were added to the reaction mixture, which was stirred for 30 min at 0 °C and for 5 h at 

room temperature. After checking for the disappearance of the starting amine, the mixture 

was concentrated under reduced pressure, followed by dilution with EtOAc (75 mL) and 

1 N HCl (15 mL). The organic layer was washed with saturated NaHCO3 (2 x 15 mL) 

and brine (20 mL) and dried over anhydrous Na2SO4. The dried organic layer was 

evaporated and the resulting residue was crystallized with di-isopropyl ether to obtain 6-

4. Yield (255 mg, 42.6%), Calculated for C44H58N8O10 858.98, Obtained LCQ-ESI 

[M+Na]+ 881.3,  retention time (tr) 22.028 min using analytical HPLC with 10 to 90 % 

acetonitrile in 0.1% TFA gradient in 40 min. 

Preparation of 6.5 and 6.6 

The residues of 6-4 (255 mg, 0.289 mmol) was dissolved in cold 65% TFA (20 mL) in 

DCM and stirred for 20 min at 0 °C. The mixture was evaporated and co-evaporated with 

toluene (2 x 50 mL). The solid product (6-5) was mixed with Boc-Dmt-OH (196.69 mg, 

2.2 equiv.) in DMF (10 mL). The mixture was cooled in ice-bath for 10 min. PyBOP 

(331.20 mg, 2.2 equiv.), HOBt (86 mg, 2.2 equiv.), and 0.2 mL (4.2 equiv.) of NMM 
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were added to the reaction mixture, which stirred for 30 min at 0 °C and for 5 h at room 

temperature. After checking for disappearance of the starting amine, the mixture was 

concentrated under reduced pressure, followed by dilution with EtOAc (75 mL) and 1 N 

HCl (15 mL). The organic layer was washed with saturated NaHCO3 (2 x 15 mL) and 

brine (20 mL) and dried over anhydrous Na2SO4. The dried organic layer was evaporated 

and the resulting residue was crystallized with di-isopropyl ether to obtain a yellow  

solid. Yield (275 mg, 77%), Calculated for C66H84N10O14 1241.43, Obtained LCQ-ESI 

(M+Na)+ 1263.4, retention time (tr) 26.86 min using analytical HPLC with 10 to 90% 

acetonitrile in 0.1% TFA gradient in 40 min. 

Preparation of 6-7  

The protected peptide 6-6 (550 mg, 0.443 mmol) was dissolved in cold 65% TFA (20 

mL) in DCM and stirred for 20 min at 0 °C. The mixture was evaporated and co-

evaporated with toluene (2 x 50 mL). The resulting solid was dissolved in MeOH and 

purified by the semi-prep HPLC system. The peptide was characterized by high 

resolution mass spectrometry and was obtained as TFA salt. Yield (450 mg, 80%), 

Calculated for C56H68N10O10 1041.20, Obtained LCQ-ESI 1041.3,  retention time (tr) 

15.393 min using analytical HPLC with 10 to 90 % acetonitrile in 0.1% TFA gradient in 

40 min. 1H NMR (600 MHz, DMSO-d6) δ 10.13 (dd, J = 17.2, 6.8 Hz, 2H), 8.28 (s, 6H), 

8.22 (d, J = 7.9 Hz, 2H), 8.07 (dt, J = 15.2, 6.8 Hz, 4H), 7.29 – 7.24 (m, 10H), 7.20 (dd, J 

= 11.8, 5.9 Hz, 4H), 6.39 (d, J = 10.4 Hz, 4H), 4.64 (dt, J = 16.5, 8.4 Hz, 2H), 4.31 – 4.23 

N Phe-Gly-D-Ala-Dmt-NH2

H
NH2N -Dmt-D-Ala-Gly-Phe
H
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(m, 2H), 3.87 – 3.77 (m, 4H), 3.68 (ddd, J = 30.6, 16.8, 5.6 Hz, 2H), 2.99 (m, 4H), 2.85 

(t, J = 10.9 Hz, 4H), 2.16 (s, 12H), 0.87 (d, J = 6.8 Hz, 6H). 

6.4.1 Radioligand binding assays for opioid receptors24-27, 38 

This assay work was described in section 3.5.5.  

6.4.2 GPI and MVD in vitro bioassays39-44 

This assay work was described in section 3.5.6.  

6.4.3 Animals 

This assay work was described in section 4.7.9 

6.4.4 Antinociceptive testing 

This assay was done by Dr. Tally Largent-Miles in Dr. Todd Vanderah’s laboratory in the 

Department of Pharmacology, The University of Arizona. The warm water (55°C) tall 

flick test was the nociceptive stimulus used in mice in these experiments as described 

previously46.A 15 s cut off time was introduced to avoid tissue damage to the test 

subjects.  Mice which did not respond within 5 s during the determination of control tall 

flick latencies were not used for further antinociceptive testing. Data were expressed as % 

antinociception which was determined with the following formula 100 × (test latency-

control latency)/(15-control latency). In time course studies, control group animals were 

administered spinally via lumbar puncture with vehicle  (5µL;10% DMSO: 90% MPH2O) 

and whereas test group animals were administered  with 6-7 (6.4 mg/kg) i.p. and latency 

to  tail withdrawal and the % antinociception determined at 10, 20, 30, 45 or 60 min after 

drug administration. 
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6.5 Conclusions 
 
6-7 has very potent agonist activity at the mu and delta opioid receptor and possesses 

higher lipophilicity compared with biphalin. Antinociception study reveals that i.p, 

injection of 6.4 mg/kg of 6-7 to test subjects (male ICR mice) results in 30 min period of 

antinociception after injection. We concluded that 6-7 passes the blood barrier when it 

was administered i.p., in order to mediate antinociception.  

6.6 Future perspective 
 

 

Figure 6.6-1 Proposed novel cyclic molecules with Dmt substitution 

It can be observed that the 6-7, para diamino-phenyl-bis-tyrosyl-D-alanyl-glycyl-

phenylalanine amide has antinociception for 30 min period after i.p. injection. In order to 

compare its antinociception with morphine, its dose response plot needs to be constructed 

and its A50 values needs to be established. In addition, it is possible to introduce Dmt 

amino acid residues to the cyclic biphalin analogues by methods a very similar to the 
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published procedure,47 in order to improve the lipophilicity of the compounds and 

enhance the BBB permeability by passive diffusion. Proposed novel cyclic molecules 

with Dmt substitution are illustrated above.  
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APPENDIX A 
SUPPORTING INFORMATION FOR THE CHAPTER 3 

 

Figure A 1 Numbering scheme for the Compound 3-18 

 

Figure A 2.  1H NMR Spectra of the 3-18 (downfield region)  

 

Residue 1      Residue 2   Residue 3         Residue 4
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Figure A 3.  1H NMR Spectra of the 3-18 (up field region)  
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Figure A 4.  Superimposed spectra of TOCSY and ROESY of the 3-18 (NH-CH region) 

Red color cross peaks represent the TOCSY peak and the grey color cross peaks 

represents the ROESY peaks 
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Figure A 5.   Assignment of some of the cross peaks of the ROESY spectra of 3-18 in 
DMSO.  
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Figure A 6.  Assignment of some of the cross peaks of the superimposed ROESY and 

TOCSY spectra of 3-18 in DMSO.  
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Figure A 7.  ROESY spectra of 3-18.  
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Figure A 8.  TOCSY spectra of 3-18 
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Protons where NOE cross 
peaks are observed 

Integration Intensity classification 

H55,62 0.63 V.S 
H27,α4 0.75 V.S 
β1,NH2 0.11 M 
α,ΝΗ2 1.14 S 
α2,ΝΗ2 0.15 M 
α3,ΝΗ4 0.35 S 
α4,ΝΗ1 0.02 W 
α2,ΝΗ3 1.16 V.S 

H59,46,44 0.23 S 
β2,ΝΗ3 0.06 W 

H47,43,59 0.08 W 
H30,34,31,33, β4 or β4’ 0.25 S 

H7,11,α1 0.41 V.S 
30,34,31,33,α4 0.26 S 

Hβ1’,7,11 0.38 V.S 
Hβ2,7,11 0.13 M 
H38,56 0.18 M 

H8,10,β2 0.03 W 
H55,38 0.08 M 

H7,11,α2 0.01 W 
H48,52,38 0.21 S 

 

Table A 1  NOE intensity of cross peaks of the 3-18 (W: weak, M: medium, S: strong, 
V.S: very strong) 
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Figure A 9.   Numbering scheme for compound 3-17 

 

Figure A 10.  1H NMR Spectra of the 3-17 (downfield region)  

Residue 1     Residue 2  Residue 3     Residue 4
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Figure A 11.  1HNMR Spectra of the 3-17 (up field region)  
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Figure A 12.  Superimposed spectra of TOCSY and ROESY of the 3-17 (NH-CH region) 

Red color cross peaks represent the TOCSY peak and the grey color cross peaks 

represents the ROESY peaks 
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Figure A 13.  Assignment of some of the cross peaks of the ROESY spectra of 3-17 in 

DMSO.  
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Figure A 14.  Assignment of some of the cross peaks of the ROESY spectra of 3-17 in 

DMSO.  
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Figure A 15.  TOCSY spectra of 3-17 
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Figure A 16.  ROESY spectra of 3-17 
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Protons where NOE cross 
peaks are observed 

Integration Intensity classification 

NH4, 55,59,56,58 0.07 M 
NH1,32,36 0.04 W 
H3,14,16 0.21 S 

52,β4’ 0.02 W 
β4,52  0.05 M or W (borderline) 
H25,22 0.58 V.S 
H25,21 0.02 W 
H52,α4 0.80 V.S 
H57,β4’ 0.01 W 

57,β4 0.01 W 
H14,16,19 0.02 W 

α4,57 0.01 W 
8,12,21 0.02 W 
β1,NH2 0.18 S 
α1,ΝΗ2 1.02 V.S 
NH3,β2 0.12 M 
α3,ΝΗ4 0.34 S 
α3',ΝΗ4 0.30 S 
α2,ΝΗ3 0.93 V.S 

55,59,56,58,β2 0.03 W 
55,59,56,58,β4 0.22 S 
55,59,56,58,β4’ 0.28 S 

32,36,β2 0.10 M 
32,36,β1 0.99 V.S 
33,35,β2 0.05 W or M (borderline) 

H3,22 0.15 M 
H3, β1 0.16 M 

32,36,α1 0.35 S 
32,36,α2 0.02 W 

α4,55,59,56,58 0.22 S 
9,11,19 0.41 V.S 

 

Table A 2.  NOE intensity of cross peaks of the 3-17 (W: weak, M: medium, S: strong, 

V.S: very strong) 
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Figure A 17.  Numbering scheme of compound 3-19 

 

 

Figure A 18.  1HNMR Spectra of the 3-19 (downfield region)  

 

 

Residue 1      Residue 2   Residue 3         Residue 4
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Figure A 19.  1HNMR Spectra of the 3-19 (up field)  

 

 

 

 

 

 

 

 

 

 



265 
 

 

 

Figure A 20.  Superimposed spectra of TOCSY and ROESY of the 3-19 (NH-CH region) 

Red color cross peaks represent the TOCSY peak and the grey color cross peaks 

represents the ROESY peaks 
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Figure A 21.  ROESY spectra of 3-19 
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Figure A 22.  TOCSY spectra of 3-19 
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Figure A 23.  Assignment of peaks of  3-19 in ROESY spectra 
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Figure A 24.  Assignment of peaks of 3-19 in ROESY spectra 
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Protons where NOE 
cross peaks are observed 

Integration Intensity classification 

β1,NH2 0.07 M 
α1,NH2 1.15 V.S 
α2,NH3 1.04 V.S 
α3,NH4 0.20 S 
28,β4’ 0.01 W 
28,β4 0.06 M 
H’,57 0.68 V.S 
H’,56 0.01 W 
28, α4 0.93 V.S 
β2,NH3 0.10 M 

31,35, β2 0.04 W 
β2,8,12 0.04 W 
β2,39 0.04 W 

48,44, β2 0.01 W 
47,45,57 0.01 W 
47,45,55 0.01 W 
50,52,55 0.05 W 

39,57 0.12 M 
39,56 0.13 M 

9,11,56 0.02 W 
β4’,31,35 0.27 S 
β4,31,35 0.15 M 
β1,8,12 0.43 V.S 

α3,31,35 0.01 W 
8,12, α1 0.41 V.S 
8,12, α4 0.03 W 
31,35, α4 0.14 M 
47,45,56 0.01 W 
NH2,NH3 0.01 W 
ΝΗ4,31,35 0.02 W 
ΝΗ2,8,12 0.04 W 
ΝΗ1,8,12 0.02 W 

47,45,50,52 0.06 M 
Η50,52,39 0.17 M 
ΝΗ4,Η28 0.02 W 
ΝΗ1,Η28 0.02 W 

Table A 3.  NOE intensity of cross peaks of the 3-19 (W: weak, M: medium, S: strong, 

V.S: very strong) 
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Figure A 25.  Numbering scheme for compound 3-16 

 

 

Figure A 26.  1H NMR Spectra of the 3-16 (downfield region)  
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Figure A 27.  1H NMR Spectra of the 3-16 (up field region)  
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Figure A 28.  Superimposed spectra of TOCSY and ROESY of the 3-16 (NH-CH region) 

Red color cross peaks represent the TOCSY peak and the grey color cross peaks 

represents the ROESY peaks 

 

 

 

 

 

 

 

 

 



274 
 

 

 

Figure A 29.  Assignment of ROESY peaks of 3-16 
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Figure A 30.  Assignment of ROESY peaks of 3-16 
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Figure A 31.  Assignment of ROESY peaks of 3-16 
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Figure A 32. TOCSY spectra of 3-16 
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Figure A 33.  ROESY spectra of 3-16 
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Protons where NOE cross 
peaks are observed 

Integration Intensity classification 

8,12 0.46 V.S 
β4/β4’, 31,35,32,34 0.17,0.11 M 

β2,8,12 0.11 M 
β2,9,11 0.04 W 

49,53,44,48 0.03 W 
α1,NH1 0.08 M 
α1,NH28 0.05 W 
45,47,58 0.23 S 
8,12,β1 0.53 V.S 
8,12,β1’ 0.59 V.S 

8,12,NH2 0.03 W 
ΝΗ3,ΝΗ2 0.02 W 

NH4,31,35,32,34 0.02 W 
NH1,H39 0.03 W 
8,12,ΝΗ1 0.01 W 

49,53,44,48 0.03 W 
39,50,51,52 0.03 W 

8,12,31,35,32,34 0.04 W 
49,53,39 0.11 M 
β1,NH2 0.10 M 
α1,NH2 1.25 V.S 
α2,NH3 1.11 V.S 
α4,NH1 0.20 S 

H45,47,58 0.23 S 
β2,NH3 0.07 M 
H1,NH1 0.02 W 

NH1,H28 0.02 W 
β4,NH1 0.02 W 
H28,α4 0.26 S 
Η1,α4 0.08 M 

58,44,48 0.02 W 
α2,8,12 0.04 W 

α4,31,35,32,34 0.14 M 
 

Table A 4.  NOE intensity of cross peaks of the 3-16 (W: weak, M: medium, S: strong, 

V.S: very strong) 
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Figure A 34.  Numbering scheme for the compound 3-20 

 

Figure A 35.  1H NMR spectra of the 3-20 (downfield region)  
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Figure A 36.  1HNMR spectra of the 3-20 (up field region)  
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Figure A 37.  Superimposed spectra of TOCSY and ROESY of the 3-20 (NH-CH region) 

Red color cross peaks represent the TOCSY peak and the grey color cross peaks 

represents the ROESY peaks 
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Figure A 38.  ROESY spectra of 3-20 
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Figure A 39.  TOCSY spectra of 3-20 
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Figure A 40.  Docked conformation of 3-17 to the homology modeled delta opioid 
receptor 

 

 

 

Figure A 41.  Docked conformation of 3-16 to the homology modeled delta  

opioid receptor 
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Figure A 42.  Docked conformation of 3-18 to the homology modeled delta opioid 
receptor 

 
Figure A 43.  Docked conformation of 3-19 to the homology modeled delta 

 opioid receptor 
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Figure A 44.  Docked conformation of 3-19 to the cyclooxygenase 2 enzyme (the lowest 

energy conformation is outside of the catalytic pocket) 

 

 Figure A 45.  Docked conformation of 3-16 to the cyclooxygenase 2 enzyme (the 

lowest energy conformation is inside of the catalytic pocket, but the energy of 

interaction of 3-16 with COX2 is unfavorable) 
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APPENDIX B 
SUPPORTING INFORMATION FOR THE CHAPTER 4 

 
Lig. 
No. 

Chemical shift δ (ppm) 

 Tyr1 Tic 2 Phe3 Pro4 Leu5 Trp6 Bn(CF3)2 
4-5 NH=8.24 αΗ=4.81 NH=8.34 αΗ=4.29 NH=7.91 NH=7.93 NH=8.58 

 αH=4.61 βH=4.29 αH=4.56 βH=1.88 αH=4.23 αH=4.52 CH2=4.45,
4.35 

 βH=2.98 εΗ=4.46 βH=2.96 β'Η=1.65 βH=3.15 βH=3.16  
 β'Η=2.77 ε'H=4.36 β'Η=2.77 γH=1.76 β'Η=3.03 β'Η=3.03  
    δH=3.34    
    δ'Η=2.98    
        
 Tyr1 Tic 2 Pro3 Leu4 Trp5 Bn(CF3)2  

4-4 NH=7.99 αΗ=4.86 αΗ=4.34 NH=7.88 NH=7.95 NH=8.56  
 αH=4.76 βH=4.24 βH=1.81 αH=4.21 αH=4.51 CH2=4.46,4.35  
 βH=3.04 εΗ=4.44 β'Η=1.86 βH=1.55 βH=3.15   
 β'Η=2.83 ε'H=4.33 γH=1.92 β'Η=1.55 β'Η=3.01   
   δH=3.59 γH=1.43    
   δ'Η=3.67 δH=0.81    
    δ'Η=0.81    
        
 Tyr1 Tic 2 Leu3 Trp4 Bn(CF3)2   

4-3 NH=8.20 αH=4.79 NH=7.92 NH=8.04 NH=8.62   
 αH=4.13 βH=4.30 αH=4.30 αH=4.53 CH2=4.45, 

4.34 
  

 βH=2.92 εΗ=4.45 βH=3.03 βH=3.12    
 β'Η=2.92 ε'H=4.32 β'Η=2.87 β'Η=3.00    
   γH=1.40     
   δH=0.80     
   δ'Η=0.80     
        

4-1 Tyr1 Tic 2 Trp3 Bn(CF3)2    
 NH=8.25 αH=4.83 NH=8.30 NH=8.61    
 αΗ=4.20 βH=4.28 αH=4.54 CH2=4.46, 

4.33 
   

 βΗ=2.92 εΗ=4.46 βH=3.14     
 β'Η=2.92 ε'H=4.33 β'Η=3.03     
        

4-2 DMT1 Tic 2 Trp3 Bn(CF3)2    
 NH=8.00 αH=4.71 NH=8.19 NH=8.66    
 αΗ=4.43 βH=4.03 αH=4.42 CH2=4.41    
 βΗ=3.08 εΗ=4.16 βH=3.05     
 β'Η=3.05 ε'H=4.04 β'Η=2.94     

Table B 1.   NMR parameters of synthesized peptide ligands.  
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Lig. 
No. 

Chemical shift δ (ppm) 

4-7 DMT1 Tic 2 Phe3 Phe4 Pro5 Leu6 Trp7 Bn(CF3)2 
 NH=8.36 αH=4.63 NH 

=8.24 
NH=7.99 αH=4.34 NH=7.95 NH=7.97 NH=8.60 

 αΗ=3.85 βH=4.21 αH 
=4.60 

αH=4.41 βH=1.90 αH=4.30 αH=4.54 CH2=4.47, 
4.35 

 βΗ=2.97 εΗ=4.46 βH 
=2.97 

βH=2.91 β'Η=1.70 βH=3.16 βH=3.15  

 β'Η=2.97 ε'H=4.36 β'Η 
=2.74

β'Η=2.74 γH=1.78 β'Η=3.05 β'Η=3.04  

     δH=3.32 γH=1.60   
     δ'Η=3.47 δNH=1.42   
         

4-6 Tyr1 Tic 2 Phe3 Phe4 Pro5 Leu6 Trp7 Bn(CF3)2 
 NH=8.20 αH 

=4.76 
NH 

=8.34 
NH 

=7.94 
αΗ=4.34 NH=7.95 NH 

=7.96 
NH=8.59 

 αH=3.95 βH 
=4.18 

αH 
=4.64 

αΗ 
=4.51 

βH=1.70 αΗ=4.26 αH 
=4.52 

CH2=4.46,4.
36 

 βH=2.86 εΗ 
=4.46 

βH= 
2.98 

βH=2.9
1 

β'Η=1.90 βH=2.92 βH=3.1
6 

 

  ε'H=4.3
5 

β'Η=2.
77

β'Η=2.7
9

δ=3.49 β'Η=2.80 β'Η=3.0
5 

 

     ,δ'H=3.3
5 

γH=1.61   

     γH=1.77 δ,δ'H=3.3
5 

  

         
 
Table B 2.  NMR parameters of synthesized peptide ligands.  
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APPENDIX C 
SUPPORTING INFORMATION FOR THE CHAPTER 5 

 

 

Figure C 1.  1H NMR spectra of 5-1 
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Figure C 2.   13C NMR spectra of 5-1 
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Figure C 3.  1H NMR spectra of 5-2 
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Figure C 4.  13C NMR spectra of 5-2 
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Figure C 5.  1H NMR spectra of 5-3 
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Figure C 6.  13C NMR spectra of 5-3 
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Figure C 7.  1H NMR spectra of 5-4 
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Figure C 8.  13C NMR spectra of 5-4 
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Figure C 9.  1H NMR spectra of 5-5 
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Figure C 10.  13C NMR spectra of 5-5 
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Figure C 11.  1H NMR spectra of 5-6 
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Figure C 12. 13C NMR spectra of 5-6 
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Figure C 13.  1H NMR spectra of 5-7 
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Figure C 14.  13C NMR spectra of 5-7 
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Figure C 15.  1H NMR spectra of 5-8 
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Figure C 16.  13C NMR spectra of 5-8 

 

 

 

 

 

 

 

 



306 
 

 

 

Figure C 17.  1H NMR spectra of 5-9 
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Figure C 18.  13C NMR spectra of 5-9 
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Figure C 19.  1H NMR spectra of 5-10 

 

 

 

 

 

 

 

 



309 
 

 

 

Figure C 20.  13C NMR spectra of 5-10 
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Figure C 21.  1H NMR spectra of 5-11 
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Figure C 22.  13C NMR spectra of 5-11 
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Figure C 23.  1H NMR spectra of 5-12 
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Figure C 24.  13C NMR spectra of 5-12 
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Figure C 25.  1H NMR spectra of 5-13 
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Figure C 26.  13C NMR spectra of 5-13 
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Figure C 27.  1H NMR spectra of 5-14 

 

 

 

 

 

 

 

 

 



317 
 

 

Figure C 28.  13C NMR spectra of 5-14 
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Figure C 29.  1H NMR spectra of 5-15 
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Figure C 30.  13C NMR spectra of 5-15 
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Figure C 31.  1H NMR spectra of 5-16 
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Figure C 32.  13C NMR spectra of 5-16 
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Figure C 33.  1H NMR spectra of 5-17 
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Figure C 34.  13C NMR spectra of 5-17 
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Figure C 35.   1H NMR spectra of 5-18 
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Figure C 36.  13C NMR spectra of 5-18 
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Figure C 37.  1H NMR spectra of 5-18’ 

 

 

 

 

 

 

 

 



327 
 

 

 

Figure C 38.  13C NMR spectra of 5-18’ 
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Figure C 39.  1H NMR spectra of 5-19 
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Figure C 40.  13C NMR spectra of 5-19 
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Figure C 41.  1H NMR spectra of 5-20 
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Figure C 42.  13C NMR spectra of 5-20 
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Figure C 43.  1H NMR spectra of 5-21 
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Figure C 44.  13C NMR spectra of 5-21 
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Figure C 45.  1H NMR spectra of 5-22 
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Figure C 46.  13C NMR spectra of 5-22 
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Figure C 47.  1H NMR spectra of 5-23 
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Figure C 48.  13C NMR spectra of 5-23 
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Figure C 49.  1H NMR spectra of 5-24 
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Figure C 50  13C NMR spectra of 5-24 
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Figure C 51.  1H NMR spectra of 5-25 
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Figure C 52.  1H NMR spectra of 5-25 
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APPENDIX D 
SUPPORTING INFORMATION FOR THE CHAPTER 6 

 

Figure D 1. Structure of 6-7 

 

Figure D 2.  1H NMR spectra of 6-7 (down field region) 

        1              2          3          4           4’             3’         2’      1’ 
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Figure D 3.  1H NMR spectra of 6-7 (up field region) 
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Figure D 4.  TOCSY spectra of 6-7 (NH-NH region) 
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