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ABSTRACT

An abstract of the dissertation of Steven James Burgess for the Doctor of Philosophy
in Chemistry presented July 11, 2008.

Title: Design and Synthesis of Antimalarial Drugs Based on a Chloroquine Scaffold

There are between 350 and 500 million clinical cases of malaria each year, and
over 1 million deaths, with pregnant women and children under the age of 5 being
most at risk. Chloroquine (CQ) became the preferred drug to treat malaria in the late
1940s, but is now rendered mostly ineffective in many parts of the world, due to
widespread CQ resistance by the malaria parasite. All other malaria treatments suffer
from some drawbacks, which include development of resistance, side effects including
toxicity, risk for pregnant women and young children, and high cost. Some existing,
non-antimalarial, drugs have been found to reverse the effects of resistance in
chloroquine-resistant (CQR) Plasmodium, when co-administered with CQ. However
these drugs, called reversal agents (RAs), were designed for other targets, and suffer
from side effects and the need for high dose.
Compound PL01 was designed to have both a CQ-like and a RA-like moiety,
which resulted in in vitro IC50 values of 2.9 nM against chloroquine sensitive (CQS)
Plasmodium falciparum, the malaria parasite, and 5.3 nM against CQR P. falciparum.
This is an improvement over CQ's IC50S of 6.9 nM and 102 nM against the same
malaria strains.

Subsequent development produced a number of analogues with IC50 values
lower than CQ, with the best (PL69) having a 0.9 nM IC50 against CQS and 1.6 nM
against CQR P. falciparum.
mice.

This molecule is active in vivo, against P. berghei in

A dose of 45.7 mg/Kg/day for 4 days (the molar equivalent dose to 30

mg/Kg/day of CQ) resulted in <0.1% parasitemia after 30 days in 9 out of 10
surviving mice.
Mechanistic investigations indicated that the CQ-like moiety acts like CQ
against the parasite, and that the RA-like moiety acts as a reversal agent.

An

accumulation experiment showed uptake by the parasite was reversible by raising the
pH of the digestive vacuole (DV). When viewed under a microscope, an enlarged DV
with reduced hemozoin formation was apparent in drug-treated parasites. All these
results support the hypothetical mechanism, and hence the design of these drugs
against CQR malaria.
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CHAPTER 1

Introduction

There are between 350 and 500 million clinical cases of malaria each year, and
over 1 million of these result in death, with 90% of these are in Africa (Figure l.l). 1
The most vulnerable are children under the age of 5, with an estimated 3000 deaths
each day in sub-Saharan Africa alone,

but pregnant women are at great at risk

because their immunity to malaria is reduced before childbirth.

The children die

either from an acute attack of cerebral malaria, which leads to a coma, or from the
severe anemia which often results from repeated infections.

Many complications,

some fatal, are also caused by low birth weight due to malaria infection in the
pregnant mother.2

In addition to the deaths there is the economic cost, with an

estimated 1.3% loss of economic growth per year in affected countries.1

It is

estimated that $10 billion to $12 billion is lost each year from the gross domestic
product of Africa.

The cost of controlling the malaria would be substantially less if

all available measures were in place.
Malaria is caused by the Plasmodium parasite, which is transmitted by a bite
from the female Anopheles mosquito.3 The parasite undergoes sexual reproduction
inside the mosquito, and then moves to the salivary gland, until the mosquito feeds.
The parasite is transferred to a human in the mosquito saliva as a sporozoite. This
sporozoite quickly travels to the liver, and over the next 2-3 of weeks develops
1
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Figure 1.1 Map of global distribution of malaria transmission risk in 2003. The darker areas
indicate high malaria endemicity. From WHO World Malaria Report World Health
Organization: 2005.

into schizonts.

This structure contains thousands of tiny merozoites, which are

released into the bloodstream when the schizont matures and ruptures. The merozoites
invade red blood cells where most undergo another round of asexual reproduction,
forming schizonts containing more merozoites.

The energy for this process is

obtained by oxidation of host glucose via glycolysis.4'5 When these schizonts rupture,
so do the red blood cells. This releases more merozoites into the bloodstream to
complete the 48 to 72 hour cycle (Figure 1.2).
However, the Plasmodium parasite still needs the mosquito. The merozoites
that do not form schizonts in the red blood cells, instead form gametocytes. These are
the male and female forms required for sexual reproduction.

They stay in the

bloodstream until a female Anopheles mosquito takes a blood meal, whereupon they
2

return to the mosquito to carryout the sexual reproductive phase of the lifecycle
(Figure 1.2).3

In mosquito gut
Gamete

•zygote

•ookinete

•oocyst

Trophozoite

Figure 1.2 Lifecycle of the malaria parasite. From Greenwood, B. M.; Bojang, K.; Whitty, C.
J.; Targett, G. A. T., Malaria. Lancet 2005,365, 1487-98.

Plasmodium vivax and Plasmodium ovale have an extra stage in their cycle. In
these species of Plasmodia not all of the parasites in the liver become schizoints.6
Some turn into "hypnozoites", which can remain dormant in the liver for many months
or even years. When they become active again they cause relapses in the host.6
There are over 100 known species of Plasmodia, but only four commonly
infect humans,6 and a person can be infected with more than a single type at once.7
Plasmodium vivax is the most widespread from a geographical perspective, but the
3

symptoms of a P. vivax infection are rarely fatal. However, P. vivax malaria relapses
can occur years after initial infection.8 P. vivax is now mostly found in the tropics,
Q

especially m Asia.
In addition to causing the usual malarial symptoms, including fever,
headaches, sweats, chills, nausea and vomiting, Plasmodium malariae can cause
chronic infections that last for years, and which can cause symptoms to reoccur
decades after the initial exposure, even if the patient has long since left the endemic
area.7 People who have asymptomatic P. malariae are still infectious, and a mosquito
bite or blood donation can transmit the disease. P. malariae is rare in temperate
regions, and is found mainly in Africa, and the southwest Pacific.
Plasmodium ovale is another species which can cause relapses, but is quite
rare. It is mainly found in West Africa, The Philippines, Eastern Indonesia and Papua
New Guinea.7
Plasmodium falciparum causes the most deadly form of malaria.

It is

responsible for most malarial deaths, and is especially deadly in sub-Saharan Africa
where drug resistant forms are common.9 The symptoms develop suddenly, and there
can be life-threatening complications. However, with prompt and correct medication,
the disease is curable, unless the causative agent is resistant to the medication.10

Malaria treatments
The origins of malaria are in antiquity. It was known in ancient Egypt and
China, and was prominent in the Roman Empire, being described accurately in the
4

medical literature of the time.9

Many remedies were tried, some with more success

than others, but the first effective treatment used in the West came from the bark of the
cinchona tree of South America. Originally introduced as a treatment for "ague" by
Jesuit priests, the bark became the treatment of choice for malaria in Europe, and was
extremely valuable.

In 1820 two French chemists, Joseph Pelletier and Joseph

Bienaime Caventou, isolated quinine (Figure 1.3) from the bark,11 and this extract
quickly became the standard therapy throughout the world.

This is generally

considered the beginning of natural product medicinal chemistry.
Before and during the Second World War there was a shortage of quinine, due
to the threat of and eventual Japanese invasion of the Dutch plantations in Java,12 and
so synthetic alternatives were developed and introduced.

Since the late 1940s,

chloroquine (CQ) (Figure 1.3), first chemically synthesized in 1934 by Hans Andersag
at the Bayer labaatories,12'13 replaced quinine as the mainstay of malaria treatment.12'
There are several reasons why CQ became the most important synthetic
antimalarial of its time: the excellent clinical efficiency, low human toxicity, ease of
use, and simple cost-effective synthesis.

In the early 1950s the World Health

Organization (WHO) declared a "war" on malaria and CQ was their primary
weapon.15

It was a "wonder drug", safe for everyone to use, including pregnant

women and children under the age of 5. CQ was so popular that in some places it was
added to the salt supplies.16 However, as early as 1957, resistance was reported in
East Asia, followed by reports from Columbia in I960.17

5

Kenya and Tanzania had reported their first cases of resistance to CQ in 1978,
and by the mid-1980s chloroquine-resistant (CQR) malaria was found over almost all
sub-Saharan Africa.

Today, CQR malaria is so widespread that the WHO

recommends CQ for prophylaxis for international travelers to Haiti and the Dominican
Republic only.1
There are many other antimalarial drugs which have been introduced since CQ
was developed, but none are as safe to use as CQ, and all except artemisinin and its
derivatives have had some resistance develop since their introduction. Figure 1.3
gives the structures of the compounds that are discussed here. Table 1.1 compares
IC50 values of antimalarial drugs against CQS and CQR P. falciparum strains as given
in the literature.
Amodiaquine (Figure 1.3) is a 4-aminoquinoline introduced in the early 1980s
as a replacement for CQ.

Although some resistance to amodiaquine has been

reported,18 the main reason for amodiaquine's fall from favor is its implication as a
rare cause of bone marrow and liver damage when used for chemoprophylaxis.19
Recently, however, amodiaquine has made a small recovery with reports that it is
effective as a partner in artemisinin combination therapy (ACT),

and that in

combination with sulphadoxine-pyrimethamine (SP) (Figure 1.3) it may be safe for
use during pregnancy.21

6

Figure 1.3 Selected current and possible future(*) antimalarial drugs from literature. a Edwards, G.;
Biagini, G. A., Resisting resistance: dealing with the irrepressible problem of malaria. Br. J. Clin.
Pharmacol. 2006, 61, (6), 690-3. b Vennerstrom, J. L.; Arbe-Barnes, S.; Brun, R.; Charman, S. A.;
Chiu, F. C ; Chollet, J.; Dong, Y.; Dorn, A.; Hunziker, D.; Matile, H.; Mcintosh, K.; Padmanilayam,
M.; Santo Tomas, J.; Scheurer, C ; Scorneaux, B.; Tang, Y.; Urwyler, H.; Wittlin, S.; Charman, W.
N., Identification of an antimalarial synthetic trioxolane drug development candidate. Nature 2004,
430, (7002), 900-4. c Posner, G. EL; Paik, I. H.; Chang, W.; Borstnik, K.; Sinishtaj, S.; Rosenthal,
A. S.; Shapiro, T. A., Malaria-infected mice are cured by a single dose of novel artemisinin
derivatives. J. Med. Chem. 2007, 50, (10), 2516-9.

7

Table 1.1 Literature IC50 values in nM of antimalarial drugs against various P. falciparum strains.

CQ Sensitive

CQ Resistant

Drug

D6

3D7

Dd2

W2

Kl

CQ

lla8.9c

20e

73d

500 a 100 c

117b

Quinine

66*

168e

320a

90b

Mefloquine

33 a

130e

9.9a

7.8b

Piperaquine

8.3a'c

16c

10.6b

Amodiaquine

6.2a

25 a

7.8b

Halofantrin

5.0a

1.5a

Artemisinin

17.29b

20.36b

3.98b

Artemether

5.87b

8.4b

1.76b

Artesunate

4.35b

5.22b

1.28b

a

Dow, G. S.; Koenig, M. L.; Wolf, L.; Gerena, L.; Lopez-Sanchez, M.; Hudson, T. H.; Bhattacharjee,
A. K., The antimalarial potential of 4-quinolinecarbinolamines may be limited due to neurotoxicity and
cross-resistance in mefloquine-resistant Plasmodium falciparum strains. Antimicrob. Agents Chemother.
2004,48, (7), 2624-32.
b
Akoachere, M.; Buchholz, K.; Fischer, E.; Burhenne, J.; Haefeli, W. E.; Schirmer, R. H.; Becker, K.,
In vitro assessment of methylene blue on chloroquine-sensitive and -resistant Plasmodium falciparum
strains reveals synergistic action with artemisinins. Antimicrob. Agents Chemother. 2005,49, (11),
4592-7.
c
Vennerstrom, J. L.; Ellis, W. Y.; Ager, A. L., Jr.; Andersen, S. L.; Gerena, L.; Milhous, W. K.,
Bisquinolines. 1. N,N-bis(7-chloroquinolin-4-yl)alkanediamines with potential against chloroquineresistant malaria. J. Med. Chem. 1992, 35, (11), 2129-34.
d
Jenett-Siems, K.; Kohler, I.; Kraft, C ; Pertz, H. H.; Kren, V.; Fiserova, A.; Kuzma, M.; Ulrichova, J.;
Bienzle, U.; Eich, E., In vitro antiplasmodial activities of semisynthetic N,N'-spacer-linked oligomeric
ergolines. Bioorg. Med. Chem. 2004, 12, (4), 817-24.
e
Myrick, A.; Munasinghe, A.; Patankar, S.; Wirth, D. F., Mapping of the Plasmodium falciparum
multidrug resistance gene 5'-upstream region, and evidence of induction of transcript levels by
antimalarial drugs in chloroquine sensitive parasites. Mol. Microbiol. 2003,49, (3), 671-83.

Other 4-aminoquinolines introduced to treat malaria include isoquine (Figure
1.3) , an analogue of amodiaquine, which GlaxoSmithKline anticipates advancing to
99

clinical trials, '

9"^

and piperaquine (Figure 1.3), a bisquinoline molecule which was

used in China in the 1970s and 1980s. Piperaquine is now being used in combination
with dihydroartemisinin.24
8

Mefloquine and primaquine (Figure 1.3) are also quinoline based drugs.
Mefloquine is a synthetic drug which resulted from a collaboration between the Walter
Reed Army Institute of Research (WRAIR), the WHO, and Hoffman-La Roche in the
1970s.

Its development was fueled by the need for a CQ replacement due to

widespread CQ resistance. Like other quinoline antimalarials, mefloquine is thought
to affect the formation of hemozoin, an insoluble matrix of heme dimers that form
inside the Plasmodia.

The formation of hemozoin is critical to parasite survival

because it is the parasite's means of detoxifying the highly reactive heme which is
released during proteolysis of hemoglobin (see below).

Although resistance to

mefloquine is frequently found in Southeast Asia, the primary limitation to mefloquine
use relates to neuropsychiatric side effects, which can include depression,
hallucinations, seizures or uncontrollable shaking, violent behavior, and even suicide.
These are more commonly seen at treatment doses, but do show up to a lesser degree
with the lower doses used for prophylaxis.

Primaquine (Figure 1.3) is an 8-

aminoquinoline which acts in the liver against the hypnozoite stage of the parasite.
This makes primaquine very useful in preventing relapses of P. vivax and P. ovale. It
17

also has been shown to be effective as a prophylactic against P. falciparum.
However, primaquine does have one major drawback.

In people with glucoses-

phosphate dehydrogenase (G6PD) enzyme deficiencies, primaquine can cause severe
and potentially fatal hemolytic anemia.6 It is also not safe for use during pregnancy.
Halofantrine (Figure 1.3) is another drug with activity against the blood borne
stage of the parasite, and is especially useful in areas with multidrug-resistant P.
9

falciparum malaria. However it does have a potential to induce heart arrhythmia, and
so its use is now restricted.
Sulfadoxine-pyrimethamine

(SP, Fansidar®)

(Figure

1.3)

is a

fixed

combination drug which is still used in sub-Saharan Africa as a frontline treatment,
although it has been withdrawn as a prophylactic after producing severe allergic
reactions in some American travelers.25 Both sulfadoxine and pyrimethamine attack
the folate pathway of the parasite, with sulfadoxine inhibiting the enzyme
dihydropteroate synthase (DHPS) while pyrimethamine inhibits
reductase (DHFR).

In P. falciparum,

dihydrofolate

DHPS is bound to 7,8-dihydro-6-

hydroxymethylpterin pyrophophokinase (PPPK), suggesting that it is a bifunctional
protein. The selectivity of the sulfa drugs, including sulfadoxine, is due to the fact that
neither of the two PPPK-DHPS enzyme activities are found in humans.26

The

selectivity of DHFR inhibitors has traditionally been attributed to higher affinity of the
drug for the Plasmodium bifunctional DHFR-thymidylate synthase (TS) than for the
human DHFR.27 However, Zhang and Rathod have highlighted a difference in the
regulation of DHFR between the malaria parasite and humans, which may also have a
role in explaining the selectivity.28 In both cases the DHFR enzyme is bound to its
cognate messenger RNA (mRNA), inhibiting translation.

In humans, when the

inhibitor binds to DHFR it causes the release of the mRNA, which results in enzyme
production.

This counteracts the effect of the DHFR inhibitor.

However, in the

malaria parasite, the Plasmodium DHFR-TS mRNA is bound at a site distant from the
catalytic sites of both the DHFR and the TS enzymes. Thus, a competitive inhibitor

10

binding to either enzyme does not release the mRNA, and so the parasite cannot
replace the bound enzyme (Figure 1.4).
mRNA

mRNA
Pyrimethamine
Human

New
Translation

J<DHFR)
mRNA
mRNA

mRNA
Plasmodium

Continued
""" Translation
Inhibition

( TS
•JJHFFp
mRNA"^~
*
Pyrimethamine

mRNA

Figure 1.4 Response of host and malaria parasite to pyrimethamine. In humans, when
pyrimethamine binds to DHFR it causes the release of the mRNA, which results in enzyme
production. In P. falciparum mRNA is bound at a site distant from the catalytic sites of both
the DHFR and the TS. Thus, when pyrimethamine binds to DHFR, the mRNA is not released,
so the parasite cannot replace the bound enzyme.

It was hoped that the combination of sulfadoxine and pyrimethamine, with
different modes of action, would prevent the development of resistance. However,
resistance to SP was first reported in 1967, the same year it was introduced, and has
since spread across Africa and Asia.29,30
Another

combination

drug

currently

used

is

atovaquone-proguanil

(Malarone™) (Figure 1.3). While proguanil functions as a prodrug for the DHFR
inhibitor cycloguanil, its combination with atovaquone, a hydroxynaphthoquinone, as
part of the Malarone formulation, is to block mitochondrial electron transport at the
cytochrome bc\ complex (Complex III).31'32 Although it is active in both host and
parasite, it has been shown to be over 1000 times more effective at inhibiting

11

Plasmodium mitochrondrial respiration processes than that of the human host.
Resistance to Malarone has recently been detected, but only in isolated cases.
Artemisinin (Figure 1.3) is a 1,2,4-trioxaline (an endoperoxide) which is
extracted from the plant Artemisia annua. The plant has been used in China for about
2000 years as a herbal remedy, and as early as A.D. 340 Ge Hong wrote about its use
in the treatment of fevers.

However artemisinin itself has limited use due to its poor

solubility in both water and oil, so research has been aimed at making semi-synthetic
derivatives with improved bioavailability. Reduction gives dihydroartemisinin, which
is the precursor to first generation derivatives including artemether and arteether
(Figure 1.3). Both are more potent than the parent drug, but both have short half-lives
in blood, and are fatally toxic to the central nervous system (CNS) of rats and dogs if
chronically dosed.

Sodium artesunate (Figure 1.3) is the current, water soluble, drug

of choice, but it too has a very short half-life in the bloodstream, and suffers from a
high incidence of recrudescence of infections in patients.11 As a result it is used in
combination with other drugs. This approach is called artemisinin-based combination
therapy (ACT).1

The hope is that this will prevent artemisinin resistance from

developing, as the parasite will always be subjected to two or more drugs with
different modes of action. However, resistance to Fansidar provides a warning against
complacency in this regard.

Already artemether resistance has been found in

Cambodia, where it has been used in monotherapy.35 Recent work by Posner and coworkers has shown that artemisinin dimers (Figure 1.3) are able to cure malaria
parasitemia in mice after just one dose, which is unusual in the artemisinin class of
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drugs.

They suggest possible factors contributing to this could be an increase in

antimalarial potency, and longer plasma half-life due to a carbon-carbon link at CIO
rather than the usual carbon-oxygen link present in artemether and artesunate (see
Table 1.1).
Unfortunately, the cost of ACT is high. Currently all artemisinin-based drugs
are derived from a plant extract, which means they are expensive to produce. When
this cost is combined with the costs of co-formulation and the cost of the second drug,
ACT become almost prohibitively expensive in many of the regions where malaria is
endemic.

At the moment this is addressed by donations and/or governmental

solutions, but a long term solution is required.
one approach to a longer term solution.

The use of synthetic endoperoxides is

Several new methodologies have been
TO

developed to incorporate the key endoperoxide functionality into "host" molecules,
which has had the effect of making synthetic endoperoxides less expensive than the
natural product artemisinin and its derivatives. An example of this is the work done
by Vennerstom and co-workers leading to OZ277 (also known as RBx 11160) (Figure
1.3).39' 40 Although this has recently been discontinued by the Medicine for Malaria
Venture (MMV), work on second generation compounds continues.41
Another approach to reducing the cost of ACTs, is that of Keasling and coworkers. They have engineered yeast to produce artemisinic acid, the immediate
synthetic pre-cursor to artemisinin. 2 Currently they are able to produce up to 100
mg/L, but with optimization and industrial scale-up, they should be able to produce
enough to significantly reduce the cost of ACT. An additional advantage of this
13

process is that it is not subject to weather or politics which may hamper plant
cultivation.
There has been considerable effort by medicinal chemists to elucidate the
mechanism of action of the artemisinin family of drugs. It is known that the active
pharmacophore is the endoperoxide bond,43 but exactly how it works remains a
mystery.

It is believed that the mechanism of action involves the free radical

chemistry of the peroxide bond, and several groups have investigated possible
chemical reactions based on this idea. Posner and co-workers in the early 1990s
showed that an initial chemical decomposition induced by a source of Fe(II), such as
free heme, produces an initial oxy-radical which then rearranges to give one or both of
two distinct carbon-centered radical species. 4 Each of the carbon radical species has
been proposed as being the intermediate for antimalarial activity.11

It has been

suggested that these reactive intermediates alkylate biomacromolecules such as heme,
specific proteins, and other targets, and that this is responsible for the toxicity to the
i

•

•

45 46

malaria parasite. '
An alternative mechanism has been proposed whereby artemisinin acts as a
source of hydroperoxide.47"49 Degradation of the hydroperoxide results in the release
of a hydroxyl radical which can go on to oxidize susceptible amino acid residues.47
This pathway provides a mechanism for producing a multitude of reactive oxygen
species which may play an important role in the antimalarial action of the artemisininlike drugs. 7_4 It has been proposed that the nonendoperoxide bridging oxygen of the
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trioxane ring aids the cleavage step by stabilizing, by resonance, the carbocation
formed.47

Chloroquine: mechanism of action and resistance
Although the mechanism of action of CQ has not been fully determined, CQ
accumulates in the digestive vacuole (DV) of the Plasmodium parasite by passive
diffusion through the membrane.

It is probable that drug accumulation is due to CQ

protonation once inside the DV. It then complexes with hematin, hemozoin, and
perhaps proteins.50 Thus, by Le Chatelier's principle, more CQ accumulates in the
DV. This leads to high concentrations of CQ inside the DV, as much as 5000 times
CI

higher than in uninfected RBCs. '

M

As the DV does not exist in mammalian cells,

CQ does not accumulate to such a high concentration in the host, but only in the
parasite. This largely accounts for the non-toxic nature of CQ and its specificity.9
It has been shown that CQ, along with other quinoline-based antimalarial
drugs, complexes with hematin, the aqua complex of ferriprotoporphyrin IX
(Fe(III)PPIX), which is derived from the parasite's digestion of hemoglobin.50 It is
known that free heme is able to destroy the membranes of both the parasite and the red
blood cell, in which it resides.

The parasite removes the free heme by the formation

of hemozoin, or "malaria pigment". This conversion to an insoluble state thus stores
the heme in a non-toxic unreactive form. The hypothesis is that by inhibiting the
formation of hemozoin, CQ is able to keep heme in solution, which eventually kills
the parasite.51
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It is not known how the parasite forms hemozoin. It has been shown that free
heme will auto-catalyze to form |3-hematin (synthetic hemozoin) in test tubes, but this
process is much too slow to account for the formation of hemozoin in the DV.54 A
histidine rich protein found in the parasite (HRPII) has been proposed as being
involved, but recently it has been shown that only 3% of HRPII is located in the DV,55
and that P-hematin formation in the presence of HRPII alone is not fast enough to
account for the hemozoin formation in the parasite.54 Also, hemozoin formation in
parasite clones without the genes for HRPII and HRPIII is

structurally

indistinguishable from that formed by parasites with the HRP genes.56

Finally,

orthologues of HRPII are not found in P. vivax or in mouse malaria parasites, yet they
form hemozoin.57
Another theory about hemozoin formation involves neutral lipid bodies in the
parasites DV.58 It has been shown that hemozoin can be found inside these lipid
bodies in the DV.59 Pisciotta et al. suggested that lipid nanospheres absorb and
concentrate free heme in the DV, thereby promoting the formation of hemozoin at the
surface interface, where acidic conditions are favorable for crystallization.60 They also
suggest that the drug-heme complex may enter the non-polar lipid environment, and
thus inhibit hemozoin formation by removing the heme from the interface. Pandey et
al. have gone further and suggested that hemozoin formation is, in fact, a two step
process involving both HRPs and lipids.54
Finally, Jani et al. have identified and characterized a protein they call a
Plasmodium heme detoxification protein (HDP).61

They suggested that HDP is
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secreted into the cytosol of the infected RBCs then delivered to the DV with the
hemoglobin.

Here they suggest it is involved in sequestering the freed heme as

hemozoin.
Therefore there are many possible targets for CQ in the heme detoxification
process, but even these are not the only mechanisms by which CQ and the other
quinoline-based antimalarials might work. In the DV, degradation of hemoglobin
requires, at specific points, cleavage by both aspartic and cysteine proteases. These
proteases may also be inhibited by the heme or CQ-heme complexes which build up in
the DV.62

Figure 1.5 Doubly protonated CQ molecule

The mechanism of CQ resistance is also not fully understood, but it has been
shown that in the CQ-resistant (CQR) parasite there is significantly less accumulation
of CQ in the DV than in CQ-sensitive (CQS) parasites.63 There have been two main
hypotheses to explain this. The first is that the pH of the DV could be raised in CQR
parasites.

A fully protonated CQ molecule (Figure 1.5) will have two protons

associated with it. This leads to a theoretical maximum concentration gradient across
the DV membrane proportional to the square of the net proton gradient (vacuole to
17

blood).64 Therefore a small change in pH could have a great effect on the CQ
concentration in the DV. However, so far evidence for this hypothesis is limited: in
fact any small pH change observed has indicated a lower pH in the DV of CQR
parasites. 4 ' 6 5
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Figure 1.6 Predicted structure and representative haplotypes of P. falciparum chloroquine
resistance transporter, (a) PfCRT is predicted to have ten transmembrane domains, with its N
and C termini located on the cytoplasmic side of the digestive vacuole membrane. Mutations
identified in pfcrt cDNA sequences from CQR lines (black circles) inculding the crucial K76T
mutation common to all CQR strains, (b) Representative pfcrt haplotypes.
From Valderramos, S. G.; Fidock, D. A., Transporters involved in resistance to antimalarial
drugs. Trends Pharmacol. Sci. 2006,27, (11), 594-601.
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The second hypothesis to account for CQR P. falciparum is that there is an
active transport of CQ from the DV, which prevents a high concentration build up.
Krogstad provided evidence that CQ resistance may stem from an energy-dependent
efflux mechanism, including that the addition of glucose to the system reduced the
steady-state concentration level of CQ in the DV. 66 ' 67 Fidock et al. showed that there
were mutations in the gene of a transmembrane protein of the CQR parasite, and that
this protein was located in the DV membrane.68 The normal physiological role of this
protein is still unknown, but because the protein has a 'transporter-like' nature with its
predicted secondary structure, it was termed Plasmodium falciparum Chloroquine
Resistance Transporter, or PfCRT. There are many different mutations of pfcrt, but all
CQR parasites have one in common: K76T (Figure 1.6). This mutation always occurs
in combination with other changes in CQR field isolates, and no one is sure how the
mutations confer resistance.

Mutations in the pfmdr 1 gene, which codes for P-

glycoprotein 1, have also been implicated in CQ resistance, as well as resistance to
mefloquine and other arylaminoalcohols.

However the relationship has not been

shown to be as absolute as the connection between pfcrt and CQ resistance.69

Reversal agents
Verapamil (Figure 1.7) is a calcium channel blocker which is known to reverse
multi-drug resistance in cancer.7

In 1987, Martin et al. showed that verapamil also

reversed CQ resistance in CQR P. falciparum malaria.71 Krogstad then showed that
verapamil, and two other calcium channel blockers, diltiazem and TMB-8 (Figure
19

1.7), enhanced the accumulation of CQ in the CQR parasite.

However, they did not

affect the initial rate of uptake; rather they affected the rate of release of CQ from the
resistant parasites. This suggested that resistance to CQ is linked to CQ efflux from
the DV rather than a reduction in CQ uptake.
Subsequently, tricyclic antidepressants and certain antihistamines have also
been shown to reverse CQ resistance in P. falciparum in vitro, '

and in a trial in the

Sudan it was shown that imipramine (Figure 1.7) can reverse CQ resistance in P.
falciparum-infected humans.7 Many of these drugs, hereafter termed reversal agents
(RAs), have common structural features, including a nitrogen atom capable of
accepting a hydrogen bond, and two aromatic hydrophobic regions. Bhattacharjee et
al. published a single pharmacophore model developed from a variety of the known
7S

RAs (Figure 1.7), even the non-tricyclic ones like verapamil (Figure 1.8).

However,

there are other RAs which do not obviously fit the pharmacophore model, TMB-8 for
example (Figure 1.7).
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Figure 1.7 Selected reversal agents and pharmacophore map. The pharmacophore is from
Bhattacharjee, A. K.; Kyle, D. E.; Vennerstrom, J. L.; Milhous, W. K., A 3D QSAR
pharmacophore model and quantum chemical structure-activity analysis of chloroquine(CQ)resistance reversal. J. Chem. Inf. Model. 2002,42, (5), 1212-20.
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Desipramine

Verapamil

Figure 1.8 Desipramine and verapamil showing how they fit the pharmacophore model of
Apurba Bhattacharjee.

However, there are problems with using RAs therapeutically. Many of the
compounds known to reverse CQ resistance in P. falciparum are existing drugs which
have been developed for psychiatric use.7 Given that a large dose is required to get a
sufficiently high concentration in the blood to reverse CQ resistance, side effects are
unavoidable.77 This is effectively overdosing the patient, and leads to adverse side
effects. Also, many antidepressants are addictive and different people react to them
differently, which increases the complications. There is also the problem of patient
compliance. There is an inherent difficulty in explaining to malaria sufferers that now
they need to buy and take two pills whereas they used to need only one. Cost
considerations alone in some places could be enough for this approach to fail.
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CHAPTER 2

A prototype molecule

If the RA could be targeted to the blood stream, and even better to the DV of
the parasite, the dose required to inhibit PfCRT-mediated resistance would be greatly
reduced, thereby reducing the likelihood for side effects and toxicity. One way to do
this is to attach the RA to another drug which is already targeted to the DV; even
better if that drug is the antimalarial. This might have the added benefit of increasing
the efficacy of the drug, because the drug now contains its own reversal moiety.
Another benefit of reducing the dose is that the cost of a curative dose of the drug may
also be reduced. This increases the likelihood that the drug will be generally available
and affordable in the developing world. To help keep the drug costs down, the

Reversal agent-like portion

cr ^

N

Figure 2.1 CQ and imipramine combine to make PL01.
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syntheses in this project have been designed to be as inexpensive as possible, by using
common, readily available reagents, and straightforward methods.
With these considerations in mind, a prototype molecule was designed.
Imipramine is one of the better studied RAs. ' "

Desipramine is the des-methyl

analogue of imipramine, and thus has a good attachment site for the CQ-like moiety
(Figure 2.1).
The CQ-like moiety was synthesized by treating 4,7-dichloroquinoline with 3amino propanol to give PL16 (Figure 2.2). The resulting alcohol was activated by
treating with methane sulfonyl chloride to give PL29, and this was treated with
desipramine to give the final product PL01. PL01 is a hybrid "Reversed Chloroquine"
(RCQ) molecule. The CQ-like moiety has slight variations from the structure of CQ.

U

N

pL01
Yield: 84%

Figure 2.2 Synthesis of PL01.

The carbon chain is reduced by one methylene, and the methyl group on the chain has
24

been removed, resulting in the loss of the chiral center. Krogstad has shown that these
variations do not have an adverse effect on the antimalarial activity of the molecule.
In fact the compounds with the shorter chain length have increased activity against
CQR P. falciparum.
The structure and purity of PL01 was determined by 'H and
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C NMR

(Appendix A). The H NMR spectrum was assigned using a COSY experiment.
HSQC was used to assign direct coupling between the ! H and l3 C signals, with HMBC
used to show long range 'H/ IJ C coupling. HPLC was used to confirm purity, and HRmass spectrometry confirmed the mass ion.

PL01 results and discussion
PL01 was tested against two strains of Plasmodium falciparum, D6, a CQS
strain, and Dd2, a CQR strain (Table 2.1).
Table 2.1 IC50 values of PL01 and CQ against CQS and CQR P. falciparum. The
uncertainties are estimated to be ±30%, based on variability in the IC50 determination
and uncertainties in weighing, as detailed in Chapter 1 - In vitro drug susceptibility
assays.

Drug

IC50 (nM) D6 (CQS)

IC50 (nM) Dd2 (CQR)

CQ

6.9

102

PL01

2.9

5.3

The PL01 molecule has improved activity against both CQS and CQR strains of P.
falciparum.

There is some slight evidence of cross resistance, as indicated by the

slightly higher IC50 value against Dd2.
25

Following such encouraging initial results, PL01 was then tested in a mouse
model against P. chabaudi. This test was to see if the drug was orally available, and if
there were any overt signs of toxicity. A dose of 64 mg/kg/day for 4 days was
sufficient to suppress parasitemia by more than 99%, with no obvious signs of
discomfort in the mice. However, PL01 is more lipophilic than desired for a drug,
with a ClogP value, of 8.8 (generated by ChemBioDraw Ultra 11.0), as discussed
below.
ClogP is a computed value estimating the partition of the molecule between
octanol and water.

It gives an indication of the hydrophilicity of the molecule.

Lipinski showed that only a minority of small molecule drugs in use today have a
ClogP value above 5.82 It has also been asserted that drugs which are easily extracted
from the blood are often subject to presystemic elimination in the liver.83 This would
mean that a significant amount of the drug is removed before it is able to perform its
function. Given the high ClogP value of PL01, it can be assumed that extraction from
an aqueous environment to a region of high hydrophobicity may be favored, and so the
drug would be removed from the blood to a significant degree before it reaches the P.
falciparum. Therefore, there is clear reason to believe that PL01 is not an optimized
antimalarial drug.

Accumulation experiment
It has been shown that CQ accumulates in the DV of the Plasmodium
parasite.84"86 If PL01 is acting in a manner similar to CQ, it should also accumulate in
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the DV. To estimate the uptake of PL01 by PRBCs, an experiment was devised
similar to one used by Kelly et al. to show accumulation of xanthones in the DV of
Plasmodium parasites.

An aliquot of a 10 mM solution of PL01 was added to a

culture flask containing 5 mL of PRBCs suspended in complete medium (10%
parasitemia), such that the initial medium concentration of PL01 was about 5 uM.
Samples were removed from the flask at various intervals and centrifuged; the
supernatant fluid was then removed and frozen, ready for analysis. PL01 was added to
flasks containing both CQS D6- and CQR Dd2-infected RBCs, and as a control, to a
flask containing uninfected RBCs. A parallel experiment was carried out using CQ, to
provide a comparison for PL01 uptake and accumulation.

At the end of the

experiment 10 mM ammonium chloride solution was added, raising the pH in the DV,
thus releasing the previously protonated PL01.

This experimental design provides

two results; first it allows the amount of drug accumulated in the DV to be measured.
Secondly, by demonstrating that the retention time is unchanged for the released drug,
it shows that the drug is not modified during uptake or metabolized to any great extent
by the parasite.
The samples were analyzed by reverse-phase HPLC, using a CI8 column,
eluting with an isocratic mixture of 75% acetonitrile: 25% 5 mM phosphate buffer (pH
11). With these conditions PL01 had a retention time of 14 minutes, and CQ 5
minutes. Each drug sample was monitored at 325 nm, and was compared to a standard
curve for quantification.
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PL01 does indeed accumulate in the DV in a manner similar to that of CQ
(Figure 2.3). There is a rapid initial uptake over the first minute, then the rate slows
until an equilibrium state is reached, by about 60 minutes.

After this time the

accumulated amount remains fairly constant for both PL01 and CQ.

CQ and PL01 uptake

-n!r-PL01/D6
-»-PL01/Dd2
-X-CQ/D6
-®-CQ/Dd2
- o - PL01/RBC
-o-CQ/RBC

250
Time (min)

CQ and PL01 uptake - first 60 minutes

Figure 2.3 Time dependent decline of drug concentration in culture medium for each drug/i3.

falciparum strain combination. The lower graph is an expansion of the 0-60 minute region.
The errors are estimated to be ±5% based on variations measured in multiple trials of similar
experiments performed under identical experimental conditions.
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The initial drug concentration of PL01 was slightly higher than CQ (5.5 uM to
4.9 uM), but after 1 hour the concentration ofPLOl in the medium, was lower than
CQ in both D6 and Dd2 experiments. The addition of the ammonium chloride to the
PRBCs resulted in a rapid return of each drug into the culture medium (Figure 2.4).
Both PL01 and CQ returned to very close to their respective starting levels, and the
HPLC retention times were not changed, indicating that the chemical composition of
the drugs was not altered while in the DV.

0 Normal RBC
m PRBC after 1 hr
• PRBC after
NH4CI addition

PL01/D6

PL01/Dd2

CQ/D6

CQ/Dd2

Drug/P. falciparum Strain

Figure 2.4 Comparison of each drag//3, falciparum strain combination, showing the drug
concentration after 1 hr with normal RBCs, PRBCs, and with PRBCs after the addition of
NH4C1. The errors are estimated to be ±5% based on variations measured in multiple trials of
similar experiments performed under identical experimental conditions

By taking the difference between the amount of each drug in the medium after
60 minutes of incubation, and the amount after the addition of ammonium chloride to
the medium, it is possible to deduce how much of each drug was taken up by the

parasites (Table 2.2). To estimate the concentration of the drug in the DV, it was first
considered that each flask contained a 50 uL pellet of RBCs, and that each RBC has a
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volume of 80 fL.

Therefore each flask contained 6 x 10 cells.

Given the

parasitemia level was about 10%, there were 6><10 PRBCs present. Assuming the
DV has an average volume of 4 fL,
7

ic

the total DV volume for the population of
n

parasites is 6 x 1 0 x 4 x 10" =2.0x10" liters. Taken together the concentration of
each drug in the DV can be calculated (Table 2.2). This calculation is based on the
assumption that the drug is completely released by the ammonium chloride. However,
a portion of the drug may still be associated with heme, and thus not be released to the
medium.
Table 2.2 Uptake, DV concentration and accumulation ratio for each drug/P. falciparum
strain combination. The concentration in DV is calculated assuming 6 x 107 PRBCs
present and an average DV volume of 4 fL. The errors are estimated to be ±5% based on
variations measured in multiple trials of similar experiments performed under identical
experimental conditions

Drug/iy strain

Uptake (nmol)

Concentration in
DV (mM)

Accumulation
ratio

PL01/D6

16

65

13000

PL01/Dd2

18

70

14000

CQ/D6

7

29

6000

CQ/Dd2

5

20

4000

From this data the accumulation ratio for each drug can be estimated. This
ratio shows that, starting from an initial medium concentration of 5 uM, PL01
accumulates in the DV of D6 P. falciparum to an equilibrium concentration of about
65 mM, - a 13000-fold increase. Most significantly, both the accumulation ratio and
the molar uptake of PL01 are more than double that of CQ. This is in agreement with
the IC50S, where the values for CQ are over twice those of PL01, even for CQS D6 P.
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falciparum (Table 2.1). The DV is known to swell as it accumulates quinoline-based
antimalarial drugs, '

90

and so the accumulation ratio may be too large as the

calculation is based on a DV volume of 4 fL.

However, whether the drug

accumulation causes, or is enabled by, the swelling of the DV, it does not detract from
the fact that the molar uptake of PL01 is more than double that of CQ, and this is
irrespective of DV volume.
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CHAPTER 3

Structure-activity relationships

After the success of PL01 as an antimalarial drug, a structure activity
relationship (SAR) study was initiated.

Several studies have been published that

investigated the effects of modifications to the quinoline ring, including changing the
substituent at the 7-position, '

and moving the amino group from the 4-position.

It was thus decided in this study, to leave the 7-chloroquinoline ring unchanged, and
instead, to investigate modifications to the RA-like portion of the molecule. The first
step was to identify a simple and inexpensive RA-like moiety or head group, which fit
the pharmacophore,

and could be easily modified.

The simplest form of the

pharmacophore has two aromatic regions, with a basic nitrogen between 3.3 and 5.9A
away from the mid-point between them (Figure 3.1).

H-bond acceptor

l-(Diphenylmethyl)piperazine

. Two aromatic
hydrophobic regions

Figure 3.1 l-(Diphenylmethyl)piperazine and how it fits the pharmacophore.
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was chosen because it was commercially available, inexpensive and analogues with
phenyl substituents could be easily synthesized from commercially available starting
materials. It also allows the tertiary nitrogen to be conserved, which is important
because a tertiary nitrogen is more resistant to P450-mediated liver metabolism than a
secondary nitrogen. However, instead of the N-methyl group, which might methylate
the DNA of both the parasite and the host, the tertiary nitrogen is now part of a
piperazine ring.
Two compounds were initially made with l-(diphenylmethyl)piperazine as the
RA moiety: PL02 and PL06 (see Appendix B). The only difference between the
structures being the length of the carbon chain linking the RA moiety to the quinoline
ring, with PL02 having a 2-carbon chain and PL06 a 3-carbon chain. PL05 was also
synthesized, which is the 2-carbon CQ linker-chain analogue of PL01.

These

compounds all had good activity against P. falciparum, with PL02 and PL06
improving on PL01 (Table 3.1).
Table 3.1 IC50 values of the initial compounds in the SAR study. Historical values of
CQ and PL01 are included for comparison. The values obtained for each cell line are
normalized to CQ values of 6.9 nM for D6 and 102 nM for Dd2. The uncertainties are
estimated to be ±30%, based on variability in the IC50 determination and uncertainties in
weighing, as detailed in Chapter 1 -In vitro drug susceptibility assays.

Drug

IC50 (nM) D6 (CQS)

IC50 (nM) Dd2 (CQR)

CQ

6.9

102

PL01

2.9

5.3

PL02

1.0

3.6

PL05

8.1

3.4

PL06

2.4

3.7
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Further compounds were made, using the difluoro- and monochloro-substituted
diphenylmethyl moiety, and the fluorene group. Also tried were compounds with the
piperazine ring changed to the 7-membered homopiperazine. Where the head group
was not commercially available, it was made by treating the diphenylmethyl or
fluorene halide with an excess of either piperazine or homopiperazine. These changes
resulted in compounds PL04, PL07, PL08, PL11, PL12, PL13, PL14, and PL66
(Appendix B), which all had low IC50 values against both CQS and CQR
P.falciparum, although none were as low as PL02 or PL06.
The next round of syntheses was an attempt to incorporate a more diverse set
of head groups. First, the intermediate PL34 was synthesized by treating PL29 (Figure
2.2) with an excess of piperazine. PL34 was then used as the starting material for a
series of reductive animations (Figure 3.2). Dicyclohexyl ketone, diphenylacetone, 2adamantanone, diphenylacetaldehyde and 2,2'-dipyridyl ketone were treated with
PL34 in the presence of sodium triacetoxyborohydride.92

Yield: 34%

Yield: PL39 46%, PL40 54%

Figure 3.2 Synthesis of PL34, and reductive animation reactions.

34

Unfortunately, only the adamantanone and diphenylacetaldehyde reactions
were successful, resulting in PL39 and PL40 respectively; the others probably failed
due to steric constraints. Also made at this time was PL33, which incorporated a trityl
head group. This was synthesized by treating PL34 with trityl chloride. On testing,
all these compounds showed good activity against both CQS and CQR P. falciparum
(Figure 3.3).

• IC50 (nM) D6
111 IC50 (nM) Dd2
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Figure 3.3 Graph showing the IC50 concentrations of the compounds synthesized in the initial
SAR study. Historical values of CQ, PL01, PL02, PL05 and PL06 are included for
comparison. The values obtained for each cell line are normalized to CQ values of 6.9 nM for
D6 and 102 nM for Dd2. The uncertainties are estimated to be ±30%, based on variability in
the IC50 determination and uncertainties in weighing, as detailed in Chapter 1 - In vitro drug
susceptibility assays.

PL65 - a 4 carbon analogue
Thus far, all the compounds synthesized had either a 2- or 3-carbon chain
linking the quinoline ring to the tertiary nitrogen of the RA moiety, whereas CQ has 4
carbons at that position. Krogstad had shown that by simply reducing the chain length
in CQ by one, the resistance to CQ was circumvented, although the IC50 values against
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CQS P. falciparum was, at best, only comparable to that of CQ.

The 4-carbon chain

analogue of PL02 had to be made in order to show that the improvements in IC50
values against both CQS and CQR parasites were not simply a result of the shorter
chain length.

The 4-carbon analogue of PL 16 was synthesized by treating 4,7-

dichloroquinoline with 4-aminobutanol.

However, on activation with methane

sulfonyl chloride, an intramolecular cyclization took place, resulting in a compound
which had a pyrrolidine ring attached at the 4-position of the quinoline (not shown).
An alternative synthesis was therefore devised.

l-(diphenylmethyl)piperazine was

treated with bromobutylphthalimide in the presence of potassium carbonate to give
PL86.

This was treated with hydrazine hydrate in ethanol to give PL87.

This

compound, although not pure, was added, in excess, to 4,7-dichloroquinoline in THF,
with triethylamine as a base, and heated to reflux (Figure 3.4).

Figure 3.4 Synthesis of PL65, the 4 carbon analogue of PL02.

After 10 days at reflux 4,7-dichloroquinoline had disappeared by TLC, and
after workup PL65 was isolated. On testing in vitro the results were, within error, the
same as those for PL02 and PL06 (Table 3.2). This indicated that the improved
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activity over CQ, against both CQR and CQS P. falciparum, is not simply due to a
shorter chain length, but that the head group does have an important role. It is
important to remember that Krogstad's shorter chain lengths only affected the IC50
against CQR parasites; the values against CQS parasites were comparable to CQ.
With the addition of the RA-like moiety as a head group, the IC50S against both CQR
and CQS parasites have been lowered to below that of CQ against CQS Plasmodium
parasites.
Table 3.2 IC50 values for PL02, PL06 and PL65 compared to CQ. Historical values of
CQ and PL01 are included for comparison. The values obtained for each cell line are
normalized to CQ values of 6.9 nM for D6 and 102 nM for Dd2. The uncertainties are
estimated to be ±30%, based on variability in the IC50 determination and uncertainties in
weighing, as detailed in Chapter 7 -In vitro drug susceptibility assays.

Drug

IC50 (nM) D6 (CQS)

IC50 (nM) Dd2 (CQR)

CQ

6.9

102

PL02

1.0

3.6

PL06

2.4

3.7

PL65

1.3

1.3

PL58/PL69 - improved solubility
All the compounds so far had good in vitro activities, but poor aqueous
solubility, as indicated by the ClogP values. As previously mentioned, only a small
number of small molecule drugs currently in use have ClogP values above 5 whereas
all the potential antimalarial drugs mentioned above have ClogP values above 6. This
suggests that their aqueous solubility and therefore oral bioavailability may be poor.
To overcome this, a new molecule was designed with the diphenylmethyl head group
replaced with a dipyridylmethyl moiety.

The first attempted synthesis was by
37

reductive amination, using PL34 and the 2,2'-dipyridylketone, in a method similar to
that used to prepare PL38, but this failed. Attempts were then made to synthesize
chloro-(2,2'-dipyridyl)methane, but in vain, so an alternative solution to the synthesis
was tried.

Instead of using a piperazine ring, PL56 was synthesized with 4-

aminopiperidine, using methyl isobutylketone (MIBK) as a solvent to enable selective
alkylation on the secondary amine.93 This gave a primary amine to couple with the
ketone, and moved the ring further away from the two pyridyl rings, thereby reducing
steric interactions. The Schiff s base was formed first by azeotropic removal of water
(PL57), and this was reduced with sodium borohydride to give PL58 (Figure 3.5).
PL69, the three carbon analogue, was also synthesized by the same route.

Figure 3.5 Synthesis of PL58.

However, on remaking the compounds on a larger scale, the yields dropped
from 22% to below 10%. This was mainly due to the difficulty in synthesizing the
Schiff s base (PL57 in Figure 3.5). The starting material, PL56, and the 3 carbon
analogue, PL67, proved to be not very soluble in toluene, resulting in a difficult
purification and subsequent reduction in yield. The solution was a changed synthesis,
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where the imine compound was made via a different route (Figure 3.6). The first step
in the improved synthesis involved treating 2,2'-pyridylketone with 4-aminopiperidine
in the presence of a catalytic amount ofp-toluenesulfonic acid. This was carried out at
reflux in toluene, with azeotropic removal of water. Although both the primary and
secondary amines on 4-aminopiperidine will react with a ketone, the reaction with the
secondary amine is reversible, whereas after removal of water, the reaction with the
primary amine is not. This reaction gave PL 190 in almost quantitative yield after
removal of the toluene (Figure 3.6). Due to the aqueous solubility of PL 190, no base
wash was used to remove the />-toluenesulfonic acid. Instead, excess base was used in
the next step.

J<^^K <?
Or

^ ^

N

PL57

Yield: 33%

Figure 3.6 Improved synthesis of PL57.

The IC50 values of the final compounds, PL58 and PL69, were comparable to
PL02 and PL06 (Table 3.3). This suggested that the changing the phenyls to pyridines
in the RA-like moiety did not have an adverse effect on the activity. However, the
activities of PL57 and PL68, before the reduction of the imine, were not as good.
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Table 3.3 Comparing the IC5o values of the dipyridyl compounds to their diphenyl

analogues. Historical values for CQ, PL02 and PL06 are included for comparison. The
values obtained for each cell line are normalized to CQ values of 6.9 nM for D6 and 102
nM for Dd2. The uncertainties are estimated to be ±30%, based on variability in the IC50
determination and uncertainties in weighing, as detailed in Chapter 7 - In vitro drug
susceptibility assays.

Drug

IC50 (nM) D6 (CQS)

IC50 (nM) Dd2 (CQR)

CQ

6.9

102

PL02

1.0

3.6

PL57

16

180

PL58

1.1

<2

PL06

2.4

3.7

PL68

16

30

PL69

0.94

1.6

In vivo activity
A small number of compounds were sent to the Swiss Tropical Institute, in
Basel, Switzerland, for mouse trials.

In the first test, with mice infected with

Plasmodium berghei, three sets of conditions were used, with three mice for each
experiment: 1 dose of 30 mg/kg orally and subcutaneously administered, and 4 x 3 0
mg/kg dose delivered orally. PL01, PL02 PL33 and PL69 were included in the test.
The % activity (% Act) was calculated as shown below:

Number of PRBC in mice, 1 day after last drug dose
% A c t = 100

Number of PRBC in control mice on day 3 (day 4 in 4 dose
experiment)

x 100
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The results for 1 x 30 mg/kg dose experiments were varied (Table 3.4). In
terms of the activity of the dug, PL01 did poorly when administered orally, but better
when given subcutaneously. PL02 and PL33 were opposite to this, and PL69 was
fairly good both orally and subcutaneously. However, the average survival time of the
mice in all cases was under 10 days, indicating that even if the drug reduced the
parasitemia initially, the malaria was able to return. It should also be noted that even
CQ, the 'Gold Standard" of malaria drugs, does not cure at this dose.
Table 3.4 In vivo data for mice infected with P. berghei, tested at the Swiss Tropical Institute.
Historical data for CQ is included for comparison. The no drug controls were euthanized on day 4.

Drug

Dosage
(mg/kg)

Route

% Act

Mouse survival (days)

CQ

1 x30

Oral

99.7

9

1 x30

Subcutaneous

99.2

10

4x30

Oral

>99.9

>30

1 x30

Oral

17.8

3 x4

1 x30

Subcutaneous

92.1

3x7

4x30

Oral

95.6

2x8 + 1x7

1 x30

Oral

>99.9

1x9 + 2x8

1 x30

Subcutaneous

38.4

3 x4

4x30

Oral

>99.9

3 xl6

1 x30

Oral

99.7

3x7

1 x30

Subcutaneous

18.6

3 x4

4x30

Oral

>99.9

1x30+1x16 + 1x15

1 x30

Oral

93.7

3x7

1 x30

Subcutaneous

99.3

1x12+1x9+1x7

4x30

Oral

>99.9

2x39+1x20

PL01

PL02

PL33

PL69
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Improvements were seen in some cases in the 4 x 30 mg/kg dosage
experiment. PL01 showed little difference, and PL02 was still disappointing, but both
PL69 and PL33 were encouraging. PL69 had two of the three mice survive to 30
days. The change from phenyls in PL02 to pyridyls in PL69 seems to have resulted in
a drug which is orally bioavailability and shows no obvious signs of toxicity when
administered to mice. PL33 is perhaps the most surprising. It showed good oral
availability but was poor when administered subcutaneously, even though it has a
ClogP value of 8.9. It should perhaps be remembered that ClogP is a calculated value,
which gives an indication of aqueous solubility. It is not meant to give an absolute
value for bioavailability. Another possible reason for PL33's good activity could be
that the trityl group was being cleaved in the body. This would leave the starting
material, PL34, which has a ClogP value of 3.4, possibly more consistent with good
oral availability.
Due to the difference in molecular weights, a dose of 30 mg/kg of CQ actually
resulted in many more molecules being administered to the mouse, than for in a dose
of 30 mg/kg of any of the PL compounds. Accordingly a second in vivo experiment
was carried out, where the dosage was adjusted such that each compound was
administered in an equimolar amount to 30 mg/kg of CQ. Both PL58 and PL69 were
tested, with PL69 being administered to 10 mice, to obtain a better average (Table
3.5).
The PL58 treatment had 3 out of 3 mice survive to 30 days, and PL69
treatment had 9 out of 10, with the 10th mouse reaching 29 days. Although the activity
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in both cases was >99.9%, parasitemia determination on day 30 showed that none of
the mice were parasite free. It should be noted, however, that the parasitemia levels
were all below 0.1%, and that these values were obtained by flow cytometry and so
the validity of the parasitemia is in some question.
Table 3.5 Second in vivo trial, with dosage adjusted to be equimolar to 30 mg/kg CQ.
Historical data for CQ is included for comparison.

Drug

Dosage

Route

% Act

Mouse
survival
(days)

CQ

4x30

Oral

>99.9

>30

PL58

4 x 44.36

Oral

>99.9

3x30

PL69

4 x 45.68

Oral

>99.9

9x30 +
1 x29

Trityl variations
To try to improve the availability of PL33, it was decided to exchange the
phenyls in the trityl head group for pyridyls.

The first compound made in this series

was PL144. This compound had two phenyls and one pyridyl in the head group. It
was synthesized from the alcohol, which is commercially available. This was treated
with thionyl chloride and coupled to piperazine, before being treated with PL29
(Figure 3.7).
On testing, PL144 showed very good activity against both CQS and CQR P.
falciparum (Table 3.6). There was no indication that the change, from a phenyl to a
pyridyl ring, in the RA head group, had an adverse effect on the antimalarial activity.
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Unfortunately, since accurate data for PL33 below 2 nM, is not yet available, it is not
possible to determine the exact effects.

Yield: 57%

H
PL143
Yield: 75%

Figure 3.7 Synthesis of PL144.

Two further compounds were planned, each with an additional pyridyl in the
head group. However, so far all attempts to synthesize these have been in vain.

Hemozoin inhibition
The hemozoin inhibition properties of PL01 and PL69 in cell culture were
examined in a single experiment, using two techniques: microscopy and a colormetric
assay. To initiate this study, D6 and Dd2 parasites were synchronized to the ring stage
(early trophozoites) with 5% sorbitol solution,52 then incubated with various
concentrations of each drug. Parasites incubated with no drug, or with CQ, were used
as positive and negative controls respectively. For the microscopy, aliquots were
removed from the culture and Giemsa stained.94

The images obtained showed
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hemozoin in the control samples, and even in the 100 nM CQ samples, but PL69 as
low as 10 nM appeared to preclude hemozoin formation in both D6 and Dd2 strains.
100 nM PL01 shows some hemozoin present in the D6 sample, so inhibition was not
complete even at this concentration in a CQS strain. This was also the case with the
CQR Dd2 stain (not shown).

DV

Hemozoin

D6 Control

lOOnMCQ

lOOnMPLOl

9

Dd2 10 nM PL69

10nMPL69

50 nM PL69

Dd2 50 nM PL69

Figure 3.8 Microscope images from showing D6 and Dd2 parasites in RBCs. Top - D6 parasites
clearly showing hemozoin in the control and CQ samples, and the enlarged DV with little or no
hemozoin with PL01 and PL69. Bottom - Dd2 parasites with PL69, showing little or no hemozoin
formation.

The images (Figure 3.8) also show an enlarged DV in the parasites incubated
in the presence of drugs. In the drug-free control the DV is so small it is hard to see,
and contains a lot of hemozoin. It is known that the DV swells in the presence of
quinoline-based antimalarial drugs,89' 90 and this can clearly be seen with both PL01
and PL69, where the almost clear DV is easy to distinguish from the darker parasite.
For the colormetric assay, the parasites were treated with saponin to lyse the
cells, then centrifuged to separate the hemozoin pellet.94 After washing with acetone
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and phosphate buffered saline (pH 7.4) to remove any protein residue, the pellet was
dissolved in 0.2 N sodium hydroxide, and the absorbance at 400 nm was measured.
The amount of heme was calculated using an extinction coefficient of 91,000 cm" M"
1.94-96 The amount heme per PRBC was calculated based on the number of RBCs in
the culture, and the percent parasitemia obtained after growing the synchronized
culture for 24 hours. Cultures at 0 hr processed with the identical method (10%
parasitemia) were used for determination of the baseline hemozoin production.
The results indicate that the RCQ molecules do indeed decrease the hemozoin
production of P. falciparum, in a manner similar to CQ (Table 3.9, Figure 3.9). At 10
nM against D6, PL69 nearly completely inhibits hemozoin production. Dd2 requires a
100 nM concentration of PL69 for the same percentage decrease, but this is much
lower than the 1000 nM required by CQ.
Table 3.6 Decrease in hemozoin production expressed as a percentage of the drug-free control,
for various concentrations of each drug against D6 and Dd2 P. falciparum. Blanks represent
concentration of drug not tested for a particular cell line. Errors are estimated to be at least
±15%, based on estimated uncertainties due to the extraction of hemozoinfromthe cells.

Drug Concentrations
Strain/Drug
50 nM

100 nM

500 nM

D6/CQ

98

95

99

D6/PL01

50

74

97

96

>99

lOnM

D6/PL69

98

Dd2/CQ
Dd2/PL01
Dd2/PL69

79

30

89

79

87

>99

87

>99

1000 nM

>99
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I
Figure 3.9 Graph of hemozoin production in D6 and Dd2 P. falciparum, when incubated with
CQ, PL01 and PL69. Blank regions represent concentration of drug not tested for a particular
cell line. Errors are estimated to be at least ±15%, based on estimated uncertainties due to the
extraction of hemozoin from the cells.

The results for PL01 against Dd2 are between those for PL69 and CQ. This
would be expected, given the IC50 values. The results against D6 seem inconsistent
with the low IC50 value for PL01 against CQS P. falciparum. However, these results
are from a single experiment, in some cases at very high concentrations.

The

hemozoin extracted is from the few parasites which survive at these concentrations. It
is possible that a single experiment may produce an anomalous result, which here
stands out, but in a multi-run experiment would become part of an average. However,
it is also possible that hemozoin inhibition is not the only mode of action for the RCQ
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molecules, and that the low IC50 value is due, in part, to another antimalarial
mechanism.
Even with the anomalous result for PL01, the experiments indicate that the
RCQ molecules act in a manner similar to that of CQ against CQS P. falciparum. The
enlarged DV caused by accumulation of the drugs, can clearly be seen, as can the
reduction in hemozoin production. This is especially pronounced for PL69. With
active concentrations lower than CQ in this experiment, and the excellent IC50 values
and in vivo results, PL69 is a promising candidate for further metabolic and toxicity
studies.
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CHAPTER 4

Mechanistic investigation

With the proposed mechanism of CQ involving an association with free heme
in the parasite's DV, it was important to see if the addition of the head group to the
aliphatic chain of CQ would interfere with the molecule's ability to enter the DV and
bind heme. The HPLC accumulation experiment, in Chapter 2, indicates that PL01
accumulates in the parasites DV in a manner similar to that of CQ. Binding to heme
was evaluated using UV-VIS spectroscopy, and the drug molecule was assumed to be
interacting with dimeric heme in solution at pH 5.7, near the assumed pH of the
parasite's DV.65 The binding constants found were very close to the value for CQ,
indicating that the RA-like head group was not interfering with the heme binding to
i

97

any great degree.
This, combined with work by Simeon Andrews,98 shows that there appears to
be no correlation between the Kassoc between heme and the drug, and IC50 for these
compounds. However, it should be stressed that K^cc is only a measure of binding in
solution, not a true measure of what may go on inside the DV.

Andrews also

demonstrated, by an NMR titration method, that it is the CQ-like moiety in the RCQ
molecule which interacts with the heme, not the RA-like moiety. All this evidence
suggests that the addition of the RA has not adversely affected the antimalarial activity
of the 4-aminoquinoline ring moiety.
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The original idea behind this work was to combine, in one molecule, CQ with
an RA. With many of the RCQ molecules showing IC50 values against both CQS and
CQR P. falciparum lower than CQ against CQS parasites, it was important to know if
the RA head group was acting as a RA, or whether there was a second mechanism of
action. To investigate this it was decided to synthesize the des-chloro analogue of
PL06, designated PL64. Vennerstrom and Egan both have shown that if the 7-chloro
substituent is removed from CQ, the activity is greatly reduced. 50 '" Also they have
demonstrated that while the deschloro-CQ binds to heme in solution, as does CQ, it
does not inhibit hematin formation in in vitro assays which do not involve the parasite.
These observations were combined to explain why the IC50 values obtained for the
deschloro-compounds were much higher than for CQ. In light of this, it was expected
that PL64 would have a relatively high intrinsic IC50, which would then enable a test
for reversal activity with CQ to be carried out. However, the activity of PL64 was
much better than current literature would predict (Table 4.1). The only difference
between PL64 and PL06 is the same difference which exists between deschloro-CQ
and CQ, namely the lack of a chlorine atom at the 7-position. The lack of a large
difference in IC50 between PL64 and PL06 suggested that the RA-like head group
itself may have an effect.
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Table 4.1 Comparison of IC50 values between chloro- and deschloro- compounds.
Historical values for CQ and PL06 are included for comparison. The values obtained for
each cell line are normalized to CQ values of 6.9 nM for D6 and 102 nM for Dd2. The
uncertainties are estimated to be ±30%, based on variability in the IC30 determination
and uncertainties in weighing, as detailed in Chapter 1 - In vitro drug susceptibility
assays.

Drug

IC50 (nM) D6 (CQS)

IC50 (nM) Dd2 (CQR)

CQ

6.9

102

Deschloro-CQ
(PL 127)

240

5000

PL06

2.4

3.7

PL64

1.5

5.0

Since the IC50 values for PL64 were too low to allow testing for RA activity, it
was decided to change the quinoline ring further, in the hope of reducing the
antimalarial activity. PL74 was synthesized, with a pyridine ring in place of the
quinoline ring (Figure 4.1). Chlorodiphenylmethane was thus combined with l-(2hydroxyethyl)piperazine to give PL72. The alcohol was chlorinated with thionyl
chloride, then treated with 4-aminopyridine in ethanol to give PL74 as a hydrochloride
salt.
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Yield: 68% over 2 steps

Figure 4.1 Synthesis of PL74.

On testing PL74 gave two surprises. Firstly, it was a much better antimalarial
than was anticipated (Table 4.2). Secondly, it did not show any reversal activity, at
least at the concentration range allowed by its IC50. This could be due to a couple of
reasons. First, it is possible that the l-(diphenylmethyl)piperazine head group has its
own intrinsic antimalarial activity, acting by a different mechanism to CQ. Secondly,
it is quite possible that l-(diphenylmethyl)piperazine does not have good reversal
activity, at least at below the low IC50 value. Most RAs have been characterized as
such at 1 uM. A good RA needs to remain bound for as long as possible to PfCRT,
the export protein, to prevent CQ from being exported from the DV.77 On the other
hand, the l-(diphenylmethyl)piperazine head group on the RCQ molecules needs only
to prevent the molecule from being exported, for the compound to be a very good
antimalarial. There does not need to be any strong attraction between it and the
PfCRT.

Indeed, a strong attraction might be counterproductive because the main

purpose of the molecule is to kill the parasite, and to do that it needs to be free and
available in the DV.
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Table 4.2 IC50 values for PL72 and PL74. The values obtained for each cell line are
normalized to CQ values of 6.9 nM for D6 and 102 nM for Dd2. The uncertainties are
estimated to be ±30%, based on variability in the IC50 determination and uncertainties in
weighing, as detailed in Chapter 7 - In vitro drug susceptibility assays.

Drug

IC50 (nM) D6 (CQS)

IC5o (nM) Dd2 (CQR)

PL72

>1000

>1000

PL74

185

169

Since PL74 was still too good to allow an accurate test as a RA, it was decided
to test PL72. This compound just consists of the RA head group, with an alcohol at
the end of the two carbon chain. On testing, the high IC50 showed that the RA head
group does not have very good intrinsic antimalarial activity, suggesting that there is
not a second mode of action at work in the RCQ molecules. Secondly, the IC50 was
high enough to allow for testing as a RA. On testing, PL72 showed synergy with CQ,
suggesting that it could be active as a RA (Figure 4.2).
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a) Dose response curve showing a reduction in the IC50 of CQ with increasing
amounts of PL72.
CQ + PL72
IC50 values

2500
(D CO

CQ
CQ
CQ
CQ
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alone: 215 nM
+ 500 nM PL72: 151 nM
+ 1 uM PL72: 78 nM
+ 5 |jM PL72: 32 nM

1000'
500'
0'
Log CQ concentration

4

b) Isobologram confirming synergy between CQ and PL72.
1.2

Figure 4.2 Combination data for CQ and PL72 against Dd2 P. falciparum,
a) Dose response
curve showing a reduction in the IC50 of CQ with increasing amounts of PL72. b) Isobologram
confirming synergy between CQ and PL72. The axes are the fractional inhibitory
concentrations (FICs). These are calculated by the following formula: FIC (CQ) = IC50 of CQ
in combination / IC50 of CQ alone; FIC (PL72) = IC50 of PL70 in combination / IC50 of PL72
alone.

Investigation into the activity of PL64
Several groups had previously tested the deschloro-CQ (PL 127), and although
their results varied, they were consistently higher than CQ.99'

10

°

With the
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unexpectedly low IC50 of PL64, other compounds were made without a chlorine in the
7-position, to see if this result was due to the RA head group.

Figure 4.3 Structures of chloro- and deschloro-compounds for direct comparison.

The results showed that the RA head group was indeed having an effect on the
activity of the deschloro compounds (Table 4.3). Structures which contain a RA head
group have a much reduced effect from the loss on the chlorine atom at the 7-position
(PL06 and PL01), than those who do not.

As it is known that the RAs do not have

good intrinsic antimalarial activity, it is possible that the benefit to the drug is due to
the RA activity of the head group.
Shawheen Shomloo, in the Peyton lab, investigated the heme binding and (3hematin inhibition characteristics of some of the RCQ molecules, including molecules
with and without the 7-chlorine on the quinoline ring.

The results suggested two

trends. First, that the presence or absence of the chlorine did not greatly affect heme
binding. This is in agreement with literature findings." Even changing the quinoline
to a pyridine ring only resulted in about a 5-fold change. However, when the RA was
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tested without a quinoline or pyridine ring attached, there was no activity within the
range of the experiment.
Table 4.3 Comparison of IC50 values of chloro- and deschloro-compounds with and without
RA head groups. Historical data for CQ, PL01, PL06 and PL64 is included for comparison.
The values obtained for each cell line are normalized to CQ values of 6.9 nM for D6 and 102
nM for Dd2. The uncertainties are estimated to be ±30%, based on variability in the IC50
determination and uncertainties in weighing, as detailed in Chapter 1 - In vitro drug
susceptibility assays.

Drug

X

RAHead
Group

IC50 (nM) D6 (CQS)

IC50 (nM) Dd2 (CQR)

CQ

CI

No

6.9

102

PL127

H

No

240

5000
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PL134

Cl

No

21

13

PL130

H

No

520

5000

The second trend shown by Shomloo's work, was that the lack of a chlorine at
the 7-position did not have as large an effect as had previously been found. There was
about a 3-fold increase in the IC50 for the P-hematin inhibition, for the deschloro
compounds. This was true for both CQ to PL 127 and PL06 to PL64. This was in
contrast to Vennerstrom's findings, where there was a > 100-fold increase between CQ
and the deschloro-CQ." The reason for this difference is not clear, but maybe due to
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differences in how the assay was run. The change from a 7-chloroquinoline to a
pyridine ring resulted in a 100-fold increase in IC50, but still indicated activity. It
suggests that if the RA head group is attached to an aromatic ring system containing a
nitrogen, there is activity in both heme binding and P-hematin inhibition assays.
Shomloo also showed that if the aromatic ring is changed to a phenyl, or if the
nitrogen at the 4-position is removed, the activity disappears.97
To see if the RA has to be attached to the CQ-like moiety, PL 127 was tested,
co-administered with the RA imipramine. The test was run with both D6 and Dd2.
The results show that when PL 127 is administered with imipramine and tested on the
CQS D6 cell line, there is additive activity, whereas with the CQR Dd2 cell line the
activity is synergistic.

These results are in agreement with literature findings of

synergy between a RA and CQ for only CQR strains of P. falciparum, and additive
activity with CQS strains.71'77 Therefore, it appears that the RA-like moieties in the
deschloro-RCQ molecules compensate for the lack of a chlorine at the 7-position of
the quinoline ring.
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CHAPTER 5

Piperaquine - a possible RCQ?

Piperaquine (PPQ) is a bisquinoline which has been used in areas of China as a
malaria prophylactic, although resistance is now a problem in many of these areas.24
PPQ has low IC50 values against both CQS and CQR P. falciparum,1^ and is currently
being assessed as a partner for artemisinin-derived drugs in ACT.102

piperaquine (PPQ)
Figure 5.1 Structure of piperaquine.

Given PPQ's activity, it was thought that the 7-chloro-4-(piperazine-lyl)quinoline moiety could be the starting point for another SAR study. The first stage
of this was to make PL09, a compound which could be thought of in two ways.
Firstly, as half of a PPQ molecule, and secondly, as a CQ-like molecule with a 2carbon chain, where one of the ethyl groups on the amine had cyclized round to the
NH adjacent to the quinoline ring (Figure 5.2). Krogstad's group had made such a
molecule, called AQ-21, and it had been shown to have good activity against both
CQS and CQR P. falciparum.1™
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N

AQ-21

CH,

PL09
Figure 5.2 AQ-21 and PL09.

However, on testing, PL09 had a high IC50 value compared to PPQ (Table 5.1).
Simeon Andrews, in the Peyton laboratory, made a few other compounds with a
piperazine attached to the quinoline ring, but none had IC5o values as low as PPQ.
The best had an IC 50 value of 49 nM vs D6.98
Table 5.1 Comparison of IC50 values for PPQ, PL09 and AQ-21. Historical data for CQ
is included for comparison. The values obtained for each cell line are normalized to CQ
values of 6.9 nM for D6 and 102 nM for Dd2. The uncertainties are estimated to be
±30%, based on variability in the IC50 determination and uncertainties in weighing, as
detailed in Chapter 7 - In vitro drug susceptibility assays.

Drug

IC50 (nM) D6 (CQS)

IC50 (nM) Dd2 (CQR)

CQ

6.9

102

ppQlOl

8.3

16(vsW2)

PL09

280

400

AQ-21 100

7 (vs Haiti 135)

5

With the surprisingly low IC50 value of PL09 it was decided not to pursue a
SAR study based around the 7-chloro-4-(piperazine-l-yl)quinoline moiety, but instead
to try to understand why the activity was so poor. Comparing the structures of PL09
and AQ-21, one main difference is the amine at the 4-position of the quinoline. In
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AQ-21 it is a secondary amine, like CQ, but in PL09 it is tertiary. To see if this was
the important difference, a methylated version of PL02 was synthesized, designated
PL135.

This was

made by the same route as PL02 except that 2-

(methylamino)ethanol was used in place of 2-aminoethanol.

PL79 has an ether

linkage in place of the secondary amine, and was also made at this time (Figure 5.3).

PL02

PL135

PL79

Figure 5.3 Structures ofPL02, PL135 andPL79.

The IC50 determinations showed that the addition of the methyl group did
indeed reduce the antimalarial activity of PL 135, compared to PL02 (Table 5.2).
However, the difference is not as great as between PL09 and AQ-21. Maybe the more
rigid ring structure also has an effect, or maybe the RA head group reduces the effect.
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Table 5.2 Comparison of IC50 values for PL02, PL135 and PL79. Historical data for CQ
and PL09 is included for comparison. The values obtained for each cell line are
normalized to CQ values of 6.9 nM for D6 and 102 nM for Dd2. The uncertainties are
estimated to be ±30%, based on variability in the IC50 determination and uncertainties in
weighing, as detailed in Chapter 1 -In vitro drug susceptibility assays.

Drug

IC50 (nM) D6 (CQS)

IC50 (nM) Dd2 (CQR)

PL02

1.0

3.6

PL135

22

114

PL79

>1000

>1000

PL09

280

400

AQ-21 100

7 (vs Haiti 135)

5

It has been suggested that one reason for the difference in activity may be due
to the stability of the protonated quinoline ring.103 In drugs with a secondary amine at
the 4-position, the protonated ring is stabilized by resonance (Figure 5.4). However,
when the nitrogen is tertiary there is a steric interaction between the substituent on the
nitrogen and the proton at C-5 on the ring. This leads to a twisting of the otherwise
planar ion, which diminishes the resonance stabilization. Warhurst argued that this
destabilization lowered the pKa value, leading to a lower percentage of molecules
being doubly protonated in the DV. This, in turn, meant that there would not be as
large an accumulation of the drug in the DV; therefore the IC50 would be higher. All
this was based on calculations based on experimentally measured pKaS. While this is
also plausible for PL09, it does not explain the activity of piperaquine.
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Figure 5.4 The protonated quinoline ring, showing the stabilization (top), and below, the steric
interaction resulting in a twisted less stable form.

When the amine is replaced by an ether linkage, the activity drops by a much
greater amount.

This is in agreement with the theory that the 4-awmoquinoline

moiety is important for complexing to the heme, and hence, antimalarial activity.50 It
should be noted that in heme binding studies, conducted at pH 5.7, an estimated pH of
the DV,64 PL09 has approximately the same binding constant as CQ.104 This suggests
that changing the secondary amine, in the 4-position of the quinoline, to a tertiary
amine, does not interfere with heme binding sufficiently to account for the change in
antimalarial action.
Given these results, the question remains why does PPQ have such good
activity? One possibility is that PPQ could be thought of as a CQ-like moiety with a
RA-like moiety attached (Figure 5.5). If the relatively small difference between PL02
and PL135 is due, in part, to an effect from the RA moiety, maybe PPQ benefits in a
similar manner.
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Bulky aromatic
hydrophobic region

Figure 5.5 PPQ as an RCQ, showing how it could fit the pharmacophore.

When the chlorine is removed from a RCQ molecule, the activity only changes
by a small amount, if at all, in contrast to the effect of removing the chlorine from CQ
and similar compounds. As a test to see if PPQ follows the RCQ model in this regard,
deschoro-PPQ (PL174) was synthesized (Figure 5.6). On testing there was very little
difference in the IC50 values against both CQS and CQR P. falciparum, with the
values for PL174 being slightly higher (Table 5.3). The IC50 values for CQR P.
falciparum are higher than those for CQS, suggesting that the CQ resistance
mechanism does have some slight effect against both PPQ and PL174.

o

K 2 C0 3
2-Propanol

•^r^"^i

PL188
Yield: 76%

NaHCO,
PL188

+

Br

Br

Water

PL174
Yield: 25%

Figure 5.6 Synthesis of PL 174.
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Table 5.3 Comparison of IC50 values for CQ, PPQ and deschloro-PPQ (PL 174).
Historical data for CQ is included for comparison. The values obtained for each cell line
are normalized to CQ values of 6.9 nM for D6 and 102 nM for Dd2. The uncertainties
are estimated to be ±30%, based on variability in the IC50 determination and uncertainties
in weighing, as detailed in Chapter 1 -In vitro drug susceptibility assays.

Drug

IC50 (nM) D6 (CQS)

IC50 (nM) Dd2 (CQR)

CQ

6.9

102

PPQa

0.7

1.5

PL 174

1.3

4.1

a

The PPQ values given are from assays run concurrently with CQ and PL 174, not
literature values.

With the structure of PPQ, it might be assumed that the activity would be
better than CQ because each molecule has two quinoline rings to use to complex with
heme. However, this would not account for the difference in IC50 seen in Table 5.3.
The values for PPQ are comparable to the values obtained with the best RCQ
molecules, and like RCQ molecules, not greatly affected by the loss of the chlorine at
the 7-position of the quinoline ring. These observations suggest that PPQ may indeed
be thought of as an RCQ, and that the second quinoline ring is acting as an RA head
group, possibly blocking export from the DV in CQR parasites.
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CHAPTER 6

Summary and conclusions

Evidence of malarial infections can be traced back to our earliest records.
Today, malaria remains the most important parasitic disease in the world, responsible
for over 1 million deaths each year.1' 2 The disease is caused by the Plasmodium
parasite, and is transmitted by a bite from the female Anopheles mosquito.3 There are
many different species of Plasmodia, but only four commonly infect humans, and of
these P. falciparum is the most deadly.10
The parasite lives in the host's red blood cells, and consumes the hemoglobin.
This releases heme, which is toxic to the parasite, so the parasite detoxifies itself by
forming hemozoin, an insoluble crystal, thus storing the heme in a non-toxic form.
This process is inhibited by the 4-aminoquinoline class of antimalarial drugs, of which
CQ is the most well known.50 After the Second World War, CQ became the standard
antimalarial drug treatment, but resistance developed, and today CQ is largely
ineffective in most regions of the world.1 Although there are RAs which act to reduce
the effects of the resistance, they are existing drugs, targeted to other areas of the
body.76 Due to the large doses required to effect CQ resistance reversal, RAs have
issues with side effects and toxicity.77
The work described in this dissertation introduces a new class of antimalarial
compound, called 'reversed chloroquines' or RCQs. These compounds are hybrid
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molecules, designed by attaching a CQ-like moiety to a RA. The resulting molecules
have very good antimalarial activity in vitro, better against both CQS and CQR P.
falciparum, than CQ is against even CQS parasites. PL58 and PL69 were designed to
increase the oral bioavailability, by increasing the aqueous solubility, and these
compounds have been shown to be good antimalarial drugs in vivo, against the mouse
model P. berghei.
An investigation into the mechanism of these compounds has shown that they
accumulate in the parasite's DV in a manner very similar to that of CQ, and that the
attachment of the RA head group does not affect the binding to heme, the assumed
mode of action of CQ. It has also been shown that the RA head group does not have
intrinsic antimalarial activity, so the increased activity in the RCQ molecules is
unlikely to be due to a secondary antimalarial mechanism associated solely with the
head group.
The investigation also introduced a pyridine compound, PL74, with surprising
antimalarial activity. Analogues of this compound are currently being investigation by
Cheryl Hodson in the Peyton laboratory.
Another surprising result from the mechanistic investigation, was the good
activity of the deschloro-compound, PL64. The evidence from the investigation of
this, and similar compounds, seems counter to the literature. The current literature
suggests that the chlorine is required for hemozoin inhibition, and indeed CQ suffers a
large reduction in activity with the loss of the chlorine.50' 10° However, the deschloroRCQ molecules only show a small reduction, if any, in IC50, compared to the
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chlorinated analogues. As the RA head group has no intrinsic antimalarial activity, it
must be compensating for the loss of the chlorine in another way. This suggests that
the chlorine in CQ might be important for reasons other than hemozoin inhibition.
The RCQ molecules show very good activity against both CQS and CQR P.
falciparum malaria in vitro, and PL69 has demonstrated oral availability, and in vivo
activity. Furthermore, the mice in the in vivo experiments have shown no outward
signs of toxicity. While further toxicity and pharmacokinetic testing is, of course,
required, the indications are that the RCQs are promising potential drug candidates in
the battle against CQR malaria.
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CHAPTER 7

Experimental methods

All names were generated using ChemBioDraw Ultra 11.0.1. Purities were analyzed
using a Varian Polaris Binary HPLC system, measuring by UV detection at 254 and
325 nm, using a Varian ProStar 325 UV/Vis dual wavelength detector. HPLC Method
A was done with a Microsorb-MV 100 CN 5 urn 4.6 mm x 250 mm column, eluting
with 100% methanol for 30 minutes unless otherwise stated. HPLC Method B was
performed using a SUPELCO Ascentis RP-Amide 5 um 4.6 mm x 150 mm column,
eluting with 100% methanol for 30 minutes unless otherwise stated.
Mass spectrometry was performed on a Bruker micrOTOF-Q instrument. Results
were obtained using electospray ionization (ESI) in the positive mode, at a flow rate of
0.4 mL/min with 1:1 methanol water.
1H, 13C and 2D NMR experiments were run on a Bruker 400MHz AMX or
AVANCE-II+ instrument, using the standard pulse sequences provided, including
zg30, zgpg30 cosygpqf, hsqcetgpsi2, hmbcgplpndqf and noesyph, at 25 °C.

PL01:V-(7-chIoroquinoIin-4-yl)-A^-(3-(10,ll-dihydro-5^-dibenzo[b,f|azepin-5yl)propyl)-A^-methylpropane-l,3-diamine
Desimipramine hydrochloride (0.65 g, 2.15 mmol) was dissolved in water (8 mL), and
solid NaHCC>3 (0.4 g, 4.9 mmol) was added with stirring.105

After addition of
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dichloromethane (10 mL), two clear layers resulted. The aqueous layer was removed
and extracted with dichloromethane ( 2 x 1 0 mL). The combined organic layers were
evaporated to leave desimipramine free base (0.63 g, 100%) as a yellow oil. To this oil
were added anhydrous THF (15 mL) and PL29 (0.42 g, 1.33 mmol) followed by
triethylamine (0.4 mL, 2.9 mmol). After being stirred at 50-60 °C for 72 h, the
reaction was allowed to cool to room temperature and the solvent evaporated under
reduced pressure. The residue was partitioned between ethyl acetate (20 mL) and
saturated NaHCC>3 solution (20 mL). The organic layer was separated, and the
aqueous layer was extracted with ethyl acetate (2 x 10 mL). The combined organic
layers were dried over MgS04, filtered, and evaporated. The residue was
chromatographed on alumina (MCB type F20, 80-200 mesh), eluting with ethyl
acetate:hexanes (30:70) to give PL01 (0.53 g, 84%) as a yellow oil. Based on 'H
NMR, 13C NMR, HR-MAS, and HPLC (SUPELCO Discovery HS, CI8 column 5urn
4.6 mm x 250 mm, with a gradient from 10:90:0.05% methanol: water: formic acid to
90:10:0.05% methanol: water: formic acid over 60 minutes with detection at 270 nm),
PL01 was at least 98% pure. 'H NMR (500 MHz, CHCl3-d) 51.80 (m, J = ~2 Hz, 2H,
CH2), 1.84 (m, J = ~2 Hz, 2H, CH2), 2.28 (s, 3H, CH3), 2.49 (t, J = 7.4 Hz, 2H, CH2),
2.54 (t, J = 5.3 Hz, 2H, CH2), 3.10 (s, 4H, 2xCH2), 3.28 (td, J = -3.9, 2H, CH2), 3.72
(t, J = 6.7 Hz, 2H, CH2), 6.24 (d, J = 5.3 Hz, 1H, C1Q-C3-H), 6.83-7.10 (m, 8H, Ar),
7.13 (dd, J = 2.0, 8.9 Hz, 1H, C1QC6-H), 7.43 (d, J = 8.9 Hz, 1H, C1Q-C5-H), 7.67
(bs, 1H, NH), 7.91 (d, J = 2.0 Hz, 1H, C1Q-C8-H), 8.48 (d, J = 5.3 Hz, 1H, C1Q-C2H).

13

C NMR (100 MHz, CHCl3-d) 524.4, 26.0, 32.2, 42.3, 44.2, 48.7, 56.2, 57.9,
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98.4, 117.6, 119.8, 121.6, 122.6, 124.9, 126.4, 128.6, 129.8, 134.1, 134.6, 148.0,
149.2, 150.5, 152.1. MS (ESI): m/z 485.2461 M + H (Calculated 485.2472).

PL02: Ar-(3-(4-benzhydrylpiperazin-l-yI)ethyl)-7-chloroquinolin-4-amine
A mixture of l-(diphenylmethyl)piperazine (0.4 g, 0.0016 mol), triethylamine (0.27 g,
0.0027 mol) and PL30 (0.4 g, 0.00133 mol) was heated to 70°C in THF (12 mL) for 3
days with stirring. After cooling to room temperature, 50% K2CO3 solution (25 mL)
was added. The mixture was shaken and the THF layer was separated. The aqueous
layer was extracted with ethyl acetate ( 2 x 1 0 mL). The extracts were combined with
the THF layer, and washed with water (10 mL). After drying and evaporating, the
residue was recrystallized from ethyl acetate to give PL02 (0.13 g, 21%) as an off
white solid. HPLC (method B) fe = 2.74 min (97% pure). »H NMR 8 (ppm)(400
MHz, CHCl3-d) 2.51 (8 H, d, J = 40.09 Hz), 2.78 (2 H, t, J = 5.91 Hz), 3.29 (2 H, q, J
= 5.32 Hz), 4.26 (1 H, s), 5.96 (1 H, s), 6.35 (1 H, d, J = 5.36 Hz), 7.21-7.14 (2 H, m),
7.31-7.25 (4 H, m), 7.39 (1 H, dd, J = 8.90, 2.20 Hz), 7.46-7.40 (4 H, m), 7.65 (1 H, d,
J = 8.92 Hz), 7.95 (1 H, d, J = 2.16 Hz), 8.52 (1 H, d, J = 5.31 Hz).

13

C NMR 8

(ppm)(100 MHz, CHCl3-d) 38.9, 52.1, 52.9, 55.4, 76.2, 99.3, 117.4, 121.1, 125.3,
127.0, 127.9, 128.5, 128.8, 134.8, 142.6, 149.1, 149.8, 152.2. MS (ESI): m/z 457.2149
M + H (Calculated 457.2154).
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PL04: 7-chloro-A'-(3-(4-((4-chlorophenyl)(phenyI)methyl)piperazin-lyl)ethyl)quinolin-4-amine
A mixture of l-[(4-chlorophenyl)(phenyl)methyl]piperazine (0.46 g, 0.0016 mol),
triethylamine (0.27 g, 0.0027 mol) and PL29 (0.4 g, 0.00133 mol) was heated to 70°C
in THF (12 mL) for 3 days with stirring. After cooling to room temperature, 50%
K2CO3 solution (25 mL) was added. The mixture was shaken and the THF layer was
separated. The aqueous layer was extracted with ethyl acetate (2 x 10 mL). The
extracts were combined with the THF layer, and washed with water (10 mL). After
drying and evaporating, the residue was recrystallized from ethyl acetate/hexanes
(70/30) to give PL04 (0.20 g, 30%) as an off white solid. HPLC (method A) fR = 7.30
min (96% pure). 'H NMR 5 (ppm)(400 MHz, CHCl3-d) 2.50 (8 H, d, J = 44.37 Hz,
2.78 (2 H, t, J = 5.91 Hz), 3.29 (2 H, q, J = 5.32 Hz), 4.24 (1 H, s), 5.94 (1 H, s), 6.35
(1 H, d, J = 5.36 Hz), 7.31-7.19 (5 H, m), 7.41-7.35 (5 H, m), 7.64 (1 H, d, J = 8.93
Hz), 7.95 (1 H, d, J = 2.16 Hz), 8.52 (1 H, d, J = 5.31 Hz).

13

C NMR 6 (ppm)(100

MHz, CHCl3-d) 38.9, 52.0, 52.8, 55.4, 75.4, 99.3, 117.3, 121.1, 125.3, 127.2, 127.8,
128.6,128.7, 128.8, 129.1, 132.6, 134.8, 141.2, 142.1, 149.1, 149.7, 152.1. MS (ESI):
m/z 491.1745 M + H (Calculated 491.1764).

PL05:A^-(7-chloroquinolin-4-yl)-A^-(3-(10,ll-dihydro-5^T-dibenzo[b,fjazepin-5yl)propyl)-A^-methylethane-l,2-diamine
Desimipramine hydrochloride (0.44 g, 0.00145 mol) was dissolved in water (7 mL),
and solid NaHC0 3 (0.24 g, 0.0029 mol) was added with stirring. After addition of
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dichloromethane (8 mL), two clear layers resulted. The aqueous layer was removed
and extracted with dichloromethane ( 2 x 7 mL). The combined organic layers were
evaporated to leave desimipramine free base as a yellow oil. To this oil were added
anhydrous THF (12 mL) and PL30 (0.35 g, 0.00116 mol) followed by triethylamine
(0.32 mL, 0.00232 mol). After being stirred at 50-60 °C for 72 h, the reaction was
allowed to cool to room temperature. The reaction was diluted with 50% K2CO3
solution (30 mL), and the THF layer was separated. The aqueous was extracted with
ethyl acetate (2 x 10 mL). The extracts were combined with the THF layer, and
washed with water (10 mL).

After drying and evaporation, the residue was

chromatographed on alumina (MCB type F20, 80-200 mesh), eluting with ethyl
acetate:hexanes (70:30) to give PL05 (0.42 g, 77%) as a yellow oil. HPLC (method
A) fR = 9.12 min (96% pure). »H NMR 5 (ppm)(400 MHz, CHCl3-d) 1.78 (2 H, p, J =
6.79 Hz), 2.23 (3 H, s), 2.46 (2 H, t, J = 7.00 Hz), 2.68 (2 H, t, J = 5.81 Hz), 3.03 (4 H,
s), 3.26-3.16 (2 H, m), 3.79 (2 H, t, J = 6.54 Hz), 5.82 (1 H, s), 6.32 (1 H, d, J = 5.35
Hz), 6.84 (2 H, td, J = 7.14, 1.61 Hz), 7.09-6.95 (6 H, m), 7.23 (1 H, dd, J = 8.90, 2.19
Hz), 7.44 (1 H, d, J = 8.93 Hz), 7.95 (1 H, d, J = 2.16 Hz), 8.52 (1 H, d, J = 5.31 Hz).
13

C NMR 5 (ppm)(100 MHz, CHCl3-d) 24.7, 31.0, 38.5, 40.9, 47.0, 53.3, 54.3, 98.2,

116.3, 118.6, 120.0, 121.5, 124.3, 125.3, 127.7, 128.8, 133.1, 133.7, 147.0, 148.1,
148.6,151.0. MS (ESI): m/z471.2316M + H(Calculated471.2310).
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PL06:7V-(3-(4-benzhydrylpiperazin-l-yl)propyl)-7-chloroquinolin-4-amine
A mixture of 1-(diphenylmethyl)piperazine (0.56 g, 0.0022 mol), triethylamine (0.43
g, 0.0042 mol) and PL29 (0.65 g, 0.0021 mol) was heated to 70°C in THF (15 mL) for
3 days with stirring. After cooling to room temperature, 50% K2CO3 solution (30 mL)
was added. The mixture was shaken and the THF layer was separated. The aqueous
layer was extracted with ethyl acetate ( 2 x 1 0 mL). The extracts were combined with
the THF layer, and washed with water (10 mL). After drying and evaporating, the
residue was recrystallized from ethyl acetate to give PL06 (0.32 g, 31%) as an off
white solid. HPLC (method B) tR = 3.22 min (97% pure). 'H NMR 8 (ppm)(400
MHz, CHCl3-d) 1.97-1.89 (2 H, m), 2.87-2.32 (10 H, m), 3.35 (2 H, q, J = 5.12 Hz),
4.42 (1 H, s), 6.29 (1 H, d, J = 5.40 Hz), 7.13 (1 H, dd, J = 8.92, 2.18 Hz), 7.28-7.20 (2
H, m), 7.36-7.29 (4 H, m), 7.46-7.41 (4 H, m), 7.61 (1 H, s), 7.78 (1 H, d, J = 8.95
Hz), 7.92 (1 H, d, J = 2.16 Hz), 8.48 (1 H, d, J = 5.35 Hz).

13

C NMR 8 (ppm)(100

MHz, CHCl3-d) 23.3, 44.5, 51.6, 54.0, 58.9, 75.9, 98.4, 117.5, 122.4, 124.6, 127.2,
128.2, 128.5, 128.6, 134.6, 141.9, 149.1, 150.6, 152.2. MS (ESI): m/z Al\.229?> M +
H (Calculated 471.2310).

PL07: 7-chIoro-Ar-(3-(4-((4-chlorophenyl)(phenyI)methyl)piperazin-lyI)propyl)quinolin-4-amine
A mixture of l-[(4-chlorophenyl)(phenyl)methyl]piperazine (0.63 g, 0.0022 mol),
triethylamine (0.43 g, 0.0042 mol) and PL29 (0.65 g, 0.0021 mol) was heated to 70°C
in THF (15 mL) for 3 days with stirring. After cooling to room temperature, 50%
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K2CO3 solution (30 mL) was added. The mixture was shaken and the THF layer was
separated. The aqueous layer was extracted with ethyl acetate (2 x 10 mL). The
extracts were combined with the THF layer, and washed with water (10 mL). After
drying and evaporating, the residue was recrystallized from ethyl acetate to give PL07
(0.38 g, 34%) as an off white solid. HPLC (method A - 40 min) fa - 9.67 min (98%
pure). »H NMR 5 (ppm)(400 MHz, CHCl3-d) 1.92 (2 H, p, J = 5.38 Hz), 2.70-2.52 (10
H, m), 3.34 (2 H, q, J = 5.11 Hz), 4.37 (1 H, s), 6.29 (1 H, d, J = 5.40 Hz), 7.15 (1 H,
dd, J = 8.90, 2.17 Hz), 7.32-7.22 (3 H, m), 7.38-7.30 (2 H, m), 7.42-7.35 (4 H, m),
7.52 (1 H, s), 7.76 (1 H, d, J = 8.95 Hz), 7.92 (1 H, d, J = 2.15 Hz), 8.48 (1 H, d, J =
5.35 Hz).

13

C NMR 5 (ppm)(100 MHz, CHCl3-d) 23.3, 44.4, 51.6, 53.9, 58.8, 75.3,

98.4, 117.4, 122.3, 124.6, 127.5, 128.1, 128.6, 128.7, 129.3, 132.7, 134.6, 140.8,
141.2,149.1,150.5, 152.2. MS (ESI): m/z 505.1911 M + H (Calculated 505.1920).

PL08: Ar-(3-(4-(bis(4-fluorophenyl)methyl)piperazin-l-yl)propyl)-7chloroquinoIin-4-amine
l-(Bis(4-fluorophenyl)methyl)piperazine (0.52 g, 0.0018 mol) was added to THF (15
mL) followed by triethylamine (0.20 g, 0.0019 mol) and PL29 (0.41 g, 0.0013 mol).
The reaction was stirred and heated at 70°C for 6 days. After cooling to room
temperature, saturated NaHC03 solution (30 mL) was added, and the mixture was
extracted with ethyl acetate (3 x 10 mL). The organic layers were washed with water
(10 ml), dried and evaporated. The residue was chromatographed on alumina, eluting
with ethyl acetate/hexanes (40:60) to give PL08 (0.12 g, 18%).
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PL09: 7-chloro-4-(4-ethylpiperazin-l-yl)quinoline
A mixture of 4,7-dichloroquinoline (0.99 g, 0.005 mol) and ethylpiperazine (6.8 mL,
7.6 g, 0.07 mol) was stirred and heated to 130°C overnight. After cooling to room
temperature, saturated NaHCC>3 solution (50 mL) was added and the mixture was
extracted with ethyl acetate ( 4 ^ 1 0 mL). The combined organic extracts were washed
with water (10 mL), dried and evaporated to give PL09 (0.23 g, 17%)

PL11: iV-(2-(4-(9/r-fluoren-9-yI)-l,4-diazepan-l-yl)ethyI)-7-chloroquinolin-4amine
PL224 (0.24 g, 0.00091 mol) and PL30 (0.30 g, 0.001 mol) were added to THF (15
mL), followed by triethylamine (0.29 g, 0.0028 mol). The reaction was stirred and
heated to reflux for 4 days. After cooling to room temperature, a 50% solution of
K2CO3 (30 mL) was added and the THF layer was separated.

The aqueous was

extracted with ethyl acetate ( 2 x 5 mL). The combined organic layers were washed
with water (10 mL), dried and evaporated. The residue was chromatographed on
alumina, eluting with ethyl acetatc/hexanes (40:60) to give PL11 (0.05 g, 12%)

PL12:iV-(3-(4-benzhydryl-l,4-diazepan-l-yl)propyI)-7-chloroquinolin-4-aiiiine
PL225 (0.10 g, 0.00038 mol) and PL29 (0.13 g, 0.00041 mol) were added to THF (15
mL), followed by triethylamine (0.12 g, 0.0012 mol). The reaction was stirred and
heated to reflux for 4 days. After cooling to room temperature, a 50% solution of
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K2CO3 (30 mL) was added and the THF layer was separated. The aqueous was
extracted with ethyl acetate ( 2 ^ 5 mL). The combined organic layers were washed
with water (10 mL), dried and evaporated. The residue was recrystallized from ethyl
acetate to give PL12 (0.05 g, 28%).

PL13: 7-chloro-A^3-(4-((4-chlorophenyl)(phenyl)methyl)-l,4-diazepan-lyI)propyl)quinoIin-4-amine
PL226 (0.17 g, 0.00057 mol) and PL29 (0.20 g, 0.00064 mol) were added to THF (15
mL), followed by triethylamine (0.18 g, 0.0018 mol). The reaction was stirred and
heated to reflux for 4 days. After cooling to room temperature, a 50% solution of
K2CO3 (30 mL) was added and the THF layer was separated. The aqueous was
extracted with ethyl acetate ( 2 x 5 mL). The combined organic layers were washed
with water (10 mL), dried and evaporated. The residue was chromatographed on
alumina, eluting with ethyl acetate./hexanes (40:60) to give PL13 (0.21 g, 71%). MS
(ESI): m/z 519.2079 M + H (Calculated 519.2077).

PL14: A^-(3-(4-(9/T-fluoren-9-yl)-l,4-diazepan-l-yI)propyl)-7-chloroquinoIin-4amine
PL224 (0.31 g, 0.0012 mol) and PL29 (0.37 g, 0.0012 mol) were added to THF (15
mL), followed by triethylamine (0.25ml g, 0.0025 mol). The reaction was stirred and
heated to reflux for 4 days. After cooling to room temperature, a 50% solution of
K2CO3 (30 mL) was added and the THF layer was separated. The aqueous was
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extracted with ethyl acetate ( 2 x 5 mL). The combined organic layers were washed
with water (10 mL), dried and evaporated. The residue was chromatographed on
alumina, eluting with ethyl acetate./hexanes (40:60) to give PL14 (0.13 g, 22%)

PL16: 3-(7-chloroquinoIin-4-ylamino)propan-l-ol
A mixture of 4,7-dichloroquinoline (25.35 g, 0.128 mol) and 3-aminopropanol (120
mL, 1.57 mol) were heated with stirring at 130-140°C for 24 hours.106 After cooling,
the reaction was poured into water (500 mL) and filtered, and the solid residue was
dried then boiled in ethyl acetate (250 mL) to give PL16 (27.3 g, 90%) as an off-white
solid. HPLC (method A) tK = 7.63 min (99% pure).

!

H NMR (500 MHz, CDC13)

51.80 (bs, 1H, OH), 2.05 (m, J = 5.9, 5.6 Hz, 2H, CH2), 3.46 (td, J = 5.9, ~6 Hz, 2H,
CH2), 3.98 (t, J = 5.4 Hz, 2H, CH2), 5.95 (bs, 1H, NH), 6.36 (d, J = 5.4 Hz, 1H, C1QC3-H), 7.31 (dd, J = 2.1, 8.9 Hz, 1H, C1Q-C6-H), 7.60 (d, J = 8.9 Hz, 1H, C1Q-C5-H),
7.92 (d, J = 2.0 Hz, 1H, C1Q-C8-H), 8.49 (d, J = 5.3 Hz, 1H, C1Q-C2-H).

PL28: 2-(7-chloroquinolin-4-yIamino)ethan-l-ol
A mixture of 4,7-dichloroquinoline (4.95 g, 0.025 mol) and ethanolamine (15.27 g,
15.0 mL, 0.25 mol) were heated with stirring at 130-140 °C for 24 hours.

After

cooling, the reaction was poured into water (150 mL) and filtered. After air drying the
solid was boiled in methanol (100 mL), allowed to cool to room temperature then
cooled in ice. The solid was filtered, then washed with a small amount of ice cold
methanol to give PL28 (3 g, 54%) as an off-white solid. HPLC (method A) tR = 6.99
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min (99% pure). >H NMR 8 (ppm)(400 MHz, CH3OH-d4): 3.48-3.55 (2 H, m), 3.85 (2
H, q, J = 5.80 Hz), 6.60 (1 H, d, J = 5.67 Hz), 7.43 (1 H, dd, J = 9.02,2.20 Hz), 7.80 (1
H, d, J = 2.19 Hz), 8.11 (1 H, t, J = 9.02 Hz), 8.38 (1 H, d, J = 5.64 Hz).

13

C NMR 5

(ppm)(100 MHz, CH3OH-d4): 46.2, 60.7, 99.7, 118.8, 124.3, 126.1, 127.6, 136.4,
149.7, 152.5, 152.9.

PL29: 3-(7-chloroquinolin-4-ylamino)propyl methanesulfonate
To a suspension of PL 16 (0.5 g, 2.1 mmol) in anhydrous THF (10 mL) under a
nitrogen atmosphere was added triethylamine (0.66 mL, 4.2 mmol).23 The mixture
was cooled to below 0 °C. Methanesulfonyl chloride (0.17 mL, 2.2 mmol) was added
slowly, keeping the temperature below 5 °C, and the reaction was stirred in an ice bath
for 45 min. After dilution with saturated NaHCC>3 solution (20 mL), the reaction was
extracted with ether (20 mL then 2 x 10 mL). The organic extracts were dried over
MgS0 4 , filtered, and evaporated to leave PL29 (0.42 g, 63%) as a white solid. *H
NMR (500 MHz, CDC13) 52.18 (m, J = -6.1 Hz, 2H, CH2), 3.04 (s, 3H, CH3), 3.59
(td, J = -6.1 Hz, 2H, CH2), 4.43 (t, J = 5.7 Hz, 2H, CH2), 5.44 (bs, 1H, NH), 6.43 (d,
J - 5.3 Hz, 1H, C1Q-C3-H), 7.40 (dd, J = 2.2, 8.9 Hz, 1H, C1Q-C6-H), 7.70 (d, J = 8.9
Hz, 1H, C1Q-C5-H), 7.97 (d, J = 2.2 Hz, 1H, C1Q-C8-H), 8.55 (d, J = 5.4 Hz, 1H,
C1Q-C2-H).
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PL30: 2-(7-chloroquinolin-4-ylamino)ethyl methanesulfonate
To a suspension of PL28 (1.5 g, 6.7 mmol) in anhydrous dichloromethane (25 mL)
under a nitrogen atmosphere was added triethylamine (2 mL, 14.3 mmol). The mixture
was cooled to below 0 °C. Methanesulfonyl chloride (0.57 mL, 7.41 mmol) was added
slowly, keeping the temperature below 5 °C, and the reaction was stirred in an ice bath
for 1 hour. The reaction was added to a saturated NaHC03 solution (100 mL), and the
organic layer was separated and washed with saturated NaHCC>3 solution (25 mL).
The combined aqueous layers were extracted with dichloromethane (2 x 20 mL). The
combined organic extracts evaporated to leave PL30 (1.19 g, 59%) as an off-white
solid.

PL33: 7-chloro-A^3-(4-tritylpiperazin-l-yl)propyl)quinolin-4-amine
Piperazine (0.3 g, 0.00098 mol) was dissolved in acetonitrile (15 mL) and potassium
carbonate (0.2 g, 0.0015 mol) was added, followed by trityl chloride (0.25 g, 0.00089
mol). The mixture was heated to reflux with stirring for 3 hours, after which TLC
indicated completion. After cooling to room temperature, the reaction was poured into
water (50 mL) and ethyl acetate (20 mL) was added. The insoluble precipitate was
filtered, washed with water and ethyl acetate, and dried. The ethyl acetate layer was
separated and the aqueous layer extracted with ethyl acetate (2 x 20 mL). The
combined organic phases were dried, filtered through an alumina plug, and
evaporated. The residue was combined with the insoluble solid from above to give
PL33 (0.15 g, 31%) as a white solid. HPLC (method A) tK = 8.63 min (97% pure). 'H
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NMR 5 (ppm)(400 MHz, CHCl3-d): 1.90-1.97 (4 H, m), 2.53 (2 H, bs), 2.67-2.72 (2
H, m), 3.06 (2 H, bs), 3.16 (2 H, bs), 3.31 (2 H, q, J = 4.99 Hz), 6.22 (1 H, d, J = 5.41
Hz), 6.62 (1 H, dd, J = 8.95, 2.19 Hz), 7.26-7.34 (10 H, m), 7.52 (6 H, bs), 7.67 (1 H,
s), 7.84 (1 H, d, J = 2.16 Hz), 8.43 (1 H, d, J = 5.35 Hz).

13

C NMR 8 (ppm)(100 MHz,

CH3OH-d4): 22.8, 44.7, 47.8, 54.6, 59.6, 98.1, 117.2, 122.1, 125.0, 126.4, 127.2,
127.7, 127.8, 127.9, 129.4, 134.8, 146.9, 150.8, 151.5. MS (ESI): m/z 5A12&>1 M +
H (Calculated 547.2623).

PL34: 7-chIoro-iV-(3-(piperazin-l-yl)propyl)quinoliii-4-amine
PL 16 (2.7g, 0.0116 mol) was finely ground and suspended on dry THF (50 mL).
Triethylamine (2.9g, 0.29 mol) was added and the mixture was cooled to below 0°C.
Methane sulfonyl chloride(1.46g, 0.0128 mol) was added slowly, keeping the
temperature below 5°C. After stirring in an ice bath for 1 hour, TLC (alumina plate,
run in ethyl acetate) indicated no PL 16 left in the reaction. Piperazine (lOg, 0.116
mol) was added, and the reaction was heated to reflux. After 2 hours TLC indicated
the reaction was complete, and it was allowed to cool to room temperature. 150 mL of
saturated NaHCC>3 solution was added and the solution was extracted with ethyl
acteate (3 x 50 mL). The combined organic extracts were washed with water (5 x 25
mL), dried and evaporated give PL43 (1.2 g, 34%) as a cream solid. 'H NMR 8
(ppm)(400 MHz, CH3OH-d4): 1.79-1.89 (2 H, m), 2.38-2.49 (6 H, m), 2.76-2.83 (4 H,
m), 3.33 (2 H, t, J = 6.79 Hz), 6.44 (1 H, d, J = 5.69 Hz), 7.27-7.33 (1 H, m), 7.68 (1
H, d, J = 2.18 Hz), 7.98 (1 H, d, J = 9.01 Hz), 8.25 (1 H, d, J = 5.65 Hz).

13

C NMR 8
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(ppm)(100 MHz, CH3OH-d4): 25.8, 42.6, 46.1, 54.6, 58.0, 99.6, 118.7, 124.3, 126.0,
127.6, 136.4, 149.6, 152.4, 152.8. MS (ESI): m/z 305.1538 M + H (Calculated
305.1528).

PL39:iV-(3-(4-(adamant-2-yl)piperazin-l-yl)propyl)-7-chIoroquinolin-4-amine
PL34 (0.5 g, 0.00164 mol) and 2-adamantanone (0.5 g, 0.00328 mol) were mixed
together in dry THF (5 mL) then treated with sodium triacetoxyborohydride (0.52 g,
0.0025 mol) followed by acetic acid (0.1 g, 0.00175 mol).92 The mixture was stirred
under nitrogen, and at room temperature, for 7 days. The reaction was quenched with
saturated NaHC03 solution (50 mL), and extracted into dichloromethane (3><10 mL).
The extracts were washed with brine (10 mL), then dried and evaporated. The residue
was chromatographed on silica, eluting with ethyl acetate/ammonium hydroxide
(99.3:0.7) to give PL39 (0.33 g, 46%). HPLC (method A) tR = 11.75 min (96% pure).
m NMR 5 (ppm)(400 MHz, CHCl3-d): 1.42 (2 H, d, J = 11.72 Hz), 1.79 (5 H, m),
1.86-2.02 (5 H,.m), 2.10 (5 H, m,), 2.60-2.66 (10 H, m), 3.38 (2 H, q, J = 5.12 Hz),
6.31 (1 H, d, J = 5.41 Hz), 7.32 (1 H, dd, J = 8.95, 2.14 Hz), 7.81 (1 H, s), 7.91-7.95 (2
H, m), 8.50 (1 H, d, J = 5.37 Hz).

13

C NMR 5 (ppm)(100 MHz, CHCl3-d): 23.2, 27.3,

27.6, 29.0, 31.4, 37.3, 37.8, 44.7, 49.7, 54.3, 59.0, 68.3, 98.4, 117.5, 122.7, 124.7,
128.6, 134.6, 149.2, 150.7, 152.2. MS (ESI): m/z 439.2631 M + H (Calculated
439.2623).
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PL40: 7-chIoro-iV-(3-(4-(2,2-diphenyIethyl)piperazin-l-yl)propyl)quinolin-4amine
PL34 (0.5 g, 0.00164 mol) and diphenylacetaldehyde (0.32 g, 0.00164 mol) were
mixed together in dry THF (5 mL) then treated with sodium triacetoxyborohydride
(0.52 g, 0.0025 mol) followed by acetic acid (0.1 g, 0.00175 mol).92 The mixture was
stirred under nitrogen, and at room temperature, for 3 days.
quenched

with

saturated NaHCC>3 solution

The reaction was

(50 mL), and

extracted

into

dichloromethane ( 4 x 5 mL). The extracts were washed with brine (10 mL), then
dried and evaporated. The residue was chromatographed on silica, eluting with ethyl
acetate/ammonium hydroxide (99:1) to give PL39 (0.43 g, 54%). HPLC (method A)
fe = 7.87 min (98% pure). 'H NMR 5 (ppm)(400 MHz, CHCl3-d): 1.87-1.94 (2 H, m),
2.48-2.62 (6 H, m), 2.64 (4 H, s), 3.07 (2 H, d, J = 7.54 Hz), 3.34 (2 H, q, J = 5.12 Hz),
4.24 (1 H, t, J = 7.52 Hz), 6.30 (1 H, d, J = 5.41 Hz), 7.17-7.23 (2 H, m), 7.24-7.33 (9
H, m), 7.58 (1 H, s), 7.87 (1 H, d, J = 8.94 Hz), 7.93 (1 H, d, J - 2.15 Hz), 8.49 (1 H,
d, J = 5.36 Hz).

13

C NMR 5 (ppm)(100 MHz, CHCl3-d): 23.3, 44.5, 48.9, 53.5, 53.6,

58.8, 63.8, 98.5, 117.5, 122.5, 124.6, 126.3, 128.2, 128.4, 128.7, 134.6, 143.7, 149.1,
150.6, 152.2. MS (ESI): m/z 485.2479 M + H (Calculated 485.2467).

PL56: A^-(3-(4-aminopiperidin-l-yl)ethyl)-7-chloroquinoIin-4-amine
4-Aminopiperidine (1.0 g, 0.010 mol) was dissolved in MIBK (30 mL) and anhydrous
Na2C03 (0.87 g, 0.008 mol) was added. The mixture was stirred and heated to reflux
with a Dean and Stark trap to collect water. After 35 minutes at reflux, the reaction
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was cooled to ~70°C and PL 30 (1.28 g, 0.0043 mol) was added. After heating at
70°C overnight, the reaction was allowed to cool to room temperature. Water (50 mL)
was added and the reaction was stirred to dissolve the solids. The organic layer was
separated and the solvent evaporated under reduced pressure.

The residue was

dissolved in isopropyl alcohol (50 mL) and water (5 mL) was added. The solution
was stirred overnight at 50°C.

After evaporating the solvent, the residue was

dissolved in ethyl acetate (20 mL), washed with water (10 mL) then brine (10 mL).
The combined aqueous layers were extracted with ethyl acetate (10 mL), and the
combined organic layers were dried and evaporated to give PL56 (0.46 g, 35%) as an
oil, which was used without further purification.

PL57(1): 7-chloro-A^2-(4-(dipyridin-2-ylmethyIeneamino)piperidin-lyl)ethyl)quinolin-4-amine
PL56 (0.46 g, 0.00151 mol) was dissolved in toluene (30 mL) and dipyridyl ketone
(0.31 g, 0.00166 mol) was added, followed by a catalytic amount of p-toluene sulfonic
acid. The reaction was heated to reflux with a Dean and Stark trap to remove water.
After heating overnight, the reaction was allowed to cool to room temperature, and
was washed with saturated NaHC03 solution (40 mL). The toluene layer was dried
and evaporated to give a yellow oil. The oil was chromatographed on alumina, eluting
with ethyl acetate/methanol (95:5) to give a solid. This was boiled in ethyl acetate (20
mL) for about 1 minute, allowed to cool to room temperature then chilled in ice/water.
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The mixture was filtered and washed with hexanes and air dried to give PL57 (0.16 g,
22%).

PL57: (2)
PL190 (1.74 g, 0.0065 mol crude) was dissolved in acetonitrile (20 mL) and PL30
(1.31 g, 0.00436 mol) and K 2 C0 3 (1.2 g, 0.00871 mol) were added. The reaction was
stirred at 70°C for 2 days. After cooling to room temperature, water (100 mL) was
added and the mixture was stirred for 30 minutes. The solid was filtered, washed with
water and recrystallized from toluene/hexanes twice to give PL57 (0.68 g, 33%).
HPLC (method A) fa = 7.80 min (99% pure). MS (ESI): m/z 471.2054 M + H
(Calculated 471.2058).

PL58: 7-chloro-AL(2-(4-(dipyridin-2-ylmethylamino)piperidin-lyl)ethyl)quinolin-4-amine
PL57 (0.53 g, 0.00113 mol) was dissolved in methanol (40 mL) and cooled in an
ice/water bath. Sodium borohydride (0.13 g, 0.00338 mol) was added in portions and
the reaction was stirred overnight at room temperature.

After evaporating the

methanol, water (40 mL) was added to the residue, and the resulting suspension was
stirred for 30 minutes. The mixture was extracted with dichloromethane (3 x 20 mL)
and the combined extracts were washed with water (10 mL), then dried and
evaporated.

Chromatography on alumina, eluting with dichloromethane/methanol

(95:5) gave PL58 (0.17 g, 34%) as a glass. HPLC (method B) tK = 2.30 min (84%
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pure). >H NMR 5 (ppm)(CHCl3-d): 1.50-1.62 (2 H, m), 1.83 (1 H, s), 1.95 (2 H, d, J =
13.24 Hz), 2.04 (2 H, t, J = 11.64 Hz), 2.44-2.53 (1 H, m), 2.71 (2 H, t, J = 5.88 Hz),
2.89 (2 H, d, J = 11.30 Hz), 3.26 (2 H, q, J = 5.27 Hz), 5.24 (1 H, s), 6.09 (1 H, s),
6.34 (1 H, d, J = 5.37 Hz), 7.14 (2 H, ddd, J = 7.48, 4.87, 1.18 Hz), 7.36 (1 H, dd, J =
8.89, 2.19 Hz), 7.42 (2 H, dt, J = 7.88, 1.05 Hz), 7.62 (2 H, td, J = 7.67, 1.83 Hz), 7.64
(1 H, d, J = 8.94 Hz), 7.94 (1 H, d, J = 2.17 Hz), 8.51 (1 H, d, J = 5.32 Hz), 8.56 (2 H,
ddd, J = 4.89, 1.81, 0.92 Hz).

13

C NMR 5 (ppm)(CHCl3-d): 33.0, 39.0, 51.9, 52.7,

55.3, 66.2, 99.2, 117.3, 121.2, 122.2, 122.4, 125.4, 128.7, 134.8, 136.7, 149.1, 149.2,
149.8, 152.1, 161.6. MS (ESI): m/z 473.2227 M + H (Calculated 473.2215).

PL63: 3-(quinolin-4-ylamino)propan-l-ol
4-Chloroquinoline (1 g, 0.0061 mol) was added to 3-aminopropanol (7 mL, 0.09 mol),
and the reaction was stirred and heated at 130°C overnight. After cooling to room
temperature, the reaction was added to water (60 mL) and stirred for 1 hour. The
resulting suspension was filtered, washed with water then dried to constant weight in a
vacuum desiccator, to give PL63 (0.7 g, 57%) as a white solid. 'H NMR 8 (ppm)(400
MHz, CH3OH-d4): 1.82-1.92 (2 H, m), 3.38 (2 H, t, J = 6.98 Hz), 3.64 (2 H, t, J = 6.05
Hz), 6.43 (1 H, d, J = 5.61 Hz), 7.33 (1 H, ddd, J = 8.47, 6.84, 1.30 Hz), 7.52 (1 H,
ddd, J = 8.48, 6.84, 1.37 Hz), 7.70 (1 H, dd, J = 8.46, 1.19 Hz), 7.95 (1 H, dd, J = 8.47,
1.29 Hz), 8.25 (1 H, d, J = 5.57 Hz).

13

C NMR 5 (ppm)(100 MHz, CH3OH-d4): 32.2,

41.2, 60.9, 99.1, 120.3, 122.1, 125.6, 128.9, 130.4, 148.9, 151.3, 152.7.
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PL64: N-(3-(4-benzhydiylpiperazin-l-yl)propyl)quinolin-4-amine
PL128 (0.69 g, 0.00247 mol) was dissolved in dry THF (15 mL), and triethylamine
(0.5 g, 0.005 mol) was added, followed by l-(diphenylmethyl)piperazine (0.65 g,
0.00259 mol). The mixture was stirred at 70°C for 2 days, under nitrogen. After
evaporating the THF, the residue was partitioned between dichloromethane (15 mL)
and saturated NaHC(>3 solution (20 mL). The aqueous layer was extracted with
dichloromethane (10 mL), and the combined organic layers were evaporated. The
residue was boiled for 1 minute in ethyl acetate (15 mL), allowed to cool to room
temperature, and filtered. Washing with cold ethyl acetate then hexanes gave PL64
(0.6 g, 56%) as an off-white solid. HPLC (method B) fe = 3.64 min (97% pure). 'H
NMR 5 (ppm)(400 MHz, CHCl3-d): 1.93 (2 H, p, J = 5.51 Hz), 2.60-2.66 (10 H, m),
3.37 (2 H, q, J = 5.20 Hz), 4.34 (1 H, s), 6.32 (1 H, d, J = 5.33 Hz), 7.18-7.24 (2 H, m),
7.27-7.39 (5 H, m), 7.42-7.47 (4 H, m), 7.64 (1 H, ddd, J = 8.47, 6.79, 1.33 Hz), 7.888.00 (2 H, m), 8.52 (1 H, d, J = 5.29 Hz).

13

C NMR 5 (ppm)(100 MHz, CHCl3-d):

23.6, 44.3, 51.9, 53.9, 58.7, 98.2, 119.1, 120.8, 124.0, 127.1, 128.0, 128.5, 128.8,
129.8, 142.4, 148.4, 150.5, 151.3.

MS (ESI): m/z 437.2696 M + H (Calculated

437.2700).

PL65: Ar-(4-(4-benzhydrylpiperazin-l-yI)butyl)-7-chloroquinoIin-4-amine
4,7-dichloroquinoline (0.24 g, 0.0012 mol) was dissolved in ethanol (10 mL) and
PL87 (0.53 g, 0.00163 mol crude) was added, followed by triethylamine (0.33 g,
0.00326 mol). The mixture was stirred and refluxed for 10 days, then allowed to cool
86

to room temperature.

The ethanol was evaporated, and the residue partitioned

between saturated NaHCC>3 solution (20 mL) and dichloromethane (20 mL). The
organic layer was separated and the aqueous layer was extracted with dichloromethane
(2 x 20 mL). The combined dichloromethane layers were washed with saturated
NaHC03 solution (20 mL), then dried and evaporated.

The resulting oil was

chromatographed on silica, eluting with ethyl acetate/triethylamine (99:1), to give
PL65 (0.10 g, 17%) as an off-white solid. HPLC (method B) tR = 2.97 min (95%
pure). »H NMR 5 (ppm)(400 MHz, CHCl3-d): 1.67 (2 H, t, J = 6.86 Hz), 1.80 (2 H, p,
J = 6.95 Hz), 2.37-2.54 (10 H, m), 3.24-3.33 (2 H, m), 4.19-4.24 (1 H, m), 5.38 (1 H,
s), 6.38 (1 H, t, J = 6.53 Hz), 7.14-7.22 (2 H, m), 7.25-7.31 (4 H, m), 7.32 (1 H, dd, J =
8.92, 2.20 Hz), 7.41 (4 H, d, J = 7.61 Hz), 7.66 (1 H, d, J = 8.94 Hz), 7.95 (1 H, d, J =
2.18 Hz), 8.52 (1 H, d, J = 5.36 Hz).

13

C NMR 8 (ppm)(100 MHz, CHCl3-d): 24.7,

26.4, 43.2, 51.8, 53.5, 57.7, 76.2, 99.0, 117.2, 121.1, 125.1,127.0, 127.9, 128.5,128.9,
134.8, 142.6, 149.2, 149.7, 152.1.

MS (ESI): m/z 485.2456 M + H (Calculated

485.2467).

PL66: Ar-(2-(4-benzhydryl-l,4-diazepan-l-yl)ethyl)-7-chloroquinolin-4-amine
PL225 (0.22 g, 0.00083 mol) and PL30 (0.20 g, 0.00067 mol) were added to THF (15
mL), followed by triethylamine (0.18 g, 0.0018 mol). The reaction was stirred and
heated to reflux for 9 days. After cooling to room temperature, a 50% solution of
K2CO3 (30 mL) was added and the mixture was extracted with ethyl acetate (2 x 5
mL). The organic layers were washed with water (10 mL), dried and evaporated. The

87

residue was chromatographed on alumina, eluting with ethyl acetate/hexanes (40:60)
togivePL66(0.10g,33%).

PL67: Ar-(3-(4-aminopiperidin-l-yl)propyl)-7-chloroquinolin-4-amine
4-Aminopiperidine (5.0 g, 0.05 mol) was dissolved in MIBK (100 mL) and anhydrous
Na2CC>3 (7.9 g, 0.075 mol) was added. The mixture was stirred and heated to reflux
with a Dean and Stark trap to collect water. After I hour at reflux, the reaction was
cooled to ~70°C and PL 29 (15.9 g, 0.05 mol) was added. After heating at 70°C for 3
days, the reaction was allowed to cool to room temperature. Water (250 mL) was
added and the reaction was stirred to dissolve the solids. Ethyl acetate (40 mL) was
added and the organic layer was separated. The solvent was evaporated under reduced
pressure and the residue was dissolved in a mixture of isopropyl alcohol and water
(250 mL of a 95:5 mixture). The solution was stirred overnight at 50°C. After
evaporating the solvent, the residue was dissolved in ethyl acetate (100 mL), washed
with saturated NaHCC>3 (50 mL). The aqueous layer was extracted with ethyl acetate
( 3 x 1 0 mL), and the combined organic layers were dried and evaporated to give PL67
(6.06 g, 38%) as a solid, which was used without further purification.

PL68 (1): 7-chloro-iV-(3-(4-(dipyridin-2-yImethyleneamino)piperidin-lyl)propyl)quinolin-4-amine
Finely ground PL67 (0.69 g, 0.002 mol) was added to toluene (120 mL) and dipyridyl
ketone (0.46 g, 0.0025 mol) was added, followed by a catalytic amount of p-toluene
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sulfonic acid. The reaction was heated to reflux with a Dean and Stark trap to remove
water. After heating overnight, the reaction was allowed to cool to room temperature,
and was washed with saturated NaHCC>3 solution (25 mL). The aqueous layer was
extracted with ethyl acetate ( 3 x 1 0 mL) and the combined organic layers were dried
and evaporated to give a yellow oil. The oil was chromatographed on silica, eluting
with ethyl acetate to remove impurities, then methanol. Evaporation gave PL68 (0.06
g, 6%) as a solid.

PL68 (2):
PL190 (1.02 g, 0.00382 mol crude) was dissolved in acetonitrile (12 mL) and PL29 (1
g, 0.00318 mol) and K 2 C0 3 (0.88 g, 0.00636 mol) were added. The reaction was
stirred at 70°C overnight. TLC (alumina plate, run in ethyl acetate/methanol 9:1)
indicated some PL29 was still present, so a further solution of PL 190 (0.25 g,
0.000954 mol) in acetonitrile (5 mL) was added, and heating continued overnight.
After cooling to room temperature, the solvent was evaporated and the residue was
slurried in water (30 mL).

The solid was filtered, washed with water and

recrystallized from toluene/hexanes. The solid was dissolved in ethyl acetate/methanol
50:50 and stirred with alumina and charcoal for 30 minutes. After filtering through
celite, the solvents were removed to give PL68 (0.78 g, 50%). HPLC (method B) fR =
2.41 min (96% pure). MS (ESI): m/z 485.2230 M + H (Calculated 485.2215).
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PL69: 7-chIoro-jV-(3-(4-(dipyridin-2-ylmethylamino)piperidin-lyl)propyl)quinoIin-4-amine
PL68 (0.60 gj 0.00124 mol) was dissolved in methanol (40 mL) and cooled in ice.
Sodium borohydride (0.14 g, 0.0037 mol) was added in portions, and the reaction was
stirred at room temperature overnight. After evaporating the methanol, the residue
was stirred with water (50 mL) for 30 minutes then extracted with dichloromethane (3
x 20 mL). The extracts were washed with water (20 mL), dried and evaporated.
HPLC (method B) fe = 2.49 min (97% pure). 'H NMR 8 (ppm)(400 MHz, CHCl3-d):
1.57-1.70 (2 H, m), 1.87-1.95 (2 H, m), 1.99 (5 H, d, J = 11.77 Hz), 2.56 (2 H, t, J =
5.17 Hz), 2.59-2.68 (1 H, m), 3.00 (2 H, d, J = 11.29 Hz), 3.35 (2 H, q, J = 5.10 Hz),
5.25 (1 H, s), 6.29 (1 H, d, J = 5.42 Hz), 7.16 (2 H, ddd, J = 7.47, 4.88, 1.19 Hz), 7.44
(1 H, dd, J = 8.91, 2.18 Hz), 7.47 (2 H, d, J = 7.89 Hz), 7.65 (2 H, td, J = 7.67, 1.83
Hz), 7.74 (1 H, s), 7.84 (1 H, d, J = 8.96 Hz), 7.91-7.94 (1 H, m), 8.49 (1 H, d, J = 5.37
Hz), 8.59 (2 H, ddd, J = 4.89, 1.80, 0.92 Hz).

13

C NMR 8 (ppm)(100 MHz, CHCl3-d):

23.7, 33.1, 44.5, 52.8, 53.1, 58.7, 66.5, 98.3, 117.6, 122.2, 122.4, 122.4, 125.0, 128.5,
134.6, 136.7, 149.1, 149.1, 150.7, 152.1, 162.1. MS (ESI): m/z 487.2355 M + H
(Calculated 487.2371).

PL70: 2-((7-chloroquinolin-4-yl)(methyI)amino)ethanol
4,7-Dichloroquinoline (0.5 g, 0.0025 mol) was heated with 2-(methylamino)ethanol
(12 mL) at 130°C overnight. After cooling to below 100°C, the reaction was poured
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into ice/water (50 mL) and cooled in an ice bath for 10 minutes. The solid was filtered
and washed with water then dried to give PL70 (0.31 g, 52%).

PL72: 2-(4-benzhydryIpiperazin-l-yl)ethanol
l-(2-Hydroxyethyl)piperazine (2 g, 0.0154 mol) was dissolved in DMF (20 mL), and
potassium carbonate (4.27 g, 0.0308 mol) was added, followed by a catalytic amount
of potassium iodide.

The mixture was stirred at room temperature and

chlorodiphenylmethane (3.12 g, 0.0154 mol) was added-dropwise. After the addition,
the reaction was stirred for a further 2 hours at room temperature, then warmed to
70°C, and held there overnight. After cooling to room temperature, water (100 mL)
was added, and the mixture was extracted with diethyl ether (3 x 20 mL). The
combined organic extracts were washed with brine solution (30 mL), then dried and
evaporated to give PL72 (1.7 g, 37%) as an oil. HPLC (method B) tR = 2.25 min (95%
pure). 'H NMR 5 (ppm)(400 MHz, CHCl3-d): 2.43 (5 H, bs, J = 8.59 Hz), 2.54 (5 H,
m, J = 5.45 Hz), 3.58 (2 H, t, J = 5.41 Hz), 4.22 (1 H, s), 7.14-7.19 (2 H, m), 7.24-7.30
(4 H, m), 7.38-7.43 (4 H, m).

13

C NMR 5 (ppm)(100 MHz, CHCl3-d): 52.0, 53.1,

57.7, 59.1, 76.2, 126.9, 127.9, 128.5, 142.7.

PL73: l-benzhydryl-4-(2-chloroethyI)piperazine hydrochloride
PL72 (0.5 g, 0.00169 mol) was dissolved in chloroform (10 mL). A drop of DMF was
added, followed by thionyl chloride (0.33 g, 0.0027 mol). The reaction was stirred at
reflux for 1 hour, during which a solid precipitated.

After cooling to room
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temperature, the solid was filtered and washed with diethyl ether, then quickly air
dried to give PL73 (0.59 g, -100%), which was used without further purification.

PL74: Ar-(4-(4-benzhydrylpiperazin-l-yl)butyl)-7-chloroquinolin-4-amine
hydrochloride
PL73 (0.59 g, 0.00169 mol crude) and 4-aminopyridine (0.5 g, 0.0053 mol) were
heated in ethanol (15 mL) at reflux overnight. After cooling to room temperature, the
reaction was evaporated to half volume, and a solid precipitated. The suspension was
cooled to room temperature, filtered and washed with cold ethanol then diethyl ether.
Air drying gave PL74 (0.47 g, 68% over 2 steps) as a white solid. HPLC (method B 45 min) tR = 21.22 min (96% pure). 'H NMR 5 (ppm)(400 MHz, CH3OH-d4): 2.40 (4
H, s), 2.56 (4 H, s), 2.76 (2 H, t, J = 5.79 Hz), 4.16-4.23 (3 H, m), 6.79-6.85 (2 H, m),
7.15-7.20 (2 H, m), 7.24-7.31 (4 H, m), 7.41-7.46 (4 H, m), 8.02-8.08 (2 H, m).

13

C

NMR 5 (ppm)(100 MHz, CH3OH-CI4): 53.2, 54.2, 55.9, 58.8, 77.8, 110.3, 128.1, 129.0,
129.5, 144.1, 144.5, 160.8. MS (ESI): m/z 373.2383 M + H (Calculated 373.2387).

PL79:iV-(2-(4-benzhydryIpiperazin-l-yI)ethyl)-7-chIoroquinolin-4-amine
Sodium hydride (0.99 g, 0.025 mol) was added to anhydrous DMF (30 mL). After
stirring for 20 minutes under nitrogen, a solution of PL72 (5.6 g, 0.019 mol) in
anhydrous DMF (30 mL) was added slowly, in small portions. After stirring for 30
minutes at room temperature, a solution of 4,7-dichloroquinoline (2.87 g, 0.015 mol)
in anhydrous DMF (40 mL) was added slowly. After the addition the reaction was
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stirred overnight at room temperature. Water (1000 mL) was added and the mixture
was extracted with ethyl acetate (5 x 70 mL). The extracts were dried and evaporated.
The residue was chromatographed on alumina, eluting with ethyl acetate/hexanes
(50:50) to give PL79 (1.51 g, 20%). HPLC (method A) fc = 3.65 min (98% pure). 'H
NMR 5 (ppm)(400 MHz, CHCl3-d): 2.46 (4 H, s), 2.69 (4 H, s), 2.99 (2 H, t, J = 5.66
Hz), 4.23 (1 H, s), 4.33 (2 H, t, J = 5.67 Hz), 6.71 (1 H, d, J = 5.27 Hz), 7.14-7.22 (2
H, m), 7.27 (4 H, t, J = 7.55 Hz), 7.39-7.46 (5 H, m), 8.01 (1 H, d, J = 2.07 Hz), 8.10
(1 H, d, J = 8.90 Hz), 8.72 (1 H, d, J = 5.24 Hz).

13

C NMR 5 (ppm)(100 MHz, CHC13-

d): 51.9, 54.0, 56.7, 67.0, 76.3, 101.0, 119.8, 123.4, 126.6, 127.0, 127.9, 128.5, 135.8,
142.6, 149.7, 152.5, 161.4.

PL86: 2-(4-(4-benzhydrylpiperazin-l-yl)butyl)isoindoline-l,3-dione
A

mixture

of

N-(4-bromobutyl)phthalimide

(0.5

g,

0.00177

mol),

1-

(diphenylmethyl)piperazine (0.47 g, 0.00186 mol) and K 2 C0 3 (0.61 g, 0.00443 mol)
was stirred and heated in acetonitrile (25 mL) to reflux for 3 hours.107 After cooling,
the acetonitrile was evaporated, and the residue partitioned between water (20 mL)
and ethyl acetate (20 mL). The aqueous layer was extracted with ethyl acetate (2><10
mL) and the combined organic layers were dried and evaporated to give PL86 (0.74 g,
92%), which was used without further purification.
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PL87: 4-(4-benzhydrylpiperazin-l-yl)butan-l-amine
PL86 (0.74 g, 0.00163 mol crude) was dissolved in ethanol (5 mL), and hydrazine
hydrate (0.25 g, 0.0049 mol) was added.

The mixture was stirred and heated to

reflux for 3 hours, then allowed to cool to room temperature. The solid was filtered
off, and the filter cak6 washed with cold ethanol. The filtrate was evaporated to give
PL87 (0.53 g, -100%) as an oil, which solidified on contact with air. This was used
without further purification.

PL127: N^N^diethyl-N^quinolin-^-ytypentane-l^-diamine
4-Chloroquinoline (1.63 g, 0.010 mol), palladium(II) acetate (0.09 g, 4 mol%),
DPEphos [bis(2-diphenylphosphinophenyl)ether] (0.43 g, 8 mol%), K 3 P0 4 (5.31 g,
0.025 mol) and 2-amino-5-diethylaminopentane (2.37 g, 0.015 mol) were added to an
oven dried 100 mL round bottom flask.108 A stirrer bar was added and a septum was
placed on top, with a needle inserted to vent. The flask was purged with nitrogen for
several minutes. Anhydrous dioxane (40 mL) was added through the septum, and
nitrogen was bubbled through the resulting suspension for about 5 minutes. The vent
needle was removed leaving the reaction under a positive pressure of nitrogen, and the
nitrogen delivery needle was pulled out of the liquid. The reaction was then placed in
an oil bath at 85°C for 18 hours with stirring. After cooling to room temperature, the
reaction was filtered through celite, and the filter cake was washed with ethyl acetate.
The filtrate was evaporated to a volume below 10 mL then partitioned between water
(50 mL) and ethyl acetate (15 mL). The aqueous layer was extracted with ethyl acetate
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(2 x 10 mL), and the combined ethyl acetate layers were washed with water (3 x 15
mL). The combined water washes were extracted with ethyl acetate (10 mL) then all
the ethyl acetate layers were combined and dried over MgS04. After evaporation of
the solvent, the residue was columned on silica, eluting first with ethyl acetate to
remove impurities, then with ethyl acetate/methanol/triethylamine (89:10:1) to elute
the product.

Evaporation gave a bright red oil, which was dissolved in

dichloromethane and stirred with charcoal. Filtration and evaporation gave PL 127
(1.4 g, 49%) as a red oil. HPLC (method B) tR = 5.51 min (87% pure). 'H NMR 8
(ppm)(400 MHz, CHCl3-d): 1.03 (6 H, t, J = 7.15 Hz), 1.33 (3 H, d, J = 6.35 Hz),
1.57-1.68 (3 H, m), 1.70-1.82 (1 H, m), 2.47 (2 H, q, J = 6.79 Hz), 2.55 (4 H, q, J =
7.16 Hz), 3.65-3.80 (1 H, m), 5.23 (1 H, d, J = 7.37 Hz), 6.44 (1 H, d, J = 5.43 Hz),
7.41 (1 H, ddd, J = 8.41, 6.84, 1.37 Hz), 7.62 (1 H, ddd, J = 8.45, 6.82, 1.36 Hz), 7.77
(1 H, d, J = 8.45 Hz), 7.97 (1 H, dd, J = 8.44, 1.22 Hz), 8.53 (1 H, d, J = 5.38 Hz).

PL128: 3-(quinolin-4-ylamino)propyl methanesulfonate
Finely ground PL63 (1.5 g, 0.0074 mol) was suspended in dry dichloromethane (50
mL) and triethylamine (1.5 g, 0.015 mol) was added. The suspension was cooled to
below 0°C and methane sulfonyl chloride (0.93 g, 0.0082 mol) was added dropwise,
maintaining the temperature below 5°C. After the addition, the reaction was stirred
for 30 minutes below 0°C, and saturated NaHC0 3 solution (80 mL) was added. The
mixture was transferred to a separatory funnel, shaken and the layers separated. The
organic layer was washed with saturated NaHCC>3 solution solution (30 mL). The
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aqueous layers were combined and extracted with dichloromethane (30 mL). The
organic layers were then combined and evaporated to give PL128 (1.5 g, 72%)

PL129:N1-(3-(10,H-dihydro-5H-dibenzo[b,flazepin-5-yl)propyl)-N1-methyI-N3(quinolin-4-yl)propane-l,3-diamine
Desimipramine hydrochloride (1.12 g, 0.00371 mol) was dissolved in water (12 mL),
and solid NaHCCh was added with stirring, until the effervescence ceased. After
addition of dichloromethane (20 mL), two clear layers resulted. The aqueous layer was
removed and extracted with dichloromethane (2 x 10 mL). The combined organic
layers were evaporated to leave desimipramine free base as a yellow oil. To this oil
were added anhydrous THF (15 mL) and PL128 (0.5 g, 0.00178 mol) followed by
triethylamine (0.38 mL, 0.00371 mol). After being stirred at 70-80 °C for 72 h, the
reaction was allowed to cool to room temperature. The reaction was diluted with
saturated NaHCCb solution (25 mL), and extracted with ethyl acetate (4 x 10 mL).
The extracts were combined and washed with saturated NaHCC>3 solution (20 mL).
After drying and evaporation, the residue was chromatographed on alumina, eluting
with ethyl acetate:hexanes (70:30) to give PL129 (0.26 g, 32%) as a yellow oil. HPLC
(method B) tK = 3.57 min (90% pure). JH NMR 5 (ppm)(400 MHz, CHCl3-d): 1.781.90 (4 H, m), 2.30 (3 H, s), 2.49-2.57 (4 H, m), 3.12 (4 H, s), 3.32 (2 H, q, J = 5.30
Hz), 3.75 (2 H, t, J = 6.68 Hz), 6.30 (1 H, d, J = 5.50 Hz), 6.82-6.94 (4 H, m), 6.987.07 (4 H, m), 7.29 (1 H, ddd, J = 8.42, 6.81, 1.26 Hz), 7.58-7.64 (3 H, m), 8.02 (1 H,
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d, J = 8.38 Hz), 8.51 (1 H, d, J = 5.46 Hz). MS (ESI): m/z 451.2868 M + H
(Calculated 451.2856).

PL130: A^-(3-morpholinopropyI)quinolin-4-amine
PL128 (0.5 g, 0.00178 mol) was added to THF (15 mL), followed by K 2 C0 3 (0.37 g,
0.00267 mol) and morpholine (1.55 g, 0.0178 mol). The reaction was heated at 7080°C for 3 days. After cooling to room temperature, water (25 mL) was added and the
mixture was extracted with ethyl acetate ( 3 x 1 0 mL). The extracts were washed with
water (10 mL), dried and evaporated to a solid. The product was recrystallized from
ethyl

acetate/hexanes,

the

chromatographed

on

silica,

eluting

with

ethyl

acetate/methanol/triethylamine (89:10:1) to give PL130 (0.36 g, 75%) as a solid.
HPLC (method B) tK = 3.36 min (99% pure). »H NMR 5 (ppm)(400 MHz, CHCl3-d):
1.97 (2 H, p, J = 5.71 Hz), 2.58 (4 H, s), 2.61-2.67 (2 H, m), 3.39-3.46 (2 H, m), 3.87
(4 H, t, J = 4.66 Hz), 6.39 (1 H, t, J = 5.45 Hz), 7.22 (1 H, d, J = 4.54 Hz), 7.35-7.48 (1
H, m), 7.57-7.68 (1 H, m), 7.91 (1 H, d, J = 8.40 Hz), 8.01 (1 H, d, J = 8.44 Hz), 8.54
(1 H, d, J - 5.40 Hz).

PL131: Ar-(3-(piperidin-l-yl)propyI)quinolin-4-amine
PL128 (0.5 g, 0.00178 mol) was added to THF (15 mL), followed by K 2 C0 3 (0.37 g,
0.00267 mol) and piperidine (1.52 g, 0.0178 mol). The reaction was heated at 7080°C for 3 days. After cooling to room temperature, water (25 mL) was added and the
mixture was extracted with ethyl acetate ( 3 x 1 0 mL). The extracts were washed with
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water (10 mL), dried and evaporated to an oil, which solidified overnight.

After

recrystallization from ethyl acetate/hexanes, PL131 (0.23 g, 48%) was obtained as a
solid. HPLC (method B) tR = 3.91 min (97% pure). >H NMR 5 (ppm)(CHCl3-d): 1.77
(4 H, p, J = 5.68 Hz), 1.95-2.01 (2 H, m), 2.32 (6 H, s), 2.55 (2 H, s), 2.63 (2 H, t, J =
5.45 Hz), 3.44 (2 H, q, J = 4.85 Hz), 6.36 (1 H, d, J = 5.62 Hz), 7.42-7.47 (1 H, m),
7.66 (1 H, ddd, J = 8.47, 6.86, 1.36 Hz), 8.00 (1 H, d, J = 8.48 Hz), 8.06 (2 H, d, J =
8.50 Hz), 8.50 (1 H, d, J = 5.58 Hz).

PL133: 7-chloro-Ar-(3-(piperidin-l-yl)propyl)quinolin-4-amine
PL29 (0.27 g, 0.00086 mol) was added to THF (10 mL). K 2 C0 3 (0.18 g, 0.0013 mol)
was added followed by piperidine (2.5 mL) and the reaction was stirred at 70°C
overnight. After cooling to room temperature, ethyl acetate (20 mL) and water (20
mL) were added and the mixture was shaken. The organic layer was washed with
water (4 x 10 mL), dried and evaporated. Chromatography on silica, eluting with
ethyl acetate:methanol:triethylamine (89:10:1) gave PL133 (0.12 g, 46%) as a
crystalline solid.

HPLC (method A) tR = 19.40 min (99% pure).

>H NMR 8

(ppm)(CHCl3-d): 1.58 (2 H, s), 1.73 (4 H, p, J = 5.65 Hz), 1.90-1.98 (2 H, m), 2.51 (4
H, s), 2.55-2.61 (2 H, m), 3.37 (2 H, q, J = 5.18 Hz), 6.31 (1 H, d, J = 5.41 Hz), 7.34 (1
H, dd, J = 8.92, 2.17 Hz), 7.88 (2 H, d, J = 8.85 Hz), 7.93 (1 H, d, J = 2.17 Hz), 8.50 (1
H, d, J = 5.38 Hz).

13

C NMR 5 (ppm)(CHCl3-d): 23.4, 24.3, 26.1, 44.6, 55.0, 59.6,

98.4, 117.6, 122.5, 124.6, 128.6, 134.6, 149.1, 150.7, 152.2.
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PL134: 7-chloro-AL(3-morpholinopropyI)quinolin-4-amine
PL29 (0.27 g, 0.00086 mol) was added to THF (10 mL). K 2 C0 3 (0.18 g, 0.0013 mol)
was added followed by piperidine (2.5 mL) and the reaction was stirred at 70°C
overnight. After cooling to room temperature, ethyl acetate (20 mL) and water (20
mL) were added and the mixture was shaken. The organic layer was washed with
water (4 x 10 mL), dried and evaporated. The crude product was chromatographed on
silica, eluting with ethyl acetate:methanol:triethylamine (89:10:1) gave PL134 (0.12 g,
45%) as a crystalline solid. HPLC (method A) t& = 6.50 min (99% pure). *H NMR 5
(ppm)(CHCl3-d): 1.91-2.00 (2 H, m), 2.58 (4 H, s), 2.60-2.66 (2 H, m), 3.36-3.43 (2
H, m), 3.84 (4 H, t, J = 4.64 Hz), 6.35 (1 H, d, J = 5.38 Hz), 7.19 (1 H, s), 7.38 (1 H,
dd, J = 8.91, 2.17 Hz), 7.81 (1 H, d, J = 8.93 Hz), 7.95 (1 H, d, J = 2.16 Hz), 8.52 (1 H,
d, J = 5.35 Hz).

13

C NMR 8 (ppm)(CHCl3-d): 23.3, 44.2, 54.0, 59.1, 67.0, 98.6, 117.5,

121.8, 124.9, 128.8, 134.8, 149.2, 150.4, 152.2.

PL135: A^-(2-(4-benzhydrylpiperazin-l-yl)ethyl)-7-chloro-N-methylquinolin-4amine
PL70 (0.31 g, 0.0013 mol) was suspended in THF (15 mL) and triethylamine (0.17 g,
0.0017 mol) was added. The reaction was cooled to below 0°C and methane sulfonyl
chloride (0.16 g, 0.0014 mol) was added slowly, keeping the temperature below 0°C.
After stirring for 90 minutes at 0°C, the reaction was diluted with saturated NaHC0 3
solution (20 mL) and extracted with ethyl acetate ( 3 x 1 0 mL). The combined organic
layers were washed with water (10 mL), dried and evaporated.

The residue was
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dissolved in THF (30 mL), and triethylamine (0.55 g, 0.0054 mol) was added followed
by 1-(diphenylmethyl)piperazine (0.41 g, 0.0016 mol). The reaction was stirred at
reflux for 7 days. After cooling to room temperature, K2CO3 (25 mL of 50% solution)
was added and the mixture was extracted with ethyl acetate (3 x 10 mL). The
combined organic layers were washed with brine (25 mL), dried and evaporated. The
residue

was

chromatographed

on

silica,

eluting

with

ethyl

acetate/hexanes/triethylamine (89:10:1), then ethyl acetate/triethylamine (99:1). After
evaporation of the solvents the residue was then chormatographed three times on
alumina eluting with ethyl acetate/triethylamine (99:1) to give PL135 (0.06 g, 10%).
HPLC (method B) tR = 2.73 min (88% pure). JH NMR 8 (ppm)(CHCl3-d): 2.38 (4 H,
s), 2.49 (4 H, s), 2.69 (2 H, t, J = 6.79 Hz), 2.98 (3 H, s), 3.39 (2 H, d, J = 6.80 Hz),
4.20 (1 H, s), 6.79 (1 H, d, J = 5.18 Hz), 7.18 (2 H, d, J = 7.27 Hz), 7.21-7.30 (4 H, m),
7.36 (1 H, dd, J - 9.00, 2.22 Hz), 7.37-7.42 (4 H, m), 7.99 (1 H, d, J = 2.22 Hz), 8.11
(1 H, d, J = 9.00 Hz), 8.63 (1 H, d, J = 5.15 Hz). MS (ESI): m/z 471..2322 M + H
(Calculated 471.2310).

PL136: 4-(chlorodiphenylmethyl)pyridine
Finely ground diphenyl(4-pyridyl)methyl alcohol (3.07 g, 0.0118 mol) was suspended
in toluene (30 mL) and warmed to 50°C with stirring. Thionyl chloride (1 mL, 0.014
mol) was added and the reaction was heated to reflux for 1 hour. The resulting
solution was cooled to room temperature. Triethylamine (2.4 mL, 0.0172 mol) was
added, and the reaction was stirred at room temperature for 18 hours under nitrogen
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then left to stand for 3 days. After filtering, the toluene was evaporated to leave a
black oil. After the addition of hexanes (~50 mL), the crude product was left to stand
overnight at room temperature then filtered and washed with hexanes. On drying
PL136 (1.86 g, 57%) was obtained and used without further purification.
melting point 86-90°C (lit. 84.5-86.5°C crude109)

J

Crude

H NMR 5 (ppm)(400 MHz,

CH3OH-d4): 7.19-7.31 (10 H, m), 7.96-8.02 (2 H, m), 8.65-8.68 (2 H, m).

13

C NMR 5

(ppm)(100MHz, CH3OH-d4): 82.2, 127.2, 129.2, 129.3, 129.5, 142.6, 145.9, 169.5.

PL143: l-(diphenyl(pyridin-4-yl)methyI)piperazine
PL 136 (0.5 g, 0.00179 mol crude) was dissolved in acetonitrile (12 mL), and
piperazine (1.54 g, 0.0179 mol) was added, followed by K 2 C0 3 (0.37 g, 0.00268 mol).
The reaction was heated to reflux for 3 hours then cooled to room temperature. After
pouring into water (100 mL) and stirring overnight, the solid was filtered and washed
with water. Drying in a vacuum desiccator gave PL143 (0.44 g, 75%) which was used
without further purification.

PL144: 7-chloro-A^3-(4-(diphenyl(pyridin-4-yI)methyl)piperazin-lyl)propyl)quinoIin-4-amine
PL29 (0.14 g, 0.000445mol) was dissolved in acetonitrile (7 mL) and PL143 (0.16 g,
0.00049 mol) was added, followed by K 2 C0 3 (0.07 g, 0.000534 mol). The mixture
was stirred at 70°C for 48 hours then allowed to cool to room temperature. Water (35
mL) was added, and the mixture was extracted with dichloromethane (3 x 15 mL).
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The extracts were washed with water (15 mL), dried and evaporated. The residue was
chromatographed on alumina, eluting with ethyl acetate, to give PL144 (0.06 g, 25%),
and a pale yellow solid. HPLC (method A - 60 min) tR = 12.53 min (97% pure). 'H
NMR 5 (ppm)(400 MHz, CHCl3-d): 1.95 (4 H, d, J = 7.12 Hz), 2.54 (2 H, s), 2.682.73 (2 H, m), 3.10 (4 H, s), 3.33 (2 H, d, J = 5.97 Hz), 6.25 (1 H, d, J - 5.42 Hz), 6.63
(1 H, d, J = 8.99 Hz), 7.30 (3 H, d, J = 8.05 Hz), 7.40 (5 H, s), 7.48 (5 H, s), 7.86 (1 H,
s), 8.45 (1 H, d, J - 5.40 Hz), 8.51 (2 H, d, J = 5.47 Hz). MS (ESI): m/z 548.2589 M +
H (Calculated 548.2576).

PL146:l-(2,2,:6',2"-terpyridin-4-yl)piperazine110
Toluene (10 mL) was placed in an oven dried three necked flask, equipped with a
condenser, a thermometer and a septum. Nitrogen was bubbled into the toluene for 30
minutes with stirring. Piperazine (0.8 g, 0.00925 mol) was added, followed by 4'chloro-2,2*:6',2"-terpyridine (0.25 g, 0.00925 mol), sodium tertbutoxide (0.13 g,
0.0013 mol) bis(dibenzylideneacetone)palladium (0.00875 g, 1.5 mol%) and

2-

dicyclohexylphosphino-2',6'-dimefhyoxybiphenyl (0.0125 g, 3 mol%). After addition,
the flask was flushed with nitrogen and heated to 100°C with stirring overnight. After
cooling to room temperature, the toluene was evaporated, and the residue was
partitioned between water (30 mL) and dichloromethane (45 mL). The organic layer
was washed with water (30 mL), dried and evaporated. The residue was slurried in
diethyl ether, filtered and washed with diethyl ether, to give PL146 (0.17 g, 6%). 'H
NMR 8 (ppm)(400 MHz, CHCl3-d): 3.10 (4 H, t, J = 4.92 Hz), 3.61 (4 H, t, J = 4.90
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Hz), 7.31 (2 H, ddd, J = 7.49, 4.78, 1.25 Hz), 7.84 (2 H, td, J = 7.71, 1.84 Hz), 7.957.97 (2 H, m), 8.62 (2 H, d, J = 7.95 Hz), 8.67 (2 H, dd, J = 4.83, 1.71 Hz).

13

C NMR

8 (ppm)(100 MHz, CHCl3-d): 45.5, 47.0, 105.5, 121.4, 123.6, 136.8, 148.9, 156.1,
156.7, 157.1.

PL150:7-chloro-iV-(3-(4-(2,2':6',2"-terpyridin-4-yl)piperazin-lyl)propyl)quinolin-4-amine
PL146 (0.14 g, 0.000441 mol) and PL29 (0.13 g, 0.00040 mol) were heated to reflux
in acetonitrile (7 mL) with K 2 C0 3 (0.07 g, 0.00048 mol). After refluxing for 4 days,
the reaction was cooled to room temperature and water (25 mL) was added. The
resulting mixture was stirred at room temperature for 2 hours then filtered and washed
with water. After air drying, the crude solid was recrystallized from ethyl acetate,
chromatographed on alumina, eluting with ethyl acetate, then on silica, eluting first
with

ethyl

acetate/

methanol

(80:20)

to

methanol/triethylamine (99:1) to elute product.

remove

impurities,

then

with

Evaporation gave PL150 (0.10 g,

47%) as a solid. 'H NMR 8 (ppm)(400 MHz, CHCl3-d): 1.96-2.06 (2 H, m), 2.69 (2
H, t, J = 5.49 Hz), 2.74 (4 H, t, J = 4.84 Hz), 3.40-3.49 (2 H, m), 3.71 (4 H, t, J = 4.80
Hz), 6.37 (1 H, d, J = 5.41 Hz), 7.05 (1 H, s), 7.21-7.27 (1 H, m), 7.33 (2 H, ddd, J =
7.47, 4.78, 1.23 Hz), 7.77 (1 H, d, J = 8.95 Hz), 7.86 (2 H, td, J = 7.73, 1.84 Hz), 7.917.96 (1 H, m), 8.00 (2 H, s), 8.53 (1 H, d, J = 5.37 Hz), 8.62-8.68 (2 H, m), 8.68 (2 H,
ddd, J = 4.80, 1.80, 0.91 Hz).
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PL153: phenyIdipyridin-4-ylmethanol
4-Bromopyridine

hydrochloride

(1.1

g,

0.00566

mol)

was

suspended

in

dichloromethane (10 mL), and saturated NaHCC>3 solution was added dropwise with
stirring, until the effervescence had ceased, and 2 clear layers were observed. The
organic layer was separated and the aqueous layer was washed with dichloromethane
(5 mL).

The combined organic layers were dried and evaporated to gibe 4-

bromopyridine (0.78 g, 0.0049 mol). n-Butyllithium (2.4 mL of 2.5 M solution in
hexanes, 0.006 mol) was added to anhydrous diethyl ether (20 mL) under nitrogen.
The solution was cooled to -70°C, and a solution of freshly prepared 4-bromopyridine
(0.78 g, 0.0049 mol) in anhydrous diethyl ether (20 mL) was added slowly with
stirring, keeping the temperature below -60°C. After the addition, the reaction was
stirred for 30 minutes keeping the temperature below -60°C.

A solution of 4-

benzoylpyridine (0.89 g, 0.00488 mol) in anhydrous diethyl ether (15 mL) was then
slowly added, keeping the temperature below -60°C. The reaction was allowed to
slowly warm to room temperature, and stirred overnight. Water (15 mL) was added
and the thick solid was filtered. The filter cake was dissolved in 1M HC1 (-20 mL)
then basified with 2M NaOH solution with stirring. The solid was filtered and washed
with water, to give PL153 (0.55 g, 43) as a white solid. 'H NMR 5 (ppm)(400 MHz,
CH3OH-d4): 7.13-7.16 (2 H, m), 7.20-7.27 (3 H, m), 7.26-7.31 (4 H, m), 8.41 (4 H, dd,
J = 4.75, 1.67 Hz).
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PL174: l,3-bis(4-(quinolin-4-yl)piperazin-l-yl)propane
1,3-Dibromopropane (0.92 g, 0.0045 mol) and NaHC0 3 (0.92 g, 0.011 mol) were
added to water (30 mL), and PL188 (1.9 g, 0.009 mol) was added. The reaction was
refluxed for 15 hours then cooled to room temperature. The solid was filtered and
washed with water until the washings were at neutral pH. The solid was heated in
ethanol (20 mL) at 60°C for 2 hours then cooled to room temperature, and filtered.
The solid was dried in a vacuum desiccator to give PL174 (25%, 0.52 g). HPLC
(method A) fe = 5.61 min (91% pure). 'H NMR 5 (ppm)(CHCl3-d): 1.79-1.90 (2 H,
m), 2.57 (4 H, t, J = 7.49 Hz), 2.78 (8 H, s), 3.29 (8 H, s), 6.86 (2 H, t, J = 5.01 Hz),
7.46-7.52 (2 H, m), 7.66 (2 H, ddd, J = 8.46, 6.80, 1.45 Hz), 7.98-8.09 (4 H, m), 8.718.76 (2 H, m).

13

C NMR 8 (ppm)(CHCl3-d): 24.4, 52.2, 53.3, 56.7, 108.7, 123.5,

123.7, 125.3, 129.0, 130.0, 149.6, 150.9, 156.9. MS (ESI): m/z 467.2916 M + H
(Calculated 467.2918).

PL188: 4-(piperazin-l-yI)quinoline
4-Chloroquinoline (1.96 g, 0.012 mol) was dissolved in 2-propanol (50 mL), and
piperazine (3.1 g, 0.036 mol) was added followed by K2CO3 (1.66 g, 0.012 mol). The
mixture was heated at 85°C for 36 hours then cooled to room temperature. The
solvent was evaporated, and water (30 mL) was added to the residue. The mixture
was extracted with dichloromethane (2 x 15 mL), and the extracts were dried and
evaporated. Hexanes (25 mL) was added to the residue, and the mixture was stirred
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for 1 hour at room temperature. The solid was filtered and washed with hexanes, then
dried to give PL188 (1.9 g, 76%) as a pale yellow solid.

PL190: Ar-(dipyridin-2-ylmethylene)piperidin-4-amine
Diphenyl ketone (25.95 g, 0.141 mol) was dissolved in toluene (500 mL) and 4aminopiperidine (16.2 g, 0.162 mol) was added followed by p-toluene sulfonic acid
(~0.5 g). The mixture was heated to reflux for 3 days, with a Dean and Stark trap to
remove water. After cooling to room temperature, the toluene was removed to leave
crude PL190 (37.5 g, 99%), which was used without further purification.

PL224: l-(9#-fluoren-9-yI)-l,4-diazepane
9-Bromofluorene (1.47 g, 0.006 mol) was placed in chloroform (15 mL) and
homopiperazine (3 g, 0.03 mol) was added. The reaction was stirred and heated at
reflux for 3 days. After cooling to room temperature, saturated NaHCC>3 solution (20
mL) was added and the mixture was shaken. The organic layer was separated and
washed with water (4 x 20 mL).

The aqueous layers were combined with the

NaHCC>3 layer and extracted with dichloromethane (10 mL). The combined organic
layers were dried and evaporated. The residue was chromatographed of alumina,
eluting with chloroform/methanol (95:5) to give PL224 (0.55 g, 37%)
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PL225: l-benzhydryl-l,4-diazepane
Chlorodiphenylmethane (0.61 g, 0.003 mol) was placed in chloroform (15 mL) and
homopiperazine (1.5 g, 0.015 mol) was added. The reaction was stirred and heated at
reflux for 3 days. After cooling to room temperature, saturated NaHCC>3 solution (20
mL) was added and the mixture was shaken. The organic layer was separated and
washed with water (4 x 20 mL).

The aqueous layers were combined with the

NaHCC>3 layer and extracted with dichloromethane (10 mL). The combined organic
layers were dried and evaporated. The residue was chromatographed of alumina,
eluting with chloroform/methanol (95:5) to give PL225 (0.35 g, 44%)

PL226: l-((4-chlorophenyl)(phenyl)methyI)-l,4-diazepane
Chloro(4-chlorophenyl)phenylmethane (0.71 g, 0.003 mol) was placed in chloroform
(15 mL) and homopiperazine (1.5 g, 0.015 mol) was added. The reaction was stirred
and heated at reflux for 3 days. After cooling to room temperature, saturated NaHCC>3
solution (20 mL) was added and the mixture was shaken. The organic layer was
separated and washed with water (4 x 20 mL). The aqueous layers were combined
with the NaHCC>3 layer and extracted with dichloromethane (10 mL). The combined
organic layers were dried and evaporated.

The residue was chromatographed of

alumina, eluting with chloroform/methanol (95:5) to give PL226 (0.39 g, 43%)
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In vitro drug susceptibility assays111
Both CQS (D6) and CQR (Dd2) P. falciparum maintained continuously in culture
were used.112

Asynchronous cultures were diluted with uninfected RBCs and

complete medium (RPMI-1640 with 0.5% Albumax II) to achieve 0.2% parasitemia
and 2% hematocrit. In 96-well microplates, CQ (positive control) or RCQ diluted in
complete medium from 10 mM stock in DMSO were added to the cell mixture to yield
triplicate wells with drug concentrations ranging from 0 to 10"4 M in a final well
volume of 100 \\L. After 72 h of incubation under standard culture conditions, plates
were harvested and read by the SYBR Green I fluorescence-based method112 using a
96-well fluorescence plate reader (Gemini-EM, Molecular Devices), with excitation
and emission wavelengths at 497 and 520 nm, respectively. The fluorescence readings
were plotted against log[drug], and the IC50 values were obtained from curve fitting
performed by nonlinear regression using either Prism (GraphPad) or Excel (Microsoft)
software. The values obtained for each cell line are normalized to CQ values of 6.9
nM for D6, 102 nM for Dd2 and 106 nM for 7G8. Errors were estimated to be ± 30%.
This was determined by looking at the variability in IC50 values of 4 compounds, each
with 3 or 4 sets of results per IC50 determination, and by taking into account the
estimated uncertainties resulting from the weighing of the compounds.

In vivo 4-day suppressive test of PL01111'113
Female CF-1 mice, at 4-5 weeks of age, were injected intravenously with 10
erythrocytes infected with CQR P. chabaudi. The following day, and then daily for
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four total doses, four mice each were administered 64, 32, 16, or 0 mg/kg of PL01 by
gavage and evaluated by direct microscopic analysis of Giemsa-stained blood smears
1 day after the final dose.

In vivo assay procedure from the Swiss Tropical Institute
Compounds were solubilized or suspended in 100% DMSO or a solution consisting of
70% Tween-80 (d = 1.08 g/mL) and 30% ethanol (d = 0.81 g/mL), followed by a 10fold dilution in water. On day 0, heparinized blood (containing 50 uL of 200 u/mL
Heparin) was taken from a donor mouse with approximately 30% parasitemia. The
blood was diluted in physiological saline to 10 parasitized erythrocytes per mL.
From this suspension 0.2 mL was injected intravenously (i.v.) into experimental
groups of 3 female NMRI mice, and a control group of 3 mice. 4 hour post-infection
the experimental groups were treated with a single drug dose either by oral gavage
(p.o.) or subcutaneous injection.
For experiments with multiple dosing, the experimental groups were treated
with a further single daily dose p.o., 24, 48, and 72 hours post-infection.
24 hours after the last drug treatment, 1 uL tail blood was taken and dissolved
in 1 mL PBS buffer.

Parasitemia was determined with a FACScan (Becton

Dickinson) by counting 100,000 RBCs. The difference between the mean value of the
control group and those of the experimental groups was calculated and expressed as a
percent relative to the control group (= activity). For parasitemias lower than 0.1%,
the presence of parasites in the FACS gate was checked visually (fluorescence >102 is
109

considered positive). The survival of the animals was monitored up to 30 days. Mice
surviving for 30 days were checked for parasitemia and subsequently euthanized. A
compound was considered curative if the animal survived to 30 days post-infection
with no detectable parasites. The results were expressed as 1) reduction of parasitemia
on day 4 in % as compared to the untreated control group, and 2) mean survival
compared to the untreated control group.

PL01 accumulation experiment52
Synchronized PRBCs were obtained following two cycles of sorbitol-induced lysis of
an asynchronous stock culture. Incubation for an additional 20-24 hours provided a
population of mature trophozoites that were added to the culture medium at 2% v/v
(about 10% parasitemia).
An aliquot of a 10 mM solution of PL01 was added to a culture flask
containing 5 mL of PRBCs suspended in complete medium, such that the initial
medium concentration of PL01 was about 5 uM. Samples were removed from the
flask at various intervals and centrifuged; the supernatant fluid was then removed and
refrigerated, ready for analysis. PL01 was added to flasks containing both CQS D6and CQR Dd2-infected RBCs, and as a control, to a flask containing uninfected RBCs.
An aliquot of a 10 mM solution of PL01 was added to a culture flask containing 5 mL
of PRBCs suspended in complete medium (10% parasitemia), such that the initial
medium concentration of PL01 was about 5 uM. Samples were removed from the
flask at various intervals and centrifuged; the supernatant fluid was then removed and
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refrigerated, before analysis. PL01 was added to flasks containing both CQS D6- and
CQR Dd2-infected RBCs, and as a control, to a flask containing uninfected RBCs.
For the purpose of estimating the amount of PL01 accumulated within the digestive
vacuole, NH4CI (10 mM) was added 10 min prior to sampling in order to alkanize the
acidic subcellular compartments and cause the release of accumulated PL01. The
samples were analyzed by reverse-phase HPLC, using a CI8 column, eluting with an
isocratic mixture of 75% acetonitrile: 25% 5 mM phosphate buffer (pH 11). A parallel
experiment was preformed with CQ for comparative purposes. With these conditions
PL01 had a retention time of 14 minutes, and CQ 5 minutes. Each drug sample was
monitored at 325 nm, and was compared to a standard curve for quantification.

Hemozoin inhibition assay
P. falciparum strains D6 and Dd2 were synchronized to the ring stage (early
trophozoites) with 5% sobitol solution.52 After the synchronization of the parasites,
the erythrocytes were suspended in culture medium at 1% hematocrit and aliquots of 1
mM stock solution of drug were added to the culture flasks. Drug treated cultures,
along with the no-drug control culture, were incubated for 24 hours at 37 °C under a
gas mixture of 5% O2, 5% CO2, and 90% N2, then transferred to 15 ml centrifuge
tubes. One 2 uL aliquot was used from each tube was used to obtain Giemsa-stained
smear for determination of the parasitemia and morphology examination by confocal
microscopy.

Ill

Parasites were isolated by one freeze-thaw cycle at -20 °C and treated with a
saponin-containing lysis buffer (Tris (20 mM; pH 7.5), EDTA (5 mM), saponin
(0.008%; wt/vol), and Triton X-100 (0.08%; vol/vol))112 at 37 °C for 30 min. The
hemozoin was pelleted by centrifugation at 215,000 g for 30 min at 25 °C. The
supernatant was removed and the pellet consisting primarily of hemozoin was washed
two times with acetone to remove residual proteins. Insoluble material was then
washed three times with PBS (pH 7.4) buffer and collected by centrifugation at
215,000 g for 30 min at 25 °C. The pellet was dissolved with 0.2 N sodium hydroxide
for 2 hours at 37 °C and periodic mixing of the sample. The absorbance at 400 nm
was measured, and the amount of heme was calculated using an extinction coefficient
of 91,000 cm^M"1.94"96 The amount heme per parasitized erythrocyte was calculated
based on the number of erythrocytes in the culture and the percent parasitemia
obtained after growing synchronized culture for 24 hours. Cultures at 0 hr processed
with the identical method were used for determination of the baseline hemozoin
production.

Fixed-ratio isobologram analysis of drug interactions77'U4
After IC50 determination for selected drugs, stock solutions were prepared with each
drug at concentrations, such that the final concentration in the 96-well drug
susceptibility assay after four to five 2-fold dilutions approximates the IC50. Six final
stock solutions were then prepared from this initial stock: CQ alone, PL72 alone, and
volume:volume mixtures of CQ and PL72 in the following ratios: 4:1, 3:2, 2:3, and

112

1:4. Two-fold dilutions of each of the six final stock solutions were performed
robotically across a 96-well plate in quadruplicate. Subsequent steps were typical of
the standard drug-susceptibility methods as described above. Initial data analysis
yielded the intrinsic dose-response curve for each drug alone, and four different fixedratio combination dose-response curves, with corresponding IC50 values. The
fractional inhibitory concentrations (FICs) were then calculated by the following
formula: FIC (A) = IC50 of drug A in combination / IC50 of drug A alone; FIC (B) =
IC50 of drug B in combination / IC50 of drug B alone. The isobolograms were
constructed by plotting a pair of FICs for each combination of CQ and the selected
compound. Traditionally, an interpretation of a straight diagonal line on the
isobologram indicates a purely additive effect between the two drugs. A concave curve
below the line indicates synergy of the combination, while a convex curve above the
line indicates antagonism.
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APPENDIX A

Example spectra of PL01

All proton spectra were run on a Bruker NMR machine at 400 MHz. The carbon-13
spectrum was run at 100 MHz. The sample was dissolved in CHCl3-d, and used TMS
as a spectral reference.
Figure A. 1 - Proton spectrum with integrals
Figure A.2 - COSY spectrum
Figure A.3 -

13

C spectrum

Figure A.4 - HSCQ spectrum
Figure A. 5 - HMBC spectrum
Figure A.6 - NOSEY spectrum
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APPENDIX B

Compound list
The uncertainties are estimated to be ±30%, based on variability in the IC50
determination and uncertainties in weighing, as detailed in Chapter 1 - In vitro drug
susceptibility assays.
a

ClogP values calculated with ChemBioDraw Ultra 11.0.1

b

IC50 values normalized to CQ values - D6: 6.9 nM, Dd2: 102 nM, 7G8: 106 nM.
Compound
Code

ClogPa

IC50 (nM)b

319.88

5.1

6.9 D6
102 Dd2
250 W2
106 7G8

PPQ

535.51

6.5

0.72 D6
1.5 Dd2
2.8 7G8

PL01

485.08

8.8

2.9 D6
5.3 Dd2

457.02

7.2

1.0 D6
3.6 Dd2
4.3 W2

491.47

7.8

2.6 D6
3.4 Dd2
3.4 W2
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Compound
Code

Mwt

ClogPa

IC50 (nM)b

471.05

8.5

8.1 D6
9.3 Dd2
9.3 W2

471.05

7.4

2.4 D6
3.7 Dd2
2.5 W2

PL07

505.50

8.0

4.0 D6
6.0 Dd2
4.0 W2

PL08

507.03

7.6

15 D6
19 Dd2

275.78

3.9

280 D6
400 Dd2

469.03

7.0

9.2 D6
9.6 Dd2

485.08

7.4

4.8 D6
4.1 Dd2
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8.0

15 D6
9.8 Dd2
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4.3 D6
6.8 Dd2

439.05

6.5

2D6
2Dd2

6.4

0.5 D6
3.3 Dd2
3.4 7G8

^

TO

HN

cr

8.9

- ^ N ^

PL39

PL40

547.149
'N

PL34

cr

300.77

- ^ N ^

PL33
cr ^

314.79

485.08

^ ^ ' N '

PL56

304.83
CI

^ ^

N

Compound
Code

Structure

PL57

v

HN ^^

N

-^

||

Mwt

ClogPa

IC50 (nM)b

471.01

3.4

16 D6
180 Dd2

473.03

3.3

1.1 D6
3.9 Dd2

436.61

6.6

1.5 D6
5.0 Dd2

485.078

7.5

1.3 D6
1.3 Dd2

471.05

7.1

15 D6
9.8 Dd2

3.6

16 D6
30Dd2
12 7G8
25C2B

cr ^ ^ N

1^1

H

PL58

HN ^ - ^ ^ ^

cr ^ ^

V

ll

N

PL63

202.26
^ • ^

N

PL64

Oi5

PL65
HN ^ ^ ^ ^

"v^

V^

o
PL66
cr ^ ^

N

HN'~^^N'~V|

PL67

318.85
cr

PL68

N

HN

^^

N

^i

y^

485.04

Compound
Code

Structure

PL69

H

JUCJ
H,C
3 V

N

Mwt

ClogPa

IC50 (nM)b

487.05

3.6

0.94 D6
1.6 Dd2

3.2

>2500 D6
>2500 Dd2
>2500 7G8

U

^ ^ O H
^ ^

236.70

PL70
cr ^ ^ N

PL72

296.42
HO ^ ^

\ ^

^ ^

351.32

PL73
HCI

PL74

A

Oil
H

HCI

PL79

458.01

PL87

O

?
0

PL86

H

2

N^

185 D6
169 Dd2
920 7G8

408.98

O
^ N

H—/

453.59

323.49

7.1

>2000 D6
>2000 Dd2
>2000 7G8

Compound
Code

Structure

Mwt

ClogPa

IC50 (nM)b

4.3

240 D6
4000 Dd2
3800 7G8

•CHj

PL127

285.44

Af

PL128

280.35

PL129

450.63

8.1

5.1 D6
23Dd2

PL130

271.37

3.0

520 D6
3500 Dd2

269.39

4.1

130 D6
390 Dd2

303.84

5.0

3.5 D6
6.2 Dd2

PL134

305.81

3.8

21 D6
13Dd2

PL135

471.05

7.4

22 D6
114Dd2

N

o

HN

PL131
N*
HN

PL133
cr ^ ^

~o

N'
HN

cr

v

N'

^

PL136

279.77

Compound

Mwt

Structure

Code

04-0
0

PL 143

ClogPa

IC50 (nM)b

7.4

1.09 D6
0.7 Dd2
0.18 7G8
1.11 C2B

6.7

74.7 D6
46.2 Dd2
29.5 7G8
98.4 C2B

5.0

1.3 D6
4.1 Dd2
7.4 7G8

329.45

N
H

PL144

548.14
H

0
V

PL146

PL150

PL153

cr ^-^

317.40

y

N

o?o

PL 174

536.08

262.31

466.63
H

PL188

PL224

213.28

o
H

264.37

Compound
Code

Structure

PL225

Mwt

ClogPa

IC50 (nM)b

266.39
H

PL226

'6
N

300.83

—N
H
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