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Alzheimer’s disease is a progressive neurodegenerative disorder generally affecting
people above the age of 65 years. Even though the pathophysiological hallmarks of
AD were established more than a hundred years ago, there is yet to be a drug that
can stop its characteristic neuronal damage. Of the five currently FDA-approved
drugs, galantamine has a unique mechanism of action. Apart from being an AChE

inhibitor, galantamine can effectively potentiate (positive allosteric modulator) the
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effect of agonists at nAChRs at concentrations lower than those required for its
action as an AChE inhibitor. Perhaps the clinical benefits observed with galantamine
are associated mainly with its nAChRs-PAM action and not its AChE inhibitory
effect. Inhibiting AChE causes a delay in the degradation of ACh and a prolonged
presence of ACh might act at either nAChRs or mAChRs. By indirectly targeting
mMAChRs as well, AChE inhibitors may lead to potential side effects. Hence there is

a need for specific NAChR agents.

The aim of this study was to identify the structural features of galantamine that
contribute solely towards its a7 nAChR-PAM effect. In doing so, we wish to divorce
the structural features that might be important for interacting with AChE. Using the
deconstruction approach, we have synthesized structurally abbreviated analogs of
galantamine. To study the probable interactions, we docked these molecules in
human o7 nAChR homology models. Ultimately, it is of interest to determine which
analogs retain the PAM activity of galantamine and to address that, a preliminary
screening was performed with a select few analogs using the two-electrode voltage

clamp technique
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I. INTRODUCTION

Although the behavioral and pathological characteristics of Alzheimer’s Disease (AD)
were first described more than a hundred years ago, there is yet to be a therapeutic option
that can stop, let alone reverse or cure the neurodegeneration caused by AD."? AD
generally affects people above 65 years of age and individuals with Down Syndrome (DS)
in the 4™ decade of their lives.>* In the U.S. alone, an alarming 14 million people are
estimated to be affected by AD by 2050, a time when the youngest of the baby boomers
will be 85 years of age.® Additionally, by 2050 the total annual payments in terms of heath
care, hospice and long-term care for AD patients will reach 1 trillion dollars, which is ~4
times the annual payments in 2017.%°

Currently, there are five FDA-approved treatment options in the U.S. that can provide
symptomatic relief and delay neurodegeneration.® The drugs are donepezil, rivastigmine,
galantamine, memantine and a combination formulation of memantine and donepezil.°

Galantamine, in particular, is used in the treatment of mild-to-moderate forms of AD.°



Based on various pathological observations, over the years, a number of hypotheses
have attempted to explain the occurrence of AD. Disruption of cholinergic function in the
brain areas essential for memory and learning (hippocampus and neocortex) led to the
formulation of the cholinergic hypothesis in the 1970s and 1980s.”® The amyloid cascade
hypothesis® and the tau hypothesis,'® shift the blame towards the deposition of amyloid
plaques and neurofibrillary tangles, respectively, which are considered to be the
pathognomonic features of AD. Other hypotheses focus on the damage done to the
vascular system in the brain,"" occurrence of inflammation,'® oxidative stress caused by
presence of reactive oxygen species,'® and even the role of cholesterol™ in AD. However,
it is only the cholinergic hypothesis that has resulted in a majority of FDA-approved drugs
for treating AD." Of the previously mentioned drugs, galantamine, rivastigmine, and
donepezil are acetylcholinesterase (AChE) inhibitors, while memantine is an N-Methyl D-
Aspartate (NMDA\) receptor blocker.' Tacrine, a drug that was discontinued in 2013 over

hepatotoxicity concerns, is also an AChE inhibitor."®

The cholinergic deficit observed in AD, also takes into account the reduced number of
nicotinic acetylcholine receptors (nAChRs) in AD brains, especially in areas considered
to be important for learning and memory."”'® The second most populous neuronal
nAChRs, o7, are considered to have a central role in AD pathophysiology.'® Apart from
their reduced numbers, a7 nAChRs are also capable of interacting with the amyloid beta

peptide (1-42) (AB1.42), a hallmark feature of AD.?°



Of the previously described AChE inhibitors, galantamine has a dual mode of action and
in this sense, is unique.?’ Apart from being an AChE inhibitor, galantamine is a PAM of
a7 nAChRs.?" Galantamine can act as a PAM at a7 nAChRs at much lower
concentrations than the concentrations required for it to act as an AChE inhibitor.?%?®
Thus, we hypothesize that galantamine’s a7 nAChR-PAM action might underlie its clinical
benefit. Additionally, by inhibiting AChE, the degradation of ACh is delayed and this
accumulated ACh can affect not only various subtypes of nAChRs but also muscarinic
acetylcholine receptors (MAChRs). Therefore, there is a need to identify the structural

features of galantamine that are essential for a7 NAChR specifically and separating these

from the features that contribute towards AChE inhibition.

The interaction of galantamine with AChE has been well studied. The crystal structure of
human recombinant AChE co-crystallized with galantamine, provides clues to how it
interacts with AChE.?* There are also studies that have explored the structure-activity
relationship (SAR) of galantamine for AChE inhibition.?® However, the SAR of
galantamine for a7 nAChR action is unknown. Since we hypothesized that galantamine’s
a7 nAChR-PAM activity contributes significantly to its clinical benefit, it is of importance
to study the structural features that might contribute towards this effect. The overall aim
of this project is to identify the minimal structural features (pharmacophore) of
galantamine required for its PAM action at a7 nAChRs. In doing so, we wish to divorce
the features that play a role in inhibiting AChE. To achieve this, we have employed the

deconstruction approach to study the influence of specific structural features on a7
3



NAChRs. At the same time, it was of essence to study the possible interactions of
galantamine and its deconstructed analogs with the human o7 nAChR. For this, we
generated homology models of the human o7 nAChR and docked the molecules to
identify potential docking poses. Additionally, we have attempted at screening
galantamine and some of its deconstructed analogs for activity at the human a7 nAChRs
expressed in Xenopus laevis oocytes using the two-electrode voltage clamp technique.
In the future, we wish to separate galantamine’s structural features that contribute

towards AChE inhibition and to tease out a pharmacophore for human o7 nAChRs.



Il. BACKGROUND

1. Alzheimer’s Disease (AD)

Alzheimer’s Disease is a progressive neurodegenerative disorder, and the most common
form of dementia, generally affecting populations older than 65 years of age.?® Another
subset of the population affected by AD are individuals with DS.*>*’ Almost all individuals
with DS above the age of 40 years develop the characteristic plaques and tangles in the
brain.>*?® With age, around 50% of the DS individuals will suffer from Alzheimer’s
dementia.?® The symptoms of AD were first described by Alois Alzheimer in 1907.
However, the disease was identified as one of the leading causes of death in the U.S.

only in the 1970s when Katzman described it as a “major killer.*°

In terms of pathophysiology, depositions of a protein, amyloid beta peptide (amyloid
plaques), outside the neurons and in cerebral blood vessels, and accumulation of
hyperphosphorylated tau protein inside the neurons (neurofibrillary tangles) are the
characteristic structural abnormalities in an AD brain.> The plaques disrupt neuronal

communication while the tangles prevent nutrient flow inside the neurons thereby
5



contributing to neuronal damage and death. Other changes such as disruption of
cholinergic function in the basal forebrain, inflammation, brain shrinkage due to drastic
cell loss, and the presence of cell debris also occur.? The most common form of dementia,
AD neurodegeneration lasting for ~8.5 years from diagnosis, starting from mild cognitive
impairment to very severe AD, results in death.>"*? Severe forms of AD tend to last longer
than mild forms of cognitive impairment.®®> The cognitive and non-cognitive symptoms of
AD can be generally classified into three groups. The first group comprises cognitive and
executive dysfunctions, such as loss of memory, language impairment, and inability to
carry out higher-level planning and tasks requiring intellectual coordination.** The second
group consists of non-cognitive symptoms such as hallucinations, agitation, delusions,
depression, and other behavioral disturbances.*® The third group is composed of
problems with performing day-to-day activities such as eating, dressing unaided, bathing,
and the ability to communicate.®* Difficulty to swallow, which occurs in severe forms of
AD leads to Alzheimer’s-related dehydration and malnutrition. Additionally, as the patient
becomes bed-bound, requiring constant caregiving, the propensity to contract infections
increases.>>®> As a result, Alzheimer’s pneumonia is observed frequently in the most

severe cases, often contributing to death.>3°

Apart from age, two other risk factors for AD are family history and genetic predisposition
(sporadic) to possess the ¢4 allele of the ApoE gene.® Individuals whose first-degree
relatives (parent or siblings) have AD have an increased tendency to develop AD as

opposed to those whose family members do not have AD. AD cases can generally be
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classified as being either familial (>1 family members) or sporadic (without influence of
familial aggregation).®” Familial AD (FAD) accounts for about 25% of the total cases while
the remainder fall under sporadic AD (SAD). FAD is further classified into early-onset AD
(5% of cases, <65 years) while late-onset AD (>65 years) accounts for the majority of the
cases (~95%).%*® FAD is associated with genetic mutations in genes encoding the
amyloid precursor protein (APP) on chromosome 21, presenilin 1 (PSEN1) on
chromosome 14, and presenilin 2 (PSEN2) on chromosome 1.3% Most presenilin
mutations result in elevated production of amyloid beta peptide (ABi1.42) that makes up
amyloid plaques in the brain.*® For SAD, the most common risk factor is the presence of
the genetic variant ¢4 allele of the ApoE gene (chromosome 19) which encodes the
apolipoprotein ApoE. ApoE is a 299-residue-long lipoprotein that plays a role in
cholesterol homeostasis.*® The presence of one copy of the ApoE &4 allele results in a 3-
fold, whereas two copies results in a 12-fold risk of developing AD.*° Apart from playing

a role in cholesterol modulation, ApoE is also involved in interactions with Ap peptides.*’

Several hypotheses propose explanations for AD occurrence. Although each hypothesis
has its own reasoning, most of these proposed pathological events are interconnected
and, perhaps, might even occur simultaneously. Some of these hypotheses are the:

a. Cholinergic hypothesis

b. Amyloid hypothesis

c. Tau hypothesis

d. Vascular hypothesis



e. Inflammation hypothesis
f. Cholesterol hypothesis
g. Oxidative stress hypothesis
While the cholinergic hypothesis will be a focus here, the other hypotheses will be

discussed briefly.

a. Cholinergic Hypothesis
Between 1970-1980 several findings emerged that associated AD with a pronounced
cholinergic deficit in the brain that led to the formulation of the cholinergic hypothesis.’
Particularly in post-mortem studies, the level of the enzyme choline acetyltransferase
(ChAT), which is responsible for the synthesis of the neurotransmitter acetylcholine
(ACh), was drastically reduced.*'™* The levels of another enzyme, acetylcholinesterase
(AChE), that breaks down ACh, were also reduced, although to a lower extent.*’** The
levels of ACh are also reported to be reduced, perhaps, because the enzyme pyruvate
dehydrogenase complex that synthesizes it is affected.® Severe neuronal degeneration
was observed in brain locations essential for learning and memory, such as the
hippocampus and the neocortex.®** The cholinergic blocker scopolamine was capable of
inducing cognitive-like deficits in healthy individuals similar to those observed in older
(non-AD) patients.*® Also, in the human frontal cortex, the number of [*H]-nicotine and
[’H]-ACh binding sites were lower in AD patients as compared to age-matched controls,
reflecting a reduction in the nicotinic cholinergic receptors in AD brains.""®4” This

reduction is attributed to a reduction in the number of sites as opposed to the affinity of



the ligand for the site.”®*® These observations form an association of the cholinergic
system to memory and cognition. Studies also reported significant losses in cholinergic
neurons in the basal forebrain, and affected pre-synaptic ACh release as well as
disruption in the high-affinity synaptic reuptake of choline in AD patients.*® The observed
reductions of cholinergic markers and enzymes in AD brains lead to decreased synthesis
and release of ACh into the synapse. This cluster of observations forms the basis of the

cholinergic hypothesis.

Considering the different number of hypotheses that propose alternate theories, it is
surprising that only the cholinergic hypothesis has led to marketed drugs (discussed
below). However, AChE inhibitors can only delay cognitive impairment but cannot prevent
it from progressing and are incapable of reversing neurodegeneration.®® This indicates
that perhaps there is more to the pathophysiology of AD than can be explained by the

cholinergic hypothesis.

The FDA-approved agents currently used in the treatment of AD are rivastigmine,
donepezil, memantine and galantamine (see Figure 1, later). Apart from memantine, all

others are AChE inhibitors.

b. Amyloid Cascade Hypothesis
The amyloid cascade hypothesisg’51 was proposed when the amino acid sequence of the

major protein component of plaques was determined. Plaques from meningeal blood



vessels from AD patients revealed a protein, the amyloid beta (Ap) peptide.’**® The
protein that gives rise to A peptides upon cleavage by enzymes was later identified as
the APP** The sequential cleavage of a protein, APP, by enzymes B- and y-secretases,
produces AP peptides (39-42 residues). AB42, a peptide of 42 residues, in particular, is
said to be harmful and tends to aggregate to form plaques.®® The AB peptide isolated from
AD patients was found to be similar to the one isolated from brain samples of DS
patients.’®*’ Individuals with DS have an extra copy of chromosome 21 that involves a
genetic region that encodes for APP.** This strengthens the connection between

abnormal amyloid processing and the tendency to develop AD.

Additionally, plaques are suggested to cause a cascade of events such as formation of
neurofibrillary tangles, vascular damage, and neuronal death, which are observed in AD
patients.”® However, a strong correlation does not exist between the extent of AP
deposition and the progression of AD.*® Individuals who are not diagnosed with dementia
or AD can also exhibit Ap plaques, indicating that this observation is not AD-specific. Also,
drugs that reduce AP peptide levels in the brain do not seem to reverse or stop the
progression of AD, thereby questioning the validity of this hypothesis.®®®' Hence, even
after ~40 years since its inception, the amyloid hypothesis has yet to result in a promising

drug.
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c. Tau hypothesis
The tau hypothesis identifies the presence of tau tangles as the major cause of AD.
Described by Alzheimer as a “tangle of fibrils”,” the identity of the major component of AD
lesions was established only in the 1980s.6%%®* A hyperphosphorylated form of the
microtubule-associated protein tau was determined to be the main element of the AD
lesions made up of neurofibrillary tangles, neuritic (senile) plaques, and neuropil
threads.®® Studies suggested that the occurrence and distribution of tangles, and not
plaques, serve as a good indicator of the pathological stage of AD. '%%* The inability of the
amyloid hypothesis to come up with promising therapy directs attention to another
neurological hallmark: hyperphosphorylated tau as a potential target or combined

therapy.®*>®°

d. Vascular hypothesis
The vascular hypothesis, proposed in 1993, suggests that the development of AD is due
to abnormal vasculature and blood flow in the brain.®” The brain depends on blood
circulation to transport extra-cerebral resources such as glucose, electrolytes, oxygen,
and amino acids.®” Nutrients are generally supplied by capillaries through the blood-brain
barrier and, to a smaller extent, via cerebrospinal fluid.®” A decrease in the supply of
essential nutrients such as oxygen and glucose results in impaired production of required
energy, thereby disrupting neuronal homeostasis.®” A weakening of the cerebral blood
vessels is also anticipated with ageing as it is accompanied with thickening of the

basement membranes, cerebral atrophy, decreased elasticity of cerebral vessels, and
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even due to a genetic predisposition.’” Apart from ageing, cardiovascular disease,
atherosclerosis, and brain injury are also associated with occurrence of AD as these
conditions might reduce blood flow to the brain."" AD brains exhibit a reduced rate of
oxygen consumption and glucose metabolism, pointing towards abnormal energy-

producing processes such as oxidative phosphorylation.

e. Cholesterol Hypothesis
Atherosclerosis, a condition caused by high levels of cholesterol, is considered to be one
of the risk factors for developing AD.?® Patients who were prescribed cholesterol-lowering
drugs, statins, were at a lower risk for developing dementia.®® Statins, capable of crossing
the blood brain barrier, decrease the de novo synthesis of cholesterol. They do so by
inhibiting an enzyme 3-hydroxy-3-methylglutarylcoenzyme A reductase (HMG-CoA
reductase).®®®® One of the major cholesterol carrier proteins in the brain is apolipoprotein,
ApoE. Of the three alleles (¢2, €3 and €4) for the gene that encodes ApoE, the presence
of the &4 allele poses as a major risk factor for AD. The ApoE &4 allele tends to increase
cholesterol concentrations in the brain along with increasing the p-secretase-mediated
cleavage of APP to give ABP." Although the mere presence of this allele alone is not

enough to initiate AD, it certainly increases the risk of developing AD.

f. Inflammation Hypothesis
Amyloid plaques and neurofibrillary tangles are accompanied by the presence of immune-

related antigens and inflammatory mediators in AD brains.'® Amyloid plaques are also
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found to contain factors of the complement pathway such as C4q, Csb, Csc, Csd and C4
and cytokines such as interleukin 1.7%"" Additionally, the Ap peptide can bind the first
component, C1q of the classical complement pathway, perhaps leading to its activation.”
A number of retrospective studies have indicated that patients who were on anti-
inflammatory drugs have a delayed onset of AD as compared to those who were not.'?

Interestingly, patients who displayed plaques and tangles upon autopsy, but did not have
a history of dementia, did not exhibit significant inflammation as opposed to AD patients.”
This indicates that, perhaps, neuroinflammation is a downstream process that occurs
when severe neurodegeneration has occurred. Therefore, neuroinflammation is an
important aspect of AD pathology but, perhaps, not its root cause.”*”® An immune
response is most likely a secondary reaction in AD pathology because it is, after all, a

response to a primary injury or insult to the body.”

g. Oxidative Stress Hypothesis
This hypothesis suggests that the accumulation of free radicals and reactive oxygen
species (ROS) over the years results in neuronal damage resulting in neurodegenerative
diseases such as AD. "7 Other factors such as head injury and the presence of certain
metals in the brain also contribute towards formation of free radicals.””"® The free radicals
suspected to cause neurodegeneration are the free hydroxyl radical, hydrogen peroxide,
and peroxynitrite.77 In particular, the concentrations of iron and aluminium are elevated in
an AD brain.”” Iron, ferritin, and transferrin are located at the same site as amyloid plaques

in the brain, indicating involvement of these species.”” These metals also interact directly
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with APP.”” The APP has specific binding sites for copper, which catalyzes reactions that
might further produce ROS, and also for Zinc (I1).”” These ROS play a role in converting
non-aggregated forms of AP into aggregated forms. A peptide, in turn, is capable of

reacting with vascular endothelial cells and generating free superoxide radicals.””

AD can be considered as a multifactorial disorder. Most events such as cholinergic deficit,
accumulation of reactive oxygen species, free radicals, rise in cholesterol, abnormal
cerebral vasculature, high metal content, and inflammation converge to give rise to AD.
Among these happenings is also the hyperphosphorylation and subsequent deposit of

tau protein and the abnormal production and deposition of Ap peptide.

2. Current treatment options

Even though it has been 100 years since the pathophysiology and behavioral
observations of AD were first described, there is still no drug that can stop or reverse AD’s
characteristic degeneration. Currently, five drugs/formulations for treating AD are
available (Figure 1): donepezil (1) and rivastigmine (2, used for all stages of AD),
galantamine (3, mild-to-moderate form) and memantine (4) and memantine + donepezil
(severe form).° With the exception of memantine, all the other drugs (donepezil,
rivastigmine and galantamine) are inhibitors of the AChE. In 2013, tacrine (5), another

AChE inhibitor, was discontinued in the U.S. due to issues of hepatotoxicity.'
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AChE rapidly degrades ACh into acetate and choline at the rate of 25,000 molecules per
second.” By inhibitihng AChE, galantamine, rivastigmine, and donepezil reduce the

degradation of ACh thereby possibly improving the cholinergic deficit in AD brains.”

OCH3 o cH
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Donepezil (1) Rivastigmine (2)
H3Q . HBr
N
NH,
N\
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Galantamine (3) Memantine (4) Tacrine (5)

Figure 1. Drugs used in the treatment of Alzheimer's disease. Donepezil (1),
rivastigmine (2), galantamine (3) and tacrine (5, discontinued) are AChE inhibitors.
Memantine (4) is an NMDA receptor blocker.

Unlike the currently available AChE inhibitors for AD, galantamine has a dual role of
action. In addition to inhibiting AChE, galantamine (3) demonstrates positive modulation

of nicotinic acetylcholine receptors (NAChRs).?’

3. Galantamine
Galantamine is an alkaloid originally isolated from Galanthus woronowii (Figure 2), but
has also been extracted nowadays from Leujocum aestivum and Amaryllidaceae plants.®®

Additionally, it has been successfully prepared in a laboratory setting.?’ Interestingly, the
15



oldest literature that mentions galantamine might be by Homer in his epic poem,
Odyssey.?' The poem narrates the King Odysseus’ adventures as he returned to Ithaca
after the Trojan war.®? One of the stories involves
Odysseus saving his men from the curse of Circe, the
sorceress.®” The men were given a poison by Circe that
induced amnesia, delusions and hallucinations.® The
antidote to this poison, mentioned as moly was
provided by Odysseus with the help of the god
Hermes.?? Based on the descriptions in the poem,

Circe’s poison is suspected to be Datura stramonium,

Figure 2. Galanthus woronowii  containing the anticholinergic agents atropine and

scopolamine.®’® Based on the description of the milk-
like flowers in the Odyssey that Hermes gave to Odysseus, the antidote is believed to be
the plant Galanthus nivalis, which contains the anti-cholineresterase galantamine.®
Reports of galantamine being isolated from G. woronowii and subsequently its capability
to inhibit AChE in ex vivo studies were first reported in the early 1950s.2° The chemical

structure of galantamine as isolated from G. woronowii was revealed in 1952.%

Galantamine was approved as an anti-Alzheimer’s agent in the U.S. in 2001."° It is a
specific, reversible, and competitive inhibitor of AChE with approximately 53-fold
specificity for AChE in erythrocytes (ICso = 0.35 umol/L) over butyrylcholinesterase in
plasma (ICso = 18.6 pmol/L).2>%® However, the molecule displays 10-fold less potency for
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brain AChE (~2.7-3.2 pM) than for erythrocytic AChE (~0.36-0.37 uM).?? In post-mortem
studies, the ICs5p of galantamine for hippocampal tissue was 2.8 umol/L, whereas for the

frontal cortex it was 3.2 pmol/L.?> When tested against human recombinant AChE

(hrAChE), the inhibition constant, K;, of galantamine was 520 nM.%’

The target, AChE, is a serine hydrolase that is located in neuromuscular junctions and
synapses of cholinergic neurons.” The enzyme is ellipsoidal in shape and is an o/
protein composed of 12 mixed B-sheets which are surrounded by 14 a-helices (Figure
3).”® The ACh-binding site or the active site is located at the base of a narrow gorge that
runs 20 A deep into the enzyme.”®® The gorge is lined by 14 conserved aromatic amino
acids of which Trp84 is crucial.”®®® The active site can be divided into two regions — the
esteratic and anionic sites. The esteratic site consists of the catalytic triad that is
composed of Ser200, His440 and Glu327 whereas the anionic site, composed of aromatic
residues, interacts with the quaternary amines of ligands.”®®® The crystal structure of
galantamine with human recombinant AChE is available (PDB ID: 4EY6).%* Galantamine
interacts with residues at the base of the active site. Particularly, the oxygen of the
hydroxyl group forms a hydrogen bond with the oxygen of Glu202. Additionally, this
oxygen also interacts with a water molecule (W860) which sits between the NH groups of
Gly121 (2.6 A), Gly122 (2.9 A) and Ala204 (3.1 A) forming the oxyanion hole. This water
molecule is also located 3.5 A from the dihydrofuran oxygen atom. Another water
molecule (W707) is located 3.3 A from the hydroxyl oxygen of galantamine. The

methylene groups of the tetrahydroazepine ring are oriented towards the indole ring of
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Trp86. Also, the double bond of the cyclohexenol ring is stacked against the indole ring
of Trp86 and the oxygen of the methoxy group forms a hydrogen bond with the hydroxyl

group oxygen of Ser203 (2.9 A).
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Figure 3. (A) Crystal
structure of hrAChE (PDB ID:
4EY6) showing the a-helices
(blue), the B-sheets (salmon)
and galantamine (yellow
sticks) in its binding site. (B)
Interactions of galantamine
(yellow-colored sticks) with
the residues in the active site
of hrAChE. Hydrogen bonds
are denoted by black dotted
lines and water molecules by
cyan spheres. Accessed
from PDB ID: 4EY6.**



Reduction of the double bond of the cyclohexenol ring of galantamine (3) results in a
molecule called lycoramine (6, Figure 4), which is not as potent as galantamine in

inhibiting AChE.?®> The cost of reducing this double bond is CHa

N
a loss of the -1 interaction with Trp86 which might explain

why lycoramine has lower inhibitory activity than OH
H,CO ©

galantamine.”®®® The interactions of galantamine with _
Lycoramine (6)

rhAChE mentioned above are similar to those seen in the Figure 4. The decon-

. . .. structed analog di-
crystal structures of galantamine with Torpedo californica hydrogalantamine

89.90 N (lycoramine; 6).
AChE (PDB IDs: 1DX6 and 1QTI).”>"" In addition to these
shared similarities, the hrAChE-galantamine crystal structure exhibits a hydrogen bond

between the nitrogen atom of the azepine ring with the hydroxyl oxygen atom (2.9 A) of

Tyr337.2

Reports of galantamine as a potential allosteric agonist were initially published in the
1990s.%"" Galantamine was considered a member of a novel class of allosteric agonists
of which physostigmine (PHY, 7, Figure 5) was a forerunner. PHY, a drug used to treat

myasthenia gravis, was accepted to exert its therapeutic effect by inhibiting AChE.%

CHa
N. 09 ;
S set. T
0O N CHSCHS O
CHg H,cO O { OH
PHY (7) Codeine (8)

Figure 5. Physostigmine (7) - one of the first "APLs" of nAChRs
along with codeine (8), another “APL” or nAChR PAM.
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However, its direct effect on nAChRs was considered a more compelling reason for its

a-Bungarotoxin (9)

Figure 6. The 73-
amino acid-long o-
bungarotoxin (9)
Accessed from PDB
ID: 4HQP.

therapeutic benefit.®® PHY activated single-channels of
nAChRs from Torpedo marmorata electric tissue and cultured

97.98 |t was also capable of activating

rat hippocampal neurons.
nAChRs that were desensitized by pre-incubation with ACh.*®
Interestingly, the single-channel currents induced by PHY
were not inhibited by ACh receptor antagonists such as a-
bungarotoxin (9, Figure 6) and D-tubocurarine.®” Screening
with potential antagonists for the PHY-binding site resulted in
an antibody, FK1, which could block the PHY-induced nAChR

currents.’” PHY was the first AChE inhibitors to be considered

as a treatment option for AD.®

However, a narrow therapeutic index and a short half-life along with side effects such as

nausea, vomiting, diarrhea, dizziness, and headaches made PHY an unsuitable drug for

D

P CH

N 3
(-)-Nicotine (11)

Hee” S0 >N e,
ACh (10)
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Muscarine (12) Epibatidine (13)

ZT
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Figure 7. Structures of the agonists, ACh (10), (-)-nicotine (11), muscarine
(12) and epibatidine (13).
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AD therapy.®**'% This novel class of “non-competitive agonists” or “allosteric potentiating
ligands (APLs)” of which PHY was a prototype, included two other molecules,
galantamine and codeine (8, Figure 5).%29951%" | jke PHY, galantamine also activated
single channel currents in nAChRs expressed in fibroblast and rat clonal
pheochromocytoma cells. ***° Prolonged exposure of nAChRs to galantamine caused
receptor desensitization, unlike PHY which caused channel blockade. However, like PHY,
galantamine was unable to induce a response in whole cells. ***° Galantamine (3) could,
however, potentiate the currents evoked by agonists such as acetylcholine (10, Figure 7),
(-)-nicotine (11, Figure 7), and epibatidine (13, Figure 7). The potentiating effect of
galantamine worked over a narrow range of concentrations (0.1- 1 uM) and, beyond 10

uM, resulted in inhibition of the response.’%

The location of the galantamine-binding site was deduced with the observation that
although conventional antagonists could not block the activity of galantamine, FK1
could.®"'% Photoaffinity labeling studies with PHY indicated that the APL-binding site was
located on the a-subunit of nAChRs.' Further, an enzyme-linked immunosorbent assay
employing FK1 and WF6 (orthosteric antagonists) revealed that the APL-site was distinct
but quite close to the orthosteric site.'® The orthosteric and PHY binding sites, in fact,
even had an overlapping region.'® Based on these studies, Lys125 was proposed to be
an important residue for the binding of positive allosteric modulators (PAMs) or APLs at
the time."®*% A blind docking study was carried out with galantamine, physostigmine,

codeine and 5HT at the homology models of human a7 nAChrs among other subunits.'®
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The amino-acid sequence used as a template in this study was the crystal structure of
Ls-AChBP."® The docking results suggested five potential binding sites, of which three
were located on the outer surface while the other two were located at the inner surface of
the ECD."® The importance of these sites for binding of allosteric modulators like
galantamine were tested by mutagenesis studies.’®” In conjunction with photo-affinity and
epitope-mapping studies,'®'% two of the potential sites on the outer surface were
excluded from consideration.'”” One being, the ACh-binding site where APLs were found
to have no interaction and the other being a site whose sequence was not flagged down
by epitope-mapping studies.’®” Additionally, the site with Lys125 was located in the inner

h."%” It was nevertheless

surface of the ECD, in a pocket too large for FK1 to interact wit
included in the mutagenesis study to ascertain the importance of this residue, as stressed
by previous studies.'®*'%” Mutagenesis data in chicken o.7 NnAChR/mouse 5HT5 chimera
revealed that replacing Thr197 by Ala had the most drastic effect on galantamine-
mediated potentiation and completely abolished it.'”” Although to a lesser extent,
replacement of Phe196 and lle198 also affected potentiation by galantamine.’®” The

|_108

potential binding site of galantamine was also explored by lorga et a in a blind docking

approach at the Ls-AChBP crystal structure.

Galantamine (3, Figure 1) can act as a positive allosteric modulator at nAChRs in rat
hippocampal and human cerebral cortical slices when expressed in human embryonic
kidney-293 cells and Xenopus laevis oocytes, in the range of 0.1-1 uM.?>"9219% A study
conducted in rats, rabbits and mice revealed that this optimum range for galantamine’s

23



PAM activity can be achieved in a dose range of 1.5-5 mg/kg in these animals."®
However, at 3 mg/kg the calculated inhibition of brain AChE by galantamine was
estimated to be only 1-12% in the animals."'® These numbers are in agreement with other
in vivo studies conducted for determining AChE by various galantamine doses in mouse
brains.”""'"? However, at these concentrations, the AChE inhibition by donepezil (1,
Figure 1) is much higher (30-40%) than galantamine (1-12%).""° This suggests that at
low concentrations galantamine is capable of positively modulating nAChRs even when
it is only poorly inhibiting brain AChE. Perhaps galantamine improves the cholinergic

deficit in AD primarily through its NAChR activity and not by inhibiting AChE.

4. Targeting nAChRs as a treatment strategy

Histochemical observations and autoradiography studies in post-mortem brain tissues
highlight a distinct loss of cholinergic neurons and nAChRs but not muscarinic
acetylcholine receptors (MAChRs) in AD patients.'” 84148113114 | particular, the o7, 04,
and p2-subunit-containing nAChRs constitute a majority of the nAChR population in
mammalian brain."*® Of these, the homopentameric a7 and the heteropentameric 0432
NAChRs constitute about 90% of neuronal nAChRs, and are highly expressed in brain
regions implicated in AD."®'"" The other neuronal nAChRs such as o3p4 are
predominantly present in the autonomic ganglia and adrenal medulla."” Hence,
activating these receptors to improve the cholinergic deficit is considered as a possible
strategy for treating AD.""® Of these two receptors, the a7 nAChR is unique as a biological

target for treating AD. One of the properties of a7 nAChR that sets it apart from other
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nAChR subtypes is its high permeability and selectivity for Ca*? amongst other cations."
This indicates the receptor’s possible role in cognition as neuronal Ca*? signaling is
involved in synaptic plasticity.'"® Apart from being located on neuronal cells, a7 nAChRs
are present on non-neuronal cells, especially those belonging to the immune system,
indicating additional roles of this subtype.'® Unlike the a4$2 nAChRs which have a high
affinity (nM) for ACh, o7 nAChRs have a low affinity (uM) for ACh and are, in fact,
activated by choline, a precursor of ACh.""®2% Another feature of o7 nAChRs is that they
undergo a reversible and rapid desensitization in a concentration-dependent manner
when exposed to agonists.’® Unlike the other heteromeric NnAChR subtypes that are
desensitized by prolonged exposure to a low agonist concentration, the a7 nAChRs
remains sensitive to fluctuating agonist levels."®® The desensitized state of a7 nAChRs
does not have high affinity for the agonist as compared to its resting state. But this
desensitized state is responsive to PAMs which can destabilize it and increase the

probability of the channel opening.'?°

From the cholinergic hypothesis perspective, three means of improving the cholinergic
deficit involve — administering ACh precursors, reducing ACh degradation, or by
administering nAChR agonists.'™ Agents meant to be a replacement for ACh precursors
such as choline and lecithin did not yield encouraging results for treating AD.** Also, a
major disadvantage of nAChR agonists is the receptor desensitization caused by their
prolonged exposure, thus making them unsuitable as treatment options.”*® In terms of

reducing ACh degradation, a majority of the drugs currently on the market are AChE
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inhibitors, which can delay but not stop the progression of AD. The end result of the action
of these drugs is an increase in ACh, which can act at both types of acetylcholine
receptors, nicotinic and muscarinic, which can have varied effects. Non-selective agonists
of nAChRs can lead to autonomic side effects such constipation associated with
activating the ganglionic a3p4 nAChRs."! In light of these issues, selective PAMs of
NAChRs seem to be a viable therapeutic strategy for treating AD. These allosterically
acting molecules targeting nAChRs specifically, offer certain advantages over orthosteric
NAChR agonists. By definition, PAMs are incapable of activating the receptors by
themselves and only improve the potency or efficacy of endogeneous agonists such as
acetylcholine or choline. In doing so, PAMs maintain the natural spatiotemporal sequence
of neurotransmitter-mediated nAChR activation in the brain and also circumvent the
problem of receptor desensitization.'®? Also, due to a non-existent or very low intrinsic
activity, a PAM may have a low possibility of causing off-target effects and associated
toxicity.'*® Furthermore, residues involved in an allosteric site are less conserved as
compared to those involved in an orthosteric site among proteins of the same family.122
By targeting a protein’s unique allosteric region, synthetic agents can achieve selectivity

for a particular receptor over other subtypes.'**'%

The AB1.42 peptide which is the crux of the amyloid hypothesis is also found to interact
with nAChRs. Particularly, immunohistochemical studies in postmortem cortex and
hippocampus brain tissues of patients with SAD displayed colocalization of a7 nAChR

(but not a4-subunit-containing nAChRs) in the neuritic plaques and neurons that were
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abundant with the Ap1.42 peptide.'?* A cell proliferation assay with wild-type SK-N-MC and
a7SK-N-MC, exposed to 100 nM of AB.42 indicated that only ~5% of the wild-type cells
compared to 85% of the a.7SK-N-MC cells survived after 24 h indicating a role of these
nAChRs in protection against ABi4z-induced cytotoxicity.'®* Ex vivo studies with rat
hippocampal slices suggested that ABi42 could inhibit nicotine-evoked currents and
probability of channel-opening by interacting with post-synaptic nAChRs.'* Binding
studies indicate that the a7 nAChRs bind AB1.42 with a picomolar affinity while the o432
nAChRs bind in the nanomolar range.?*'?* Specifically, the sequence of amino acids 12-
28 in AB1.42 is important for binding o7 nAChRs."?* Agonists such as nicotine (11, Figure
7) and epibatidine (13, Figure 7), and the antagonist a-bungarotoxin (9, Figure 6) affect
and inhibit the binding of a7 NAChR to AB1.42 thus suggesting that perhaps AB1.42 interacts

with the orthosteric site of the receptor.'®

5. Nicotinic acetylcholine receptors

a. Classification

ACh, one of the first neurotransmitters to be identified, exerts its effects by interacting
with acetylcholine receptors (AChRs).2'?” The AChRs are divided into two subtypes — the
ionotropic NAChRs (activated by nicotine) and the metabotropic mAChRs (activated by
muscarine - 12, Figure 7)."® The mAChRs are G-protein couple receptors (GPCRs) that
are further subdivided into 5 types —M1, M2, M3, M4 and M5."®° These receptors are
coupled to secondary messenger pathways and are activated in the milliseconds to

seconds range.'® In contrast, activation of the cationic NnAChRs is relatively faster and
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occurs within the micro- to sub-microsecond range.'?® The nAChRs are ligand-gated ion
channel receptors (LGICRs) that belong to the Cys-loop receptor family characterized by
a disulfide bond between two Cys residues separated by 13 amino acids in the
mammalian subunits.”®® The LGICs are structures made of 5 subunits surrounding a
central aqueous ion pore which gates the flow of ions. Other members of the Cys-loop
superfamily include the cation-sensitive 5-HT3 receptor and zinc-activated channels and
anion-sensitive GABAA and glycine receptors.’® Initially, the different neuronal nAChRs
were classified by radioligand binding assays employing '®l-a-bungarotoxin (**l-aBgtx)
and ®H-nicotine.’®' Those that displayed nM affinity for aBgtx and uM affinity for nicotine
were classified as aBgtx-sensitive NAChRs."*""*? Those that showed greater affinity for
nicotine as compared to bungarotoxin were classified as aBgtx-insensitive nAChRs.""®
The aBgtx-sensitive nAChRs can exist as either homopentamers (a7-9) or
heteropentamers (o708, o9a10) while the aBgtx-insensitive nAChRs exist as
heteropentamers composed of a combination of o (a:2-a.6) and B (B2-p4) subunits.”*® The
diversity of these receptors was further explored by the cloning of 17 subunits of NnAChRs
- o4-0t10, P1-Pa, ¥, O and €.'%° Of these, the a1, B1, v, & and € comprise two kinds of muscle
NAChRs — one combining the a1, B4, ® and y subunits while the other combining the o,
B1, & and € subunits in a 2:1:1:1 stoichiometry."?® The neuronal nAChRs are pentamers
that are combinations of the az-a10 and B2-Ba subunits.’® Based on the similarities in the

amino acid sequences, these subunits can be classified into Types I-IV (shown in Table

1)-129
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Table 1. nAChR subunit classification based on amino acid sequence similarities.

nAChR subunit classification

Type | Type I Type llI Type IV
a9, 10 a7, a8 a. a2-4, 0b al, B1,v,0, €
b. B2, p4
c. B3, B5

b. Structure of NAChRs — emphasis on a7 nAChRs

The nAChRs (~290 kDa) are composed of 5 identical (homopentamer as in a.7 nAChRSs)
or different (heteropentamer) subunits arranged symmetrically around a central pore.
127133 Although established as being homopentamers, a7 NAChRs are also reported to
form heteropentamers with B2-subunits in rat and human brains.”**'** The general
structure of the neuronal nAChRs, composed of 500-600 amino acid residues, can be
divided into an extracellular domain (ECD), a transmembrane domain (TMD), and an
intracellular domain (ICD) (Figure 8).**'% For each subunit, the long extracellular N-
terminus is composed of approximately 200 amino acids and contains the agonist and

antagonist binding regions (i.e., orthosteric binding site)."**
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The TMD is composed of 4 transmembrane-spanning units (TM1-4) with an intracellular
loop connecting TM3 and TM4, ending ultimately in a short C-terminus on the extracellular
side (Figure 8)."*® TM2 from all five subunits contributes towards formation of the central
ion pore.™ The TM3 and TM4 units are exposed to the lipid bilayer while TM1 plays an
important role in structural formation of the ion pore (Figure 7)."** In the case of o7

NAChRs, the identical subunits provide five agonist-binding sites at the subunit interface.

c. States of nNAChRs and allosterism
According to the Monod-Wyman-Changeux model for nAChRs, allosteric proteins can
exist in at least three different states — resting state (R), active state (A), and desensitized

state which is further divided into fast-onset (l) or slow-onset (D) states (Figure 9).'21%7
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The rate at which the receptor will switch from one state to another is dependent upon

the energy barriers between the states.'®

Extracellular domain

Transmembrane domain

l‘l’...........’ -

Intracellular domain

G

Intracellular

Figure 8. Schematic representation of an nAChR highlighting the ECD, TMD, and ICD
traversing the lipid bilayer. (A) Arrangement of an individual subunit from the N-terminus
to the C-terminus. The polypeptide is denoted by black-colored lines and the four TM-
spanning units are represented as cylinders — orange (TM1), blue (TM2), yellow (TM3)
and green (TM4). (B) 2D schematic highlighting the topology of an individual subunit. (C)
Rearrangement of 5 subunits (20 TM-spanning units in total) with the central ion pore
being formed by TM2 from each subunit. This figure is adapted from Chatzidaki et al.'®
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While the rate of receptor action is rapid and a short process (microsecond-to-
milisecond), desensitization takes place slowly, over a millisecond to second time
range.'® Orthosteric agonists have a high affinity for the active state (A) and tend to
stabilize it. On the other hand, orthosteric (competitive) antagonists stabilize and have a

high affinity for the resting or inactive state (R).'*
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Figure 9. The Monod-Wyman-Changeux model™’ explaining allosteric transition states
in NAChRs with ‘R’ depicting resting state, ‘A’ is active state, ‘I’ is fast-onset while ‘D’ is
slow-onset desensitized state.
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d. PAMs and their types
PAMs improve the activity of the endogenous, orthosteric agonists without eliciting a
response on their own.'® One of the earliest NAChR-PAM s to be identified is the divalent
cation, Ca*2."*® This was based on several reports indicating that high levels of Ca*? are
released from the presynaptic neuron along with neurotransmitters and that Ca*? levels
in brain regions varied according to synaptic activity."*®'*® Moreover, the observation that
the chick a7-5HT3 chimera with the N-terminal of the chick a7 and C-terminal of 5HT3

receptor, could be potentiated by Ca*2."*® Ca*?

could also potentiate a.7 nAChRs like the
chimera, but not 5HT3 receptors, thus indicating the role of the N-terminal domain of a7
nAChRs in Ca*? binding."*® Mutagenesis studies in the a.7-V201-5HT3 chimera suggested
that mutations in Asp163 (human a7-Asp186) and Glu172 (human «7-Glu195) on the
complementary subunit affected ACh and Ca*? apparent affinity."*® lvermectin (14, Figure
10), an anthelmintic agent is an allosteric modulator of worm (Caenorhabditis elegans)
glutamate receptors.'® Application of ivermectin potentiated the ACh-evoked currents in
chick and human neuronal o7 nAChRs but itself had no activity."*® Furthermore, pre-
application of ivermectin to chick a7 nAChRs could potentiate the current evoked by the
partial agonist, DMPP (1,1-dimethyl-4-phenylpiperazinium) (15, Figure 10) such that it
emulated currents elicited by a full agonist such as ACh."*'*" Another molecule that can
potentiate the potency along with the efficacy of ACh at a7 nAChRs is 5-hydroxyindole

(5-HI1) (16, Figure 10), a modulator of 5-HT3 receptors.'*? Like ivermectin, 5-HI does not

elicit a response on its own at nAChRs and, hence, does not act as an a7 nAChR agonist
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but potentiates ACh-evoked responses with maximum potentiation (12-fold) observed at

20 mM.141'142

OCH3 CH3

HO... " IN-CHj
b., .A Y ~

DMPP (15)

Genistein (17)

MLA (18)

Figure 10. The type-l and type-Il PAMs of nAChRs, ivermectin (14), DMPP (15),
5HI (16), genistein (17) and the selective a7 nAChR antagonist, MLA (18).

However, the presence of 5-HI with ACh shifts the inhibition curve of the antagonist
methyllycaconitine (MLA) towards higher concentrations, indicating that perhaps 5-HI

interacts competitively with a7 nAChRs."*? Genistein (17, Figure 10), a tyrosine kinase
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inhibitor, is another molecule like 5-HI that only affected apparent agonist-evoked currents
without modulating desensitization states.'*® The protein, secreted mammalian Ly-
6/uPAR related protein (SLURP-1), can also effectively act as an a7 nAChR PAM by
increasing ACh-evoked currents and shifting the ECsy curve.™' Specific peptide
sequences in bovine serum albumin (BSA) are also capable of potentiating agonist-

evoked currents in o7 nAChRs.'

All of the above-mentioned molecules and proteins can be considered as the first
generation of a7 NAChR PAMs."?>'*! The second generation of PAMs are molecules that
are classified based on the type of modulation they bring about in the receptor.'?'%!
Generally, PAMs might potentiate the agonist-evoked responses by decreasing the
energy barrier between resting and active states or by increasing the energy barrier
between the active and desensitized states.’®® Additionally, they may also cause
destabilization of the desensitized state of the receptor.’”® Depending on how they
modulate receptor activity, PAMs can be divided into Type-l and Type-Il PAMs."?® Type-
| PAMs only potentiate agonist-evoked currents and therefore possibly act by modulating

the energy barriers between the resting and active states.'® On the other hand, type-lI

PAMs affect desensitization in addition to potentiating agonist-evoked responses.'?®

Of the molecules mentioned above, ivermectin (14, Figure 10), 5-HI (16, Figure 10) and
genistein (17, Figure 10) are classified as type-I PAMs."?3'%"1% Other molecules which

reportedly belong to this class are compound-6 (19, Figure 11) (N-4-chlorophenyl)-a-[((4-
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chloro-phenyl)amino]methylene]-3-methyl-5-isoxazole acetamide), the biarylurea analog

NS-1738 (20, Figure 11), LY-2087101 (21, Figure 11), and galantamine (3)."*"'%

One of the most well characterized molecules that behaves as a type-lIl PAM is the urea
analog PNU-120596 (22, Figure 11), which increases ACh-evoked currents in a7 nAChR
by 4-fold and also suppresses the desensitization rate." Another molecule that can

increase peak currents and slow desensitization in these receptors is the molecule, 4-

Cl
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Figure 11. Other PAMs of nAChRs, Compound 6 (19), NS-1738 (20), LY-
2087101 (21), PNU-120596 (22) and TQS (23).
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naphthalene-1-yl-3a,4,5,9b-tetrahydro-3-H-cyclopenta[c]quinoline-8-sulfonic acid amide

(TQS, 23)."

Mutagenesis studies with a7 nAChRs indicates that the binding site of PNU-120596 and
LY-2087101 is located in an intrasubunit cavity within the TMD."*® Particularly, mutations
in the residues Ser222 and Ala225 of TM1, Met253 of TM2, and Phe455 and Cys459 of
TM4 affected potentiation of agonist-evoked currents by PNU-120596."*° Of these,
mutations in the residues Ala225 and Met253 had the most profound effect on PNU-
120596’s potentiation of agonist-evoked responses in a7 nAChRs."*® These two residues
also significantly decreased the potentiation of agonist-evoked currents by the type-1
PAM, LY-2087101."° The type-1 PAM ivermectin is also said to bind in an intrasubunit
cavity in the transmembrane region of a7 nAChRs and is affected by mutations in 7
residues: Ser222, Ala225, Met253, Cys459, Glu272, Thr456, Ser276, of which the first
four residues are also important for potentiation by PNU-120596."*®"*" |nterestingly, of
these residues, mutations S222M, M253L, and S276V converted ivermectin from a
positive allosteric modulator to a negative allosteric modulator.’*” The binding site of the
type-1 PAM NS1738 was initially proposed to be in the 10-amino acid extracellular
segment joining TM2 and TM3. However, mutagenesis data suggested that NS1738’s
potentiating effect is affected by the same residues that were deemed important for PNU-

120596."48
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e. Negative allosteric modulators (NAMs)
Like PAMs, NAMs do not evoke a response on their own, but unlike PAMs, NAMs inhibit
agonist-evoked responses by binding to sites (allosteric) that are distinct from the
orthosteric sites.’ Kynurenic acid (KYNA, 24, Figure 12), a major metabolite from the
kynurenine pathway of tryptophan degradation in the brain, is a reported NAM of a7
nAChRs."™ The activity of KYNA as a neuroprotective and anticonvulsant agent is
attributed to its action as a competitive antagonist of the glycine-binding site on the NMDA
receptor.’® The concentration of KYNA required to inhibit NMDA receptors in the
absence and presence of glycine is 15 and 250 uM, respectively.”® The KYNA
concentration in the brain fluctuates between the low nanomolar to low micromolar range
and hence, raises the question whether KYNA is present in sufficient quantities to interact
and inhibit NMDA receptors.’® However, even at a nanomolar concentration, KYNA can
antagonize a7 nAChRs but not NMDA receptors, indicating that perhaps a7 nAChRs are
a high-affinity target of KYNA."™" Another NAM is the molecule UCI-30002 (25, Figure
12), that displays selectivity for neuronal nAChRs over muscle-type nAChRs.'*? HDMP
(1,2,3,3a,4,8b-hexahydro-2-benzyl-6-N, N-dimethylamino-1-methylindeno[1,2,-b]pyrrole)
(26, Figure 12) is a molecule that is approximately 360- and 414-fold more selective for
a7 NAChRs than 04p2 and a3p4 nAChRs, respectively.’® The same study also reported,
for the first time, the functional activity of phencyclidine (PCP) (27, Figure 12) at o7
nAChR."™ PCP is 23- and 5-fold more selective for a7 nAChR than a4p2 and o3p4

nAChRs, respectively.'® Previously, from our laboratory we reported the molecule, MD-
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354 (28, Figure 12) to decrease the (-)-nicotine evoked antinociceptive effect in the mouse

tail-flick assay by behaving as a NAM specifically at the a7 nAChRs."**

0 NO
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H
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Kynurenic acid (24) UCI-30002 (25)
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¢ ) HN)kNHQ
N !
Cl
HDMP (26) PCP (27) MD-354 (28)

Figure 12. NAMs of nAChRs. KYNA (24), UCI-30002 (25), HDMP (26), PCP
(27), MD-354 (28).

Spurny et al.’™®

conducted a study to identify potential allosteric sites on the human o7
nNAChR-snail AChBP chimera ECD by employing fragment-based screening, surface
plasmon resonance (SPR) studies, and X-ray crystallography. The screening and SPR

studies identified five fragments, and electrophysiological studies indicated that these

fragments were NAMs of a7 nAChR."® The crystal structure of these fragments with the
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human a7 nAChR-snail AChBP chimera led to the identification of three allosteric binding
sites — one near the N-terminal ECD, another in the intrasubunit pocket in the vestibule
of the receptor and the last one in the pocket below the agonist binding site (agonist

subpocket).'®

f. Silent allosteric modulators (SAMs)
SAMs are allosteric modulators that do not alter the activity of orthosteric ligands but
inhibit the effect of other allosteric modulators.’®® Gill-Thind et al.”®® reported two
compounds, 2,3,5,6MP-TQS (29, Figure 13) (cis-trans-4-(2,3,5,6-tetramethylphenyl)-
3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinoline-8-sulfonamide) and 2,4,6MP-TQS (30,

Figure 13) (cis-trans-4-mesityl-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinoline-8-

2,3,5,6MP-TQS (29) 2,4,6MP-TQS (30) 2,AMP-TQS (31)

Figure 13. SAMs of nAChRs - 2,3,5,6MP-TQS (29), 2,4,6MP-TQS (30) and
the allosteric agonist 2,4MP-TQS (31).
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sulfonamide) which, by themselves, did not elicit a response in a7 nAChRs and neither
did they potentiate agonist-evoked currents. However, they inhibited the currents evoked
by an allosteric agonist 2,4MP-TQS (31, Figure 13) (cis-cis-4-(2,4-dimethylphenyl)-
3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinoline-8-sulfonamide) (reported by the same

group), hence acting as SAMs of o7 nAChRs."®

g. Ago-PAMs
A ago-PAMs, are PAMs that are capable of inducing an agonist-like response in the

receptor, in the absence of the orthosteric agonist.'®

4BP-TQS (32) GAT-107(33)
Figure 14. Ago-PAM of nAChRs with the racemate

4BP-TQS (32) and its resolved (+)-enantiomer, GAT-
107 (33).

A structural analog of the previously mentioned SAMs, 2,3,5,6MP-TQS and 2,4,6MP-

TQS, 4BP-TQS (32, Figure 14) (4-(4-bromophenyl)-3a,4,5,9b-tetrahydro-3H-
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cyclopenta[c]quinoline-8-sulfonamide), is not only an allosteric agonist but also a type-ll
PAM.""1%8 Although initially studied as the racemate, the enantiomers of the compound
were separated by chiral HPLC to reveal, GAT-107 (33, Figure 14), the (+)-enantiomer

(stereochemistry-3aR,4S,9bS) of 4BP-TQS to be the most potent."®

h. Agonist binding site
Agonists (e.g. ACh) bind at the interface of two subunits — designated as the principal and
complementary subunits.’® The o subunits in all cases form the principal component
while the complementary component is usually provided by a non-a subunit, except in
the case of homopentameric o7 nAChRs, wherein all subunits are a.7.'®® Therefore,
based on the composition of NAChRs (heteromeric vs homomeric), the number of binding
sites range from 2-5. The amino acids that are involved in the ligand-binding domain of
o7 nAChRs are Tyr115, Trp171 and Tyr217. Additionally, the residues Cys212 and
Cys213 are involved in a disulfide bond within the C-loop of the ECD. Two other cysteine
residues, Cys 150 and Cys164, separated by 13 amino-acid residues form the

characteristic disulfide bond that gives the receptor family the name, “Cys-loop” receptors.
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lll. Rationale and Specific Aims

Although a vast number of hypotheses (as described previously) offer pathophysiological
explanations for AD, only the cholinergic hypothesis is supported by 4 out of 5 FDA-
approved drugs for treating AD.® One of these drugs is the natural alkaloid galantamine
(3, Figure 1), that is used to treat mild-to-moderate forms of AD and exerts its effect by a
poor, reversible inhibition of AChE.®° Unlike the other, currently FDA-approved drugs,
galantamine is also a PAM at neuronal nAChRs.*"™® Perhaps the cholinergic deficiency
in AD is ameliorated by galantamine by its combined AChE inhibition and nAChR PAM
activity. However, galantamine can act as a nAChR-PAM at concentrations lower than
those required for it to act as an AChE inihibitor.”® %219 Therefore, galantamine’s clinical
benefits might be primarily associated with its NAChR-PAM effect and, at a secondary
level, by its AChE inhibitory action. To explore this possibility, it is essential to separate
the nAChR-PAM component from the AChE inhibitory portion, in terms of chemical
structures. The overall, long-term goals of this project are: 1) To identify and separate the
structural features of galantamine that are required for nAChR-PAM activity from those
required for AChE inhibition; 2) To study the ligand-receptor interactions using molecular
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modeling studies; 3) To determine the pharmacological profile of galantamine and its

deconstructed analogs for a7 nAChR.

The specific aims of this project are;

Specific Aim 1: To identify the minimum structural features of galantamine that
will retain the PAM action at human a7 nAChRs.
Approach

a. Perform a 3D overlap of the structural features of galantamine (3, Figure 1) with

codeine (8, Figure 5).

Codeine (8, Figure 5), another o7 nAChR PAM bearing structural resemblance to
galantamine (3, Figure 1), lacks inhibitory action at AChE.** A 3D overlap between the
two molecules will be performed to ascertain common, shared structural features. Hence,
given the similarities between the two molecules, the differences might afford some clues

to what is required for the PAM action that is common to both agents.

Hypothesis
If the dissimilarities in the 3D overlap of codeine and galantamine account for their
contrasting action at AChE, then deconstructed analogs of galantamine lacking these

moieties should retain the nAChR-PAM action of their parent, galantamine (Figure 17).
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b. Based on Approach 1a, synthesize smaller, structurally-abbreviated analogs of

galantamine by employing the deconstruction approach.

To unravel the minimum structural features (pharmacophore) of galantamine that are
required to exert its PAM effect at a7 nAChRs, the deconstruction approach will be
employed. “Deconstructing” a parent molecule involves removal of particular structural
features one at a time, resulting in smaller, structurally abbreviated analogs. In such a
way, the influence of these features on the biological target of interest can be studied.'®
In terms of structure, galantamine houses a furobenzazepine, benzofuran, benzazepine,
phenylpropylamine and benzylamine scaffold (Figure 15). The analogs that will retain
most of the structural features will be those that are a product of deconstructing the
substituents on the phenyl (methoxy group), cyclohexyl (hydroxyl group or double bond)
and/or the azepine ring (N-methyl group). The most deconstructed analogs will be those
belonging to the benzylamine scaffold, bearing only the phenyl ring and the alkyl amine

portion of galantamine (Figure 15).

Deconstructing the molecule to any of these scaffolds will determine the influence of the
trimmed portions on the PAM effect of galantamine at a7 nAChRs. Ultimately it is of

interest to tease out the structural components that are essential for PAM activity at a7

NAChRs from those that participate in AChE inhibition.
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Benzylamine

\ / Modified galantamine
Phenylpropylamlne

T o &

) H5CO
= Furobenzazepine

Benzazepine / \

o)

3-Substituted benzofuran

Figure 15. Galantamine (center; black) and some probable deconstructed
analogs. The structural features that can be deconstructed are colored grey.
The scaffolds represented in this figure are the “modified galantamine” (violet),
furobenzazepine (blue), benzofuran (green and yellow), benzazepine

(magenta), phenylpropylamine (red) and benzylamine (teal).

The deconstructed analogs with minimal modifications will be dictated by the 3D structural
overlap of galantamine and codeine and will be specified in the results and discussion. In
order to identify the PAM pharmacophore for a7 nAChRs, galantamine can be

systematically deconstructed to its smallest analog belonging to the benzylamine scaffold
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(Figure 15). The benzylamine scaffold is a deconstructed form of the benzazepine
scaffold, which in turn is borne out of the furobenzazepine scaffold (Figure 15). Cleaving
the cyclohexenol ring of galantamine will result in 7-methoxy-2-methyl-1,2,3,4,4a,5-

hexahydrobenzofuro[4,3-cd]azepine (34; ‘furobenzazepine’ scaffold; Figure 16).

H;C
CPH3 N
N
(0]
H,CO © OCH,
34

\Galantamine (3)

Figure 16. Deconstruction of galantamine to 34.

Trimming the 2,3,4,7-tetrahydroazepine ring of 34 will give rise to two types of benzofuran
analogs depending on which side of the ring is deconstructed. Deconstructing the azepine
ring from the phenyl side (A, Figure 17) will result in N,N-dimethyl-2,3-dihydro-7-methoxy-
3-benzofuranethylamine (35). For the purpose of this initial study, the deconstructed

analogs with a chiral center (such as 35) will be synthesized as racemic mixtures.
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Abbreviating 34 from the dihydrofuran side of the azepine ring (B, Figure 17) will result in

4-(N,N-dimethylamine)methyl-7-methoxy-2,3-dihydrobenzofuran (36).

4 S )

OCH,4
\ 36 /

Figure 17. Selective deconstruction of the azepine ring of analog 34.

A tertiary degree of alkylation of the amine in both, 35 and 36 will be retained by having

methyl groups to match the tertiary amine of not only 34 but also the parent, galantamine.

Another way of abbreviating 34 will be to deconstruct the dihydrofuran ring to 6,7-
dimethoxy-2-methyl-1,3,4,5-tetrahydro-2H-benzo[clazepine (37) (Figure 18). Removal of
the 6-methoxy group from 37 will result in 7-methoxy-2-methyl-1,3,4,5-tetrahydro-2H-
benzo[c]azepine (38) (Figure 18).
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0O OCHj
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\ 34 37 38 j

Figure 18. Deconstruction of dihydrofuran ring of analog 34.

Dissecting the azepine ring from either side of the amine results in analogs belonging to
the benzylamine and phenylpropylamine scaffold (Figure 19). Compound 37 can be
deconstructed at the 1-9a bond (Figure 19) to give 3-(2,3-dimethoxyphenyl)-N,N-
dimethylpropylamine (39). Further removal of the 2-methoxy substituent in 39 results in

3-(3-dimethoxyphenyl)-N, N-dimethylpropylamine (40) (Figure 19).

HsC HsC \

HsC’ HsC’

OCHs
OCHs OCH,

39 40 /

Figure 19. Deconstruction of the azepine ring of analog 37 to
form the phenylpropylamine analogs 39 and 40.
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Finally, deconstruction of compound 37 will result in the benzylamines 41 and 42 (Figure
20). Selectively cleaving the 5-5a bond in 37 gives rise to 3,4-dimethoxybenzyl-N,N-
dimethylamine (41, Figure 20). Analog 42 (3-methoxybenzyl-N,N-dimethylamine) is a

des-methoxy analog of 41 (Figure 20).

N
“CHjg NCH,
OCH,
OCH3 OCH3 OCH3

\ 37 41 42 j

Figure 20. Deconstruction of the azepine ring of analog 37 to form
the benzylamine analogs 41 and 42.

The phenylpropylamines 39 and 40, and the benzylamines 41 and 42 will determine
whether the presence of the complete azepine ring contributes towards PAM activity at

a7 nAChRs.

Specific Aim 2: To study the molecular interactions of galantamine and its
deconstructed analogs with the human a7 nAChR by molecular modeling.
Approach:

a. Generate 3-dimensional homology models of the human o7 nAChR.
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As of early 2018, there are no crystal structures of the human a7 nAChRs. Therefore, in
order to study the interactions of galantamine and its proposed deconstructed analogs,
homology models of human a7 nAChRs will be generated from a suitable template. Most
of the structural information about NAChRs comes from the crystal structures of the ACh-
binding protein (AChBP) from Lymnaea stagnalis (Ls-AChBP; PDB ID: 119B),"®" whole
crystalline array of nAChRs from Torpedo maromorata (PDB ID: 2BG9),"%>'%® and the
ECD of the mouse a1 subunit of the nAChR (PDB ID: 2QC1)." AChBP is a soluble
molluscan protein that is found in glial cells and is capable of modulating cholinergic
transmission.'®'% |t is a protein 210 amino-acids long, which resembles and aligns with
the ECD of nAChRs (especially the a subunit) but, unlike nAChRs, the AChBP lacks a
TMD and an ICD."®" AChBP shares a 23.9% sequence identity in its 210 amino-acid
residues with a7 nAChRs while the mouse a1 nAChR subunit shares a 38% identity.'®>"%
AChBP is also isolated from other species of snails such as Aplysia californica (Ac-
AChBP), which is most widely used for crystallization.'®® However, the ligand-binding site
in NAChRs is most comparable to Ls-AChBP as it retains all of the five aromatic amino
acids that are conserved in nAChRs as opposed to Ac-AChBP.'®® To date, more than 50
crystal structures of AChBP with agonists and antagonists have been deposited in the

protein data bank.'®® However, the crystal structure that provides 64% sequence identity

to the human o7 nAChR is the chimera of Ls-AChBP and human o7 nAChR."®°

Prior to this, a number of homology models of a7 nAChRs have been

generated.'*®1%8 170171 gchapira et al.'® based their homology modeling (of various
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NAChR subtypes, including a7) on the Ls-AChBP crystal structure to dock ACh and
nicotine. Cheng et al."”" generated homology models of human a7 nAChRs based on the
T. marmorata (TMD) and Ls-AChBP (ECD) crystal structures to study gating motion.
Using these homology models, another group performed molecular docking studies to
identify potential binding sites for the PAMs PNU-120596 and LY-2087101 in the TMD of
a7 nAChRs."*® Brannigan et al."”? conducted molecular dynamic simulations on the T.
marmorata nAChR crystal structure to identify potential binding sites of the general
anesthetic isoflurane. Another group employed a blind docking approach using the
homology model of the a7 nAChR TMD to establish the binding site of the PAMs, NS1738
and PNU-120596."*® In our laboratory, in the past we had based and generated homology
models of human a7 nAChRs on the chimera of Lymnaea stagnalis acetylcholine-binding
protein (AChBP)-human a7 nAChR crystal structure. This work was initially carried out

by a graduate student (at the time) in our laboratory, Osama I. Alwassil.'"®

The template that will be used for building the homology models is the crystal structure of
the snail acetylcholine-binding protein (AChBP)-human a7 nAChR chimera (PDB ID:

3SQ6) bound to epibatidine.

b. Dock and analyze the interactions and possible binding modes of galantamine

and its deconstructed analogs at homology models of the a7 nAChR.
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Specific Aim 3: To determine a pharmacological profile of galantamine and

its deconstructed analogs at human a7 nAChRs by two-electrode voltage

clamp (TEVC) techniques.
The Xenopus laevis oocyte is a widely employed heterologous expression system for ion
channels, transporters, and receptors.’”* The main advantage is the large size (1-1.2 mm
diameter) of an oocyte, which makes operations such as mRNA microinjections and
impaling with electrodes possible.’>'"® Another advantage of using oocytes for ion
channel expression is that the oocytes themselves do not express a significant number
of receptors or ion-channels.'* This allows for an uninterrupted study of the protein (in
our case, human o7 nAChRs) of choice.'” Even if there are endogenous channels being
expressed, the currents from these are generally much smaller than those generated by
the expressed receptor of interest.'* Following the microinjection of complementary RNA
or complementary DNA (into the nucleus), the subsequently expressed protein can be
studied via electrophysiological methods in a semi-automated manner."”*'”® For
recording whole-cell currents of oocytes, the two-electrode voltage clamp (TEVC)

technique is considered to be an established approach.'”’

In the TEVC, the voltage across the oocyte membrane is “clamped” or controlled and the
currents flowing through the expressed channels are measured."”® One electrode is the
voltage recording electrode (ey) that monitors the membrane potential in the oocyte
(Figure 21). The electrode ey compares this potential to the command voltage which is
set at a particular number (Figure 21). Exposure of the expressed ion-channels to agents
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such as agonists, will cause the channels to open and allow ions to flow through the
membrane. This causes a change in the overall membrane potential which is detected by
ey and compared to the bath potential to give the difference Vi, (Figure 21). The V, is
then compared to the command voltage and the difference between the two is supplied

as current through the second (current-injection) electrode, e, to the oocyte (Figure 21).

Command

m7n

Figure 21. Schematic representation of the components of a TEVC set-
up. The output from the electrode ey is compared to the potential of the
bath electrode and the difference is indicated by Vm. The potential Vm is
then compared to the command voltage and the difference is injected to
the electrode through the current electrode e|. The bath electrodes are
denoted by blue-colored cylinders. Adapted from Stiihmer et al.’®
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The current supplied to maintain the membrane potential is the parameter that is
measured in these experiments. For nAChRs, the current generally presents an inward
rectification, meaning that the ion channel allows more current to flow towards the

cytoplasm.'®179

The overall aim of this project is to unravel the pharmacophore of galantamine for its PAM
action at human o7 nAChRs. Thus, it will be essential to determine the activity of the

deconstructed analogs in an AChE inhibitory assay with galantamine as a positive control.
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IV. RESULTS AND DISCUSSION

Specific Aim 1: To identify the minimum structural features of galantamine that will

retain the PAM action at human o7 nAChRs

a. Perform a 3D overlap of the structural features of galantamine (3, Figure

1) with codeine (8, Figure 5).

A 3D overlap of galantamine with codeine was carried out while focusing on three different
regions of the structure of galantamine — left-side, central and the right-side portions

(Figure 22).

The overlap (Figure 23) revealed a superimposition of the left-side portion bearing the
phenyl ring and the methoxy group. The structural features that also overlapped well were
the tertiary amines and the dihydrofuran rings between the two molecules. In contrast to
this, the right-side portion of these molecules were oriented differently in 3D space (Figure
23). Therefore, the structural features that displayed a good overlap, such as the phenyl
ring, the methoxy group, the dihydrofuran ring and the tertiary amine in both of these
molecules might participate in the nAChR-PAM action (Figure 23). Similarly, the region
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of poor overlap consisting of the differently oriented cyclohexene double bond and the
hydroxyl group (Figure 23), might explain why galantamine (3) is an AChE inhibitor

whereas codeine (8) is not.

Figure 22. Division of galantamine’s
structure into three parts. The “left-
side” (red) portion consists of the
phenyl ring with the methoxy group.
The “central” portion (yellow) is
comprised of the tetrahydroazepine
ring with the tertiary amine and the
dihydrofuran ring. The “right-side”
(blue) portion contains the
cyclohexene ring with the allylic
hydroxyl group.

On the basis of this observation, the position of the double bond and the hydroxyl group
in galantamine (3), perhaps, is not important for its nAChR-PAM activity. However,
modifications to these two features has a drastic effect on AChE inhibition. Reduction of
the cyclohexene double bond (right-side portion, Figure 22) of galantamine results in
lycoramine (6) (Figure 24). An in vitro study reported that at 10 uM galantamine (3)
inhibited 93% of cortical AChE activity obtained from mouse brain samples.? At the same
concentration, lycoramine (6) inhibited only 30% of AChE activity.”® In an electric eel
AChE inhibitory assay, the ICs( of galantamine (3) was 1.07 uM while no inhibitory activity

could be detected for lycoramine (6)."®
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Codeine (8)

A B C

Figure 23. 3D structure of galantamine (yellow-colored sticks) and codeine
(salmon-colored sticks). Frame A highlights the “left-hand” side of the overlap
consisting of the phenyl ring with the methoxy group and the tertiary nitrogen
atom. Frame B highlights the overlap of the dihydrofuran oxygen atom in both of
these molecules. Frame C displays the dissimilar orientation of the cyclohexene
ring and the hydroxyl group in both galantamine and codeine.

59



Conversion of the hydroxyl group in galantamine (3) to a carbonyl group results in
galanthaminone (43, Figure 25), also known as narwedine. In the previously mentioned
mouse cortical AChE inhibitory assay, 43 (Figure 25) could inhibit only 10% of the enzyme
activity at 10 pM.%® The ICsgs of galantamine (3), lycoramine (6), and galanthaminone (43)

against human erythrocyte AChE were 1.7, 456, and 281 uM, respectively.'®’

CHs
N
OH
(0]
HsCO
(’{“‘IH?’ Lycoramine (6)
&= CI:HS
N
(@]
(5
Galantamine, 3 o

HsCO

Deoxygalantamine (44)

Figure 24. Deconstruction of the cyclohexenol ring in galantamine (3)
results in 6 and 44.
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As previously discussed, the crystal structure of hrAChE co-crystallized with galantamine
H.C revealed that the hydroxyl group acts as a hydrogen
3

bond donor in an interaction with the negatively-

N
O 6 0 charged oxygen atom of Glu199. Oxidation of the
O

HsCO hydroxyl group of galantamine 3 to 43 results in a
Galanthaminone (43) -
loss of activity, perhaps due to the loss of a hydrogen
Figure 25. Structural deriva- ponding interaction. Since modifications of the
tive of galantamine (3), galan-
thaminone (narwedine) (43).  hydroxyl group of galantamine (3) result in reduction
in AChE inhibition, perhaps complete removal of the group might drastically affect

inhibitory activity.

Replacement of the hydroxyl group of galantamine (3) with a hydrogen atom will result in
the deconstructed analog deoxygalantamine (44) (Figure 24), whereas the reduction of
the double bond will result in lycoramine (6), another deconstructed analog (Figure 24).
Synthesis of lycoramine (6) was attempted in two ways (Scheme 1). The first route
involved the hydrogenation of the commercially available hydrobromide salt of 3 under
pressure using Pd/C (10%). However, the reaction resulted in the formation of multiple
products and isolation of the desired hydrobromide salt of 6 proved to be difficult. The
second route of synthesis involved a two-step process starting from the hydrobromide

salt of 3. The salt was converted to its free base, 3, using ammonium hydroxide according
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to a procedure reported in literature.?® The reaction resulted in a poor yield of a sticky
solid that required a period of days to dry in a dessicator or under vacuum.

To avoid this, caution had to be taken to ensure that the ammonium hydroxide and
solvents used for extraction were added in specific proportions, to 3 HBr, as reported in

the literature.?®

Scheme 1. Preparation of lycoramine (6).?

HeC  py
N

0 \ HsC HaC e
H,CO N N
3 HBr
O o o

3 6 HCI

®Reagents and conditions: (i) Hz, 10% Pd/C, MeOH, 10 psi, 22 h; (ii) NH,OH, 0°C

for 30 min, rt for 2 h; (iii) Hz, 10% Pd/C, MeOH, 40 psi, 22 h; (iv) HCI/EtOH.

The hydrochloride salt of lycoramine (6) was eventually synthesized by hydrogenating the
free base of galantamine (3) using Pd/C (10%) as catalyst. In the literature, the reaction

was carried out for 10 h;?>® however, at this time-point the reaction indicated the presence
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of starting material, so the reaction was allowed to continue until it was consumed, for a

total of 22 h, with constant monitoring.

Synthesis of compound 44 was attempted in three steps, with the synthesis of
intermediate 45 being attempted by five different methods, as highlighted in Scheme 2.
The procedure to synthesize compound 45 from compound 3 was reported in the
literature.?® However, in our hands, the reaction never went to completion and isolation of
the different products proved to be difficult. A variation of the conditions using EtsN instead
of pyridine as base'®? resulted, again, in multiple products which were difficult to isolate.

Another procedure by Perissutti et al.'®

reported the synthesis of compound 45 by
treating compound 3 with thionyl chloride in toluene as solvent. The reaction did not go
to completion but indicated the presence of fewer products by TLC. However, isolation
was troublesome and the work-up reported in the literature indicated formation of

compound 45 as a free base. The reaction possibly resulted in the formation of a mixture

of the hydrochloride salt (from thionyl chloride reaction) of 3 and 45.

Failed attempts at purifying and isolating compound 45 often resulted in mixtures of
compound 45 contaminated with starting material. An attempt was made to reduce this
impure mixture, with the hope that perhaps the isolation of the compound 44 might

become possible. The reduction reaction of compound 45 was attempted using
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LiEtsBHs,'® however, the reaction gave additional products, which only made it more

difficult to isolate and characterize 44.

Scheme 2. Attempted synthesis of compound 44.7

HsCO HaCO H3CO
3, HBr 3 vii

HaC

s

HaCO
44

®Reagents and conditions: (i) NH,OH, 0°C for 30 min, rt for 2 h; (ii) TsCl, pyridine,
CHCly, rt, 24 h; (iii) TsCI, EtsN, CH,Cly, rt, 24 h; (iv) SOClI,, EtsN, toluene, 55 °C, 2 h

(v) SOCIy, toluene, 55 °C, 2 h; (vi) SOCly, reflux, 2 h; (vii) 1M solution SuperHydride®
(LiEtsBH3) in THF, reflux, 2 h.

A variation of the chlorination reaction was reported in an article by Wildman et al.'® and
in a dissertation by Brown'® for a compound, habranthine, that has a similar structure to
3. Although this reaction did not go to completion, it resulted in the least number of

additional products and finally, compound 45 was isolated, albeit in poor yield (6%). Both
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of these reactions and their various conditions proved to be very low-yielding and the
additional high cost of the starting material, 3, made it difficult to set up reactions on a

large scale. The synthesis of 44 was abandoned.

b. Based on Approach 1a, synthesize smaller, structurally-abbreviated

analogs of galantamine by employing the deconstruction approach.

The synthesis of compound 35 and attempted synthesis of 34 is outlined in Scheme 3.
The advantage of following this route was that compounds 34 and 35 shared a common
precursor, 49. The synthesis of compound 49 from 46 has been reported in the
literature.'®*"% The reaction conditions for these four reactions were followed according

to those reported for a similar analog.'®%'*"

A Wittig reaction of the commercially available compound 46, using the phosphonium
ylide, carbethoxymethylene triphenylphosphorane, gave 47. The ester group of 47 was
reduced to an alcohol using LiAlH4 to give 48. The hydroxyl group of 48 was converted to
its tosylate 49 (a better leaving group) by a reaction with tosyl chloride. Compound 49
was subsequently reacted in a sealed tube with dimethylamine via a nucleophilic
substitution reaction to give 50. The free base of amines can inhibit or poison catalysts
such as palladium during hydrogenation reactions.’ To avoid this, compound 50 was

converted into its HCI salt and then reduced by catalytic hydrogenation using Pd/C (10%)
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to give 35. The reduction is reported in the literature for a similar compound.'®* Compound
35 contains a chiral center and it was synthesized as a racemate. A molecule similar to
35 but devoid of a chiral center is 50. Although not a true deconstructed analog of

galantamine (3), compound 50 was also submitted for biological testing.

A way to synthesize compound 34 was to prepare the N-monomethyl analog of 50, which
could then be cyclized to an azepine ring by a Pictet-Spengler reaction. To achieve this,
tosylate 49 was reacted with methylamine to form 51 which was reduced successfully by
catalytic hydrogenation using Pd/C (10%) to give 52. To cyclize the amine, a Pictet-
Spengler type reaction using paraformaldehyde and trifluoroacetic acid was attempted on
compound 52. Youn'® reported a Pictet-Spengler cyclization on a benzofuran scaffold.
To ensure that the cyclization would occur preferably on the 4-position and not 2-position
of the benzofuran ring, the aromaticity of the furan ring of 51 was eliminated by reducing
it to a dihydrofuran ring (i.e., 52). However, this reaction, tried at two different scales
resulted in multiple products (as visualized on TLC), which were difficult to separate and

isolate.

For reasons similar to compound 50, compound 51 was also submitted for biological
evaluation. No additional reactions were carried out to synthesize these analogs as they
were intermediates in Scheme 3, hence it was feasible to submit these for evaluation.
Additionally, compound 52, another intermediate, was also submitted as a deconstructed

analog.
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Scheme 3. Preparation of compounds 34 and 35.7

o g

=

OCHj OCH3
46 a7 48 iV
HSC . HClI
V| Vii
35
OCHj OCH3
(\E% (;% viii ; ;
OCH3 OCH3 OCH3
34 52 51

®Reagents and conditions: (i) PhsCHCOOEt, toluene, reflux, 22 h; (ii) LiAlH4, THF,
rt, 1 h; (iii) TsCl, CH.ClIy, rt, 20 h; (iv) (CH3)2NH, K2CO3, 120 °C, 4 h, sealed tube;
(v) Hz, 10%Pd/C, glacial CH3COOH, 30 psi, 18 h; (vi) CH3NH,, K.COs3, 120 °C, 4
h, sealed tube; (vii) HCI/EtOAc, EtOAc; (viii) 10% Pd/C, H,, glacial CH;COOH, 30
psi, 18 h; (ix) (-CHz-),, CF3COOH, CICH,CH,CI, rt, 24 h.
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After the failure to synthesize compound 34, a variation of Scheme 3 was employed. The

195

design of Scheme 4 was based on the literature procedure *° that reported the successful

Pictet-Spengler-type cyclization of the azepinone ring in galantamine.

The ester 47, synthesized according to the procedure described in Scheme 3, was
hydrolyzed by the base NaOH to the acid 53 (Scheme 4). For the formation of amide 54,
the acid 53 was first converted to an acid chloride followed by a nucleophilic substitution
reaction with methylamine. The synthesis of the acid chloride was attempted in three
different ways. Initially, the acid chloride was obtained by reacting 53 with oxalyl chloride
with a catalytic amount of DMF to give the product 54 in 94% yield (Scheme 4). However,
the reaction was not reproducible probably due to trace amounts of moisture/humidity. To
avoid this, another reaction was attempted using oxalyl chloride as a solvent (neat
reaction, 81% yield). For the sake of comparison, a third reaction with thionyl chloride
(71% yield) as a solvent was attempted. All three reaction conditions were capable of
forming the acid chloride and also the product 54 upon reaction with a freshly prepared
solution of methylamine in THF. Additional scale-up reactions were performed using

thionyl chloride as it was readily available in the laboratory.

The conversion of the ester 47 directly into the amide 54 was also attempted by treating
47 with methylamine and heating (66 °C) in a sealed tube for 6 days. The yield from this
reaction was poor (18%) as compared to the yield via formation of 53 (91%) and hence,

this route was not pursued any further.
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The furan ring in 54 (Scheme 4) was reduced to the dihydrofuran ring in 55, similar to
Scheme 3, by catalytic hydrogenation using Pd/C (10%). A Pictet-Spengler reaction of
55, resulted in the furobenzazepinone 56. The final product, 34 was obtained upon

reduction of the amide carbonyl group in 56 using BH3-THF.

Scheme 4. Preparation of compound 35 via a different route.”

X l
0] O O 0]
H3C. H,C.
- ° HO i N N
N i N iv, iii N Vi
0 (0] v, iil O 0]
.0 .0 .0 )
H3C H3C H3C H3C O
47 53 54 55
Vii
HsC  He
N
viii, iX
o)
.0 )
H,C H,C~
34 ¥ 56

aReagents and conditions: (i) 1N NaOH, rt, overnight; (ii) (COCI),, DMF, CH,CL,, rt,
overnight; (iii) NH,CH, in THF, rt, overnight; (iv) SOCI,, rt, 4 h (v) (COCI),, rt, 4 h (vi)
10% Pd/C, H,, MeOH, 30 psi, 36 h; (vii) (-CH,-),, CF,COOH, CICH,CH,CI, rt, 24 h;
(viii) BH,-THF, THF, reflux, overnight; (ix) HCI/EtOAc; (x) CH,NH, in THF, sealed tube,
66 °C, 6 days.
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The synthesis of compound 36 was carried out in 6 steps as outlined in Scheme 5 with
commercially availble 5-bromo-2-methoxyphenol (57) as the starting material. Synthesis
of compound 58 was attempted by treating compound 57 with 1-bromo-2,2-
diethoxyethane in the presence of NaH (60% dispersion in mineral oil) in DMF. The
reaction did not seem to progress even after 6 h and work-up resulted in the recovery of
a majority of the starting material. Another alternative was to treat 57 with 1-bromo-2,2-
diethoxyethane in DMF with K,CO3 as a base, which resulted successfully in 58. Reaction
of compound 58 with polyphosphoric acid resulted in the cyclized benzofuran 59. The first
step towards introducing the N,N-dimethylamine portion in the 4-position involved

substituting the bromo group in 59 with a nitrile 60.

This cyanation reaction was initially carried out successfully with zinc cyanide and a Pd
catalyst, Pd(PPhs)s in DMF. However, isolation of the product was tedious, requiring
extensive extractions, filtrations, and separation by column chromatography. Also, the
product yield was sensitive to the reaction scale, giving better yields (~40%) at scales
<200 mg than at >800 mg (~18% vyield). Another potential issue was the “freshness” of
the palladium catalyst used. The catalyst was sensitive to moisture and it was possibly

less active upon being stored for long periods of time.
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Scheme 5. Preparation of compound 36.°

Br
OCH3 OCH3 OCH3
57
VI Vii
CHy
_N HoN H,N . HCI
C
iX Viii
o] o]
OCH,4 OCHj, OCH3
36 62 61

®Reagents and conditions: (i) 1-Bromo-2,2-diethoxyethane, NaH 60% dispersion in
mineral oil, DMF, reflux, 6 h; (ii) 1-Bromo-2,2-diethoxyethane, K,CO3, DMF, reflux, 2
h; (iii) Polyphosphoric acid, chlorobenzene, 120 °C, 1 h; (iv) CUCN, DMF, reflux, 24 h;
(v) Zn(CN),, Pd(PPh3)4, DMF, 100 °C, 22 h ; (vi) LiAlH4 in THF, rt, 1 h; (vii) HCI/EtOACc;
(viii) 10% Pd/C, MeOH, 35 psi, 24 h; (ix) HCHO, NaCNBHs;, ZnCl,, CHClI, rt, 24 h.

A solution that could circumvent the above-mentioned issues was to carry out a

Rosenmund von Braunn reaction’®® which uses CuCN and DMF as solvent. The vyields

obtained from this reaction were consistently ~40% irrespective of the reaction scale, and

isolation of product was also less tedious.

Following the Rosenmund von Braunn reaction, the nitrile group of 60 was reduced to

the amine 61 using LiAlH4. Prior to the Eschweiler-Clarke reaction, the furan ring in 61
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was reduced to a 2,3-dihydrofuran, 62, by catalytic hydrogenation using Pd/C (10%).
Methylation of 62 was carried out by an altered form of the Eschweiler-Clarke reaction
using formaldehyde, sodium cyanoborohydride (instead of formic acid), and zinc chloride

to give the final product, 36.

The azepine ring of 37 was constructed in a 5-step process (Scheme 6) from substituted
phenylpropionic acid 63. The acid chloride of compound 63 was reacted with aqueous
methylamine under Schotten-Baumann conditions, to give the amide 64. A Pictet-
Spengler-type cyclization reaction of 64 resulted in the benzazepinone 65. The final

product, 37, was obtained upon reduction of amide 65 with BH3- THF.

Scheme 6. Preparation of compound 37.°

3

el
: ;OCH3 ; ;OCHs i ;OCH3 &CHS

63 64 65 37
aReagents and conditions: (i) SOCI,, reflux, 2 h; (ii) 40% aq. CH,NH,, NaHCO,, 0-4

°C, 1 h; (iii) (-CH,-),, CF,COOH, CICH,CH.CI, rt, 24 h; (iv) BHs- THF, THF, reflux,
overnight; (v) HCI/EtOAc, EtOAc.
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Similar to its 2,3-dimethoxy counterpart, 64, the synthesis of the amide 67 was attempted
by reacting the acid chloride of 66 with aqueous methylamine. Even though TLC indicated
the consumption of 64, an IR spectrum of the reaction did not display the characteristic
peak of an acid chloride carbonyl group (1780-1820 cm™). Subsequent reaction of the
species with aqueous methylamine or methylamine gas resulted in multiple products
which were difficult to separate and characterize. So et al.’®” reported the formation of 67
using the coupling agent, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI).
Interestingly, the authors reported the use of EDCI for the formation of mono methoxy-
substituted phenylpropanamides, while thionyl chloride was used for certain dimethoxy-
substituted phenylpropanamides.’” This indicated that perhaps the mono-methoxy
substituted analogs (such as 67) do not react well with thionyl chloride whereas
dimethoxy-substituted analogs (such as 64) can. Cyclization of compound 67 gave two
benzazepinone analogs, the p-isomer (68) and the o-isomer (69) from the Pictet-

Spengler-type cyclization from 67.
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Scheme 7. Preparation of compound 38.°

o) HsC 0O HiC 0o HsC  Hel
HO . HN N N
i, il
x R' R'
OCH,4 OCH, R R
66 67 _
p-isomer (68) p-isomer (38)

R=-OCH,;R'=-H R=-OCH, R =-H
o-isomer (69) o-isomer (70)

R=-H;R'=-OCH,  R=-H;R=-OCH,

aReagents and conditions: (i) SOCI,, reflux, 2 h; (ii) 40% aq. CH,NH,, NaHCO,, 0-4
°C, 1 h; (iii) EDCI, Et,N, CH,NH,-HCI, CH,CL,, rt, 6 h; (iv) (-CH,-) , CF,COOH,
CICH,CH,CI, rt, 24 h; (v) BHs- THF, THF, reflux, overnight; (vi) HCI/EtOAc, EtOAc.

.97 reported separation of both of these positional isomers by a preparative-HPLC

Soeta
system. In our laboratory, separation of the two was achieved by column chromatography
and both were isolated in the ratio of 3:1 (68:69). Reduction of compounds 68 and 69 with
BH3- THF resulted in the final compounds 38 and 70, respectively. Although not a

deconstructed analog of galantamine, 70 is a positional isomer of 38.
The syntheses of compounds 39 and 40 are outlined in Schemes 8 and 9.
The compounds 63 and 66 were also used as starting materials for the synthesis of the

compounds 39 and 40, respectively. The amides 71 and 72 were synthesized as outlined
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in Schemes 8 and 9, respectively, with the exception that the acid chlorides were reacted

with an aqueous dimethylamine solution.

The final products, 39 and 40 were obtained by reducing the amides 71 and 72 with

BH,-THF.

Scheme 8. Preparation of compound 39.°

HC O HsC . HCl
-N _N
HO HaC HEC
i, ii i, v
OCH,4 OCHj,4 OCHj
OCH,4 OCHj,4 OCHs
63 71 39

aReagents and conditions: (i) SOCI,, reflux, 2 h; (ii) 40% aq. (CHs).NHz, NaHCO,, 0-4
°C, 1 h; (iii) BH3-THF, THF, reflux, 24 h; (iv) HCI/EtOAc.

Scheme 9. Preparation of compound 40"

HC 0O HsC . HCl
N N
Ho . HC™ N\ . . HsC”
I i, Hi
OCH, OCH, OCH,
66 72 40

Reagents and conditions:” (i) EDCI, Et,N, (CH,),NH-HCI, CH,CI,, rt, 24 h; (ii) BH,- THF,
THF, reflux, overnight; (iii) HCI/EtOAc.
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The smallest of the series, benzylamines 41 and 42, belonging to the benzylamine
scaffold, were synthesized in 2 steps (Scheme 10). The aldehydes, 73 and 74 were
converted into their sodium bisulfite adducts, 75 and 76 as a form of purification. A
reductive amination was carried out on the adducts 75 and 76 using sodium
cyanoborohydride and the hydrochloride of dimethylamine, yielding the products 41 and

42.

Scheme 10. Preparation of compounds, 41 and 42°

| . HCI
H 0] HO SO;zNa “CHs
i ii, iii
R R R
OCH, OCH, OCHs
R=-OCH,; 73 R=-OCH,; 75 R =-OCH,; 41
R=-H; 74 R=-H;76 R =-H; 42

Reagents and conditions:” (i) NaHSO, in H,O, EtOH, 30-35 °C for 16 h, 4 °C for 4 h;
(i) NaCNBH,, (CH,),NH-HCI, rt, 20 h; (iii) HCI/Et,O, Et,0.

All target molecules were synthesized as hydrochloride salts, purified and characterized
by methods such as, proton nuclear magnetic resonance ('H NMR), infrared (IR)
spectroscopy and C, H, N analyses (where required), and mass spectrometry (MS)
(where required). The melting points of solid intermediates were also recorded and

compared to literature (where reported).
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Specific Aim 2: To study the molecular interactions of galantamine and its

deconstructed analogs with the human a7 nAChR by molecular modeling

a. Generate 3-dimensional homology models of the human a7 nAChR

1. Amino acid sequence alignment
Although certain residues in the ECD of a7 nAChRs have been identified as being
important for galantamine’s PAM action, the interaction of its deconstructed analogs
needs to be studied. Currently, there is no crystal structure of the human a7 nAChR and
hence, a need to generate homology models. The crystal structure of the Lymnaea
stagnalis-AChBP (Ls-AChBP)-human o7 nAChR chimera, which shares 64% identity with
the ECD of the human a7 nAChR, serves as an ideal template for this purpose. In
particular, the Ls-AChBP-human a7 nAChR co-crystallized with epibatidine was used
(PDB ID: 3SQ6). The primary amino-acid sequences for the human o7 nAChR for the
purpose of alignment with the template was obtained as a FASTA file from the Universal
Protein Resource database (UniProt; Accession code: P36544). The software ClustalO
was used for aligning the amino acid sequence of the target protein to that of the template.
The first 23 amino acids from the N-terminus of the human o7 nAChR were truncated
because the residues corresponding to these were absent in the crystal structure of the
Ls-AChBP-human a7 nAChR chimera (Figure 26). Additionally, none of the residues in

this region were deemed important for interacting with galantamine.’’
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Human a7 ype e pCoVWLALAASLLEVSLOCEFQRKLYKELVKNYNPLERPVANDSQPLTVYFSLSLL
38Q6 ... e - BFQRKLYKELVENYNPDVIPTOR-DRPVTVYFSLSLL
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Huma““7QIMDVDEKNQVLTThIWLQMSWTDHYLQWLVSEYPGVKTVRFPDGQIWKPDILLYLSADE
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khkxxhkhkhxxhhh .. t** *hkhkhkxxhh P ok x t*:i::

Figure 26. Sequence alignment of the template, Ls-AChBP-human o7 nAChR
chimera (3SQ6) and the receptor of interest, human o7 nAChR. The conserved
amino acids are denoted by asterisks (*), while colons (:) and periods (.) indicate
strongly and weakly conserved residues, respectively. Amino acids that were
compared to the template as part of alignment are indicated in red boxes.

The two cysteine residues, Cys150 and Cys164 from the human o7 nAChR, which form
the characteristic Cys-loop were matched with those of the template (Figure 26). The
vicinal cysteines, Cys212 and Cys213 were also matched with the template (Figure 26).
The residues Val220, Thr221, and Phe223 considered to be important'®’ for the
potentiating effect of galantamine at a7 nAChR are conserved between the template and

the desired protein sequence (Figure 26). The residue Val220 is an lle196 residue in the

Since the orthosteric binding site is located at the interface of two subunits of the ECD,

the homology models were built as dimers. The software Modeller 9.12 was employed for
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the generation of 100 homology models of the human a7 nAChRs which were energy-

minimized using SybyIx2.1.

2. Structure validation

To support our homology models, the agonist epibatidine (13, Figure 7) was docked to
the 100 homology models of the human a7 nAChR. The interactions in the docking
solutions were then compared to those seen in the crystal structure of the Ls-AChBP-

human o7 nAChR chimera.

In the chimera crystal structure, the azabicyclo ring of epibatidine is observed to be
located at the center of the “aromatic cage” (Figure 27A)."%° Epibatidine’s bridging amino
group forms cation-r interactions with the indole ring of Trp145.'®® The amine also forms
hydrogen bonds with the back bone carbonyl group of Trp145 and the hydroxyl oxygen
atom of Tyr91."®® Additionally, the chloropyridine ring participates in an edge-to-face
interaction with the indole ring of Trp145."%° From the complementary subunit, residues
GIn114, Leu106 and Leu104 surround the chloro atom of epibatidine to participate in
potential halogen bonds (Figure 27 A).'® In the homology model of the human .7 nAChR,
the docked epibatidine, as in the crystal structure, is located in the aromatic cage of the
ligand-binding domain (Figure 27 B). The azabicyclo amino group of epibatidine forms
hydrogen bonds with Trp145 and Tyr91 (Figure 27B). In the human o7 nAChR homology
model, unlike the chimera crystal structure, the Leu104 is replaced by an asparagine

residue (Asn104) while Trp146 corresponds to Ser146. The chlorine atom of the
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chloropyridine group, similar to the pose in the crystal structure, is oriented towards
GIn114 and Leu106. Additionally, the backbone carbonyl group of Asn104 is in the vicinity
of the chloro group (Figure 27). Despite the close proximity of the chlorine atom of
epibatidine and carbonyl oxygen atom of Asn104 (3.5 A), a halogen bond seems unlikely

due to an unfavorable geometry (Figure 27 B).
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GIn114

Leu116

Trp53

Gin11

Figure 27. A. Structure of epibatidine
(13, yellow-colored sticks) located at
the center of the “aromatic cage” in
the crystal structure of the chimera
Ls-AChBP-human o7 nAChR. The
amine from the azabicyclo group and
the chloropyridine of epibatidine
participate in a number of interactions
with the surrounding residues of the
aromatic cage. Hydrogen bonds (h-
bonds) are denoted by black dotted
lines while halogen-bonds are
denoted by red, dotted lines. The
residues of the receptor are denoted
by teal-colored sticks or cartoon.

B. Epibatidine (13, magenta-colored
sticks) docked in the homology model
of the human o7 nAChR. The
azabicyclo amino group retains the h-
bonds with Trp145 and Tyr91. The
chlorine atom of the chloropyridine
ring of epibatidine is also oriented
towards Leu106 and GIn114 as seen
in the crystal structure.



The structures of the generated homology models were further validated by plotting a
Ramachandran plot (Figure 28). A Ramachandran plot shows the distribution of amino
acids of a particular protein into four types of areas; most favored, additional allowed,
generously allowed or disallowed.' The plot (Figure 28) for the human a7 nAChR
homology model indicates that 89.5% of the residues were in the favored regions while
96.1% were in the allowed region. There were 16 amino acids which were outliers in the
plot. However, none of those residues is part of the site deemed important for binding of

galantamine.
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3. Docking studies

In order to study interactions with the receptor, galantamine and its deconstructed

analogs were docked in the 100 homology models of the human a7 nAChR.

The docking results of galantamine (3) revealed that the molecule was capable of

interacting in primarily two different modes as highlighted in Figure 29.

Figure 29. The homology model (dimer) of the human a7 nAChR is displayed on the left
as a slate-colored cartoon. The image also highlights two molecules of galantamine (3),
in yellow- (mode-1) and magenta- (mode-2) colored sticks, docked near the residue,
Thr221. A close-up image on the right sheds light on the differences between the two
docking poses.

In mode-I of galantamine (3) (Figure 30A), the molecule is oriented in a way that the

oxygen atoms from the hydroxyl group, dihydrofuran ring, and the methoxy group face
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the docking site (principal subunit). The nitrogen atom on the other hand, is oriented away

from the docking site on the principal subunit and towards the subunit interface.

Figure 30. Docking modes-| and
-1l of galantamine at the human
a7 nAChR. The amino acids of
the protein are denoted by slate-
colored sticks. Image A denotes
galantamine in mode-l (yellow-
| colored sticks) while image B
denotes galantamine in mode-I|
(magenta-colored sticks). The
| surrounding Lys  residues,
165,167 and 204 are
| represented by teal-colored
spheres to emphasize their
| “pincer-like” arrangement around
Thr221.

A. Structure of galantamine in
docking mode-l wherein the
three oxygen atoms of the
molecule are oriented towards
Thr221  or docking site.
Hydrogen bonds are denoted by
black-dotted lines.

B. Structure of galantamine in
docking mode-Il wherein the
oxygen atoms are oriented
away from Thr221 and towards
the subunit interface.




In mode-I (Figure 30A), galantamine seems to participate in hydrogen bonds with the
surrounding residues. The oxygen atom from the hydroxyl group in galantamine is
capable of forming hydrogen bonds with the oxygen atoms of Asp219, Ser206, and
Thr221 of the principal subunit (Figure 30A). Also within hydrogen-bonding distance from
Thr221 is the dihydrofuran oxygen atom, while the methoxy group oxygen atom forms a
hydrogen bond with the oxygen atom of Thr223 (Figure 30A). The protonated tertiary
nitrogen atom of galantamine is surprisingly oriented away from the docking site, forgoing
a possible ionic interaction with a nearby Asp219 (Figure 30A). In this mode, the nitrogen
atom faces the subunit interface, and does not make any significant interactions with any
amino acids (Figure 30A). In mode-Il (Figure 30B), the tertiary nitrogen atom faces the
docking site with Thr221 while the three oxygen atoms are oriented away from it. Unlike
mode-|l, galantamine in mode-Il does not participate in any hydrogen bonds with the

amino acids of the docking site (Figure 30).

In order to quantify and study the type of interactions between galantamine and the
nAChR, hydropathic interaction (HINT)'®® analysis was employed for both of these
modes. HINT analysis takes into account both hydrophobic and electrostatic interactions
between any two molecules.’ In this case, the quality of interactions between the ligand
galantamine and the protein, a7 nAChR was quantified. The total HINT score is a
summation of polar and hydrophobic interactions.®® Polar interactions include favorable

acid/base and hydrogen bond interactions.”®® They also take into account unfavorable
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(clashing) interactions such as acid/acid and base/base.’®® In general, the better the HINT
score, the better is the interaction between the ligand and the protein. The total HINT
score for the interactions of galantamine and the nAChR in mode-I and Il were 393 and
261, respectively (Table 2). Despite possessing similar HINT scores, there was a marked
difference in the polar component of the HINT score in the two modes (Table 2). In mode-
I, the multiple hydrogen bonds formed by the oxygen atoms of galantamine with the
residues of a7 nAChR contribute to a high polar interaction score. These hydrogen-
bonding interactions are absent in mode-Il (Table 2) leading to a poor polar interaction
score. Owing to the favorable hydrogen-bonding interactions observed in mode-I, the
probability of this pose is higher than that of mode-Il. Further a comparison to the
homology model of the chicken a7 nAChR in the literature’® reveals a docking pose very
similar to mode-I described here. In their homology model, Luttmann et al.'® displayed a
docking pose of galantamine wherein the oxygen atoms in galantamine were oriented
towards Thr221 (Thr197 in chicken a7 nAChR), Asp219 (Asp195) and Lys167 (Lys143).
All of these residues are also observed in the galantamine docking site in our human o7

NAChR homology model.

Table 2. HINT scores of mode-I and mode-Il of galantamine and the human o7 nAChR
homology model

Galantamine Mode-l Mode-lI
Total HINT Score 393 106
Hydrophobic 411 367
Polar 718 (Thr221, Thr223, Asp219, Ser206) 129
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The two deconstructed analogs, which retain most of the features of galantamine (3) are
lycoramine (6) and the deshydroxygalantamine (44). Lycoramine (6) docks in a manner
similar to mode-| of galantamine (Figure 30) (Figure 31). It retains all of the interactions

of galantamine (3) with the receptor as observed in mode-I (Figure 30A).

Figure 31. Structure of
Lys167| lycoramine (6) (green-colored
sticks) docked at the site
surrounding Thr221. The amino
acid residues are displayed as
slate-colored sticks or cartoon.
Dashed black lines indicate
hydrogen bonds.
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Thr221

Thr223 Lys165

For deshydroxygalantamine (44), the absence of the hydroxyl group costs it hydrogen-
bonding opportunities with Thr221 and Thr223 (Figure 32). The molecule is “flipped” 180

degrees such that the methoxy group oxygen atom is now towards the inside of the ECD,
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while the cyclohexyl group is on the outside (Figure 32). This is in contrast to what is

observed with galantamine (in Mode-I; Figure 30A) and lycoramine (6, Figure 31).

Ser206
Figure 32. Structure of

deshydroxygalantamine (44;
cyan-colored sticks) docked
at the site surrounding
Thr221. The amino acid
residues are displayed as
slate-colored  sticks or
cartoon. Dashed black lines
indicate hydrogen bonds.

Thr221

Thr223

Apart from galantamine (3), lycoramine (6) and deshydroxygalantamine (44) described
so far, only the benzazepine analogs 37 and 38 and furobenzazepine 34 have the tertiary
nitrogen atom constrained in an azepine ring. Even though the furobenzazepine 34
analog lacks the complete cyclohexenol portion of galantamine (3), it still docks with the
remainder of the oxygen atoms oriented towards the docking site (Figure 33). Even
without the hydroxyl group, the molecule still shows a preference for interacting similar to

its parent molecule (Figure 33 and Figure 30A, respectively). The same can be observed
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for the benzazepine analogs (Figure 33). The dihydrofuran oxygen atom in the
furobenzazepine 34 analog forms a hydrogen bond with the hydroxyl oxygen atom of
Thr223 while the methoxy group oxygen atom is also within hydrogen-bonding distance
from the terminal amine of Lys165 (Figure 33). On the other hand, the benzazepine
analogs 37 and 38 participate in hydrogen bonding with Thr221 and/or Lys167 (Figure

33).

Figure 33. Structures of furobenzazepine 34 and benzazepines 37 and 38 docked
at the site surrounding Thr221. The ligands and the amino acid residues are
displayed as purple-, maroon- and mustard-colored and slate-colored sticks,
respectively. Dashed black lines indicate hydrogen bonds.
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The remainder of the deconstructed analogs are ones which have the deconstructed or
cleaved form of the azepine ring. These analogs are the ones belonging to the benzofuran
scaffold 35, 36 and 50-52, the phenylpropylamines 39 and 40, and the structurally
smallest of the series, benzylamines 41 and 42. A trend is observed with these analogs
that have an unconstrained amine group. The flexibility afforded by the benzylamine chain
in 36, 41 and 42, the propylamine chain in 39 and 40, the ethylamine chain in 35 and 50-
52, seems to allow the molecules to form an ionic interaction with Asp219, while

maintaining the hydrogen bonds between their oxygen atoms and Thr223 (Figure 34-36).

Figure 34. Structures of the
benzofuran analogs 35-R isomer
(salmon  pink), 35-S isomer
(magenta), 51 (orange), 50 (yellow),
36 (wheat); 52-R isomer (blue), 52-S
isomer (cyan) docked at the site
surrounding Thr221. The amino acid
residues are displayed as colored
sticks.

Dashed black lines indicate
hydrogen bonds. Red dashed lines
indicate ionically-enforced hydrogen
bonds.
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Figure 36. Structures of the
benzylamines 41 (light green)
and 42 (teal) docked at the site
surrounding Thr221.

The benzylamine nitrogen atom
participates in an ionic
interaction with the oxygen atom
of Asp219 while the methoxy
oxygen atoms of the analogs

form hydrogen bonds with
Thr223.
Dashed black lines indicate

hydrogen bonds. Red dashed
lines indicate ionic interactions.
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Figure  35. Structures  of  the
phenylpropylamines 39 (green) and 40
(purple) docked at the site surrounding
Thr221.

The propylamine nitrogen atom
participates in an ionic interaction with the
oxygen atom of Asp219 while the methoxy
oxygen atoms of the analogs form
hydrogen bonds with Thr223.

Dashed black lines indicate hydrogen
bonds. Red dashed lines indicate ionic
interactions.

Thr223

Asp219

Thr221




There is a trend in terms of how the deconstructed analogs belonging to varying scaffolds
interact with the docking site surrounding Thr221. The analogs which have a nitrogen
atom constrained in an azepine ring, tend to dock similarly to galantamine. By retaining
the docking mode and interactions of the parent molecule, perhaps 6, 34, 37, 38 and 44
will display pharmacological actions that are similar to that of galantamine’s. On the other
hand, deconstruction of the azepine ring, results in analogs, 35, 36, 39, 40, 41, 42, 50,
51, and 52 which dock differently than galantamine. However, all of these analogs dock
similarly to one another, with the nitrogen atom of the flexible alkylamine chain forming
ionic interactions with the Asp219 near the allosteric site, while being within hydrogen
bonding distance to Thr223. Although their interactions and docking mode in the receptor
is different than galantamine, these “non-constrained” analogs still form ionic and

hydrogen bonds with the receptor.

The molecules that dock similar to galantamine share the same interactions that
galantamine displays with the homology model of the human a7 nAChR. Hence, these
molecules might retain galantamine’s PAM activity at the receptor. In contrast, molecules
that display a different docking pose than galantamine, may or may not retain
galantamine’s PAM activity at the receptor. Biological data will be required to confirm
these observations and predictions. All compounds have been submitted for evaluation.

However, biological data are still forthcoming.
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Specific Aim 3: To determine a pharmacological profile of galantamine and its
deconstructed analogs at human o7 nAChRs by two-electrode voltage clamp

techniques.

A preliminary screening (n=1) of compounds was carried out in a TEVC assay with human
a7 nAChRs expressed in X. laevis oocytes. Galantamine and a representative analog
belonging to each of the chemical scaffolds, benzofuran 35 and 50, benzazepine 37,
phenylpropylamine 39, benzylamine 41 and modified galantamine, lycoramine (6) were
chosen for this purpose. The compounds were diluted with ND-96 buffer serially and
screened at concentrations of 1 uM and 100 uM. Unexpectedly, galantamine (3) was also
able to evoke an ACh-like response for a7 nAChRs (Figure 37). The response elicited by
the compounds were normalized against the response elicited by 100 uM ACh. All of the

compounds seemed to elicit an ACh-like response at the two concentrations tested.

This is in contrast to an article reporting the TEVC study of galantamine (at 0.1 and 1 uM)
on ACh-evoked currents in human a7 nAChRs expressed in X. laevis oocytes.? In their
study, galantamine could not activate the ion channels on its own. However, galantamine
was found to activate single channel currents in nAChRs in cultured rat hippocampal

neurons and mouse fibroblasts.®"%°
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It is important to note that the compounds were screened only once in our study at the
human a7 nAChRs expressed in X. laevis oocytes. More detailed and conclusive studies
need to be conducted on these analogs. Additionally, problems were encountered in

terms of getting the ion channel to express effectively in the frog oocytes.
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Figure 37. Electrophysiological data on galantamine and some of its
deconstructed analogs at human a7 nAChRs expressed in X. laevis
oocytes.

This agonist-like effect exhibited by galantamine and its deconstructed analogs was
observed in an experiment that was performed only once and, hence, it is possible that it
might be a false positive. A clamped oocyte might move around the chamber, due to the
force of the sample injections, resulting in further impalement from the microelectrodes,
causing higher leak currents. A test for checking false positives would be to expose the

oocyte to an injection of only the buffer, and a response in this case would indicate that
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the agonist-like responses with the samples could possibly be due to the leak currents

from the impaled oocyte.

From the preliminary study (Figure 37), we determined that galantamine as well as its
deconstructed analogs were capable of activating the receptors on their own.
Galantamine is reported in the literature as being capable of activating single channel
currents at nAChRs. However, overall, the literature tips in favor of galantamine being a
PAM (i.e., lacking agonist-like activity of its own) in whole-cell currents of nAChRs.
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Mutagenesis data indicate that the residue most important for galantamine’s

potentiating effect is Thr221, which is located near the agonist binding site (Figure 38).

Figure 38. The homology model of two ECD subunits of the human a7
NAChR (slate-colored surface) displaying the orthosteric binding site (red-
colored surface) and the galantamine binding site (green-colored
surface).
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The amino acid residues defining the orthosteric binding site shown in Figure 38 are
based on the orthosteric binding site determined from the crystal structures of AChBP co-
crystallized with nAChR ligands."'?% Previous studies have also indicated that at high
concentrations (10 uM), galantamine inhibits agonist-evoked currents.?*"'%? Since the
binding site of galantamine is close to the agonist binding site, it is possible that a high
concentration causes a direct block of the orthosteric site. If this is probable, then
galantamine could also be able to reach and possibly interact with the orthosteric site in
the absence of an agonist. This is supported by the crystal structure of Ac-AChBP co-
crystallized with galantamine, wherein galantamine seems to interact with the ACh-
binding site.?”’ From the single run of the preliminary screening we conducted,
galantamine and its deconstructed analogs show promise as potential agonists. However,
it remains to be seen whether they will also act as PAMs at the human a7 nAChRs. Given
its classification as a PAM, it is possible that galantamine and its deconstructed analogs
could potentially be ago-PAMs. Detailed biological evaluation is forthcoming and will shed

light on whether these molecules are indeed ago-PAMs.
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V. CONCLUSIONS

Of the methods to alleviate the cholinergic deficit associated with AD, positive allosteric
modulation of a7 nAChRs would seemingly represent a unique and underexplored
approach. An advantage that a PAM offers over nAChR agonists, is that it is not capable
of causing receptor desensitization due to prolonged exposure. Also, a PAM does not
exert an effect of its own and only potentiates the existing concentrations of the

endogenous ligand.

The goal of this project was to identify a pharmacophore of galantamine for the human
a7 nAChRs. We have employed a three-pronged approach: “deconstruction”, homology
modeling and docking studies, incipient screening of our molecules using a two-electrode

voltage clamp electrophysiological technique.

The deconstruction approach resulted in molecules (highlighted in Figure 39), that served

as abbreviated forms of galantamine.
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The overlap between the structures of codeine and galantamine, the crystal structure of
galantamine with human recombinant AChE and SAR data of galantamine for AChE, all
served as guides for the decision to synthesize 6 and 44. Although involving only a few
reactions from commercially available galantamine hydrobromide, the synthesis of the
two molecules proved challenging. At the time of our biological evaluation by TEVC, we
submitted the free base form of lycoramine (6). Since then, we have synthesized the more
water-soluble hydrochloride salt of 6. Although we were unsuccessful in synthesizing 44,
its intermediate 45 was isolated after many failed attempts. If the synthetic route for 45
can be optimized to afford better yields, then the synthesis of compound 44 may be
attempted again. Apart from these, other challenges that arose in synthesizing the
remainder of the deconstructed analogs were overcome by employing different reaction

conditions or an altogether alternate approach.

To understand how galantamine and our deconstructed analogs could interact with the
receptor, we generated the homology models of the human a7 nAChR and docked the
molecules to the galantamine-binding site (area around Thr221) at the subunit interface.
Modeling studies indicate at least two plausible binding modes for galantamine. Based
on their HINT scores and on comparison to previously published modeling studies,® the
docking of galantamine where the three oxygen atoms are oriented towards the binding
site, and the tertiary nitrogen atom pointing towards the subunit interface seems to be
preferential. Interestingly, the docking of the deconstructed analogs displayed two

different trends. Analogs 6, 34, 37, 38, and 44 that had a nitrogen atom constrained in an
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tetrahydroazepine ring docked similarly to galantamine, with the oxygen atoms oriented
towards the docking site and the nitrogen pointing towards the subunit interface. As with
galantamine, the interactions of these molecules to the receptor, primarily involved their
oxygen atoms forming hydrogen bonds with either Thr221, Thr223, Lys165, Lys167
and/or Ser206 of the receptor. In contrast to this, the interactions in analogs 35, 36, 50-
52, and 39-42 with the receptor involved both, the oxygen atoms as well as the
unconstrained nitrogen atom. The oxygen atoms in these analogs retained galantamine’s
hydrogen bond interactions with Thr223 while the flexible alkylamine chain allowed an
additional ionic interaction of the nitrogen atom with Asp219. Overall, these analogs
displayed a different docking mode and participated in interactions that are shared but

not identical to galantamine and the receptor.

All of the deconstructed analogs seem to interact with the residues of the docking site,
even though they exhibit two distinct docking modes. Although differently, these
molecules are capable of interacting with the same site as galantamine and as a result,
they might still be able to activate or modulate the receptor similarly. Therefore, any trend

in probable binding modes cannot dictate the functional activity of these molecules.

A TEVC screening of galantamine and its deconstructed analogs in its incipient stages
was conducted against the human a7 nAChRs expressed in X. laevis oocytes. Even after
multiple attempts, successful expression of the human a7 nAChR in the oocytes could
not be achieved. The expression was attempted in several batches of purchased oocytes,
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and by attempting variations in buffer concentrations. Due to the challenges faced,
expression could be achieved in only one batch of oocytes and the data presented in this
dissertation, reflect that. Previous studies have indicated that galantamine could
potentiate anatoxin-evoked currents in a-Bgtx-sensitive nAChRs in rat hippocampal
neurons.®? Additionally, galantamine’s PAM effect on agonists in the chimera of a.7-5HT5
receptor in HEK293 cells and TRex-293 cells has also been reported.'®® Several studies
have reported the ability of galantamine to activate single-channel currents but not whole

cells.** The literature findings are summarized in Table 3.
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Table 3. Literature reports for galantamine as an agonist, a PAM, and an antagonist. The
focus has been on the effect of galantamine on a7 nAChRs or in some cases, a-BgTx-

sensitive nAChRs.

Cell [Galantamine] Galantamine
Receptor line/lexpression or GAL Agonist used Response classified as?
system
Cultured rat 1-10 yM None
a-BgTx and hippocampal GAL action .
MLA sensitive neurons®' abolished by FK1 Evokedcilrr:-gl:t-:hannel Agonist
nAChRs but not MLA or a-
PC-12cells™ 50 uM BgTx
a-BgTx cultured rat Anatoxin potentiated 59% of
sensitive hippocampal 1uM (10 uM) agonist-evoked PAM
nAChRs% neurons H currents
ECs (ACh)
a7/5HT; =2.3uM™; 2.5 yM102
chimera01102 HEK-293 cells 0.5 uM ACh PAM
ECs (ACh + GAL) = 0.9
p1o1.102
ECs (ACh)
ACh =3.8 M
ECs, (ACh+ GAL) = 2.4
M
L ECs, (Nicotine)
Nicotine
a7/5HT; =24 uM
chimera o’ TRex-293 0.5uM ECs (Nicotine + GAL) = PAM
0.9 uM
Epibatidine ECs, (Epibatidine)
=5.2uM
ECs, (Epibatidine +
GAL) =3.3 uM
EC5, (ACh)
Human a7 Xenopus laevis =305 uM
nAChRs? oocytes 01 uM Ach ECs (ACh + GAL) = PAN
189 uM
Chicken/mouse
o7 NAChR/5HT, HEK-293 cells
chimera'® .
>10 uM . Antagonist or

Xenopus laevis
oocytes

Human a7
nAChRs%

inhibitor

The variation between our results and those reported earlier might be due to the different

cell lines, expression systems or even different electrophysiological techniques used.

Biological evaluation of galantamine and its analogs at human a7 nAChR at the time of
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submission of this dissertation is ongoing. The data which is forthcoming from these
studies, might shed light on the functional activities of galantamine and its deconstructed
analogs. Perhaps it might also be of value to test these compounds in human a7 nAChRs
expressed in HEK-293 cells as a form of comparison. This could give us further

information about the influence of various expression systems on activity of compounds.
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VI. EXPERIMENTAL

A. Synthesis

All of the compounds were characterized by melting point (where reported in the
literature), spectroscopic techniques such as proton nuclear magnetic resonance (1H
NMR), mass spectrometry (MS), and infrared spectroscopy (IR). The uncorrected melting
points (mp) were determined in either a Thomas Hoover or a MEL TEMP apparatus using
glass-walled capillary tubes. The '"H NMR spectra of compounds were obtained by using
a Bruker Avance IIl (400 MHz) or a Bruker ARX (400 MHz) spectrometer. The position of
the peaks in the spectra were reported in parts per million (ppm) with tetramethylsilane
(TMS) as an internal standard. Additionally, the splitting patterns (s = singlet, d = doublet,
t = triplet, g = quartet, dd = doublet of doublets, and m = multiplet), coupling constant (J,
in Hz) and integration of peaks were also specified. The IR spectra were obtained on a
Thermo Nicolet iIS10FT-IR instrument and the MS was obtained on a Perkin Elmer Acion
2 TOF instrument. The final compounds that were sent for biological evaluation were

synthesized as water-soluble hydrobromide or hydrochloride salts. The purity of the final
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compounds was evaluated based on elemental analyses (Atlantic Microlabs Inc.;
Norcross, GA) for C, H, and N atoms and observed values were within + 0.4% of
theoretical values. The reactions were monitored by thin-layer chromatography (TLC) on
silica-gel plates (dimensions 250 um, 2.5 x 10 cm; Analtech Inc. Newark, DE). Flash
column chromatography was performed on a CombiFlash Rf+ Lumen (Teledyne Isco Inc.
Lincoln, NE) and the columns were pre-filled with silica gel (Silica Gel 230-400 mesh,

RediSep Rf Normal-Phase Silica Flash column, Teledyne Isco Inc., Lincoln, NE).
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{(4aS,6R,8aS)-4a,5,9,10,11,12-Hexahydro-3-methoxy-11-methyl-6 H-
benzofuro[3a3,2-ef][2]-benzazepin-6-ol} (Galantamine; 3)

The procedure followed was similar to the one reported in the literature.®

Ammonium hydroxide (3 mL) was added in a dropwise manner at 0 °C (ice-bath) to a
stirred solution of galantamine hydrobromide (0.30 g, 0.8 mmol) in H,O (10 mL). The
solution was allowed to stirred at 0 °C for 30 min and at room temperature for 2 h. The
aqueous solution was extracted with Et,O (3 x 15 mL) and the combined organic portion
was dried (Na;SO4) and evaporated under reduced pressure to give 0.13 g (56%) of 3 as
a white solid: mp 125-127 °C (lit.?> mp 127-128 °C); '"H NMR (DMSO-ds) 6 1.18 (s, 1H, -
CH), 1.48-1.50 (m, 1H, -CH), 1.91-2.10 (m, 2H, -CH), 2.33 (s, 3H, NCH3), 2.60-2.64 (m,
1H, -CH), 2.97 (m, 1H, -CH), 3.17-3.24 (m, 1H, -CH), 3.59-3.64 (d, J = 14.9 Hz, 1H, -CH),
3.77 (s, 3H, -OCHj3), 4.00-4.08 (m, 2H, -CH), 4.55 (s, 1H, -CH), 2.03 (m, 2H, CH=CH),

6.55-6.61 (m, 2H, ArH).

{(4aS,6R,8aS)-4a,5,7,8,9,10,11,12-Octahydro-3-methoxy-11-methyl-6 H-
benzofuro[3a3,2-ef][2]-benzazepin-6-ol} Hydrochloride (Lycoramine; 6)
The procedure followed was similar to the one reported in the literature® but the

hydrochloride salt was not previously reported.
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Pd/C (10%; 0.03 g) was added portion wise to a solution of 3 (0.13 g, 0.5 mmol) in
anhydrous MeOH (10 mL). The reaction mixture was reduced in a Parr hydrogenator at
40 psi for 22 h, filtered through celite and the filtrate was evaporated under reduced
pressure to yield a turbid oil. A residue was obtained which was purified using column
chromatography (silica gel; acetone/MeOH, 90:10 to 80:20) to yield a sticky yellow

residue.

A saturated solution of gaseous HCI in EtOH was added in a dropwise manner to a stirred
solution of the residue in EtOH (2 mL) till acidic (pH ~12). To this, excess Et,O was added
and resulting suspension was stirred overnight. The sticky solid collected upon filtration
was hygroscopic and was crystallized from acetone-H,O to yield yellow crystals (0.02 g)
mp ~80 °C (fuses). While filtering, a white solid (0.03 g) precipitated from the filtrate
(mother liquor) which was subsequently collected by filtration. The melting point and TLC
(in iodine) of the two solids indicated that the solid from the mother liquor was more
homogeneous. Hence, it was further characterized by '"H NMR and CHN analyses: mp
152 °C (fuses); "H-NMR (CDCl3) & 1.32-1.36 (m, 1H, -CH), 1.59-1.65 (m, 1H, -CH), 1.73-
1.76 (m, 2H, -CH), 1.96-2.17 (m, 5H, -CH), 2.94 (s, 2H, -CH), 3.47-3.51 (m, 1H, -CH),
3.66 (brs, 1H, -CH), 3.78 (s, 3H, -OCH3), 4.12-4.45 (m, 2H, -CH), 4.46 (s, 1H, -CH), 4.56-
4.59 (d, J = 13.8 Hz, 2H, -CH), 6.76-6.78 (d, J = 8.2 Hz, 1H, ArH), 6.83-6.85 (d, J = 8.3
Hz, 1H, ArH), 10.13 (br s, 0.5H, NH"), 11.40 (br s, 0.5H, NH*). Anal. Calcd for

(C17H23NO3-HCI-H20) C, 59.38; H, 7.62; N, 4.07. Found: C, 59.31; H, 7.30; N, 4.05.
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The free base of 6 was also synthesized according to the following procedure. The

product obtained was sent for biological evaluation.

Pd/C (10%, 0.02 g) was added to a solution of 3 (0.07 g, 0.2 mmol) in anhydrous MeOH
(10 mL). The reaction mixture was reduced in a Parr hydrogenator at 40 psi for 22 h. The
reaction mixture was filtered through Celite and the filtrate was evaporated to dryness
under reduced pressure to yield a turbid oil. The oil was purified using column
chromatography (silica gel; acetone/MeOH, 100:0 to 80:20) to yield a sticky, white
residue. The residue was dissolved in hot Et20, filtered and the filtrate was evaporated
to dryness under reduced pressure to give 0.02 g (28%) of 6 (free base) as a white solid:
mp 108-112 °C (lit.*> mp 108-110 °C); "H NMR (DMSO-ds) & 1.19 (s, 1H, -CH), 1.46-1.52
(m, 1H, -CH), 1.59-1.95 (m, 7H, -CH), 2.32 (s, 3H, NCH3), 2.42-2.46 (m, 1H, -CH), 2.98-
3.06 (m, 1H, -CH), 3.15-3.21 (t, J = 12.84 Hz, -CH), 3.57-3.60 (d, 1H, J = 15 Hz, -CH),
3.79 (s, 3H, -OCHg), 3.96-4.03 (m, 2H, -CH), 4.30-4.31 (t, J = 3.02 Hz, 1H, -OH), 6.53-

6.54 (d, J = 8.16 Hz, -ArH), 6.58-6.60 (d, J = 8.2 Hz, ArH).

7-Methoxy-2-methyl-1,2,3,4,4a,5-hexahydrobenzofuro[4,3-cd]azepine
Hydrochloride (34)

A 1M solution of BH3 in THF (2.5 mL, 2.3 mmol) was added in a dropwise manner to a
solution of 56 (0.50 g, 2.1 mmol) in anhydrous THF (6 mL) at O °C (ice-bath) under an N>

atmosphere. The resulting clear solution was heated at reflux and allowed to stir
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overnight. The reaction mixture was allowed to cool to room temperature and quenched
carefully at 0 °C (ice-bath) by addition of HCI (6N) till acidic (pH ~ 3). The reaction mixture
was then heated to evaporate THF, until THF could no longer be detected by smell. The
residue was cooled to 0 °C (ice-bath) and a solution of NaOH (1N, to pH 12) was added
in a dropwise manner. The aqueous portion was extracted with CH2Cl;, (3 x 30 mL). The
combined organic portion was dried (Na;SO4) and evaporated to dryness under reduced

pressure to yield a crude turbid oil.

The crude oil was dissolved in EtOAc (2 mL) and cooled to 0 °C (ice-bath) followed by
the addition of a saturated solution of gaseous HCI in EtOAc to acidic pH ~ 3. The white
solid that precipitated upon addition of HCI/EtOAc was collected by filtration and washed
with Et,O and then recrystallized from ethanol to yield 0.04 g (20%) of 34 as white
crystals: mp 256-258 °C; 'H NMR (DMSO-ds) & 1.92-2.04 (m, 2H, -CH>), 2.47 (s, 3H,
NCHs), 3.51 (s, 2H, -CHy), 3.82 (s, 4H, -OCH3; and -CH), 4.08-4.11 (d, 1H, J = 28.4 Hz, -
CH), 4.18-4.23 (t, 1H, J = 8.8 Hz, -CH), 4.41-4.44 (d, J = 14.8 Hz, -CH), 4.85-4.90 (t, J =
9.6 Hz, -CH), 6.63-6.69 (m, 2H, ArH), 13.15 (s, 1H, H"). Anal. Calcd for (C13H17NO2-HCI)

C, 61.05; H, 7.09; N, 5.48. Found: C, 60.83; H, 7.18; N, 5.39.

N,N-Dimethyl-2,3-dihydro-7-methoxy-3-benzofuranethylamine (35)
Pd/C (10%; 0.08 g) was added to a solution of 50 (0.15 g, 0.6 mmol) in glacial acetic acid
(10 mL). The reaction mixture was reduced in a Parr hydrogenator at 30 psi for 18 h. The
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reaction mixture was filtered and the filtrate was evaporated under reduced pressure to
yield a residue. The residue was dissolved in H,O (20 mL), basified with NaOH (5N, pH
~ 12) and extracted with CHCI;, (3 x 30 mL). The combined organic portion was dried
(Na2SO4) and evaporated under reduced pressure to afford a pale-yellow oil. A saturated
solution of gaseous HCI in Et,0 was added to a stirred solution of the oil in Et,O (3 mL)
to give a white solid which upon recrystallization from EtOH yielded 0.07 g (44%)of 35 as
a white solid: mp 189-191 °C; "H NMR (DMSO-ds) 6 1.90-2.11 (m, 2H, -CHy), 2.52 (s, 6H,
-N(CHjs),), 3.02-3.14 (m, 2H, -CHy), 3.50-3.57 (m, 1H, -CH), 3.77 (s, 3H, -OCH3), 4.25-
4.29 (m, 1H, -CH), 4.57-4.62 (t, 1H, J = 9.02 Hz, 6.83-6.90 (m, 3H, ArH), 10.49 (s, 2H, -
NH.,"); Anal. Calcd for (C13H19NO2-HCI) C, 60.58; H, 7.82; N, 5.43. Found: C, 60.58; H,

7.82; N, 5.50.

4-(N,N-Dimethylamino)methyl-7-methoxy-2,3-dihydrobenzofuran (36)

Zinc chloride (0.09 g, 0.6 mmol) was added portion-wise and aqueous formaldehyde
(37%, 1 mL, 12.3 mmol) was added dropwise to a stirred solution of 62 (0.23 g, 1.3 mmol)
in MeOH (10 mL). Sodium cyanoborohydride (0.08 g, 1.2 mmol) was added portion-wise
to the reaction mixture at 0 °C (ice-bath) and the reaction mixture was allowed to stir at
room temperature for 24 h. The reaction mixture was quenched by the careful addition of
NaOH (1N, 30 mL) and extracted with CH,Cl, (3 x 30 mL). The combined organic portion
was dried (Na>;SO4) and evaporated to dryness under reduced pressure to afford a yellow
oil. A saturated solution of gaseous HCI in EtOH was added in a dropwise manner to a
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stirred solution of the oil in EtOH (4 mL) to give a white solid. Recrystallization of the solid
from acetone/H,0 yielded 0.10 g (33%) of 36 as a white solid: mp 190-195 °C; '"H NMR
(CDCl3) 6 2.68 (d, 6H, J = 4.96 Hz, N-CH3), 3.36 (t, 2H, J = 8.74 Hz, -CH,), 3.82 (s, 3H, -
OCHj3), 3.96 (d, 2H, J = 5.28 Hz, -CH3N), 4.61 (t, 2H, J = 8.78 Hz, -CH3), 6.74 (d, 1H, J =
8.32 Hz, ArH), 6.95 (d, 1H, J = 8.32 Hz, ArH), 12.50 (s, 1H, NH"). Anal. Calcd for

(C12H17NO2-HCI) C, 59.14; H, 7.44; N, 5.75. Found: C, 59.02; H, 7.35; N, 5.75.

6,7-Dimethoxy-2-methyl-1,3,4,5-tetrahydro-2H-benzo[c]azepine Hydrochloride (37)
A 1M solution of BH3 in THF (9 mL, 8.4 mmol) was added in a dropwise manner to a
stirred solution of 65 (0.50 g, 2.1 mmol) in anhydrous THF (14 mL) at 0 °C (ice-bath)
under an N, atmosphere. The reaction mixture was heated at reflux and allowed to stir
overnight, cooled to room temperature and quenched at 0 °C (ice-bath) by the careful
addition of HCI (6N) till acidic (pH ~ 3). The reaction mixture was then heated to evaporate
the THF, until THF could no longer be detected by smell. The residue was cooled to 0 °C
(ice-bath) and a solution of NaOH (3N) was added in a dropwise manner until basic (pH
~ 12) and extracted with Et;O (3 x 30 mL). The combined organic portion was dried
(Na;SO4) and evaporated to dryness under reduced pressure to yield 0.48 g of a crude

yellow oil.

A saturated solution of gaseous HCI in EtOAc was added in a dropwise manner to a
solution of the crude yellow oil in EtOAc until the solution was acidic (pH ~ 3). The white
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solid that precipitated upon addition of HCI/EtOAc was collected by filtration and washed
with Et,O. Recrystallization of the solid from acetone yielded 0.1 g (20%) of 37 as white
crystals: mp 198-200 °C; '"H NMR (DMSO-ds) & 1.84 (s, 2H, -CH,), 2.58 (s, 3H, NCHs),
2.95 (s, 2H, -CHy), 3.39 (m, 2H, -CH), 3.63 (s, 3H, OCHs), 3.78 (s, 3H, OCH3) 4.36 (s,
2H, -CHy), 6.88-6.91 (d, J = 11.6 Hz, 1H, ArH), 7.12-7.15 (d, J = 10.8 Hz, 1H, ArH), 10.72
(s, TH, NH"); Anal. Calcd for (C13H1gNO2-HCI) C, 60.58; H, 7.82; N, 5.43. Found: C, 60.74;

H, 7.89; N, 5.36.

7-Methoxy-2-methyl-1,3,4,5-tetrahydro-2H-benzo[c]azepine Hydrochloride (38)

A 1M solution of BH3 in THF (4 mL, 3.9 mmol) was added in a dropwise manner to a
stirred solution of 68 (0.20 g, 1.0 mmol) in anhydrous THF (2 mL) at 0 °C (ice-bath) under
an Nz atmosphere. The reaction mixture was heated at reflux and allowed to stir overnight,
allowed to cool to room temperature and quenched by the careful addition of a solution
of HCI (15%) at 0 °C (ice-bath) until acidic (pH ~ 3). The resulting solution was heated to
evaporate the THF followed by the addition of NaOH (3N) in a dropwise manner at 0 °C
(ice-bath) until the solution was basic (pH ~ 12). The aqueous portion was extracted with
EtOAc (3 x 30 mL). The combined organic portion was dried (Na;SO4) and evaporated to

dryness under reduced pressure to yield 0.17 g of a crude yellow oil.

A saturated solution of gaseous HCIl in EtOH was added in a dropwise manner to a stirred
solution of the crude yellow oil in EtOH until the solution was acidic (pH ~ 3). The EtOH
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was evaporated to dryness under reduced pressure to afford a white powder which upon
recrystallization from acetone yielded 0.05 g (23%) of 38 as white crystals: mp 210-212
°C; "H NMR (DMSO-ds) & 1.92 (br s, 2H, -CHy), 2.65 (s, 3H, NCH3), 2.95 (s, 2H, -CHy),
3.36-3.49 (m, 2H, -CHy), 3.79 (s, 3H, -OCH3), 4.36-4.45 (d, J = 34.44 Hz, 2H, -CHy), 6.82-
6.85 (dd, J = 2.66, 8.24 Hz, 1H, ArH), 6.88-6.89 (d, J = 2.64 Hz, 1H, ArH), 7.35-7.37 (d,
J=8.32 Hz, 1H, ArH), 10.71 (br s, 1H, NH"); Anal. Calcd for (C12H47NO-HCI) C, 63.28, H,

7.96, N, 6.15. Found: C, 63.06; H, 7.94; N, 6.11.

3-(2,3-Dimethoxyphenyl)-N,N-dimethylpropylamine Hydrochloride (39)

A 1M solution of BH3 in THF (9 mL, 9.3 mmol) was added in a dropwise manner to 71
(0.60 g, 2.3 mmol) at 0 °C (ice-bath) and under an N, atmosphere. The clear reaction
mixture was heated at reflux and allowed to stir for 24 h, allowed to cool to room
temperature and quenched at 0 °C (ice-bath) by the careful addition of HCI (6N) until
acidic (pH ~ 3). The resulting solution was heated until the THF had evaporated and the
THF could no longer be detected by smell. The residue was cooled to 0 °C (ice-bath) and
a solution of NaOH (5N) was added in a dropwise manner until basic (pH ~ 12) and
extracted with CHCI3 (3 x 30 mL). The combined organic portion was dried (Na,SO.) and

evaporated to dryness under reduced pressure to yield 0.45 g of a crude yellow oil.

A saturated solution of gaseous HCI in EtOAc was added in a dropwise manner to a
solution of the oil in EtOAc until the solution was acidic (pH ~ 3). The white solid which
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precipitated was allowed to stir in Et,O overnight and subsequently collected by filtration.
Recrystallization of the solid from EtOH yielded 0.17 g (28%) of 39 as white crystals: mp
159-162 °C; '"H NMR (DMSO-ds) 6 1.90-1.94 (m, 2H, -CH,), 2.58-2.68 (m, 2H, -CH,), 2.91
(s, 6H, -N(CHs)y), 3.74 (s, 3H, -OCHz3), 3.80 (s, 3H, -OCHj3), 6.80-6.82 (d, J = 7.6 Hz, 1H,
ArH), 6.92-6.94 (d, J = 7.4 Hz, 1H, ArH), 6.99-7.03 (t, J = 8 Hz, 1H, ArH), 10.17 (br s, 1H,
NH*); Anal. Calcd for (C13H21NO2-HCI) C, 60.11; H, 8.54; N, 5.39. Found: C, 60.05; H,

8.69; N, 5.38.

3-(3-Methoxyphenyl)-N,N-dimethylpropylamine Hydrochloride (40)

The compound is reported in the literature but synthesized here by a different route.?*?

A 1M solution of BH3 in THF (24 mL, 23.5 mmol) was added in a dropwise manner to 72
(1.22 g, 5.9 mmol) at 0 °C (ice-bath) and under an N, atmosphere. The clear reaction
mixture was heated at reflux and allowed to stir for 36 h. The reaction mixture was allowed
to cool to room temperature and quenched by the careful addition of HCI (6N) until acidic
(pH ~ 3). The resulting solution was heated until the THF had evaporated and could no
longer be detected by smell. The residue was cooled to 0 °C (ice-bath) and a solution of
NaOH (5N) was added in a dropwise manner until basic (pH ~ 12). The aqueous portion
was extracted with CHCI; (3 x 60 mL) and the combined organic portion was dried
(Na;SO4) and evaporated to dryness under reduced pressure to yield 0.45 g of a crude
oil.
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A saturated solution of gaseous HCI in EtOAc was added dropwise to a stirred solution
of the crude oil in EtOAc until the solution was acidic (pH ~ 3). A solid precipitated, which
was collected by filtration and washed with Et,O. Recrystallization of the solid from
absolute EtOH vyielded 0.56 g (42%) of 40 as white crystals: mp 127-129 °C (lit.?%? mp
122-124 °C); "H NMR (DMSO-ds) & 1.97-2.01 (m, 2H, -CH>), 2.59-2.63 (t, J = 7.6 Hz, 2H,
-CHy), 2.75-2.76 (m, 6H, -NCH3), 2.99-3.03 (t, J =8.2 Hz, 2H, -CHy), 3.75 (s, 3H, -OCH3),

6.78-6.82 (m, 3H, ArH), 7.21-7.25 (t, J = 8 Hz, 1H, ArH), 10.51 (br s, 1H, NH").

3,4-Dimethoxybenzyl-N,N-dimethylamine Hydrochloride (41)

The compound was synthesized by the procedure reported in the literature.??*2%

Compound 75 (1.00 g, 3.7 mmol) was added portion-wise to a stirred solution of
CH3NH2-HCI (0.30 g, 3.3 mmol) in anhydrous MeOH (11 mL) at room temperature under
an Nz atmosphere. Sodium cyanoborohydride (0.50 g, 8.2 mmol) was added portion wise
to the stirred solution of the reaction mixture which was cooled to 0 °C (ice-bath). The
reaction mixture was allowed to stir at room temperature for 20 h, quenched by the careful
addition of NaOH (5N, 30 mL), and extracted with EtOAc (3 x 10 mL). The combined
organic portion was dried (MgSO,4) and evaporated to dryness under reduced pressure
to yield a yellow oil (5.80 g). A saturated hydrochloric acid solution in anhydrous Et,O was
added dropwise to the yellow oil until acidic (pH ~ 2) and the precipitate was collected by
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filtration to yield 0.52 g (61%) of 41 as a white solid: mp 202-204 °C (lit.?>* mp 202-203
°C); "H NMR (DMSO-ds) & 10.69 (s, 1H, NH, ex. D-0), 7.23 (s, 1H, ArH), 6.99 (s, 2H,

ArH), 4.05 (s, 2H, CH,), 3.77-3.79 (d, J = 8 Hz, 6H, OCH3), 2.58 (s, 6H, N(CH3),).

4-Methoxybenzyl-N,N-dimethylamine Hydrochloride (42)
The compound is reported in the literature but was synthesized by a different

method.?%3:20°

Compound 76 (1.10 g, 4.7 mmol) was added portion-wise to a stirred solution of
dimethylamine hydrochloride (0.30 g, 4.2 mmol) in anhydrous MeOH (10 mL) at room
temperature under an N, atmosphere. Sodium cyanoborohydride (0.70 g, 10.5 mmol) was
added portion wise to the reaction mixture which was cooled to 0 °C (ice-bath). The
reaction mixture was allowed to stir at room temperature for 20 h, quenched by the careful
addition of NaOH (5N, 30 mL), and extracted with EtOAc (2 x 30 mL). The combined
organic portion was washed with NaOH (5N, 30 mL) and evaporated under reduced
pressure to yield a sticky, yellow residue. The residue was dissolved in HCI (15%, 30 mL)
and extracted with CH,Cl, (30 mL). The aqueous portion was basified with NaOH (15%,
30 mL), extracted with EtOAc (30 mL) and evaporated under reduced pressure to yield a

pale-yellow oil.
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A saturated solution of HCI in anhydrous Et,O was added in a dropwise manner until
acidic (pH ~ 2) and the precipitate was collected by filtration to yield a white solid.
Recrystallization of this crude solid from acetone afforded 0.07 g (7%) of 42 as light brown
crystals: mp 157-159 °C (lit.?> mp 152 °C); '"H NMR (DMSO-ds) & 10.61 (s, 1H, NH ex
D,0), 7.48-7.50 (d, J = 8 Hz, 2H, ArH), 7.00-7.02 (d, J = 8 Hz, 2H, ArH), 4.18-4.19 (d, J

= 4 Hz, 2H, CHy), 3.78 (s, 3H, CH3), 2.64-2.65 (d, J = 4 Hz, 6H, N-CHa).

3-Deoxy-3-chlorogalantamine (45)

Thionyl chloride (10 mL, 0.1 mmol) was added dropwise to 3 (0.11 g, 0.4 mmol) and the
reaction mixture was heated at reflux and allowed to stir for 24 h. The reaction mixture
was allowed to cool and the thionyl chloride was evaporated to dryness under reduced
pressure. H,O (15 mL) was added to this residue and extracted with Et,O (3 x 15 mL).
NH4+OH was added in a dropwise manner at 0 °C (ice-bath) to the aqueous portion till
basic (pH ~12) and extracted with Et;O (3 x 15 mL). A residue was obtained at the
interface of the aqueous and organic phase, which was collected by filtration and which
was purified by column chromatography (silica gel; acetone) to afford 0.01 g (1%) of 45

as a clear yellow oil. MS calculated [M+H]": 306.1261 MS found [M+H]" : 306.1285.
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Ethyl-(7-methoxy-1-benzofuran-3-yl)acetate (47)
The reaction conditions followed were similar to those reported in the literature for similar

analogs.'®

Carbethoxymethylene triphenylphosphorane (8.50 g, 24.3 mmol) was added portion-wise
to a stirred solution of commercially available 7-methoxybenzofuran-3-one (46) (1.00 g,
6.1 mmol) in anhydrous toluene (48 mL) at 0 °C (ice-bath), under an N, atmosphere. The
reaction mixture was heated at reflux for 24 h, allowed to cool to room temperature and
the toluene was evaporated under reduced pressure to give a reddish-brown residue. The
residue was separated using column chromatography (silica gel; hexanes/EtOAc, 0:100
to 100:0) to afford 1.01 g (71%) of 47 as a yellow oil. '"H NMR (DMSO-ds) & 1.21-1.25 (t,
3H, J = 7.1 Hz, -CH3), 3.79-3.80 (d, 2H, J = 0.64 Hz, -CHy), 3.96 (s, 3H, -OCH3), 4.12-
417 (m, 2H, -CH,), 6.96-6.98 (dd, 1H, J = 1.58, 7.2 Hz, ArH), 7.17-7.23 (m, 2H, ArH),

7.91 (s, 1H, ArH).

7-Methoxy-3-(2-hydroxyethyl)benzofuran (48)
The procedure followed was similar to one reported in the literature for similar

analogs.'12%

A solution of 47 (0.33 g, 1.4 mmol) in anhydrous THF (2 mL) was added in a dropwise

manner to a cooled (salt-ice bath) suspension of LiAlH4 (0.06 g, 1.7 mmol) in anhydrous
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THF (12 mL) under an N2 atmosphere. The reaction mixture was stirred at room
temperature for 1 h. The reaction was quenched carefully by the dropwise addition of cold
water to the cooled (ice-salt bath) reaction mixture. The contents were filtered using celite
and the filtrate was evaporated to dryness under reduced pressure to yield a crude
residue. Water (20 mL) was added to the residue and the aqueous portion was extracted
with CHCI3 (3 x 30 mL). The combined organic portion was dried (Na;SO4) and
evaporated to dryness under reduced pressure to afford 0.25 g (93%) of 48 as a yellow
oil. "H NMR (DMSO-ds) & 2.79-2.83 (dt, 2H, J = 0.84, 6.88 Hz, -CH,), 3.69-3.74 (m, 2H, -
CHy), 3.95 (s, 3H, -OCH3), 4.74-4.77 (t, 1H, J = 5.34 Hz, -OH), 6.93-6.96 (dd, 1H, J=1.2,

7.32 Hz, ArH), 7.17-7.24 (m, 2H, ArH), 7.78 (s, 1H, furan ArH).

7-Methoxy-3-(2-p-toluenesulfonylethyl)benzofuran (49)

Triethylamine (0.7 mL, 5.2 mmol) was added in a dropwise manner to a stirred solution
of 48 in anhydrous CH,Cl, (8 mL) followed by the addition of p-toluenesulfonyl chloride
(0.30 g, 1.6 mmol) at 0 °C (ice-bath) and under an N, atmosphere. The reaction mixture
was stirred at room temperature for 16 h. An additional portion of p-toluenesulfonyl
chloride (0.03 g) was then added to the reaction mixture and stirred for another 6 h. The
reaction mixture was evaporated under reduced pressure to yield a crude residue which
was separated by column chromatography (silica gel; hexanes/EtOAc, 0:100 to 100:0) to
afford 0.38 g (85%) of 49 as white crystals: mp 67-73 °C; 'H NMR (DMSO-ds) & 2.40 (s,
3H, Ar-CHj3), 2.98-3.01 (t, 2H, J = 6.1 Hz, -CH>), 3.96 (s, 3H, -OCH3), 4.30-4.33 (t, 2H, J
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= 6.26 Hz, -CH,), 6.93-6.95 (dd, 1H, J = 0.88, 7.64 Hz, ArH), 7.09-7.17 (m, 2H, ArH),

7.34-7.36 (d, 2H, J = 8.04 Hz, ArH), 7.65-67 (d, 2H, J = 8.28 Hz, ArH), 7.74 (s, 1H, ArH).

N,N-Dimethyl-7-methoxy-3-benzofuranethylamine (50)

The compound was synthesized via a different method in the literature.'® The synthetic
route followed in our case, was similar to the reported procedure for synthesizing 51."%1%
Dimethylamine (40 wt. % in H,O, 2.5 mL, 22.2 mmol) and K.COs3 (0.19 g, 1.4 mmol) were
added to a solution of 49 in DMF (3.5 mL) in a sealed tube. The sealed tube was then
stirred for 3 h at 120 °C (oil-bath) and then allowed to cool to room temperature. The
reaction mixture was diluted with H,O (10 mL) and extracted with EtOAc (3 x 15 mL). The
combined organic portion was washed with H,O (2 x 30 mL), dried (Na;SO4) and
evaporated to dryness under reduced pressure to afford 0.19 g (94%) of a yellow oil. A
saturated solution of gaseous HCI in EtOAc was added in a dropwise manner to a solution
of the oil in anhydrous EtOAc (2 mL) till the solution was acidic (pH ~ 3). The precipitate
was collected by filtration and dried to yield 0.19 g (81%) of 50 as a yellow solid: mp 188-
190 °C (lit."®® mp 189-190 °C); 'H NMR (DMSO-ds) & 2.86 (s, 6H, -N(CH3),), 3.11-3.15 (4,
2H, J = 8.16 Hz, -CHy), 3.35-3.40 (m, overlaps with H,O peak, 2H, - CHy), 3.97 (s, 3H, -
OCHj3), 6.99-7.01 (d, 1H, J=7.52 Hz, ArH), 7.23-7.27 (t, 1H, J = 7.86 Hz, ArH), 7.34-7.36

(dd, 1H, J = 0.84, 7.8 Hz, ArH), 7.92 (s, 1H, ArH), 10.49 (s, 1H, NH").
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N-Methyl-7-methoxy-3-benzofuranethylamine Hydrochloride (51)

The compound (free base) is reported in the literature as an oil.'%'%

Methylamine (40 wt. % in H,O, 3 mL, 38.6 mmol) and K>,COs3 (0.60 g, 4.5 mmol) were
added to a solution of 49 (1.05 g, 3.0 mmol) in DMF (4 mL) in a sealed tube. The reaction
mixture in the sealed tube was stirred for 1 h at 120 °C (oil-bath) and cooled to room
temperature. The reaction mixture was diluted with H,O (50 mL) and extracted with EtOAc
(4 x 30 mL). The combined organic portion was washed with H,O (3 x 100 mL), dried
(Na2SO4) and evaporated to dryness under reduced pressure to afford 1.00 g of a yellow
oil. A saturated solution of gaseous HCI in EtOAc was added dropwise to a solution of the
oil in anhydrous EtOAc (5 mL) till the solution was acidic (pH ~ 3). The precipitate was
collected by filtration and dried to yield a crude yellow solid which upon recrystallization
from absolute EtOH yielded 0.32 g (41%) of 51 as white crystals: mp 159-161 °C; '"H NMR
(DMSO-ds) 6 2.62 (s, 3H, N-CH3), 3.05-3.08 (t, 2H, J = 7.7 Hz, -CH>), 3.20-3.09 (t, 2H, J
= 4.1 Hz, -CHy), 3.97 (s, 3H, -OCHj3), 6.98-7.00 (d, 1H, J = 4.22 Hz, ArH), 7.23-7.27 {(t,
1H, J = 4.22 Hz, ArH), 7.31-7.34 (dd, 1H, J = 0.94, 7.84 Hz, ArH), 7.91 (s, 1H, ArH), 8.98
(s, 2H, -NH,"); Anal. Calcd for (C12H16NO2-HCI) C, 59.63; H, 6.67; N, 5.79. Found: C,

59.38; H, 6.63; N, 5.80.
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N-Methyl-2,3-dihydro-7-methoxy-3-benzofuranethylamine Hydrochloride (52)

Pd/C (10%; 0.10 g) was added to a solution of 51 (0.20 g, 0.9 mmol) in glacial acetic acid
(20 mL). The reaction mixture was reduced in a Parr hydrogenator at 30 psi for 18 h. The
reaction mixture was filtered and the filtrate was evaporated under reduced pressure to
yield an oily residue. The residue was dissolved in H,O (20 mL), basified with NaOH (5N,
pH ~ 12) and extracted with CH»Cl; (3 x 30 mL). The combined organic portion was dried
(Na2SO4) and evaporated under reduced pressure to afford a pale-yellow oil. A saturated
solution of gaseous HCI in Et,0 was added to a stirred solution of the oil in Et,O (3 mL)
to give a white solid which upon recrystallization from EtOH yielded 0.18 g (53%) of 51
as off-white solid: mp 148-150 °C; "H NMR (DMSO-ds) & 1.83-1.92 (m, 1H, -CH), 2.00-
2.09 (m, 1H, -CH), 2.57 (s, 3H, -NCHj3), 2.86-3.04 (m, 2H, -CHy), 3.57-3.61 (m, 1H, -CH),
3.80 (s, 3H, -OCH3), 4.26-4.30 (m, 1H, -CH), 4.61-4.65 (t, 1H, J = 8.98 Hz, -CH), 6.86-
6.89 (m, 3H, ArH), 8.88 (s, 2H, -NH,"); Anal. Calcd for (C12H17NO2-HCI) C, 59.14; H, 7.44;

N, 5.75. Found: C, 58.97; H, 7.19; N, 5.74.

7-Methoxy-benzofuran-3-yl acetic acid (53)

The procedure followed was similar to one reported in the literature for a similar analog.207

A solution of TN NaOH was added in a dropwise manner to a stirred solution of 47 (1.00
g, 6.1 mmol) in MeOH (10 mL) at 0 °C (ice-bath) until basic (pH~12) and allowed to stir
at room temperature overnight. The aqueous portion was extracted with CH,Cl, (3 x 30
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mL). The combined aqueous portion was acidified with HCI (6N) till acidic (pH ~ 2),
followed by an extraction with CH,Cl, (3 x 30 mL). The combined organic portion was
dried (Na,S0O.) and evaporated under reduced pressure to afford 0.88 g (100%) of 563 as
a white solid: mp 136-138 °C; '"H NMR (DMSO-ds) & 3.70 (s, 2H, -CH,), 3.96 (s, 3H, -
OCHj3), 6.95-6.98 (dd, 1H, J = 2.34, 6,54 Hz, ArH), 7.19-7.21 (m, 2H, ArH), 7.89 (s, 1H,

ArH), 12.49 (s, 1H, -OH).

7-Methoxy-3-(N-methylacetamide)benzofuran (54)

Thionyl chloride (2 mL, 28.0 mmol) was added in a dropwise manner at 0 °C (ice-bath) to
53 (0.10 g, 0.5 mmol) under an N, atmosphere. The reaction mixture was allowed to stir
at room temperature for 4 h, and then evaporated to dryness under reduced pressure to
yield the crude intermediate as an amber oil that was used in the next step reaction
without further characterization. A solution of 7-methoxy-benzofuran-3-yl acetyl chloride
in anhydrous THF (6 mL) was added in a dropwise manner at 0 °C (ice-bath) to a
saturated solution of CH3NH; in THF (10 mL). The reaction mixture was allowed to stir
overnight at room temperature. The THF was evaporated under reduced pressure to give
an oily residue to which H,O (30 mL) and extracted with CH.Cl, (3 x 30 mL). The
combined organic portion was dried (Na;S0O4) and evaporated to dryness under reduced
pressure to yield 0.10 g (91%) of 54 as an off-white solid: mp 142-145 °C; '"H NMR
(DMSO-ds) 6 2.62-2.64 (d, 3H, J = 4.64 Hz, NCH3), 3.51 (s, 3H, -CH3), 3.96 (s, 3H, -
OCHj3), 6.94-6.97 (m, 1H, ArH), 7.21 (m, 2H, ArH), 7.82 (s, 1H, ArH), 7.99 (s, 1H, NH).
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Compound 54 can also be synthesized using the following procedures,

A. A solution of 47 (0.11 g, 0.4 mmol) in THF (~2 mL) was added to a saturated
solution of methylamine in THF (3.5 mL), in a sealed tube. The reaction mixture in the
sealed tube was stirred for 6 days at 66 °C (oil-bath), cooled to room temperature and
evaporated to dryness under reduced pressure to yield an oily residue. The residue was
purified by column chromatography (silica gel; CH,Cl,/MeOH, 100:0 to 80:20) to afford
0.02 g (18%) of 54 as a white solid. The white solid was confirmed to be 54 by running

a TLC with the previously synthesized and characterized batch of 54.

B. Anhydrous DMF (0.05 mL) was added in a dropwise manner at 0 °C (ice-bath) to
a stirred solution of oxalyl chloride (0.2 mL, 2.3 mmol) and 53 (0.15 g, 0.7 mmol) in
anhydrous CH>ClI, (10 mL), under an N, atmosphere. The reaction mixture was allowed
to stir overnight at room temperature. The reaction mixture was evaporated to dryness
under reduced pressure to yield a yellow oily residue. The residue was diluted with
anhydrous CHClI, (10 mL) and added in a dropwise manner at 0 °C (ice-bath) to a stirred
and saturated solution of CH3NH; in THF (10 mL). The reaction mixture was allowed to
stir at 0-4 °C (ice-bath) for 1 h. The reaction mixture was evaporated under reduced
pressure to remove the THF to yield a semi-solid residue, which was quenched by the
careful addition of HCI (1N, 30 mL) and extracted with CH2Cl, (3 x 30 mL). The combined
organic portion was dried (Na;SO4) and evaporated to dryness under reduced pressure

to yield 0.15 g (94%) of 54 as a white solid: mp 153-154 °C.
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C. Oxalyl chloride (3 mL, 35.0 mmol) was added in a dropwise manner at 0 °C (ice-
bath) to a stirred solution of 53 (0.10 g, 0.5 mmol) under an N, atmosphere. The reaction
mixture was allowed to stir at room temperature for 4 h, and the oxalyl chloride was
evaporated to dryness under reduced pressure to yield the crude intermediate as an
amber oil that was used in the next step reaction without further characterization. A
solution of 7-methoxy-benzofuran-3-yl acetyl chloride in anhydrous CHCl, (12 mL) was
added in a dropwise manner at 0 °C (ice-bath) to a saturated solution of CH3NH; in THF
(10 mL). The reaction mixture was allowed to stir overnight at room temperature. The
THF was evaporated under reduced pressure to give an oily residue, which was diluted
with H,O (30 mL) and extracted with CH,Cl, (3 x 30 mL). The combined organic portion
was dried (Na;SO4) and evaporated to dryness under reduced pressure to yield 0.11 g

(71%) of 54 as a white solid: mp 151-154 °C.

2,3-Dihydro-7-methoxy-3-(N-methylacetamide)benzofuran (55)

Pd/C (10%; 0.14 g) was added to a solution of 54 (0.27 g, 1.2 mmol) in MeOH (20 mL).
The reaction mixture was reduced in a Parr hydrogenator at 30 psi for 36 h. The reaction
mixture was filtered over Celite and the filtrate was evaporated under reduced pressure
to yield 0.25 g (90%) of 55 as an off-white solid: mp 119-122 °C; '"H NMR (DMSO-ds) &
2.29-2.35 (m, 1H, -CH), 2.55-2.56 (d, 1H, J = 5.92 Hz, -CH), 2.59-2.60 (s, 3H, J = 4.6 Hz,
-NCHj3), 3.75 (s, 4H, -OCH3 and -CH), 4.15-4.19 (dd, 1H, J = 6.74, 9.02 Hz, -CH), 4.60-
4.65 (t, 1H, J = 9.02 Hz, -CH), 6.77-6.82 (m, 3H, ArH), 7.86-7.87 (d, 1H, J = 3.96 Hz, -
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NH).

7-Methoxy-2-methyl-1,2,4a,5-tetrahydrobenzofuro[4,3-cd]azepin-3(4H)-one (56)

Paraformaldehyde (0.08 g) was added portion-wise and trifluoroacetic acid (0.5 mL, 5.0
mmol) was added in a dropwise manner at 0 °C (ice-bath) to a stirred solution of 55 (0.12
g, 0.5 mmol) in 1,2-dichloroethane (15 mL). The reaction mixture was allowed to stir at
room temperature overnight and quenched by the careful addition of saturated aqueous
solution of NaHCO3; (30 mL). The aqueous portion was extracted with CH»Cl» (3 x 30 mL).
The combined organic portion was dried (Na;SQO4) and evaporated to dryness under
reduced pressure to yield 0.05 g (39%) of 56 as a white solid: mp 104-108 °C; 'H NMR
(DMSO-d6) 6 2.72-2.82 (m, 2H, -CH2), 3.68-3.73 (m, 1H, -CH), 3.95-4.01 (m, 1H, -CH),
4.11-4.15 (d, 1H, J = 16.44 Hz, -CH), 4.57-4.61 (d, 1H, J = 16.44 Hz, -CH), 4.70-4.75 (t,
1H, J = 8.36 Hz, -CH), 6.54-6.56 (d, 1H, J = 8.16 Hz, ArH), 6.62-6.64 (d, 1H, J = 8.16 Hz,

ArH).

4-Bromo-2-(2,2-diethoxyethoxy)methoxy benzene (58)

The compound is reported in literature and was synthesized by a similar procedure.?’®

Potassium carbonate (3.50 g, 25.0 mmol) and 1-bromo-2,2-diethoxyethane (4 mL, 25.0

mmol) were added portion-wise to a solution of 5-bromo-2-methoxyphenol, (57) (5.00 g,
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25.0 mmol) in anhydrous THF (14 mL) at O °C (ice-bath) under an N, atmosphere. The
reaction mixture was heated at reflux with a dry ice condenser for 2 h, allowed to cool to
room temperature, quenched by the careful addition of NaOH (1N, 50 mL) and extracted
with CH,Cl, (3 x 30 mL). The combined organic portion was washed with H,O (3 x 100
mL) and brine (20 mL), dried (Na,SO4) and evaporated to dryness under reduced
pressure to afford 6.95 g (64%) of 58 as a clear amber oil. '"H NMR (CDCl3) § 1.28 (m,
6H, -CH3), 3.67 (m, 2H, -CHy), 3.80 (m, 2H, -CH,), 3.88 (s, 3H, -OCH3), 4.08 (m, 2H, -

CH,), 4.91 (s, 1H, -CH), 6.78 (d, 1H, J = 8.28 Hz, ArH), 7.08 (m, 2H, ArH).

4-Bromo-7-methoxybenzofuran (59)

The compound is reported in literature and was synthesized by a similar procedure.?’®

A solution of 58 (4.3 g, 13.5 mmol) in chlorobenzene (10 mL) was added in a dropwise
manner to a stirred solution of polyphosphoric acid (6.84 g) in chlorobenzene (25 mL) at
80 °C under an N, atmosphere. The reaction mixture was heated for 1 h at 120 °C, with
an attachment of a dry ice condenser. The reaction was allowed to cool to room
temperature, followed by the careful addition of NaOH (1N) till basic (pH ~ 12) and
extracted with CH,Cl; (3 x 30 mL). The combined organic portion was dried (Na;SO4) and
evaporated to dryness under reduced pressure to yield an amber oil which was purified

by column chromatography (silica gel; hexanes/EtOAc, 100:0 to 90:10) to afford 1.2 g
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(40%) of 59 as a yellow oil. "H NMR (CDCls) & 3.93 (s, 3H, -OCHs), 6.62 (d, 1H, J = 8.44

Hz, ArH), 6.72 (d, 1H, J = 2.12 Hz, ArH), 7.21 (d, 1H, ArH), 7.58 (d, 1H, J = 2.12 Hz, ArH).

4-Cyano-7-methoxybenzofuran (60)
The compound is reported in the literature but was synthesized by a different

procedure.?®

Copper (l) cyanide (0.5 g, 5.8 mmol) was added portion-wise to a stirred solution of 59
(1.1 g, 4.8 mmol) in anhydrous DMF (15 mL) at 0 °C (ice-bath) under an N, atmosphere.
The reaction mixture was heated at reflux for 24 h, allowed to cool to room temperature,
quenched carefully by a dropwise addition into ice-cold H,O (50 mL) and extracted with
CHxClI; (3 x 30 mL). The combined organic portion was washed with H,O (3 x 100 mL),
brine (30 mL) dried (NaSO4) and evaporated to dryness under reduced pressure to yield
a yellow residue which was purified by column chromatography (silica gel,
hexanes/EtOAc, 100:0 to 95:5) to afford 0.33 g (40%) of 60 as a white solid: mp 92-94
°C; "H NMR (DMSO-ds) 6 4.13 (s, 3H, -OCH3), 6.89 (d, 1H, J = 8.28 Hz, ArH), 7.03 (s,

1H, ArH), 7.60 (d, 1H, J = 8.28 Hz, ArH), 7.82 (s, 1H, ArH).

Compound 60 can also be synthesized by the following procedure,
Zinc cyanide (1.69 g, 14.4 mmol) and Pd(PPhs)4 (0.76 g, 0.7 mmol) were added portion-
wise to a stirred solution of 59 (0.83 g, 3.7 mmol) in anhydrous DMF (14 mL) at 0 °C (ice-
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bath) under an N, atmosphere. The reaction mixture was heated at 100 °C for 22 h,
allowed to cool to room temperature, quenched carefully by a dropwise addition into ice-
cold H,O (50 mL) to yield a white suspension. The solid was filtered and the filtrate was
extracted with CH,Cl, (3 x 30 mL). The combined organic portion was washed with H,O
(3x 100 mL) and brine (30 mL), dried (Na2SO4) and evaporated to dryness under reduced
pressure to yield a yellow oily residue which was purified by column chromatography
(silica gel; hexanes/EtOAc, 100:0 to 80:20) to afford 0.12 g (18%) of 60 as a white solid:
mp 92-94 °C; The same reaction, at a 300 mg and at a 600 mg scale of 59 afforded 50%

and 44% of 60, respectively.

4-Aminomethyl-7-methoxybenzofuran Hydrochloride (61)

The procedure followed was reported in the literature for a similar analog.?'°

A solution of 60 (0.33 g, 2.0 mmol) in anhydrous THF (6 mL) was added in a dropwise
manner at -4 °C (salt-ice bath) to a suspension of LiAlH4 (0.14 g, 3.6 mmol) in anhydrous
THF (10 mL) under an N2 atmosphere. The reaction mixture was allowed to stir at room
temperature for 1 h and quenched carefully by the dropwise addition of ice-cold H,O (1
mL), NaOH (1N, 1 mL) and another addition of cold H,O (1 mL) to the cooled (ice-salt
bath) reaction mixture. The precipitate was filtered through Celite and the filtrate was
evaporated to dryness under reduced pressure to yield a crude residue. To the residue,

H,O (20 mL) was added and extracted with CH,Cl, (3 x 30 mL). The combined organic
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portion was dried (Na,SO,4) and evaporated to dryness under reduced pressure to afford
a brown oil. A saturated solution of gaseous HCI in EtOAc was added in a dropwise
manner to a stirred solution of the oil in EtOAc (3 mL) to give 0.29 g (71%) of 61 as a
green solid: mp >210 °C (decomposed/charred); '"H NMR (DMSO-ds) & 3.40 (s, 3H, -
OCHj3), 4.23 (m, 2H, -CHy), 7.02 (d, 1H, J = 8.16 Hz, ArH), 7.28 (s, 1H, ArH), 7.35 (d, 1H,

J=8.12 Hz, ArH), 8.07 (s, 1H, ArH), 8.40 (br s, 3H, NH" and NH).

4-Aminomethyl-7-methoxy-2,3-dihydrobenzofuran (62)

Pd/C (10%; 0.14 g) was added portion-wise to a solution of 61 (0.29 g, 1.3 mmol) in MeOH
(25 mL). The reaction mixture was reduced in a Parr hydrogenator at 35 psi for 24 h,
filtered over celite and the filtrate was evaporated to dryness under reduced pressure to
yield a white solid. mp 241-245 °C. NaOH (1N) was added in a dropwise manner to a
solution of the solid in MeOH (2 mL) till basic (pH ~ 12) and the aqueous portion was
extracted with CH,Cl; (3 x 30 mL). The combined organic portion was dried (Na;SO4) and
evaporated to dryness under reduced pressure to afford 0.23 g (96%) of 62 as a yellow
solid: mp 80-90 °C; '"H NMR (CDCl3) § 3.13 (t, 2H, J = 8.74 Hz, -CHy), 3.69 (s, 2H, CH2N),

3.79 (s, 3H, -OCHs), 4.56 (t, 2H, J = 8.76 Hz, -CHy), 6.67 (m, 2H, ArH).

3-(2,3-Dimethoxyphenyl)-N-methylpropanamide (64)

The procedure followed was reported in the literature for a similar compound.'’
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Thionyl chloride (2 mL, 31.7 mmol) was added in a dropwise manner at 0 °C (ice-bath) to
a stirred solution of commercially available 3-(2,3-dimethoxyphenyl)propionic acid (63)
(0.63 g, 3.0 mmol) under an N, atmosphere. The stirred reaction mixture was heated at
reflux for 2 h, allowed to cool to room temperature and the SOCI, was evaporated to
dryness under reduced pressure to yield 3-(2,3-dimethoxyphenyl)propionyl chloride as an
amber oil. The reaction was monitored by IR (diamond, cm™) 1690 cm™ (acid carbonyl).
A solution of 3-(2,3-dimethoxyphenyl)propionyl chloride in anhydrous CH,Cl, (30 mL) was
added in a dropwise manner at 0 °C (ice-bath) to a solution of saturated aqueous NaHCO3
(10 mL) and CH3sNH; (40% w/v in H,0, 1 mL, 14.2 mmol). The reaction mixture was
allowed to stir at 0-4 °C (ice-salt bath) for 1 h. The reaction was quenched by the careful
addition of saturated aqueous NaHCO3; (30 mL) and extracted with CH2Cl, (3 x 15 mL).
The combined organic portion was dried (Na;SO4) and evaporated to dryness under
reduced pressure to yield 0.65 g of an orange crude residue, which was purified by
column chromatography (silica gel; hexanes/EtOAc; 100:0 to 0:100) to afford 0.55 g
(81%) of 64 as a white solid: mp 107-111 °C; "H NMR (DMSO-ds) & 2.31-2.35 (t, J = 7.72
Hz, 2H, -CHy), 2.58-2.59 (d, J = 4.6 Hz, 3H, NHCH3), 2.78-2.82 (t, J = 7.3 Hz, 2H, -CH,),
3.75 (s, 3H, -OCHj3), 3.81 (s, 3H, -OCHs3), 6.77-6.79 (dd, J = 1.44, 7.60 Hz, 1H, ArH),
6.89-6.92 (dd, J = 1.49, 8.16 Hz, ArH), 6.98-7.02 (t, J = 7.86 Hz, ArH), 7.75 (br s, 1H,

NH).
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6,7-Dimethoxy-2-methyl-1,3,4,5-tetrahydro-2H-benzo[c]azepin-3-one (65)

The procedure followed was reported in literature for a similar compound.'’

Paraformaldehyde (0.33 g) was added portion-wise, and CF3COOH (2 mL, 24.8 mmol)
was added in a dropwise manner at 0 °C (ice-bath) to a stirred solution of 64 (0.54 g, 2.4
mmol) in CH2Cl, (50 mL). The reaction mixture was allowed to stir at room temperature
for 24 h, quenched by the careful addition of saturated aqueous solution of NaHCOs (30
mL) and extracted with CH,Cl, (3 x 15 mL). The combined organic portion was dried
(Na;SO4) and evaporated to dryness under reduced pressure to yield 0.54 g (96%) of 65
as a white solid: mp 108-111 °C; '"H NMR (DMSO-ds) & 2.81-2.85 (m, 2H, -CH>), 2.89 (s,
3H, NHCH3), 2.95-2.98 (t, 2H, J = 6.84 Hz, -CHy), 3.72 (s, 3H, -OCH3), 3.81 (s, 3H, -
OCHs), 4.51 (s, 2H, -CH), 6.86-6.88 (d, 1H, J = 8.36 Hz, ArH), 6.95-6.97 (d, J = 8.36 Hz,

ArH).

3-(3-Methoxyphenyl)-N-methylpropanamide (67)

The compound is reported in the literature and the same procedure was followed.'’

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) (2.06 g, 10.8 mmol) and EtsN (6
mL, 45.2 mmol) were added portion-wise to a stirred solution of 3-(3-
methoxyphenyl)propionic acid (66) (1.81 g, 10.0 mmol) and CH3sNH>-HCI (2.06 g, 30.5
mmol) in anhydrous CH,Cl, (40 mL). The reaction was allowed to stir at room temperature
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for 6 h and quenched by the careful addition of HCI (1N, 100 mL) and extracted with
CH2Cl; (3 x 40 mL). The combined organic portion was dried (Na;SO4) and evaporated
to dryness under reduced pressure to yield a crude yellow oil which was purified by
column chromatography (silica gel; CHCIls/MeOH; 100:0 to 80:20) to afford 0.91 g (47%)
of 67 as a pale-yellow oil. "H NMR (DMSO-ds) & 2.36-2.40 (t, J = 7.82 Hz, 2H, -CH,), 2.59-
2.60 (d, J = 4.6 Hz, 3H, NCH3), 2.79-2.83 (t, J = 7.8 Hz, 2H, -CH,), 3.76 (s, 3H, -OCH3),

6.76-6.80 (m, 3H, ArH), 7.19-7.23 (t, J = 7.96 Hz, 1H, ArH), 7.74 (br s, 1H, NH).

7-Methoxy-2-methyl-1,3,4,5-tetrahydro-2H-benzo[c]azepin-3-one (p-isomer; 68)

The procedure followed was reported in the literature for a similar compound.'’

Paraformaldehyde (0.33 g) and CF3COOH (2 mL, 27.4 mmol) were added portion wise
at 0 °C (ice-bath) to a stirred solution of 67 (0.52 g, 2.7 mmol) in 1,2-dichloroethane (60
mL). The reaction mixture was stirred at room temperature for 4 h, quenched by the
careful addition of saturated aqueous solution of NaHCO; (75 mL) and extracted with
CHxClI; (3 x 100 mL). The combined organic portion was dried (Na,SO4) and evaporated
to dryness under reduced pressure to give a yellow oil. The two positional isomers, 7-
methoxy-2-methyl-1,3,4,5-tetrahydro-2H-benzo[c]lazepine-3-one  and  9-methoxy-2-
methyl-1,3,4,5-tetrahydro-2H-benzo[c]azepine-3-one were separated by column
chromatography (silica gel; hexanes/EtOAc; 100:0 to 0:100). Subsequently this afforded
0.26 g (47%) of 7-methoxy-2-methyl-1,3,4,5-tetrahydro-2H-benzo[c]azepine-3-one (68 ‘p-
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isomer’) as white crystals: mp 117-119 °C (lit."®” mp 107-107.5 °C); 'H NMR (DMSO-dk)
5 2.80-2.84 (t, J =6.94 Hz, 2H, -CH,), 2.90 (s, 3H, NCH3), 3.02-3.06 (t, J = 6.92 Hz, 2H,
-CHy), 3.75 (s, 3H, -OCHj3), 4.50 (s, 2H, -CHy), 6.71-6.76 (m, 2H, ArH), 7.15-7.17 (d, J =
8.28 Hz, 1H, ArH)

Both, the p- and the o-positional isomers are known and except for the method of
separation of the two isomers, the reaction was followed according to the literature
procedure. The literature procedure reported using preparative HPLC, while column

chromatography was used for separation in case of 68.

9-Methoxy-2-methyl-1,3,4,5-tetrahydro-2H-benzo[c]azepin-3-one (o-isomer; 69)

The procedure followed was reported in the literature for a similar compound.'’

Paraformaldehyde (0.33 g) and CF3COOH (2 mL, 27.4 mmol) were added portion wise
at 0 °C (ice-bath) to a stirred solution of 67 (0.52 g, 2.7 mmol) in 1,2-dichloroethane (60
mL). The reaction mixture was allowed to stir at room temperature for 4 h, quenched by
the careful addition of saturated aqueous solution of NaHCO3 (75 mL) and extracted with
CHxClI; (3 x 100 mL). The combined organic portion was dried (Na,SO4) and evaporated
to dryness under reduced pressure to give a yellow oil. The two positional isomers, 7-
methoxy-2-methyl-1,3,4,5-tetrahydro-2H-benzo[c]lazepine-3-one  and  9-methoxy-2-
methyl-1,3,4,5-tetrahydro-2H-benzo[c]azepine-3-one were separated by column

chromatography (silica gel; hexanes/EtOAc; 100:0 to 0:100). Subsequently this afforded
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0.04 g (6%) of 9-methoxy-2-methyl-1,3,4,5-tetrahydro-2H-benzo[c]azepine-3-one (69 ‘o-
isomer’) as a white solid: mp 60 °C; "H NMR (DMSO-ds) & 2.77-2.80 (t, J = 6.88 Hz, 2H,
-CHy), 2.90 (s, 3H, NCHj3), 3.02-3.06 (t, J = 6.80 Hz, 2H, -CH>), 3.75 (s, 3H, -OCH3), 4.64
(s, 2H, -CH,), 6.78-6.81 (d, J = 7.6 Hz, 1H, ArH), 6.87-6.89 (d, J = 8.2 Hz, 1H, ArH), 7.19-

7.22 (t, J = 7.92 Hz, 1H, ArH).

Both the p- and the o-positional isomers are known and except for the method of
separation of the two isomers, the reaction was followed according to the literature
procedure. The literature procedure reported using preparative HPLC, while column
chromatography was used for separation of 68 and 69. Also, 68 (o-isomer) was reported

as a yellow oil.

9-Methoxy-2-methyl-1,3,4,5-tetrahydro-2H-benzo[c]azepine (70)

A 1M solution of BH3 in THF (1 mL, 1.2 mmol) was added in a dropwise manner to a
stirred solution of 69 (0.06 g, 0.3 mmol) in anhydrous THF (2 mL) at 0 °C (ice-bath) under
an N, atmosphere. The clear reaction mixture was heated at reflux and allowed to stir
overnight, then cooled to room temperature and quenched by the careful addition of HCI
(6N) at 0 °C (ice-bath) until acidic (pH ~ 3). The reaction mixture was heated to evaporate
the THF until THF could no longer be detected by smell. The residue was cooled to 0 °C
(ice-bath) and a solution of NaOH (3N) was added in a dropwise manner until basic (pH

~ 12) followed by extraction with Et,O (3 x 30 mL). The combined organic portion was
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dried (Na;S0O4) and evaporated to dryness under reduced pressure to yield 0.48 g of a

crude yellow oil.

A saturated solution of gaseous HCI in EtOAc was added in a dropwise manner to a
solution of the crude yellow oil in EtOAc until the solution was acidic (pH ~ 3). The white
solid that precipitated upon addition of gaseous HCI/EtOAc was collected by filtration and
washed with Et,0. Recrystallization of the white solid from acetone yielded 0.01 g (15%)
of 70 as white crystals: mp 199-200°C; "H NMR (DMSO-ds) & 1.91 (br s, 2H, -CHy), 2.61
(s, 3H, NCHj3), 2.99 (br s, 2H, -CHy), 3.35-3.46 (m, 2H, -CHy), 3.86 (s, 3H, -OCH3), 4.49
(s, 2H, -CH,), 6.68-6.91 (d, J = 7.44 Hz, 1H, ArH), 7.01-7.03 (d, J = 8.4 Hz, 1H, ArH),
7.33-7.34 (t, J=7.94 Hz, 1H, ArH), 10.92 (br s, 1H, NH"); Anal. Calcd for (C12H:7NO-HCI)

C, 63.28; H, 7.96; N, 6.15. Found: C, 63.51; H, 7.96; N, 6.12.

3-(2,3-Dimethoxyphenyl)-N,N-dimethylpropanamide (71)

The procedure followed was reported in the literature for a similar compound.'’

Thionyl chloride (1 mL, 13.78 mmol) was added in a dropwise manner at 0 °C (ice-bath)
to 3-(2,3-dimethoxyphenyl) propionic acid (63) (0.68 g, 3.2 mmol) under an N
atmosphere. The reaction mixture was heated at reflux and allowed to stir for 2 h, allowed
to cool to room temperature and the thionyl chloride was evaporated to dryness under
reduced pressure to yield the crude intermediate as an amber oil which was used in the
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next reaction without further characterization. A  solution of 3-(2,3-
dimethoxyphenyl)propionyl chloride in anhydrous CH,Cl, (30 mL) was added in a
dropwise manner at 0 °C (ice-bath) to a stirred solution of saturated aqueous NaHCO;
(10 mL) and (CH3)2NH2 (40% w/v in H20O, 2 mL, 15.1 mmol). The reaction mixture was
allowed to stir at 0-4 °C for 1 h, quenched by the careful addition of saturated aqueous
NaHCO3; (30 mL) and extracted with CH,ClI, (3 x 15 mL). The combined organic portion
was dried (Na,SO,4) and evaporated to dryness under reduced pressure to yield a crude
amber residue, which was purified by column chromatography (silica gel; hexanes/EtOAc;
100:0 to 0:100) to afford 0.55 g (71%) of 71 as an amber oil. "H NMR (DMSO-ds) § 2.77-
2.79 (t, J = 4.26 Hz, 2H, -CHy), 2.85 (s, 3H, -NCH3), 2.97 (s, 3H, -NCHj3), 3.76 (s, 3H, -
OCHj3), 3.82 (s, 3H, -OCH3), 6.82-6.84 (dd, J = 1.42, 7.54 Hz, 1H, ArH), 6.91-6.91 (d, J =
1.48 Hz, 1H, ArH), 6.93-6.98 (t, J = 10.68 Hz, 1H, ArH). "H NMR (CD3CN) 2.55-2.59 (t, J
=7.96 Hz, 2H, -CHy) is visible which in DMSO overlapped with the DMSO-ds peak (~2.54

ppm).

3-(3-Methoxyphenyl)-N,N-dimethylpropanamide (72)
The compound is reported in literature?'" as a colorless oil but the procedure followed

was similar to another reported method.'’

In a two-neck flask, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) (2.06 g, 10.8

mmol) and Et;N (6 mL, 45.2 mmol) were added portion-wise to a stirred solution of 3-(3-
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methoxyphenyl)propionic acid (66) (1.81 g, 10.0 mmol) and CH3NH»-HCI (2.46 g, 30.2
mmol) in anhydrous CH,Cl, (40 mL) under an N, atmosphere. The reaction was allowed
to stir at room temperature for 24 h and quenched by the careful addition of HCI (1N, 50
mL) and extracted with CH,Cl, (3 x 20 mL). The combined organic portion was dried
(Na2SO4) and evaporated to dryness under reduced pressure to yield a crude yellow oll
which was purified by column chromatography (silica gel; CH>Cl,/MeOH; 100:0 to 90:10)
to afford 1.21 g (58%) of 72 as a pale-yellow oil. '"H NMR (DMSO-ds) & 2.60-2.63 (t, J =
7.78 Hz, 2H, -CHy), 2.78-2.82 (t, J = 7.76 Hz, 2H, -CHy), 2.85 (s, 3H, -NCHj3), 2.96 (s, 3H,
-NCHj3), 3.76 (s, 3H, -OCHs3), 6.76-6.79 (m, 1H, ArH), 6.83-6.85 (m, 2H, ArH), 7.19-7.23

(t, J=8.1 Hz, 1H, ArH)

Sodium 1-hydroxy-1-(3,4-dimethoxyphenyl)methanesulfonate (75)

The procedure followed was reported in the literature.?®®

A solution of sodium bisulfite (1.00 g, 9.6 mmol) in H,O (2 mL) was added in a dropwise
manner to a stirred solution of veratraldehyde (73) (1.60 g, 9.6 mmol) in EtOH (19 mL) at
room temperature. The resulting suspension was allowed to stir at 30-35 °C for 16 h and
subsequently at 4-5 °C for 4 h. The precipitate was collected by filtration, washed with
hexane (3 x 15 mL) and dried to yield 2.10 g (88%) of 75 as a white solid: mp 155-160
°C; The starting material was an oil and the product was collected as a solid. The rf values
(0.77) were identical for both the starting material and product in EtOH:NH,OH (9.5:0.5)
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solvent system and there were no other products formed. Based on this, the product was
not characterized further and was used in the next step.

Compound 75 is reported in the literature but not its melting point.

Sodium 1-hydroxy-1-(4-methoxyphenyl)methanesulfonate (76)
The compound is reported in literature®'? but was synthesized by a different method

here.?%

A solution of sodium bisulfite (1.00 g, 9.6 mmol) in H,O (1.9 mL) was added in a drop
wise manner to a stirred solution of anisaldehyde (74) (1.30 g, 9.6 mmol) in EtOH (19 mL)
at room temperature. The resulting suspension was allowed to stir at 30-35 °C for 16 h
and subsequently at 4-5 °C for 4 h. The precipitate was collected by filtration, washed
with hexane (3 x 15 mL) and dried to yield 2.0 g (88%) of 76 as a white solid: mp 158-164

°C (lit.>"?> mp 155-157 °C).

B. Electrophysiology — Two-electrode voltage clamp

To gain hands-on experience on the two-electrode voltage clamp technique in
electrophysiology, | spent the Summer of 2017 in Dr. Marvin K. Schulte’s laboratory in the
University of Sciences, Philadelphia. Here, | conducted preliminary screening on some of

my deconstructed analogs under the training and guidance of Dr. Schulte’s graduate
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student, Laura DeCristafano. The protocol followed is well established in their

laboratory.?'321°

1. Expression and cRNA microinjection:

Xenopus laevis ovarian lobes were purchased froom Xenopus 1 (Dexter, Ml). The lobes
were then shaken gently for around 20-30 mins at room temperature in 1.5 mg/mL
collagenase (Sigma type Il, Sigma-Aldrich) in order to facilitate the removal of follicular
cells. The oocytes were stored in Barth’s buffer composed of 88 mM NaCl, 1mM KCl,
0.4 mM CaCl,, 0.33 mM Ca(NOs),, 0.8 mM MgSQOy4, 5 mM Tris, 2.4 mM NaHCO; at pH
7.4 with gentamycin (final concentration of 0.1 mg/mL). Healthy-looking stage IV oocytes

were chosen for microinjection with cRNAs and recording.

The synthetic cRNAs for human a7 were prepared using the MMESSAGE mMACHINE™
High Yield Capped RNA Transcripton Kit (Ambion, TX). Each oocyte was injected with
50 nL cRNA at a concentration of 300 ng/uL. The injected oocytes were then incubated
for 48 hours in Barth’s buffer at 19 °C to allow sufficient expression of human a7 nAChRs.

After incubation, healthy oocytes were chosen for electrophysiological recordings.

2. Two-electrode voltage clamp recording and data collection:
The electrophysiological recordings were carried out by a TEVC set-up at -60 mV. The
set-up consisted of an automated system with an OC-725C oocyte clamp amplifier

(Warner Instruments, CT, US) that was connected to an axon instruments data
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acquisition system. The software CLAMPEX was used for data acquisition while
CLAMPFIT was used for analyses. Both the current and recording electrodes were filled
with a 3M KCl solution and had resistances of ~1 MQ. A vertical flow chamber of volumes
~280 uL was used to hold the individual oocytes, which were perfused with the ND-96
recording buffer (96 mM NaCl, 2mM KCI, 1 mM MgCl,, 1.8 mM CacCl;, and 2 mM
phosphate buffer at pH 7.4) at a rate of 5-6 mL/min by a peristaltic pump. Solutions of
the agonist, ACh along with galantamine and its deconstructed analogs were prepared
in ND-96 buffer. The solutions of the compounds were serially diluted to appropriate
concentrations and injected into the recording chamber at the rate of 20 mL/min via a

Gilson Autosampler. All the data were analyzed in GraphPad Prism.

Molecular Modeling

1. 3D-overlap of molecules

Galantamine (3) and codeine (8) were sketched and energy minimized in SYBYLX-2.1
(Tripos International). The molecules were overlapped in SYBYLX-2.1 using the multifit
option. The atoms chosen in both the molecules for alignment were the methoxy oxygen
atoms, the centroids of the phenyl ring, the hydroxyl oxygen atoms, the dihydrofuran

oxygen atoms and the tertiary nitrogen atoms.
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2. Generation of homology models

The primary amino acid sequence of the human a7 nAChR was obtained from the
Universal Protein Resource (UniProt; accession code: P36544).2"° The sequence of the
template, chimera Ls-AChBP — human a7 nAChR'®® was obtained as a FASTA file from
the Protein Databank (PDB) at http://www/rcsb.org. The template was prepared by
removal of water molecules, ligands and other molecules such as surfactants that were
employed for crystallization. Hence, only the residues for two subunits were retained. The
sequences of template and the protein of interest were aligned using Clustal 0.2 The
first three amino acids from the protein of interest were removed after alignment as there
was a lack of complementary amino acids on the template. Two truncated amino acid
sequences of the protein of interest were aligned to two amino acid sequences of the
template dimer. One hundred 3D homology models of the human a7 nAChR were
generated using Modeller v9.12 (University of California San Francisco, San Francisco,
CA)?'® using the crystal structure of the chimera of Ls-AChBP — human a7 nAChR co-
crystallized with epibatidine (PDB ID: 3SQ6) as the template. The homology models were
supported by docking the agonist epibatidine. Additionally, Ramachandran plots'®® were
generated to determine the percentage of amino acids that fell under the most favored,
additional allowed region, generously allowed region and disallowed regions. Of the 16
disallowed amino acids, none were in the site reported to be important for the binding of

galantamine.
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3. Docking studies:

Galantamine and its deconstructed analogs were sketched and energy minimized using
Gasteiger-Huckel charges and a dielectric constant of 4.0 in SYBYLX-2.1 (Tripos
International). The molecules were docked in the homology models of the human a7
NAChR using GOLD Suite 5.3 (Cambridge Crystallographic Data Centre, Cambridge,
UK),%"® an automated genetic algorithm docking program with GOLD score as the chosen
scoring function. The docking site was defined as a spherical region, 6 A around the Ca
of Thr221 of human a7 nAChR. The docking solutions with similar poses were grouped
together using a script. The clusters were inspected visually and a model was chosen
based on the orientation and interactions of the ligand with the docking site. The chosen
model/s were merged with the protein and their energy was minimized using the Tripos
Force Field (Gasteiger-Huckel charges, distance-dependent dielectric constant = 4.0) in

SYBYL X-2.1 (Tripos International).

The Hydropathic INTeraction (HINT)'®® scores of the minimized ligand-receptor
complexes were determined using the HINT program in SYBYL x 8.1, to quantify the
interactions observed in the homology modeling studies. The protein was partitioned
using the dictionary option while the ligand was partitioned using the calculate option in

the default settings. The atom-based breakdown of the HINT score was analyzed to
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determine the contributions of the individual atoms to the interactions with amino acid

residues at the binding region of the human a7 nAChR.
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APPENDIX

Note added in proof: Additional biological data from electrophysiological studies became
available after submission of the dissertation to the research committee. This appendix
was provided to the committee members and was available at the time of the oral defense.
Additionally, the HINT scores for the deconstructed analogs were also calculated and

provided at the time of the defense.

TEVC assay

Electrophysiological data for three molecules, galantamine (3; HBr), lycoramine (6; free
base), and compound 34 were provided by Dr. Marvin K. Schulte’s laboratory as

conducted by his graduate student, Laura DeCristofano.

The compounds did not elicit agonist-like responses in the assay and neither did they
potentiate ACh responses. This is in contrast to the preliminary screening assay

conducted and reported in this dissertation.

Dose-response curves of compounds 3, 6, and 34 with concentrations ranging from 0.01

to 300 uM in the presence of ACh (100 uM). The assays were run in triplicate for 3 and 6
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and in duplicate for 34. The responses were normalized to the response elicited by 100
uM of ACh. From Figure A1, galantamine (3) seems to behave like an antagonist by
inhibiting the ACh-evoked currents with an ICsy of 107 uM. This antagonist (inhibitory)
behavior of galantamine at nAChRs at higher concentrations (above 10 uM) has been
reported previously in the literature.?>'% The potentiating effect of galantamine (100 nM)
for ACh-evoked currents (250 pM) in human o7 nAChRs was 22%.% In our studies, it is
possible that a potentiating of ACh (100 uM)-evoked currents might occur at 100 and 300
nM concentrations of galantamine (Figure A1) but seemed insignificant after averaging
the data. Further optimization of the TEVC method is required in order to have an assay

sensitive enough to detect small potentiating effects.

1.57  Galantamine (3) at 100 uM ACh
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Figure A1. Dose-response curve for galantamine

(3) inthe presence of ACh (100 uM). The assay was
run in triplicate.
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Lycoramine (6) (Figure A2), obtained upon reduction of the cyclohexenol double bond of
galantamine retains the antagonist-like effect of galantamine. Further deconstruction of
the complete cyclohexenol ring of galantamine results in 34, which also retains the
antagonist-like effect of its parent, galantamine. Although a complete ICsy curve was not
generated for 34, the results (Figure A3) indicate inhibition of ACh-evoked currents at
high concentrations. This suggests that the cyclohexenol ring of galantamine (3) is not

required for antagonizing the ACh-evoked currents.

Lycoramine (6) at 100uM ACh
1.5-

1.0-

Normalized Response

o
(=}
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log[analog 6] in M

Figure A2. Dose-response curve for lycoramine (6)
in the presence of ACh (100 uM). The assay was
run in triplicate.

164



Analog 34 at100pM ACh
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Figure A3. Dose-response curve for compound 34
in the presence of ACh (100 uM). The assay was
run in duplicate.

The I1Cso values are indicated in Table A1.

Table A1. ICso values for compounds 3, 6, and 34 for ACh (100 uM) from the TEVC
assay.

COMPOUND IC50 (LM)

Galantamine (3) 107 uM

Lycoramine (6; Free Base) 209 uM
34 Could not be determined

Thus, it could be concluded that an intact structure of galantamine is not necessary for its

inhibitory action at human a7 nAChRs.
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At around the time that this dissertation was submitted to my research committee, an
article was published online,?® which reported that galantamine was not a PAM at the
human a7 nAChRs expressed in X. laevis oocytes. Galantamine (10 nM-1 uM) could
neither evoke agonist-like responses, nor potentiate ACh-evoked currents in the human
a7 nAChRs.?® Concentrations of galantamine above 10 uM, resulted in an inhibition of
ACh-evoked currents with an I1Csy of 55 uM.??® The observation that galantamine does
not potentiate ACh-evoked currents in the human o7 nAChRs is consistent with our

findings.
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Molecular Modeling

The HINT scores for each deconstructed analog was determined and is highlighted in

Table A2.

Table A2. HINT scores for the deconstructed analogs are expressed in terms of favorable
polar and hydrophobic interactions. The total HINT score for each analog is also indicated
along with observed hydrogen bond interactions with protein residues.

H-BOND/IONIC
ANALOG POLAR HYDROPHOBIC TOTAL HINT SCORE INTERACTIONS
Lo O-Thr223, O-Thr221; O-Thr221,
Galantamine: Mode-I 718 411 393 Ser206 and Asp219
Mode-ll 129 367 106 No key interactions
Wodified gg'a"tam'"e; 723 334 184 O-Thr221, 0-Asp219
44 122 299 -17 Furan O, Thr221
Furobenzazepine; 34 74 298 17 O-Thr223, Lys165
Benzofurans; O-Thr223; N-Asp219
50 613 298 206 - P N-ASP
51 1395 273 981 N-Asp219
35_R 728 346 213 N-Asp219
35_S 856 384 380 O-Thr223, N-Asp219
52_R 1529 346 1305 N-Asp219
52_S 879 383 694 N-Asp219
36 805 258 1547 Furan O, Thr223
Benzazepines; .
37 158 311 14 0-Ser206; O-Thr221
38 188 346 15 0-Ser206
1156 495 660 O-Thr221;0-Thr223; N-Asp219
853 357 289 N-Asp219
572 344 131 Methoxy O Thr 223; N-Asp219
666 386 244 methoxy O Thr223; N —Asp 219
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In the docking studies performed with galantamine (3) in our human o7 NnAChR homology
models, none of the docking modes exhibited a plausible ionically-reinforced hydrogen
bond between the protonated amine of galantamine and the oxygen atom of Asp219. To
ascertain why this strong interaction was not observed, we conducted additional docking
studies with galantamine and Asp219 in the human a7 nAChR homology model. Figure
A4 displays a result of docking galantamine 6 A around Asp219. Although the nitrogen
atom of galantamine is oriented towards the docking site, it does not form an interaction
with Asp219. Instead, the nitrogen atom forms a hydrogen bond with the hydroxyl oxygen

atom of Ser206.
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Figure A4. Docking result of galantamine 6 A within
Asp219. The amine did not interact with the Asp219
residue, instead forming hydrogen bonds with Ser206,
while the oxygen atoms of galantamine participated in
hydrogen bonds with Thr221 and Thr223.

To explore this further, we forced an interaction between the amine nitrogen atom and
the Asp219 oxygen atom by constraining the distance of 1.5-3.5 A between these two
atoms. The constrained interaction as displayed in Figure AS displayed an ionically-
reinforced hydrogen bond interaction between the nitrogen atom of galantamine and

oxygen atom of Asp219, resulting in a high total HINT score. However, the space-filling
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representation of the ligand and protein revealed potential steric clashes between these

two entities.

HINT Score: 825 ™.

Polar: 1518
Hydrophobic: 307

""’"’ k-rhrzzrs é ‘ LyS165

Figure A5. Forced interaction of galantamine with Asp219. The constraint applied
was that the nitrogen atom of galantamine would form a hydrogen bond with the
oxygen atom of Asp219. The forced interaction resulted in galantamine’s nitrogen
atom being located 2.5 A away from the oxygen atom of Asp219. The furan and
hydroxyl oxygen atoms participate in hydrogen bonds with Lys165, while the
methoxy oxygen atom formed a hydrogen bond with Thr221.
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Another way to analyze this interaction was to dock galantamine 10 A around Asp219 by
specifying a hydrogen-bond interaction between the nitrogen atom of galantamine and
the Asp219 oxygen atoms. This docking, as displayed in Figure A6, resulted in an
interaction between the nitrogen atom of galantamine and the Asp219 oxygen atom,
however, once again, surface and space-filling representations indicated possible

clashes.

Figure A6. Forced docking of galantamine 10 A around Asp219. Galantamine is
indicated by yellow space-filling spheres.

From these studies, it can be concluded that a lack of ionically-reinforced hydrogen bond
between the nitrogen atom and Asp219 might be because Asp219 is located in an

unreachable pocket.
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