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Abstract
The focus of this chapter has been to describe and analyze prodrug
approach using quantum molecular orbital methods toward enhancing
bioavailability of the antimalarial agent, atovaquone, and to define design
features to incorporate into prodrug approach to accomplish that goal.
Several medications, alone or in combination such as chloroquine,
antifolates, artemisinins and others show effectiveness and were
considered as being the corner stone in malaria treatment. However, drug
or multi-drug resistance to these agents has been escalated and constitutes
a major challenge in malaria treatment. Accordingly, the need for new
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antimalarial drugs is now widely recognized, particularly those that are
structurally different from existing antimalarial drugs and possess a novel
mechanism of action. Atovaquone is relatively new treatment option,
active against Plasmodium spp. It is well established that atovaquone has
an excellent safety profile and long half-life, besides atovaquone can be
administered via oral route. However, atovaquone has poor oral
bioavailability (less than 10% under fasted condition) and variable oral
absorption due to its poor solubility that is a result of its lipophilic
characteristic. Therefore, to achieve therapeutic success and to meet the
medical needs in malaria treatment, atovaquone solubility improvement
strategies should be addressed. The prodrug approach has a potential to
be the most successful among other approaches to overcome this
shortcoming.
In this chapter, two general types of prodrug design have been
described: (1) atovaquone prodrugs through linking atovaquone to a dicarboxylic semi-ester (Bruice‘s enzyme model) and (2) via attaching
atovaquone to an acetal (Kirby‘s enzyme model). In both design
approaches the resulting chemical devices (atovaquone prodrugs) are
more hydrophilic than the parent drug and are able to release atovaquone
in a chemically driven controlled manner. Thus, introducing novel
atovaquone prodrugs that fulfill the following requirements: (i) enhanced
water solubility; (ii) improved oral bioavailability; (iii) controlled release
rate; (iv) predicted plasma levels and (v) improved antiparasitic activity.
The modern approach to be discussed in this chapter implies the
design of prodrugs based on intramolecular processes utilizing molecular
orbital methods and correlations between experimental and calculated
values. No enzyme is needed for the catalysis of the interconversion of a
prodrug to the corresponding drug. The rate of drug release is dependent
only on the rate limiting step for the interconversion reaction. Knowledge
gained from enzyme catalysis and intramolecularity was used in the
design.

Keywords: Design of prodrugs, Antimalarial prodrugs; atovaquone prodrugs;
Bruice‘s rotamer effect; Kirby‘s enzyme model, Proton transfer reaction,
DFT calculations; Molecular mechanics; Intramolecularity; di-carboxylic
semi-esters; bioavailability; strain energy
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Introduction
Malaria-like febrile illnesses have been described since Hippocrates as
fevers that were periodic and associated with marshes and swamps. The word
―malaria‖ comes from the Italian ―mal‘aria‖ for ―bad airs.‖ It was not until the
1880s and 1890s that scientists were able to identify the malaria parasite and
link the transmission of malaria to mosquitoes.
Malaria is transmitted to humans via the bite of infected female mosquito
of anopheles species [1]. Malaria can exist, in a mild form that most
commonly associated with flu-like symptoms; fever, vomiting, and general
malaise. While in the sever form caused by P. falciparum, a nervous,
respiratory and renal complications frequently coexist due to serious organ
failure [2]. In severe cases can progress to coma or death.
Malaria commences with a bite from an infected female Anopheles
mosquito, which brings the protists via saliva into the circulatory system. In
the blood circulation, the protists are transferred to the liver to be matured and
reproduced.
The disease is a global public health problem, affecting 40% of the
population (300 million clinical cases annually) and causes about 2 million

4

Rafik Karaman

deaths per year [3]. Most of disease cases are found in the poorest countries
[4]; tropical Africa, Latin America, Southern Asia and Oceania [5]. A more
concern is being given now to malaria even in countries where there is a low
risk of infection this is due to the phenomena of global warming which is
significantly increasing [6]. World Health Organization (WHO) assesses that
81% of cases and 91% of deaths are found in African regions. Children under
5-years old and pregnant women are the most severely affected. This
protozoan disease is caused by 5 parasites species of the genus Plasmodium
that affect humans (P. falciparum, P. vivax, P. ovale, P. malariae and P.
knowlesi) [1]. The only one among these parasites that can cause life
threatening complications is P. falciparum [4], which is dominated in Africa
and to which most drug-resistant cases are attributed.
There are few methods that commonly used to prevent malaria such as
medications, mosquito elimination and bites prevention. In North America,
Europe and many of the Middle East countries the malaria disappeared as a
result of avoiding a combination of high human population density, high
mosquito population density and high rates of transmission from humans to
mosquitoes and from mosquitoes to humans. However, if the parasite is not
eliminated from the whole world, a combination that favors the parasite's
reproduction could become re-established and the disease will revert [7].
Health education and community involvement strategies encourage
awareness of malaria and taking control measures have been successfully used
to reduce the magnitude of malaria in some of the developing countries [8].
Spotting the disease in its early stages can block the disease from becoming
fatal. Education given to people for covering over areas of stagnant, still water,
such as water tanks that are ideal breeding grounds for the parasite and
mosquito could cut down the risk of the transmission between people [9].
Intermittent preventive therapy is another intervention that can be used to
control malaria in pregnant women and infants [10], and in preschool children
where transmission is seasonal [11].
The principal technical components of the global strategy to control
malaria include an early diagnosis and rapid treatment [1]. The achievement of
an effectiveness of this intervention is significantly dependent on antimalarial
drugs, which should be safe, effective, available, affordable and acceptable to
the population at risk. Rational use of efficient antimalarial drugs reduces the
risk of severe disease and mortality and narrows the duration of the illness. In
addition, it also contributes to slowing down the development of the parasite‘s
resistance to antimalarial drugs. The resistance of P. falciparum to commonly
used antimalarial drugs poses a significant challenge to the effectiveness of
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early diagnosis and prompt treatment as a priority strategy within current
malaria control efforts [12-14].
The objectives of antimalarial treatment policy are:
1) to ensure a rapid and long lasting clinical cure for individual malaria
patients,
2) to prevent progression of uncomplicated malaria to severe disease and
death,
3) to shorten clinical episodes of malaria and reduce the occurrence of
malaria-associated anemia in populations residing in areas of high
malaria transmission,
4) to reduce consequences of placental malaria infection and maternal
malaria-associated anemia through chemoprophylaxis or preventive
intermittent treatment during pregnancy and
5) to delay the development and spread of resistance to antimalarial
drugs.
One key challenge facing antimalarial treatment policy development is
achieving a balance between ensuring prompt treatment of malaria and
ensuring that antimalarial drugs have a maximum useful therapeutic life.
These two essential parts should however be complementary. Providing
adequate regulation and control of antimalarial drug use should manifest
reduction in mortality and at the same time reduce or delay drug resistance by
the parasites.
Efficient first-line antimalarial therapy would have a greater impact on
decreasing malaria mortality than merely improving second-line treatment or
the management of severe malaria. Hence, combination therapies must be
available and affordable to public for use in the first-line treatment of malaria.

Medications
Although the understanding of the mosquito cycle led to new approaches
in vector control in the early twentieth century, malaria prophylaxis and
treatment continued to draw on earlier remedies. Two herbal treatments,
cinchona bark and qinghao, were used to treat malaria effectively for hundreds
of years prior to the discovery of the mosquito cycle. Today both quinine (1),
derived from the cinchona bark) and artemisinin (2), derived from qinghao)
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remain of prime importance in the control of malaria. The practice of Western
medicine changed dramatically during the last two centuries, as herbal
remedies were gradually replaced by pure compounds and later synthetic
pharmaceuticals. Malaria was among the first diseases to be treated by a pure
chemical compound, quinine. It was, subsequently, the first disease to be
treated by a synthetic compound, methylene blue [15-20].
Most antimalarial drugs used for the treatment and prevention of malaria
infection target the erythrocytic stage of malaria infection, which is the phase
of infection that causes symptomatic illness. The extent of hepatic stage
activity for most of the marketed antimalarial drugs is not well characterized.
Malaria caused by all malaria species must be treated of the acute blood
stage infection. Furthermore, terminal prophylaxis is required in infections
caused by Plasmodium ovale or P. vivax. This could be achieved by using a
drug active against hypnozoites, which can remain dormant in the liver for a
period of months up to years after the initial infection.
Several medications, alone or in combination show effectiveness and were
considered as being the corner stone in malaria treatment. However, drug or
multi-drug resistance to these agents has been escalated and constitutes a
major challenge in malaria treatment [3]. The following mono- and
combination- therapies are currently marketed and used, and primarily target
the disease-causing parasites' stages in the human blood system.

Quinoline
Derivatives of quinolone (3) including chloroquine (CQ, 4), amodiaquine
(AQ, 5), quinine (1), quinidine (6), mefloquine (7), primaquine (8),
lumefantrine (9) and halofantrine (10) have activity against the erythrocytic
stage of infection (for chemical structures of the mentioned drugs see Figure
1). Primaquine (8) has activity against intrahepatic forms and gametocytes as
well. The drugs mechanism is via accumulating in the parasite food vacuole
and forming a complex with heme that prevents crystallization in the
plasmodium food vacuole. As a result heme polymerase activity is inhibited,
resulting in accumulation of cytotoxic free heme [21].
Chloroquine (4) was the first drug produced in a large scale for treatment
and prevention of malaria infection. Chloroquine has activity against the blood
stages of Plasmodium ovale, P. malariae, and susceptible strains of P. vivax
and P. falciparum. Widespread resistance in most malaria-epidemic countries
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has led to decline in its use for the treatment of P. falciparum, although it
remains effective for treatment of P. ovale, P. malariae, and in most regions, P.
vivax [22-28].
The compound quinine (1) occurs naturally in the bark of Cinchona trees,
originally found in high altitudes of South America. Cinchona had become so
popular by the eighteenth century that several species of cinchona trees were
becoming extinct. In 1820, the alkaloids quinine and cinchonine were isolated
from cinchona bark. The cinchona seeds were one of the best investments in
history. Within a short time, 97% of the world‘s supply of quinine was
produced by isolation from cinchona seeds. Prior to the isolation of quinine,
the bark was usually administered as a suspension in wine or spirits to
counteract its bitterness [20, 29].
In 1925, Bayer developed plasmoquine (11, also called pamaquine, see
Figure 2). Plasmoquine is the first 8-aminoquinoline, proved to be the first
compound capable of preventing relapses in vivax malaria. Seven years later,
Bayer‘s scientists developed mepacrine (12, atebrine, see Figure 2) which was
effective against falciparum malaria. In 1934, H. Andersag, of Bayer
developed a compound known as resochin, 4 (see Figure 1) [30, 31]. Although
the compound looked promising, it was felt to be too toxic. In 1936, Andersag
synthesized a derivative of resochin known as sontochin, 13 (see Figure 2),
which seemed to be less toxic.
During World War II compounds 11 and 12 were manufactured and
widely used. Later on about sixteen thousand compounds were synthesized
and tested. Surprisingly, chloroquine proved to be the most effective and
important antimalarial ever and was used widely throughout the world. In the
1950s, Mario Pinotti introduced the strategy of putting chloroquine into
common cooking salt as a way of distributing the drug as a prophylactic on a
wide scale. This medicated salt program (using either chloroquine or
pyrimethamine) became known as ―Pinotti‘s method‖ and was employed in
South America as well as parts of Africa and Asia. Its use was only curtailed
beginning in the 1960s with the advent of chloroquine resistance in
Plasmodium falciparum. Chloroquine was one of many antimalarial drugs
resulting from scientific advances made during World War II. The American
effort also included attempts to make more effective versions of the 8aminoquinoline plasmaquine. Soon after the war, primaquine was introduced,
and proved to be the standard drug for the prevention of relapses in vivax
malaria [20]. Mefloquine (7, Lariam, Figure 1) is still widely used throughout
the world.
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Artemisinin and Related Compounds
Another class of compounds used for at least 2000 years by Chinese
herbal medicine practitioners to treat malaria is Artemisia annua (sweet
wormwood or qinghao), initially was used to treat hemorrhoids. In 1972, the
active ingredient isolated from the plant was purified and named qinghaosu,
essence of qinghao [32, 33].
Artemisinin (2, qinghaosu, Figure 1) is a sesquiterpene with a peroxide
bridge linkage, the peroxide moiety appearing to be responsible for the
antimalarial activity. Artemisinin was formulated in China in both oil and
water for intramuscular injections and as tablets and suppositories. However,
the drug's poor solubility stimulated Chinese scientists to synthesize more
soluble derivatives by the formation of dihydroartemisinin (14) and its esters
or ethers, artesunate (15) and artemether (16), respectively (for the chemical
structures see Figure 2). All these derivatives have a more potent antimalarial
activity than the parent compound and appear to be the most rapidly acting of
all antimalarial compounds developed so far [34, 35].
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Pyronaridine
Pyronaridine (17) (see Figure 2) was synthesized in China in 1970. It
exhibits marked blood schizontocidal activity against chloroquine-sensitive
and resistant parasites in both rodent malarias in vivo and P. falciparum in
vitro. It has been used clinically in China since the 1970s and is now marketed
in that country.
In spite of the general consensus on its activity against chloroquineresistant strains, its clinical effectiveness, its apparent tolerability, and the
availability of oral and injectable formulations, the drug is not widely used and
has only been used experimentally outside China (36).

Antifolates
Currently used antifolate combinations of sulfadoxine- pyrimethamine and
sulfalene-pyrimethamine have long elimination half-lives, 81 hours for
sulfadoxine, 62 hours for sulfalene and 116 hours for pyrimethamine [36, 37].
This has both advantages and disadvantages. On the one hand, it allows singledose therapy and persistence of the drugs at effective blood levels might
protect the patients from reinfections after cure of the initial disease. On the
other hand, the latter would be only useful in high transmission areas and the
slow elimination favors the selection of resistant parasites [38]. There is also
concern with adverse reactions to long-acting sulfonamides [39], especially in
subjects concomitantly infected with human immunodeficiency virus (HIV)
infections [40].

Benflumetol
Benflumetol (18) (for the chemical structure see Figure 2) is a
fluoromethanol, synthesized by the Institute of Military Medical Sciences,
Beijing, in the 1970s and registered for use as an antimalarial drug in China in
1987. The compound, an active blood schizontocide, is poorly soluble in water
and oil but is soluble in unsaturated fatty acids, such as oleic and linoleic acid.
It has been formulated in the latter. Clinical studies of the drug as an oral
formulation in capsules have been carried out in China since 1979, latterly
being co-administered orally with artemether for the treatment of falciparum
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malaria infections. Preclinical studies are reported to show synergy between
the two compounds [41].

New 8-Aminoquinolines
8-Aminoquinoline (19) (for the chemical structure see Figure 2), is 13
times more active as a hypnozoitocidal drug than primaquine, it also has
appreciable blood schizontocidal activity, being 10-90 times more active than
primaquine against P. berghei and 5-60 times more active against P. yoelii spp.
Although originally designed as a causal prophylactic and radical curative
drug to replace primaquine for the prevention of relapsing malarias, it may
have clinical utility for the treatment of falciparum malaria [42].

Atovaquone
The hydroxynaphthoquinone, atovaquone (20) (for the chemical structure
see Figure 2), has broad-spectrum antiprotozoal activity. It is currently
licensed in North America for the treatment of Pneumocystis carinii
pneumonia and as salvage therapy for cerebral toxoplasmosis [43-45]. Its
potential as an antimalarial stems from its high intrinsic activity against
erythrocytic stages of P. falciparum in vitro. It is also active against the
primary liver stages. As an inhibitor of electron transport, it has a novel mode
of action and is not cross-resistant with other antimalarial drugs. It acts by
inhibition of the electron transport system at the level of cytochrome bc1
complex [46]. In malaria parasites, the mitochondria act as a sink for the
electrones generated from dihydrorotate dehydrogenase; an essential enzyme
for pyrimidine biosynthesis; Inhibition of electron transport by atovaquone
leads to dihydrorotate dehydrogenase inhibition resulting in reduced
pyrimidine biosynthesis and thus parasite replication [47].
In contrast to previous members of this series, it is metabolically stable
with an elimination half-life of approximately 70 hours. Despite this promising
profile, its use as mono-therapy in the treatment of acute uncomplicated
falciparum malaria has been compromised by recrudescent rates of
approximately 30%. These have been attributed, on the basis of susceptibility
studies on paired clinical isolates, to the emergence of resistant parasites.
Interaction studies of atovaquone with other antimalarial drugs against P.
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falciparum in vitro have shown the three quinolines, chloroquine, quinine and
mefloquine, as well as halofantrine and artesunic acid, to be antagonistic. In
contrast, tetracycline and proguanil were synergistic and provided the context
for the evaluation of atovaquone in combination therapy. Co-administration of
atovaquone with either tetracycline or proguanil, in empirically selected
regimens, has had a dramatic effect on the cure rates of patients with
falciparum malaria who were followed up for 28 days.
It is well established that atovaquone has an excellent safety profile and
long half- life, besides atovaquone can be administered via oral route.
However, it has poor oral bioavailability (less than 10% under fasted
condition) and variable oral absorption [48] due to its poor solubility that
results from its lipophilic structure. Consequently, this results in low and
variable plasma and intracellular levels of the drug which is an important
determinant of therapeutic outcome [49]. Moreover, atovaquone is an
expensive medication [50].
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Combination Therapy (CT)
The potential value of malaria therapy using combinations of drugs was
identified as a strategic and viable option in improving efficacy, delaying
development and selection of resistant parasites [51-55].
The concept of combination therapy is based on the synergistic or additive
potential of two or more drugs, to improve therapeutic efficacy and also delay
the development of resistance to each of drug components of the combination.
Combination therapy with antimalarial drugs is the simultaneous use of
two or more blood schizontocidal drugs with independent modes of action and
different biochemical targets in the parasite. It is estimated that about 90% of
global clinical malaria and 90% of global malaria mortality occur in subSaharan Africa. Malaria control efforts in the region have been greatly
influenced by the emergence and spread of malaria resistance to chloroquine
[56]. Sulfadoxine-pyrimethamine (SP) was, until recently, seen as the obvious
successor to chloroquine. However, resistance to SP be developing quickly
even with its current use, thus narrowing the clinical use of this drug [57, 58].
Artemisinin-based combination therapies have been shown to improve
treatment efficacy and also contain drug resistance in South-East Asia [59-61].
However, major challenges pose the deployment and clinical use of
antimalarial drug combination therapies. Among these challenges
1) the choice of drug combinations best suited for the different
epidemiological situations,
2) the cost of combination therapy,
3) the timing of the introduction of combination therapy, and
4) the operational obstacles to implementation, especially compliance.
Combinations potentially offer a number of important advantages over
mono-therapies:
A) they should provide improved efficacy; combinations must be at least
additive in potency, and provide synergistic activity. However,
combination regimens that rely on synergy might not offer as much
protection against the selection of resistance as expected, as resistance
to either component of the combination could lead to a marked loss of
efficacy,
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B) they should increase the likelihood that, in the setting of drug
resistance, at least one agent will be clinically active. In East Africa,
where resistance to both amodiaquine and SP is quite prevalent, the
combination of these inexpensive agents still provides good
antimalarial efficacy [61–63], and
C) they should reduce the selection of antimalarial drug resistance.
Combinations might offer additional advantages if the individual agents
are active against different parasite stages and if they enable decreasing the
dosages regimen of individual agents, thereby reducing cost and/or toxicity.
Ideally, combination regimens will incorporate two agents that are both new,
such that parasites resistant to either agent are not already circulating, offer
potent efficacy and preferably have similar pharmacokinetic profiles.

Non-Artemisinin Based Combinations
Chloroquine Plus Sulfadoxine-Pyrimethamine
Chloroquine (CQ) and sulfadoxine-pyrimethamine (SP) are antimalarial
drugs that are used frequently in Africa either as first-line or second-line drug
for the treatment of P. falciparum malaria. CQ is a 4-aminoquinoline while SP
is a fixed-dose combination of two antifolate compounds. These are blood
schizontocidal drugs active against P. falciparum with no reported crossresistance.
CQ and SP have reasonably similar pharmacokinetic profiles, with varied
modes of action on different biochemical targets in the parasite and are
therefore technically suitable candidates for combination therapy. In areas with
high levels of P. falciparum resistance to CQ and moderate resistance to SP,
the combination of CQ and SP would not be expected to achieve significantly
better cure rates than SP alone [64, 65].

Amodiaquine Plus Sulfadoxine-Pyrimethamine
Amodiaquine (AQ) is a 4-aminoquinoline similar in structure and activity
to chloroquine. Like chloroquine, it also has antipyretic and anti-inflammatory
properties. A recent review showed a higher therapeutic efficacy of
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amodiaquine over chloroquine, with a tendency towards faster clinical
recovery [66, 67]. The global use of amodiaquine has declined owing to
reports of severe adverse reactions following its use for chemoprophylaxis of
malaria [68-70].
There are presently three published studies on the efficacy and safety of
AQ+SP compared to AQ alone. In a meta-analysis of these studies, parasite
clearance rates at 28 days tended to favor AQ and SP [71]. However, the
combination was no more effective than AQ alone, which still had an efficacy
of 95% when used as mono-therapy.

Atovaquone-Proguanil (Malaronetm)
This is a combination of atovaquone (a naphthoquinone derivative) and
proguanil. It is available as film-coated tablets in adult and pediatric
formulations. Though atovaquone has antimalarial activity, when used alone
recrudescence of parasitaemia occurs in one-third of patients with P.
falciparum infection [72]. However, in combination with proguanil
hydrochloride a synergistic effect is seen. Atovaquone-proguanil is highly
efficacious against P. falciparum, including strains that are resistant to
chloroquine and mefloquine, with cure rates of 94-100% [72-75]. While the
available efficacy and safety data for MalaroneTM treatment are encouraging,
the high cost and restricted availability limit its potential as a suitable option
for combination therapy. The safety and efficacy of MalaroneTM in the
management of malaria during pregnancy is being researched by the WHO.
Current contra-indications include hypersensitivity to atovaquone or proguanil
or presence of renal insufficiency. In view of a paucity of appropriate safety
and efficacy data, its use is not recommended in young children with a body
weight of less than 11 kg, in pregnant women, and in breastfeeding women.

Mefloquine-Sulfadoxine-Pyrimethamine (Fansimef TM)
The combination of mefloquine-sulfadoxine-pyrimethamine (MSP) was
developed for therapeutic use on the basis of the observation that its
components display at least additive activity and that their combination might
delay the emergence of parasite resistance [64]. There is no pharmacokinetic
interaction between the components, with profiles of mefloquine and SP
corresponding to those obtained with equal doses of the individual
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components. The long elimination half-life of mefloquine is an advantage for
single dose treatment, but a disadvantage in areas with intensive malaria
transmission where the residual drug level for a long duration is likely to exert
high selection pressure on the parasite population [38, 76]. MSP has not been
recommended for general use by malaria control programs for either
prophylaxis or treatment since 1990 because of concerns about the risk of
severe adverse reactions to the combination.

Quinine Plus Tetracycline or Doxycycline
In areas with decreasing susceptibility of P. falciparum to quinine the
addition of the relatively slow-acting drug tetracycline ensures a high cure rate
[77]. Co-administration of quinine plus tetracycline has been employed in the
treatment of uncomplicated falciparum malaria since the late 1970s.
Doxycycline, derived from oxytetracycline, has an identical spectrum of
activity as tetracycline and is currently also being used in combination with
quinine. Doxycycline is more absorbed, more lipid-soluble and more stable,
and less likely to transform to a toxic product. It also has a longer plasma halflife than tetracycline. Since the costs of tetracycline and doxycycline are
equivalent, the once daily regimen of doxycycline offers considerable
operational advantages over tetracycline, which must be administered four
times daily. Tetracycline and doxycycline are contra-indicated in pregnant
women, breastfeeding women and children less than eight years of age. As a
result of the above, it is difficult to recommend quinine plus tetracyclines as a
first-line treatment for uncomplicated malaria.

Artemisinin-Based Combinations
Due to the unique properties and mode of action of the artemisinin
component artemisinin based combination therapy (ACT) is characterized with
advantages over other combination therapy. The unique properties of
artemisinin include the following: (i) rapid substantial reduction of the parasite
biomass, (ii) rapid resolution of clinical symptoms, (iii) effective action
against multidrug-resistant P. falciparum, (iv) reduction of gametocyte
carriage, which may reduce transmission of resistant alleles (v) no parasite
resistance documented as yet with the use of artemisinin and its derivatives,
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and (vi) few reported adverse clinical effects, however pre-clinical toxicology
data on artemisinin derivatives are limited.
Artemisinin (qinghaosu), artesunate, artemether and dihydroartemisinin
have all been used in combination with other antimalarial drugs for the
treatment of malaria [78]. Pre-clinical studies have shown that artemisinin and
its derivatives do not exhibit mutagenic or teratogenic activity. Due to the very
short half-life of artemisinin derivatives, their use as mono-therapy requires a
multiple dose regimen of seven days duration. Combination of one of these
drugs with a longer half-life antimalarial drug allows a reduction in the
duration of artemisinin treatment, while at the same time enhancing efficacy
and reducing the likelihood of resistance development to the partner drug.

Artesunate Plus Chloroquine
Efficacy and safety of the combination of artesunate plus chloroquine
have been evaluated in three randomized double-blind, placebo-controlled
clinical trials conducted in Burkina Faso, Côte d‘Ivoire and Sao Tome and
Principe. Preliminary results showed very high chloroquine failure rates
(>60%) and sub-optimal efficacy of the combination with less than 85%
parasitological cure rate. Based on these findings, artesunate plus CQ does not
appear to be a viable option in areas with preexisting moderate to high levels
of P. falciparum resistance to CQ.

Artesunate Plus Amodiaquine
The efficacy and safety of artesunate plus amodiaquine have been
evaluated in three randomized, double-blind placebo-controlled clinical trials
conducted in Gabon, Kenya and Senegal. The combination was efficacious
and well tolerated.
Artesunate plus amodiaquine appears to be a viable option particularly in
areas where CQ efficacy is already compromised.

Artesunate Plus Sulfadoxine-Pyrimethamine
The efficacy and safety of SP plus artesunate have been evaluated in three
randomized, double-blind, placebo-controlled clinical trials in Gambia [79],
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Kenya and Uganda. This combination was very well tolerated and, as with CQ
and AQ combinations with artesunate, the therapeutic efficacy was dependent
on the level of pre-existing resistance to the partner drug. This combination is
a viable option for some countries of West Africa and other areas where SP
efficacy is not yet compromised by resistance.

Artesunate Plus Mefloquine
The co-administration of artesunate plus mefloquine has been in use for
many years in parts of Thailand and has become the first-line treatment in
several parts of South-East Asia.
Adverse reactions reported with the use of mefloquine included severe
adverse neuropsychiatric effects, a few cases of cardiotoxic effects [80-82] and
incidents of vomiting in young children [83]. It has also been shown that using
the high dose mefloquine in combination with artesunate results in less
adverse reactions than the use of mefloquine alone, probably because of the
delayed administration of mefloquine, i.e. after the symptoms of malaria have
been curbed by artesunate [83].

Artemether-lumefantrine (CoartemTM, RiametTM)
This combination is a formulation of artemether and lumefantrine (an aryl
alcohol related to quinine, mefloquine and halofantrine), for which a total of
16 clinical trials with more than 3000 patients, including children under 5
years of age, have been carried out in Europe, South-East Asia and Africa.
This combination has proved as effective, and better tolerated, as artesunate
plus mefloquine in the treatment of multi-drug resistant P. falciparum when
given as a six-dose regimen over three days [84].
In areas of intense transmission with high background malaria immunity,
a four-dose regimen has performed well, but in non-immune populations
(mainly in South-East Asia) the four-dose regimen has resulted in failure rates
of approximately 20% [85]. However, the drug is not recommended for use in
pregnancy and lactating women, as safety for use in these groups has not yet
been established.
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The Prodrug Approach
Atovaquone is a highly lipophilic compound with low aqueous solubility,
low oral bioavailability, less than 10% under fasted condition, and high interindividual variability [3, 43, 45]. Improvement of atovaquone physicochemical
(pharmacokinetic properties might increase the absorption of the drug via a
variety of administration routes and hence its effectiveness will be increased.
This goal can be achieved by utilizing a carrier-linked pro-drug strategy
(prodrug approach) by linking the anti-malaria drug (atovaquone) to a water
soluble carrier moiety to furnish a drug-host system capable of penetrating the
membrane tissues and liberating the anti-malarial agent, atovaquone, in a
programmable manner [5].
In order to achieve this aim, an atovaquone pro-drug must possess the
following physicochemical characteristics:
1) to be readily soluble in a physiological environment
2) to have a moderate hydrophilic lipophilic balance (HLB) value
3) to release upon interconversion the parent drug in a programmable
manner, and
4) to provide upon interconversion a safe and non-toxic by-products.
Once these requirements are fulfilled the following goals may be
accomplished:
1) an adequate penetration of the prodrug into the body tissues.
2) high possibility to formulate the drug in different dosage forms.
3) A chemically driven sustained release system that releases the antimalarial drug, atovaquone, in a controlled manner once the prodrug
exposes the human blood circulation system; and
4) a drug with physicochemical properties that leading to a to high
bioavailability and an efficient clinical profile.
Modifying the absorption, distribution, metabolism and elimination
(ADME) properties of a parent drug should be based on a complete
understanding of the physicochemical behavior of the drug [86-89]. Studies
have demonstrated that poor pharmacokinetic behavior and high toxicity are
the most important causes of high attrition-rates in the drug development
process, and it has been widely accepted that these areas should be taken into
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account as early as possible in drug discovery to improve the efficiency and
cost-effectiveness of the industry. Resolving the pharmacokinetic and
toxicological problems of drug candidates remains a key challenge for drug
industrial developers [90].
Therefore, the goal is to design drugs having an efficient permeability to
be penetrated through tissues and absorbed into the blood circulation
(absorption) and to reach their target efficiently (distribution) and to be quite
stable to survive the physiological journey (metabolism) and to be excreted
(elimination) in a satisfactory time.
The most beneficial approach for overcoming the negative
pharmacokinetics properties of a drug is by using the prodrug approach. This
approach may be used in the cases where the use of the active drug faces
problems associated with solubility, absorption and distribution, site
specificity, instability, toxicity, poor patient compliance or formulation
problems [91-96]. One or more metabolic enzymes are generally involved in
the interconversion of the prodrugs to their parent active forms. Not all
prodrugs are activated by metabolic enzymes. For example, photodynamic
therapy involves the use of an external light source to activate prodrugs. When
designing a prodrug, it is important to ensure that the prodrug is effectively
interconverted to the parent drug once it has been absorbed and penetrated into
the blood circulation. It is also important to ensure that any group that is
cleaved from the prodrug moiety should be non-toxic [97].
The prodrug approach is a very versatile strategy to increase the utility of
biologically active compounds, because the possibility to optimize any of the
ADME properties of potential drug candidates. Generally, prodrugs contain a
promoiety that is removed by an enzymatic or chemical reaction, while other
prodrugs release their active drugs after molecular modification such as an
oxidation or reduction reaction. The prodrug candidate can also be prepared as
a double prodrug, where the second promoiety is linked to the first promoiety
attached to the parent active drug molecule. These promoieties are usually
different and are cleaved by different mechanisms. In some cases, two
biologically active drugs can be linked together in a single molecule called a
codrug. In the latter, each drug acts as a promoiety for the other [98, 99]. The
prodrug approach has been used to overcome various negative drug properties
and to optimize clinical profile. Recent advances in molecular biology provide
direct availability of enzymes and carrier proteins, including their molecular
and functional characteristics. Prodrug design is becoming more elaborate in
the development of efficient and selective drug delivery systems. The targeted
prodrug approach, in combination with gene delivery and controlled
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expression of enzymes and carrier proteins, is a promising strategy for precise
and efficient drug delivery and enhancement of the therapeutic effect.
Among all prodrug design approaches, there are two major that are
considered as widely used to minimize or eliminate the negative drug
pharmacokinetic properties while maintaining the desirable pharmacological
activity. The first approach is the targeted drug design approach; in this
approach prodrugs can be designed to target specific enzymes or carriers by
considering enzyme-substrate specificity or carrier-substrate specificity in
order to overcome various negative drug properties. This targeted-prodrug
design requires comprehensive knowledge of particular enzymes or carriers,
including their molecular and functional characteristics [100-108]. An
example for such approach is the antibody-directed enzyme prodrug therapy
(ADEPT) or antibody-directed catalysis, antigens expressed on cancer cells are
utilized to target enzymes to the tumor site. In this approach, at the beginning,
an enzyme-antibody conjugate is administered and given enough time to
interact with tumor cells and to be eliminated from the circulation.
Subsequently, a prodrug is given and selectively activated extracellular at the
tumor site.
Other approaches designed to overcome the limitations of ADEPT are
gene-directed enzyme prodrug therapy (GDEPT) and virus-directed enzyme
prodrug therapy (VDEPT). In these approaches, genes encoding prodrugactivating enzymes are targeted to cancer cells followed by an administration
of a prodrug. In GDEPT, nonviral vectors that contain gene-delivery agents,
such as peptides, cationic lipids or naked DNA, are used for gene targeting. In
VDEPT, gene targeting is achieved using viral vectors, with retroviruses and
adenoviruses being the most commonly used viruses. For both GDEPT and
VDEPT, the vector has to be taken up by the target cells, and the enzyme must
be stably expressed in tumor cells. This process is called transduction [107111].
The second approach is the chemical design approach by which the drug is
attached to inactive moiety which upon exposure to physiological environment
liberates the parent drug and the non-toxic promoiety which should be
excreted without affecting the clinical profile.
The prodrug chemical approach can be classified into two sub-classes (1)
carrier-linked prodrugs; containing a moiety that can be easily cleaved by
enzyme, such as an ester or labile amide, to provide the active drug. Ideally,
the moiety removed is pharmacologically inactive and nontoxic, while the
linkage between the drug and promoiety must be labile for in vivo efficient
activation. Carrier-linked prodrugs can be further subdivided into (i) bipartite
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which consists of one carrier group linked to a drug, (ii) tripartite which is a
carrier group that is linked via linker to a drug, and (iii) mutual prodrugs
consisting of two drugs linked together and (2) bioprecursors; chemical
entities that are metabolized into new molecules that may be active or further
are metabolized to active metabolites, such as amine to aldehyde to carboxylic
acid [92-95].
The prodrug design can be exploited in the followings:
A) Enhancing active drug solubility in a physiological environment/s and
hence increasing its bioavailability since dissolution of the drug
molecule from the dosage form may be the rate-limiting step to
absorption [92]. It has been documented that more than 30% of drug
discovery compounds have poor aqueous solubility [96]. Prodrugs are
an alternative way to increase the aqueous solubility of the parent
drug molecules by enhancing dissolution rate through attachment to
ionizable or polar groups, such as phosphates, sugar or amino acids
moieties [95, 112]. These prodrugs can be used for increasing oral
bioavailability and in parenteral or injectable drug delivery.
B) Increasing permeability and hence absorption; membrane
permeability has a significant effect on drug effectiveness [113]. In
oral drug delivery the most common absorption routes are
unfacilitated and largely nonspecific, passive transport mechanisms.
The lipophilicity of poorly permeable drugs can be increased by
attaching to lipophilic groups. In such cases, the prodrug strategy can
be entirely valuable option and crucially needed. Improvements of
lipophilicity have been the most widely researched and successful
field of prodrug research. It has been achieved by masking polar
ionized or nonionized functional groups to increase either oral or
topical absorption [97];
C) Modification of the distribution profile; before the drug reaches its
target site and exert the desired effect it has to bypass several
pharmaceutical and pharmacokinetic barriers.
The novel prodrug approach to be discussed in this chapter implies
prodrugs design based on enzyme models (mimicking enzyme catalysis) that
have been advocated to understand how enzymes work. The tool used in the
design is a computational approach consisting of calculations using molecular
orbital and molecular mechanics methods and correlations between
experimental and calculated rate values (activation energies) for two
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intramolecular processes that were utilized to understand the mechanism by
which enzymes might exert their high catalysis. In this approach, no enzyme is
needed to catalyze the conversion of a prodrug to its active parent drug. The
release rate of the prodrug to the parent drug is solely determined by the rate
limiting step of the interconversion process. Knowledge gained from the
mechanisms of the previously studied enzyme models was used in the design.
It is worth noting that using this approach might eliminate all
disadvantages that exist in the interconversion of prodrugs by enzymes. The
bioconversion of prodrugs has several disadvantages related to intrinsic and
extrinsic factors that can affect the interconversion process. For example, the
activity of many prodrug activating enzymes may be varied due to genetic
polymorphisms, age-related physiological changes, or drug interactions
leading to variation in clinical profiles. Moreover, there are wide interspecies
variations in both the expression and function of the major enzyme systems
activating prodrugs, and these can pose some barriers in the preclinical
optimization phase.

Enzyme Models Used in Atovaquone
Prodrugs Design
Studies of enzyme mechanisms by several chemists and biochemists, over
the past few decades, have had a significant contribution for understanding the
mode and scope of enzymes catalysis [114 -117].
Today, the scientific community has reached to the conclusion that
enzyme catalysis is based on the combined effects of the catalysis by
functional groups and the ability to reroute intermolecular reactions through
alternative pathways by which substrates can bind to preorganized active sites.
Enzymatic reactions rates exceed 1010- to 1018 -fold the non-enzymatic
bimolecular counterparts. For instance, reactions catalyzed by cyclophilin are
enhanced by 105 and those by orotidine monophosphate decarboxylase are
accelerated by 1017 [118].
In the last five decades scholarly studies have been done by Bruice and
Pandit [119], Cohen [120], Menger [121], Kirby [122] and others [123] to
design chemical devices that are capable of reaching rates comparable to that
with enzyme catalyzed reactions. Frequently cited examples of enzyme models
are those based on rate acceleration driven by covalently enforced proximity.
The most quoted example is the intramolecular ring-closing reaction of
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dicarboxylic semi esters to anhydrides invoked by Bruice et al. [119].
Studying this system, Bruice et al. has demonstrated that a relative rate of
anhydride formation can reach 5 x 107 upon an intramolecular cyclization
reaction of a dicarboxylic semi ester compared to a similar counterpart‘s
intermolecular reaction.
Among other examples of rate enhancement based on proximity
orientation include: (1) systems which obey the principles of Koshland ‗s
‗‗orbital steering‖ theory [123] which signifies the importance of the ground
state angle of attack value of the hydroxyl group in the intramolecular
lactonization reaction of hydroxycarboxylic acids; (2) ‗‗spatiotemporal
hypothesis‖ advocated by Menger which implies that a type of a reaction, in
proton transfer processes, whether intermolecular or intramolecular, is largely
determined by the distance between the two reacting centers involved in the
intramolecular lactonization reaction of hydroxycarboxylic acids [121], (3)
―stereopopulation control‖ presented by Cohen et al. to explain the relatively
high
acceleration
rates
in
acid
catalyzed
lactonization
of
hydroxyhydrocinnamic acids containing two methyl groups on the β position
of their carboxylic groups [120] and (4) Kirby‘s proton transfer models on
acid-catalyzed hydrolysis of acetals and maleamic acid amides which indicate
the importance of a hydrogen bonding formation in the products and transition
states leading to them.
In the past two decades some prodrugs based on hydroxyhydrocinnamic
acids have been proposed. For example, Borchardt et al. reported the use of the
3-(2‘-acetoxy-4‘, 6‘-dimethyl dimethyl)- phenyl-3, 3-dimethylpropionamide
derivative (pro–prodrug) that has the potential to release the biologically active
amine drug upon acetate hydrolysis by enzyme triggering. Another successful
example comes from the utilization of the ―stereopopulation control‖ model is
the prodrug Taxol which enhances the drug water solublility and hence affords
it for an administration to the human body via I.V. injection. Taxol is the
brand name for paclitaxel, a natural diterpene, approved in the USA for use as
anticancer agent [124].

Calculation Methods Used in Atovaquone
Prodrugs Design
In the past few decades, computational chemistry for calculating
molecular properties of ground and transition states has been a progressive
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task of organic, bioorganic and medicinal chemists alike. Computational
chemistry uses the theoretical chemistry results, incorporated into efficient
computer, to calculate the structures and physical and chemical properties of
molecules.
Equilibriums and reaction rates energy-based calculations for biological
systems that have biomedicinal and pharmaceutical interests are considerably
important challenge to the health community. Nowadays, quantum mechanics
(QM) such as ab initio, semi-empirical and density functional theory (DFT),
and molecular mechanics (MM) are increasingly being utilized and widely
accepted as reliable tools for obtaining structure-energy calculations for
potential drugs and prodrugs systems alike [125].
All the mentioned methods cover both static and dynamic situations of a
process. In all methods the computer time and other resources such as memory
and disk space increase rapidly with the size of the system being calculated.
Ab initio methods typically are feasible only for small systems and are based
entirely on theory from first principles. The term ab initio was first used in
quantum chemistry by Robert Parr and coworkers, including David Craig in a
semi-empirical study on the excited states of benzene. The ab initio molecular
orbital methods (quantum mechanics) such as HF, G1, G2, G2MP2, MP2 and
MP3 are based on rigorous use of the Schrodinger equation with a number of
approximations. Ab initio electronic structure methods have the advantage that
they can be made to converge to the exact solution, when all approximations
are sufficiently small in magnitude and when the finite set of basis functions
tends toward the limit of a complete set. The convergence, however, is usually
not monotonic, and sometimes the smallest calculation gives the best result for
some properties. The disadvantage of these methods is their computational
cost. They often take enormous amounts of computer time, memory, and disk
space [126-128].
Other less accurate methods are the so called empirical or semi-empirical
since they employ experimental results, often from acceptable models of
atoms or related molecules, to approximate some elements of the underlying
theory. The semi-empirical quantum chemistry methods are based on the
Hartree–Fock formalism, but make many approximations and obtain some
parameters from empirical data. Their importance is in treating large
molecules where the full Hartree–Fock method without the approximations is
too expensive. Semi-empirical calculations are much faster than their ab initio
counterparts. Their results, however, can be very wrong if the molecule being
computed is not similar enough to the molecules in the database used to
parameterize the method. Among the semi-empirical methods mostly used are
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MINDO, MNDO, MINDO/3, AM1, PM3 and SAM1. The semi-empirical
methods have afforded great information for practical application [129-131].
Calculations of molecules exceeding 60 atoms can be done using such
methods.
Both the semi-empirical and ab initio approaches involve approximations.
These range from simplified forms of the first-principles equations that are
easier or faster to solve, to approximations limiting the size of the system to
fundamental approximations to the underlying equations that are required to
achieve any solution to them at all. For instance, most ab initio calculations
make the Born–Oppenheimer approximation, which greatly simplifies the
underlying Schrödinger equation by assuming that the nuclei remain in place
during the calculation. In principle, ab initio methods eventually converge to
the exact solution of the underlying equations as the number of
approximations is reduced. In practice, however, it is impossible to eliminate
all approximations, and residual error inevitably remains. The goal of
computational chemistry is to minimize this residual error while keeping the
calculations tractable.
Another commonly used quantum mechanical modeling method in
physics and chemistry to investigate the electronic structure of many systems,
in particular atoms, molecules, and the condensed phases is the density
functional theory (DFT). With this method, the properties of many-electron
systems can be determined by using functionals, i.e. functions of another
function, which in this case is the spatially dependent electron density.
Therefore, the name density functional theory comes from the use of
functionals of the electron density. DFT is among the most popular and
versatile methods available in condensed-matter physics, computational
physics, and computational chemistry. It is used to calculate structures and
energies for medium-sized systems (30-60 atoms) of biological and
pharmaceutical interest and is not restricted to the second row of the periodic
table [133].
Many attempts have been launched to improve the DFT methods but they
are still difficulties in using density functional theory especially to properly
describe intermolecular interactions, such as van der Waals forces
(dispersion); charge transfer excitations; transition states, global potential
energy surfaces and some other strongly correlated systems. The problem with
the inaccurate calculations by these methods is due to incomplete treatment of
dispersion. The development of new DFT methods designed to overcome this
problem, by alterations to the functional or by the inclusion of additive terms,
is currently underway.
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On the other hand, molecular mechanics is a mathematical approach used
for calculating structures, energy, dipole moment, and other physical
properties. It is widely used in computing a diverse biological and chemical
systems such as proteins, large crystal structures, and relatively large solvated
systems. However, this method is limited by the number of parameters such as
the large number of unique torsion angles present in structurally diverse
molecules [134].
Ab initio is an important tool to investigate functional mechanisms of
biological macromolecules based on their 3D and electronic structures. ab
initio calculations can handle relatively small sized systems despite the large
sizes of biomacromolecules surrounding solvent water molecules.
Accordingly, isolated models of sites of proteins such as active sites have been
studied in ab initio calculations. However, the disregarded proteins and solvent
surrounding the catalytic centers have also been shown to contribute to the
regulation of electronic structures and geometries of the regions of interest.
To overcome these obstacles, quantum mechanics/molecular mechanics
(QM/MM) calculations are used, in which the system is divided into QM and
MM regions where QM regions correspond to active sites to be investigated
and are described quantum mechanically. MM regions correspond to the
remainder of the system and are described molecular mechanically. The
pioneer work of the QM/MM method was accomplished by Warshel et al.
[135], and since then, there has been much success on the development of a
QM/MM algorithm and applications to many biological systems [136, 137].
Modern computational methods based on QM and MM methods could be
exploited for the design of innovative prodrugs for parent drugs containing a
variety of functional groups such as hydroxyl, phenol, or amine. For example,
mechanisms of intramolecular processes for a large number of enzyme models
that have been previously studied by others to understand enzyme catalysis
have been recently investigated by us and utilized for the design of some novel
prodrugs [138-156]. Using DFT, molecular mechanics and ab initio methods,
several enzyme models were explored by us for assigning the factors governed
the reaction rate in these processes (enzyme models). Among these enzyme
models are: (a) proton transfer between two oxygens and proton transfer
between nitrogen and oxygen in Kirby‘s acetals [157-164]; (b) intramolecular
acid-catalyzed hydrolysis of maleamic acid amide derivatives [157-164]; (c)
proton transfer between two oxygens in rigid systems as studied by Menger
[165-168]; (d) acid-catalyzed lactonization of hydroxy-acids as researched by
Cohen [169-171] and Menger (165-168); and (e) SN2-based cyclization as
investigated by Brown [172], Bruice [173, 174], and Mandolini [175].
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Our recent research on intramolecularity have demonstrated that there is a
necessity to further explore the mechanisms for the above mentioned processes
for determining the factors playing dominant role in determining the reaction
rate. Unraveling the reaction mechanism would allow for an accurate design of
an efficient chemical device to be used as a prodrug linker that can be
covalently linked to a drug which can chemically, and not enzymatically be
cleaved to liberate the active parent drug in a controlled manner. For instance,
exploring the mechanism for a proton transfer in Kirby‘s acetals has led to a
design and synthesis of novel prodrugs of aza-nucleosides to treat
myelodysplastic syndromes [176], bitter less paracetamol prodrugs to be
administered to children and elderly as antipyretic and pain killer [177] and
prodrugs of phenylephrine as decongestant [178].
In the above mentioned examples, the prodrug moiety was attached to the
hydroxyl group of the active drug such that the drug promoiety (prodrug) has
the potential to degrade upon exposure to physiological environment such as
stomach, intestine, and/or blood circulation, with rates that are solely
dependent on the structural features of the pharmacologically inactive
promoiety (Kirby‘s enzyme model). Other different linkers such as Kirby‘s
maleamic acid amide enzyme model was also investigated for the design of
some prodrugs such as tranexamic acid prodrugs to treat bleeding conditions
[179], acyclovir as anti-viral drug to treat Herpes Simplex [180], atenolol for
treating hypertension with enhanced stability and bioavailability [181] and
statins to treat high cholesterol levels in the blood [182]. Further, prodrugs for
masking the bitter taste of antibacterial drugs such as cefuroxime were
designed and synthesized as well [183-188]. The role of the promoiety in the
antibacterial (cefuroxime) and paracetamol prodrugs was to block the free
amine (cefuroxime) or the free phenol (paracetamol) which is responsible for
the drug bitter taste, and to enable the release of the drug in a programmable
manner. Menger‘s Kemp acid enzyme model was also utilized for the design
of dopamine prodrugs for the treatment of Parkinson‘s disease [189]. Prodrugs
for dimethyl fumarate to treat psoriasis were also designed, synthesized and
currently under in vitro and in vivo kinetic studies [190].
In view of this background and continuing our study on design and
synthesis of atovaquone prodrugs we summarize in this chapter two studies
that were conducted to design atovaquone prodrugs through linking
atovaquone to (1) a di-carboxylic semi-ester (Bruice‘s enzyme model) and (2)
to an acetal (Kirby‘s enzyme model) to produce systems that are more
hydrophilic than the parent drug and are able to release atovaquone in a
chemically driven controlled manner.
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Thus, introducing novel atovaquone prodrugs that fulfill the following
requirements:
1)
2)
3)
4)
5)

enhanced water solubility;
improved oral bioavailability;
controlled release rate;
predicted plasma levels and
improved antiparasitic activity.

Calculations Methods
The MM2 molecular mechanics strain energy calculations were carried
out using Allinger‘s MM2 program [134]. The Becke three-parameter, hybrid
functional combined with the Lee, Yang, and Parr correlation functional,
denoted B3LYP, were employed in the calculations using density functional
theory (DFT). All calculations were carried out using the quantum chemical
package Gaussian-2009 [191]. Calculations were carried out based on the
restricted Hartree-Fock method [191]. The starting geometries of all calculated
molecules were obtained using the Argus Lab program [192] and were initially
optimized at the HF/6-31G level of theory, followed by optimization at the
B3LYP/6-31G(d,p) and B3LYP/6-311 + G(d,p) levels. Total geometry
optimizations included all internal rotations. Second derivatives were
estimated for all 3N-6 geometrical parameters during optimization. An energy
minimum (a stable compound or a reactive intermediate) has no negative
vibrational force constant. A transition state is a saddle point which has only
one negative vibrational force constant [193]. Transition states were located
first by the normal reaction coordinate method [194] where the enthalpy
changes was monitored by stepwise changing the interatomic distance between
two specific atoms. The geometry at the highest point on the energy profile
was reoptimized by using the energy gradient method at the B3LYP/6-31G
(d,p) level of theory [191]. The ―reaction coordinate method‖ [194] was used
to calculate the activation energy in all molecules. In this method, one bond
length is constrained for the appropriate degree of freedom while all other
variables are freely optimized. Full optimization of the transition states was
accomplished after removing any constrains imposed while executing the
energy profile. The activation energies obtained from the DFT at B3LYP/631G (d,p) level of theory for all molecules were calculated in the gas phase
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and water (dielectric constant of water, 78.39). The calculations with water
were performed using the integral equation formalism model of the Polarizable
Continuum Model (PCM) [195-198]. In this model the cavity is created via a
series of overlapping spheres. The radii type employed was the United Atom
Topological Model on radii optimized for the PBE0/6-31G (d) level of theory.

Bruice’s Enzyme Model [173, 174]
The study herein was conducted to design atovaquone prodrugs through
linking the antimalarial drug, atovaquone, to a di-carboxylic semi-ester
promoiety (Bruice‘s enzyme model [173, 174]) to furnish a system that is
more hydrophilic than its parent drug and is able to release atovaquone in a
chemically driven controlled manner. Thus, introducing novel atovaquone
prodrugs that fulfill the following requirements:
1)
2)
3)
4)
5)

enhanced water solubility;
improved oral bioavailability;
controlled release rate;
predicted plasma levels and
improved antiparasitic activity.

Based on our recent calculation results emerged from unraveling the ringclosing reaction mechanism of Bruice‘s enzyme model and assigning the
factors determining the reaction rate [146] five different atovaquone prodrugs
were designed with a potential to have better water solubility and clinical
profile than atovaquone and to release the active parent drug in a sustained
controlled manner.

Computationally Designed Atovaquone
Prodrugs Based on
Bruice’s Enzyme Model
Bruice et al. researched the ring-closing reactions of di-carboxylic semiesters 21-25 shown in Figure 3 and found that the relative rate (krel) is in the
following order 25 > 24 > 23 > 22 > 21. They attributed the acceleration in
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rates to proximity orientation. Using the observation that alkyl substitution on
succinic acid influences rotamer distributions, the ratio between the reactive
gauche and the unreactive anti-conformations, they proposed that gem-dialkyl
substitution increased the probability of the resultant rotamer adopting the
more reactive conformation. Hence, for ring-closing to occur, the two reacting
centers must be in the gauche conformation. In the unsubstituted reactant, the
reactive centers are almost completely in the anti-conformation in order to
minimize steric interactions [173, 174].
Menger and Bruice ascribed the phenomenon of rate enhancement in some
intramolecular processes to the importance of the orientation (proximity) of
the nucleophile to the electrophile of the ground state molecules [165-168,
173, 174].
Menger in his ―spatiotemporal‖ hypothesis developed an equation relating
activation energy to distance and based on this equation, he has reached to the
conclusion that significant rate accelerations in reactions catalyzed by
enzymes are obtained by imposing short distances between the reacting centers
of the substrate and enzyme [165-168]. On the other hand, Bruice et al.
attributed the enzyme catalysis to favorable ‗near attack conformations‘.
According to Bruice‘s hypothesis, systems having a high quota of near
attack conformers will have a higher intramolecular reaction rate and vice
versa. Bruice‘s idea invokes a combination of distance between the two
reacting centers and angle of attack by which the nucleophile approaches the
electrophile [173, 174].
In contrast to the proximity proposal, others believe that high rate
acceleration in intramolecular processes is a result of steric effects (relief of
the reactant‘s strain energy) [199].
For utilizing di-carboxylic semi-esters 21-25 (Figure 3) as prodrug
moieties for drugs containing hydroxyl or phenol group we have recently
unraveled the mechanism for their ring-closing reactions using DFT and
molecular mechanics (MM2) calculation methods [146].
In accordance with the findings by Bruice and Pandit [173, 174] our study
revealed that the ring-closing reaction undergoes by one mechanism, by which
the rate-limiting step is the tetrahedral intermediate collapse and not its
formation. However, contrarily to the conclusion by Bruice we have found that
the acceleration in rates is due to steric effects rather than to proximity
orientation stemming from the ―rotamer effect‖ [146].
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Calculations (General Consideration)
For consuming computer time, the DFT calculations for atovaquone
prodrugs ATQ ProD 1- ProD 5 (Figure 4) were executed with molecules by
which the p-chlorophenyl group, attached to the cyclohexyl moiety in
atovaquone, was omitted. It is expected that such modification will not affect
the calculations for the entities involved in the process.
The orientation of the carboxylate anion to the ester carboxyl moiety is
very important in determining the mode and rate of the cyclization reaction.
When the dicarboxylic semi-ester exists in the syn (condensed) conformation
the cyclization will be more efficient than when the dicarboxylic semi-ester
exhibits the anti (extended) conformation (Figure 5). This is because the
distance (rGM) between the nucleophile (C(O)O-) and the electrophile (-C(O)OR) is shorter in the syn orientation. In addition, the free energy of the reactant
is strongly dependent on its conformation whether it is strained or not. In the
cases where the ground state is strained the free energy of the reactant is high
and consequently it is expected that the activation energy for the strained
reactant to be less than that of the unstrained. We were concerned with the
identification of the most stable conformation (Global Minimum, GM) for
each of di-carboxylic semi-esters 21-25 and ATQ ProD 1-ProD 5. The search
for the global minimum structures for all semi-esters studied was
accomplished by 36 rotations of the carboxyl group about the bond C3-C4 in
increments of 10° (i.e. variation of the dihedral angle C2/C3/C5/C6, see Figure
5) and calculation of the conformational energies.
In the DFT calculations of the starting geometries in 21-25 and ATQ
ProD 1- ProD 5, two different types of conformations were considered: one is
syn and another is anti (Figure 5). It was found that the global minimum
structures for 21-25 and ATQ ProD 1- ProD 5 all exist in a syn (condensed)
conformation.
The ―reaction coordinate method‖ [194] was used to calculate the
activation energy in systems 21-25 and ATQ ProD 1- ProD 5 (Figures 3 and
4, respectively). In this method, one bond length is constrained for the
appropriate degree of freedom while all other variables are freely optimized.
The transition states for 21-25 and ATQ ProD 1- ProD 5 were obtained from
an increase in the distance between O8 and C6 in increments of 0.1 Å (Figure
5). The activation energy values for the cyclization reactions of 21-25 and
ATQ ProD 1- ProD 5 were calculated from the difference in energies of the
global minimum structures (GM) and the derived transition states (TS).
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Optimized Structures for the Entities Involved in the
Cyclization Reactions of 21-25 and ATQ ProD 1- ProD 5
Global Minimum Structures (GM)
Selected global minimum structures for 21-25 (21GM-25GM) and ATQ
ProD 1-ProD 5 (ProD 1GM- ProD 5GM) are shown in Figures 6a. Inspection
of the calculated geometries of the global minimum structures indicates that all
of them exhibit the syn (condensed) conformation where the rGM distance
between the nucleophile (C(O)O-) and the electrophile (-C(O)OR) varies
according to the nature of the ground state. The rGM value for the GM in 21-25
was found in the range of 2.37Å – 4.34Å where the global minimum for 25
having the shortest distance (2.37Å) and 22 with the longest distance (4.34Å).
For ATQ ProD 1GM- ProD 5GM the rGM value range was 2.63Å – 4.11Å
where the global minimum for ATQ ProD 4GM was with the shortest distance
and ATQ ProD 3GM was with the longest distance.
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Figure 3. Chemical structures for di-carboxylic semi-esters 21-25.

Transition State Geometries for the Tetrahedral Intermediate
Formation (TS)
Selected optimized geometries for the transition states in the cyclization
reactions of 21-25 (21TS- 25TS) and ATQ ProD 1- ProD 5 (ProD 1TS- ProD
5TS) are illustrated in Figure 6b. Inspection of the transition state optimized
structures indicates that all of them resemble that of the corresponding
tetrahedral intermediates. Furthermore, the calculated O-C distances, O1-C6,
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O8-C6 and O1-C2 are quite different. The distance O1-C6 in 21TS-25TS was
1.602 Å - 2.282 Å, O8-C6 was 1.759 Å - 1.903 Å and O1-C2 was 1.282 Å –
1.329 Å. Similar O-C distance ranges were found for ATQ ProD 1TS- ProD
5TS.
Mechanistic Investigation
DFT calculations at B3LYP 6-31G (d,p) and B3LYP/311+G (d,p) levels
were done in order to compute the thermodynamic and kinetic parameters for
all species involved in the mechanism shown in Figure 7.
As shown in Figure 7 the mechanism consists of two steps; (1) formation
of the tetrahedral intermediate via an approach of the anionic carboxylate
oxygen of the reactant (O1) toward the carboxylic carbon (C6) (for the atoms
numbering, see Figure 5) and (2) the dissociation of the tetrahedral
intermediate via C6-O8 cleavage to furnish a cyclic anhydride and pbromophenolate anion.
The calculations of the ‗reaction coordinate‘ for the tetrahedral
intermediate formation and dissociation steps demonstrate that: (1) no
transition state structure was found for the approach step in systems 21–25 and
ATQ ProD 1- ProD 5. (b) Frequency calculations for the dissociation step
indicate the presence of a transition state in all systems studied. Furthermore,
monitoring the dissociation processes revealed that upon increasing the
distance between O8 and C6 (departure of the leaving group, for the
numbering see Figure 5), an opening of the cyclic ring observed in systems
21–25 and ATQ ProD 1- ProD 5. However, the magnitude of the ring opening
(the distance lengths of O1-C6, O8-C6 and O1-C2) was found to be dependent
on the nature of the transition state.
Using the calculated DFT values at B3LYP 6-31G (d,p) and
B3LYP/311+G (d,p) levels for the enthalpy and entropy of the global
minimum (GM) and transition state (TS, the tetrahedral intermediate
dissociation) structures for the cyclization reactions of di-carboxylic semiesters 21-25 and ATQ ProD 1- ProD 5 the rate-limiting step barriers (∆G‡)
were calculated in the gas phase as well as in a dielectric constant of 78.39
(water).
The calculated activation energy values in both mediums, ∆G‡GP and
∆G‡H2O, respectively, are summarized in Table 1. Inspection of the ∆G‡ values
listed in Tables 1 revealed that the ring-closing rate is largely dependent on the
structural features of the reactant.
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(A)

(B)
Figure 6. a) DFT at B3LYP 6-31G (d,p) level optimized structures for the global
minimum (GM) in di-carboxylic semi-esters 21, 24-25, ATQ ProD 1 and ATQ ProD
3-ProD 4 and b) DFT at B3LYP 6-31G (d,p) level optimized structures for the
transition state (TS) in di-carboxylic semi-esters 21, 24-25, ATQ ProD 1 and ATQ
ProD 3-ProD 4.
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To test whether the discrepancy in the rates of 21–25 and ATQ ProD 1ProD 5 is a result of proximity orientation (difference in the distance between
the two reactive centers) or stems from steric effects (strain energy) we
computed, using Allinger‘s MM2 method [134], the strain energies for the
reactants and intermediates in 21–25 and ATQ ProD 1- ProD 5. The
difference in MM2 strain energies of the intermediates and reactants (ΔEs = E
INT-GM) are summarized in Table 1. The calculated MM2 (ΔEs) values for the
reactions of 21-25 were examined for correlation with the experimental (log
krel) values [173, 174]. The correlation results depicted in eq. 1 and illustrated
graphically in Figure 8a demonstrate a good correlation between the
experimental log krel and the MM2-calculated strain energy values (ΔEs) with
a correlation coefficient (r) of 0.90. Examination of Figure 8a and Table 1
reveals that for di-carboxylic semi-esters having small differences in the strain
energies between their reactants and intermediates, such as system 24 the
corresponding ring-closing rates are high and vice versa.
Table 1. DFT calculated kinetic and thermodynamic properties for the
cyclization reactions of 21-25 and ATQ ProD 1-ProD 5

log krel
System

[173,174]

(exp.)

ESINT-GM
(MM2
calc.)

‡

∆G
(GP)
B3L

∆G‡
(H2O)
B3L

‡

rGM
B3L

∆G
(GP)
B3L311

∆G‡
(H2O)
B3L311

3.00
8.70
19.09
29.37
4.24
9.26
20.33
21
3.30
9.30
12.22
21.10
4.34
13.13
22.03
22
5.26
8.07
12.83
16.13
4.31
10.27
13.98
23
5.36
4.24
1.43
9.03
4.08
2.76
12.54
24
7.90
2.31
10.48
16.51
2.37
----------25
ATQProD 1 -----8.09
5.74
9.14
3.92
----------ATQProD 2 -----6.77
3.35
9.90
3.99
----------ATQProD 3 -----8.31
3.32
14.09
4.11
----------ATQProD 4 -----6.04
2.96
9.85
2.63
----------ATQProD 5 -----32.35
26.18
39.91
3.87
----------log krel is the experimental relative rate [173,174]. ∆G‡ is the activation free energy
(kcal/mol). rGM is the distance between the nucleophile (O1) and the electrophile
(C6) in the reactant. B3L and B3L311 refer to calculated by B3LYP/6-31 G (d,p)
and B3LYP/6-311 + G (d,p), respectively. GP and H2O refer to calculated in the
gas phase and water, respectively.
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It should be emphasized, that an attempt to correlate the distance O1–C6
(rGM) with log krel failed to give any significant relationship between the two
parameters. For example, the calculated O1–C6 distances for the global
minimum structures in 21–24 are similar (4.08 Å- 4.34 Å), whereas the
calculated ΔEs and log krel experimental values are significantly different (see
Table 1). Based on these results we propose that rate acceleration in the
cyclization process is driven by strain effects in contrast to that suggested by
Bruice (near attack proximity orientation) [173, 174].
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Figure 7. Proposed mechanism for ring-closing reaction of di-carboxylic semi-esters
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In order to further support this conclusion, the B3LYP 6-31G (d,p) for 2125 and ATQ ProD 1- ProD 5, and B3LYP/311+G (d,p) activation energy
values for 21-25 as calculated in dielectric constant of 78.39 (water) (∆G‡H2O,
see Table 1) were examined for correlations with both log krel and ΔEs and the
results are depicted in equations 2-4 and represented graphically in Figures 8b
and 8c. Again the correlation results of the activation energy values (∆G‡H2O)
calculated by the two different methods with the experimental relative rates
(log krel) reveal the same conclusions, indicating that the driving force for
acceleration is due to strain and not proximity orientation.
Comparison of the correlation of log krel values of 21-24 on the one hand
with the calculated activation energy values (∆G‡H2O) by B3LYP/ 6-31G (d,p)
(eq. 2) and the activation energy values by B3LYP/6-311 + G (d,p) (eq. 3) on
the other hand reveals that the B3LYP/6-311 + G (d,p) is much better method
in handling di-carboxylic semi-esters than B3LYP/6-311 (d,p).
ΔEs (INT-GM) = -1.4016 log krel + 13.482 (R = 0.9)
(For systems 21-25)

(1)

∆G‡H2O (B3LYP/6-31G) = -6.135 log krel + 44.859 (R = 0.9)
(For systems 21-25)

(2)

∆G‡H2O (B3LYP/6-311+G) = -3.589 log krel + 32.491 (R = 0.9)
(For systems 21-25)

(3)

∆G‡H2O (B3LYP/6-31G) = 1.1098 ΔEs (INT-GM) + 4.6065 (R = 0.96) (4)
(For systems 21-25 and ATQ ProD 1-ProD 5)

The Relative Rate, log krel , (Effective Molarity (EM))
for Processes ATQ ProD 1- ProD 5
The effective molarity (EM) parameter is commonly used as a measure for
intramolecular efficiency. It is defined as a rate ratio of the intramolecular
reaction and its corresponding intermolecular where both reactions are driven
by the same mechanism. The main factors determine the EM parameter are
ring size, solvent and reaction type. Cyclization reactions through
intramolecular nucleophilic addition are much more efficient than
intramolecular proton transfers. Values in the order of 109-1013 M have been
measured for the EM in intramolecular processes occurring through
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nucleophilic addition. Whereas for proton transfer processes EM values of less
than 10 M were reported [200] until recently where values of 1010 was
reported by Kirby on the hydrolysis of some enzyme models [157-164].

Figure 8. (a) Plot of the MM2 calculated difference in strain energies between
intermediates and reactants (ES (INT-GM)) vs. relative rate (log krel) in di-carboxylic semiesters 21-25. (b) Plot of the DFT calculated ∆G‡ vs. relative rate (log krel) in dicarboxylic semi-esters 21-24. (c) Plot of the DFT calculated ∆G‡ vs. MM2 calculated
difference in strain energies between intermediates and reactants (ES (INT-GM)) in dicarboxylic semi-esters 21-25 and ATQ ProD 1- ProD 5.
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The experimental relative rates for the intramolecular cyclization of 21-25
were obtained from the division of the intramolecular rate and the
corresponding intermolecular reaction rate [173, 174]. For obtaining the
relative rates (effective molarity, EM) for processes ATQ ProD 1- ProD 5 we
have assumed that their corresponding intermolecular process is similar to that
for systems 21-25.
Since an excellent correlation was obtained between the activation free
energy values (∆G‡H2O) for 21-25 and ATQ ProD 1-ProD 5 and the difference
in the strain energy values of the reactants and intermediates, ΔEs (INT-GM) (Eq.
4), the calculated values of ΔEs (INT-GM) for ATQ ProD 1-ProD 5 were used in
Eq. 1 to calculate their corresponding relative rates (log krel) as shown in
equation 5.
log krel = [(∆G‡H2O (B3LYP/6-31G) -4.6065)/1.1098 -13.842]/-1.4016 (5)
The calculated log krel for ATQ ProD 1- ProD 5 were: 6.96, 6.47, 3.78,
6.50 and -12.82, respectively.
Examination of the calculated log krel demonstrates that ATQ ProD 1 and
ATQ ProD 4 are the most efficient processes among all systems studied and
the least efficient are ATQ ProD 3 and ATQ ProD 5.
Using the experimental t1/2 (the time needed for the conversion of 50% of
the reactants to products) value for process 21, 3.75 hours [173, 174] and the
calculated log krel values for ATQ ProD 1-ProD 5 we have calculated the t1/2
values for the interconversion of ATQ ProD 1- ProD 5 to their parent drug.
The calculated t½ value for ATQ ProD 3 was 22.44 hours, for ATQ ProD 1,
ATQ ProD 2 and ATQ ProD 4 the t½ values were very short and for ATQ
ProD 5 it was too high.

Kirby’s Enzyme Model
(Proton Transfer Reaction in Acetals)
The design of atovaquone prodrugs was accomplished using Kirby‘s
enzyme model that describes proton transfer reactions in acetals 26-31 [157164] (Figure 9). The DFT calculations run on these systems revealed that the
hydrolysis reaction occurs via an intramolecular general acid catalysis (IGAC)
mechanism which is driven by the following factors: (i) the distance between
the two reacting centers (the carboxylic proton and the acetal oxygen), (ii) the

Antimalarial Atovaquone Prodrugs Based on Enzyme Models

41

attack angle α, and (ii) the strength of the hydrogen bond between the carboxyl
group and the acetal oxygen of the transition state. In addition, the proton
transfer rate was found to be dependent and linearly correlated with the
distance between the two reacting centers and the attack angle. Further, a
linear correlation between the calculated proton transfer reaction and the
experimental rates established the credibility of using DFT methods in
predicting energies and rates for proton transfer reactions [138, 140- 141].

Design of Atovaquone Prodrugs
Based on Kirby’s Enzyme Model
Using Kirby‘s enzyme model [140, 157-164] that utilizes proton transfer
reaction in acetals 26-31 (Figure 9), we have designed several atovaquone
prodrugs by which Kirby‘s acetal moiety was linked to atovaquone (Figure
10). The prodrugs differ in the structural features of their linkers. Therefore,
the interconversion rate of the prodrug to its parent drug will be dependent
solely on the nature of the linker.
Based on the calculations made, three prodrugs of atovaquone are
proposed. As shown in Figure 10, the atovaquone prodrugs, ATQ ProD 6ProD 9, have a carboxylic acid group (hydrophilic moiety) and a lipophilic
moiety (atovaquone), where the combination of both groups secures a
reasonable HLB. Furthermore, in a physiological environment, ATQ ProD 6ProD 9 can undergo ionization to the carboxylate anion form which has a
better water solubility than the parent drug (atovaquone). Hence it is expected
that prodrugs ATQ ProD 6- ProD 9 may have a better bioavailability than the
parent drug due to improved absorption. In addition, those prodrugs may be
used in different dosage forms (I.V., tablets, suppositories, and etc.) because of
their potential solubility in organic and aqueous media due to the ability of the
carboxyl group to be converted to the carboxylate salt.
It is worthy to note that at pH 7.4 (blood circulation) the carboxylate form
of those prodrugs will equilibrate with the acidic form. Subsequently, the latter
will undergo proton transfer (rate limiting step) to yield the antimalarial drug,
atovaquone, and Kirby‘s enzyme model by-products (Figure 10).
The DFT quantum molecular orbital investigations of ground state and
transition state structures, vibrational frequencies, and reaction trajectories for
the intramolecular proton transfer in six of Kirby‘s enzyme model systems 2631 (Figure 9) were studied. It is expected that the calculations study on the
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proton transfers in systems 26-31 will provide a good basis for the prediction
of the pharmacokinetic behavior of the prodrugs of the type ATQ ProD 6ProD 9.
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Kirby‘s kinetic study on some enzyme models has inspired us to utilize
these models as appropriate linkers to atovaquone. Our choice is based on
Kirby‘s experimental kinetic studies that indicate that the rate-limiting step in
these processes (processes 26-31, Figure 9) is a transfer of a proton from the
carboxylic group into the neighboring acetal oxygen. In addition, the proton
transfer rate is largely affected by the formation of strong hydrogen bonding in
the products and consequently in the transition state leading to them [140, 157164]. Hence, it is feasible to assume that the rate of the proton transfer will be
dependent on the structural features of the enzyme model as evident from the
different experimental rates determined for processes 26-31.
Replacing the methoxy group in 26-31 (Figure 9) with atovaquone (for
example, ATQ ProD 6- ProD 9, Figure 10) is not expected to have any effect
on the relative rates of these processes. Thus theoretical investigation of the
kinetic and thermodynamic properties for these models will shed some light on
the rates for the chemical cleavage of prodrugs ATQ ProD 6- ProD 9 to
atovaquone.

General Consideration
Because the energy of carboxylic acids is strongly dependent on its
conformation and its ability to engage intramolecularly in hydrogen bonding,
we were concerned with the identification of the most stable conformation
(global minimum) for each of Kirby‘s enzyme models (26-31) computed in
this study. This was accomplished by 360° rotation of the carboxylic acid
hydroxyl group (OH) about the bond O3-C4 in increments of 10° (i.e.
variation of the dihedral angle H2O3C4C5, see Figure 11) and calculation of
the conformational energies.
In the DFT calculations for 26-31, two types of conformations in
particular were considered: one in which the carboxylic proton is syn to the
alkoxy group in β position of the carboxylic acid and another in which it is
anti to the alkoxy group. It was found that for 29 the global minimum structure
is with the conformation where the carboxylic proton is far away from the
alkoxy oxygen (no hydrogen bonding exists between the carboxylic proton and
the alkoxy oxygen) and instead it forms a hydrogen bond with a water
molecule. For Kirby‘s enzyme models 26-28 and 30-31, the stable global
minimum structures were those having hydrogen bonds between the
carboxylic proton and the alkoxy oxygen (syn orientation) (see Figure 9).
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Conformational Analysis for the Entities Involved in the Proton
Transfer Processes of Kirby’s Enzyme Models 26-31
Starting Geometries (GM)
Since the proton transfer reactions for Kirby‘s enzyme models 26-31 were
done in aqueous medium, we have calculated the geometries of the entities
involved in these processes in the presence of one molecule of water to
examine if there a specific hydrogen bonding between the enzyme model and
water. The DFT calculated properties for the starting geometries of 26-31
(26GM-31GM) are listed in Table 2 and selected geometries are shown in
Figure 12. Examination of the calculated geometries for the global minima
indicates that all of them except for 29GM exhibit conformation by which the
carboxylic group is engaged in a hydrogen bond with the neighboring alkoxy
oxygen. This engagement forms a seven-membered ring for 26GM and 30GM
and six-membered ring for 27GM-29GM and 31GM. The DFT calculated
hydrogen bonding length for 26GM-28GM and 10GM-11GM was found in the
range of 1.67Å-1.77 Å and that for the attack angle α (the hydrogen bond
angle, O1H2O3, Figure 11) in the range of 147°-171°. Furthermore, the
hydrogen bonding strength, rGM (O1-H2), varies according to the structural
features of the starting geometry. On the other hand, no intramolecular
hydrogen bond was found in the global minimum structure of 29 (29GM). The
inter-atomic distance, rGM (O1-H2), between the carboxyl proton and the acetal
oxygen in 29GM was 3.62 Å. This is because the carboxyl group in 29GM
prefers to be engaged in hydrogen bonding with a molecule of water rather
than intramolecularly, since the latter is energetically expensive due to a high
energy barrier for the rotation of the carboxyl group around the cyclohexyl
moiety. It should be indicated that Fife reported that acetal 29 shows no
intramolecular general acid catalysis by the neighboring carboxyl group [163].
Transition State Geometries (TS)
The DFT calculated properties for the transition state geometries of 26-31
(26TS-31TS) are listed in Table 2 and selected transition states are illustrated
in Figure 12. Inspection of the calculated structures for 26TS-31TS indicates
that all them involving strong hydrogen bonding between the carboxyl proton
and the ether oxygen and the hydrogen bonding angle β (O1----H2----O3)
range in theses transition state structures is 131º-170 º.
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Product Geometries (P)
The DFT calculated geometries for the products of 26-31 (6P-11P) listed
in Table 2 indicate the presence of a strong hydrogen bonding net between O1---H2---O3 where the bond length ranges from 1.45Å to 1.66 Å and the O1--H2---O3 angle is in the range of 154 º -170 º. This is similar to that found for
the corresponding transition state structures, 26TS-31TS.

Calculations of the Activation Energy, (∆G‡) for the Proton
Transfer in Kirby’s Enzyme Models 26-31
Using the quantum chemical package Gaussian-2009 [191] we have
calculated the DFT B3LYP/6-31G (d,p) kinetic and thermodynamic
parameters for the intramolecular proton transfer in processes 26-31 (Figure
9).
Table 2. DFT (B3L) calculated properties for the proton transfer
in 26-31

System

rGM (Å)
GM

rP (Å)
P

αº
GM

βº
TS

γº
P

26
27
28
29
30
31

1.70
1.69
1.74
3.66
1.72
1.76

1.60
1.61
1.66
1.46
1.45
1.66

170
149
147
48
171
147

170
144
153
131
162
161

170
158
154
158
173
154

B3L refers to values calculated using B3LYP/6-31G (d, p) method. GM,
TS and P refer to global minimum, transition state and product structures,
respectively. rGM and rP are the O—H distance in GM and P , respectively
(Figure 11). α, β and γ are the OHO angle in GM, TS and P, respectively
(Figure 11).
The DFT activation energies were calculated in the gas phase and in
dielectric constant of 78.39 (water as a solvent). The results demonstrate that
the presence of water has a profound effect on the relative rate values. This is
in accordance with previously reported studies by Kirby and Five that show
the important role of water in the proton transfer for such systems [157-164].
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Using the DFT calculated enthalpy and entropy energies for the global
minimum structures 26GM-31GM (HGM) and the derived transition states
26TS-31TS (HTS) we have calculated the enthalpy (∆H‡), the entropy (T∆S‡),
and the free activation energies in the gas phase (∆G‡) for the corresponding
proton transfer reactions. The calculated kinetic values are summarized in
Table 3.

The Effect of the Distance Rgm and the Angle A on the
Activation Energy for the Proton Transfer in Processes 26-31
As previously mentioned, the calculations for 26GM-31GM revealed the
existence of intramolecular hydrogen bonding between the carboxyl group O3H2 and the acetal oxygen O1 and the distance between the two reactive centers
rGM (O1-H2) varies according to the conformation in which the global
minimum structure exists. Short rGM distance values were achieved when the
values of the attack angle (α) in the GM conformations were high and close to
180°, whereas small values of α resulted in longer rGM distances (Figure 13a
and Table 2). Figure 13a shows a linear correlation between the distance rGM
and the attack angle α. Similarly, the corresponding transition state structures,
26TS-31TS, shown in Figures 12 indicate that the angle β value formed at the
transition state is largely determined by the conformational structural features
of the corresponding starting geometry. In fact, linear correlation was found
between the three parameters ∆H ‡, β and α as shown in Figure 13b.
Inspection of Table 3 reveals that the free activation energy (∆G‡) in the
gas phase and water needed to execute a proton transfer in systems 26-31 is
largely affected by both the distance rGM (O1-H2), and the attack angle α
(O1H2O3) (see Figure 11). Systems with low rGM and high α values in their
global minimum structures, such as 26 and 31, exhibit much higher rates
(lower ∆G‡) than those having high rGM and low α values, such as 29. Linear
correlation of the calculated DFT free activation (∆G‡) and enthalpy activation
energies (∆H‡) with rGM2 x sin (180-α) values gave good correlations with
relatively high correlation coefficients, r = 0.92 - 0.99 (Figure 13c).
In order to shed light on the mode and action of the proton transfer in
systems 26-31, the difference values of (β-α) were examined for linear
correlation with both the free (∆G‡) and the enthalpy activation energies
(∆H‡). The correlation results shown in Figure 13d indicate a relatively good
correlation. Proton transfer in systems with low (β-α) values are faster than
that in systems having higher (β-α) values. For example the (β-α) value for
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process 26 is 0 and its activation energy (in water) is 24.15 kcal/mol, whereas
for process 29 the (β-α) value is 49.8 and its ∆G‡ is 39.11 kcal/mol (Table 3).
This is intuitively reasonable as one would expect that an extra energy is
needed when the structures of the starting geometry and the transition state are
so different.
Table 3. DFT (B3LYP) calculated kinetic and thermodynamic properties
for the proton transfer in 26-31
System

Medium

∆H‡

TΔS‡

∆G‡

log EM

26

Gas phase
Water

27.78
21.47

-2.68
-2.68

30.46
24.15

-----10.58

Gas phase
31.38
-3.71
35.09
-----Water
26.64
-3.71
30.35
6.04
Gas phase
29.04
-5.12
34.16
-----28
Water
26.22
-5.12
31.34
5.30
Gas phase
41.09
1.04
40.05
-----29
Water
40.15
1.04
39.11
-0.41
Gas phase
29.3
0.03
29.27
-----30
Water
21.22
0.03
21.19
12.72
Gas phase
27.63
-0.42
28.05
-----31
Water
28.78
-0.42
28.20
-----B3LYP refers to values calculated by B3LYP/6-31G (d, p) method. ∆H‡ is the
activation enthalpy energy (kcal/mol). TΔS‡ is the activation entropic energy in
kcal/mol. ∆G‡ is the activation free energy (kcal/mol). EM = e -(∆G‡inter - ∆G‡intra)/RT.
27

Since absolute EM values for processes 26-31 are not available we sought
to introduce our rational for calculating these values based on the DFT
calculated activation energies (∆G‡) for 26-31 and the corresponding
intermolecular process.
Using equations 6- 9, we have derived equation 10 which describes the
EM term as a function of the difference in the activation energies of the intraand the corresponding inter-molecular processes [200]. Using equation 10, we
have calculated the EM values for processes 26-31. The calculated EM values
are listed in Table 3.
EM = kintra/kinter

(6)

∆G‡inter = -RT ln kinter

(7)
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∆G‡intra = -RT ln kintra

(8)

∆G‡intra - ∆G‡inter= -RT ln kintra/kinter

(9)

EM =e -(∆G‡inter - ∆G‡intra)/RT

(10)

where T is 298° K and R is the gas constant.

Figure 12. DFT at B3LYP 6-31G (d,p) level optimized structures for the global
minimum (GM) and transition state (TS) in di-carboxylic semi-esters 26, 27 and 29.

Inspection of the EM values listed in Table 3 reveals that 30 is the most
efficient process among 26-31 (log EM >12) and the least efficient is process
29 with log EM <1. Although the EM values for 26-31 were not
experimentally determined, Kirby and coworkers estimated the experimental
EM value for process 26 in the order of 1010. The DFT calculated value for 26
is 3.8 x1010, which is in agreement with the experimental estimated value
[140, 157-164].
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Figure 13. (a) Plot of the DFT calculated rGM vs. angle α in 26-31, where α is the attack
(hydrogen bond) angle in the GM structure. (b) Plot of the DFT calculated ∆H‡ vs.
angle β – angle α in 26-31, where α is the attack (hydrogen bond) angle in the GM
structure and β is the hydrogen bond angle at TS. (c) Plot of the DFT calculated ∆H‡
vs. rGM 2 x sin (180-α) in 26-31, where α is the attack angle and rGM is the distance
between the two reactive centers in the GM structure. (d) Plot of the DFT calculated
∆G‡ vs. angle β – angle α in 26-31, where α is the attack (hydrogen bond) angle in the
GM structure and β is the hydrogen bond angle at TS.

Conclusion
This chapter summarizes two studies that were conducted to design
atovaquone prodrugs through linking atovaquone to (1) a di-carboxylic semiester (Bruice‘s enzyme model) and (2) to an acetal (Kirby‘s enzyme model) to
produce systems that are more hydrophilic than the parent drug and are able to
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release atovaquone in a chemically driven controlled manner. Thus,
introducing novel atovaquone prodrugs that fulfill the following requirements:
(1) enhanced water solubility; (2) improved oral bioavailability; (3) controlled
release rate; (4) predicted plasma levels and (5) improved antiparasitic
activity.
DFT molecular orbital and Allinger‘s molecular mechanics calculations of
Bruice‘s enzyme model systems 21–25 indicate that the rate enhancement in
the cyclization of these di-carboxylic semi-esters is solely the result of strain
effects and not as a result of proximity orientation due to the ‗reactive rotamer
effect. In addition, the study revealed that the activation energy in systems 2125 and ATQ ProD 1-ProD 5 is dependent on the difference in the strain
energies of the tetrahedral intermediates and reactants. Using the experimental
t1/2 value for the cyclization reaction of di-carboxylic semi-ester 21 and the
calculated log krel values for prodrugs ATQ ProD 1-ProD 5 the t1/2 values for
the conversion of ATQ ProD 1-ProD 5 to their parent drug were calculated.
The calculated t½ values were: ATQ ProD 3, 22.44 hours; ATQ ProD 1, ATQ
ProD 2 and ATQ ProD 4, few seconds and ATQ ProD 5 few years. Therefore,
the interconversion rates of atovaquone prodrugs to atovaquone can be
programmed according to the nature of the prodrug linker.
Similarly, the DFT calculations for Kirby‘s enzyme model systems 26-31
demonstrated that the reaction rate is quite responsive to geometric
disposition, especially to distance between the two reactive centers, rGM, and
the angle of attack, α. Requirements for a system to achieve a high
intramolecular proton transfer rate are: (i) a short distance between the two
reactive centers (rGM) in the ground state (GM) which subsequently results in
strong intramolecular hydrogen bonding, and (ii) the value difference between
the attack angle α in the ground state and the angle β formed at the transition
state should be minimal. For example, based on the calculated log EM, the
cleavage process for ATQ ProD 6 may be predicted to be about 1011 times
faster than that for a ATQ ProD 9 and about 104 times faster than ATQ ProD
7. Thus, the rate by which the pro-drug releases the anti-malarial drug can be
determined according to the nature of the linker (Kirby‘s enzyme model 2631).
ATQ ProD 1 and ATQ ProD 8 were synthesized and characterized. In
vitro kinetic studies in 1N HCl, pH 3, pH 5 and pH 7.4 were conducted.
In vivo study for both prodrugs is currently underway. In the in-vivo study,
the prodrugs will be administered to animals by I.V. injection and per-os,
blood and urine samples will be collected at different times. The concentration
of the antimalarial drug, atovaquone, will be determined using HPLC method.
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Further, pharmacokinetic parameter values will be calculated including oral
bioavailability, terminal elimination half-life and other pharmacokinetic
parameters as deemed necessary.
I hope that this chapter has made a case for continued prodrug research.
Obviously, there are unmet needs that require addressing, and it is almost
impossible that one can be able to solve drug design and delivery problems
without resorting to the use of prodrugs.
Many successful examples of prodrug discovery to improve the oral
availability of polar drugs have been well documented. There are still unmet
needs that require addressing, and this will take some hard work and creativity
by scientists venturing into this area of research. I hope that the selected
prodrug design examples shown in this chapter and the references provided
will encourage future scientists to venture on.
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