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ABSTRACT

ABSTRACT

The aim of the work described in this thesis is to evaluate the potential of B-
aminoketones as amine prodrugs. These compounds are usually stable in acidic
conditions while they cleave into the parent amine and an a,B-unsaturated ketone at

neutral to basic pH. The rates of liberation of the amine may be suitable for application
of these compounds as prodrugs.

Chapter 1 describes the principal strategies normally used for the design of prodrugs.
Published approaches to amine prodrugs are described with particular detail.

Chiral and achiral methods were developed for the analysis of certain f-aminoindanones
and related compounds. This work, which is described in Chapter 2, lead to the

discovery that some B-aminoindanones degrade, in physiological conditions, at rates
consistent with their application as prodrugs for amines.

In Chapter 3 the kinetic tests performed on new B-aminoindanones are described. This

confirms the applicability of the system to a wider range of primary and secondary
amines.

Chapter 4 reports the synthesis and testing of new compounds derived from different

carbonyl promoieties to evaluate any structure reactivity relationships and test the
generality of the system.

In Chapter 5, some B-aminoketone systems are applied to produce prodrugs of
dopamine and some aspects of their usefulness are evaluated.

Conclusion remarks and future work are presented in Chapter 6.
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Finally, in Chapter 7, the synthesis and analytical methodologies used during the course

of this work are described. The identification characteristics of the compounds
synthesised are given.
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CHAPTER 1. INTRODUCTION

CHAPTER 1. INTRODUCTION

1.1. Historical perspective

Several different approaches have been used, with more or less success, to tackle the
problems of stability, formulation and delivery of drugs to the body. One of these
approaches is the reversible derivatisation of the drug to an inactive form that has some
preferable performance characteristics. At some stage of administration, absorption or

distribution in the body, the derivative, which is called a prodrug, is converted back to the
original drug.

Prodrugs may also be prepared for other reasons, as will be described throughout this text,

like the reduction of side effects, improvement of stability or patient acceptability of the
drug.

Many prodrugs were discovered accidentally and have been used for centuries in spite of

their recognition as prodrugs being recent, like codeine for example, which is a prodrug for
morphine’.

It was Paul Ehrich, at the beginning of the XX™ century, who, in his search for the "magic

bullet" that would kill bacteria but not other cells, initiated the era of synthetic chemotherapy
and with it, the history of prodrugs.

In 1909, the 606" compound of his systematic synthesis of atoxyl analogues,
arsphenamine (1, Salvarsan), was found to be active against syphilis®>. Salvarsan is an
arsenic compound that is quite toxic and had the reputation of terminating the disease by
eliminating the sufferer. Administration, which proceeded by intravenous injection for a

period of over one hour, was also quite painful’. Neoarsphenamine (2), which was

1
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developed a few years later, was more water soluble and less toxic, but at the same tme,
much less active than Salvarsan®. The two drugs remained the main therapies for syphilis
until the 1930s when it was found that the active compound was actually a metabolite,
arsphenoxide (3, Mapharsen), which was safer’. Of course arsphenamine and
neoarsphenamine did not have the characteristics desirable in prodrugs but, nevertheless,

they were acting as prodrugs as they were converted to the active compound within the
body.

NHCH,SO;3Na

HoN
NH,.HCI
HO As=As H e
3
2

Another remarkable story of an early prodrug is that of Prontosil (4), which was used for the
treatment of streptococcal infections. Prontosil is a prodrug of sulphanilamide (5) and it was
developed by Gerhard Domagk in 1932 for, gossip says, commercial reasons rather than
pharmacokinetic ones, because the active compound was not patentable. It was a French
group at the Pasteur Institute that speculated that the azo link might not be necessary for
therapeutic efficacy and that the active principle could be formed by reduction of the azo

bond. They later proved that the antibacterial activity resided in the sufanilamide portion of
the molecule®.

H l / N H,
N—S
| < > 4

Despite these early developments, the term prodrug was used for the first time only in
1951° and active attempts to produce prodrugs started only about 35 years ago. Since
then, research on prodrugs has been increasing steadily. An on-line yearly search on
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Science Direct (Elsevier) database illustrates (Figure 1.1), by means of the number of
publications on the subject, how important this kind of approach has become recently.
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Figure 1.1: Number of publications on prodrugs according to an on-line search on a

scientific database

This chapter will provide an overview of the different ways of improving the
pharmacokinetic properties of drugs by producing prodrugs. Since esterification is the
approach with the largest number of applications and the highest rate of success, a part of
this text will be devoted to it. However, not all drugs have chemical functions amenable to
esterification and quite often other solutions have to be found. Amines are one example
where other approaches have been taken. Nevertheless, no development has led to a
generally applicable solution. Due to the relevance to the rest of this work, those

approaches will be reviewed.

1.2. Overview to prodrug systems

1.21. The prodrug concept

By definition, a prodrug is a pharmacologically inactive derivative of a drug molecule that,
within the body, predictably transforms releasing the active drug®.

Prodrugs have been developed in order to overcome pharmaceutical and/or
pharmacokinetic based problems associated with the parent drug molecule. These
problems may be related to the drug absorption and distribution, but also to its stability,
toxicity and side effects.
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Most times, prodrug design aims to increase the therapeutic index (Tl) of the drug, which is
the ratio between activity and toxicity and reflects the margin of safety of the drug’.

Usually, only a small part of the administered dose of a drug reaches the site of action
either due to difficulties in its absorption and distribution or because the drug is metabolised
before reaching its target.

: ,‘Bbod kS

i

Dosage form at Drug in solution at e s » Drug at the target
administration = aministration site <= Distribution < organ
site | [
Absorption Transport
Other body
compartments
Elimination E limination Elimination

Figure 1.2: Fate of drugs in the body (adapted from®)

Sometimes it is sufficient to manipulate dosage forms in order to improve dissolution rates
or overcome metabolism or chemical degradation before absorption. On the other hand,
avoiding metabolism after absorption or improving passage through membranes and
delivery to specific sites in the body, may need a bioreversible chemical derivatisation of
the drug, or prodrug preparation. After administration, prodrug to drug conversion should
occur as soon as the desired goal for designing the prodrug has been achieved. This may
be before, during or after absorption or at a specific site in the body®.

Prodrug systems bear some resemblance to protecting groups in organic synthesis®.
Nevertheless, not all the conditions that can be applied in vitro to remove protecting groups
or produce structural changes, are achievable within the body and therefore, most
commonly used strategies in organic synthesis can not be applied in prodrugs.

Equally, prodrug designs can avail of biological systems for unmasking the drug, which are
not available to the organic chemist or are not practical for use in the synthetic laboratory
(as the P450 enzymatic system, for example).
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1.2.2. Rationales for drug derivatisation

Improving bioavailability and membrane passage is one of the main areas of prodrug
development and there are several ways of achieving these objectives through
manipulating the physical and chemical characteristics of the drug.

Formation of prodrugs to improve aqueous solubility'®'"'? is common. Low aqueous
solubility limits the administration in the form of injectables and gives rise to dissolution rate
dependent oral bioavailability. On the other hand, sometimes it is necessary to alter the
lipophilicity’ of an aqueous soluble drug to allow its solubility in the lipidic layers of
biological membranes. Nevertheless, aqueous solubility is also necessary for the drug to
get out of the membrane. Usually a compromise between aqueous solubility and
lipophilicity has to be achieved for maximum bioavailability. Particularly in the case of
dermal absorption these two properties have to be carefully adjusted since biphasic
solubility is a determinant of the flux across the skin®.

Typically, ionised species, while more soluble in agqueous solutions, do not pass several
body barriers by passive diffusion as they are not soluble in the lipidic material. The pH
®13 allows the prediction of the extent of drug absorption based on the pH of
the intestinal tract and the pK, of the drug (Figure 1.3).

partition theory

[DIgi

Gl tract

Figure 1.3: Absorption of a drug according to its pK,

The ratio D between the total concentration of the drug in the blood and in the
gastrointestinal (Gl) tract can be calculated by (1.1)

_ [ou} +[pr1],

i [bU], +[p1],

(1.1)
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where [DU],, [DI],, [DUlg, [Dll4 represent the concentration of the drug, in unionised and
ionised forms, in the blood and in the Gl tract respectively.

The ratio between the ionised and non ionised forms is a function of the pH of the solution
and of the pK, of the drug as described by the Henderson-Hasselbach equation (1.2)
(example for a weak base, activity not considered):
DI

K., —-pH=1o —[—— 1.2
PR, —P g [ DU] (1.2)
Admitting that only the non ionised form of the drug passes through the membrane and that
the transfer stops when [DU],=[DU],=1, for a weak base of pK,=5.4 in blood (pH=7.4):

—[[g[]] ]i =LGFS =] (1.3)

while in the duodenum (pHx~6.4):

o1l _

[DUL =10"" = 0.1 (1.4)

D can finally be calculated:

D= 1+0.01 _
1+0.1

0.92 (1.5)

which means that the total concentration of the drug in the blood (after equilibrium is
reached) is about 92% of the concentration of the drug in the duodenum.

The same calculations applied to a stronger base (pK,=8.4), would lead to a D ratio of 0.11.
This means that, a weak base can be expected to be significantly better absorbed than a

stronger one, for comparable lipophilicities. Also, weak acids are expected to be better
absorbed than stronger acids.

Since the pH in the stomach (pH<3) is significantly lower than in the duodenum, the
absorption of acids is favoured in the stomach. Nevertheless, one must bear in mind that
the area available in the rest of the Gl tract is much larger, which may account for a higher
percentage of the drug being absorbed there anyway. On the other hand, the absorption of
bases is not favoured in the stomach as these are ionised there.

This approach can only be applied to drugs with suitable lipophilicities since, between the
Gl tract and the blood, there is a barrier that has to be permeable to the compound.
Lipophilicities are usually estimated based on the octanol / water partition coefficient of the
drug. When assessing the partition coefficient of a compound at a particular pH, the extent

6
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of ionisation has to be taken into account, as the partition coefficient of an ionic species is
usually negligible. The partition coefficient (P,,) of a weak base at a given pH can be
expressed by

PpH =Py f (1.6)

where Pg is the intrinsic partition coefficient of the base and f; is the fraction of uncharged
species at the given pH. Taking into account the Henderson-Hasselbach relationship (1.2),

the equation can be rewritten as
log P, = log P, —log(1+10®%) (1.7)

which shows that the passage across a membrane is dependent on the intrinsic lipophilicity
of the drug as well as on its pK,. The design of a prodrug may, for this reason, involve a
modification of the pK,. Once a molecule has an adequate pK,, a log P of about 2 is usually

considered optimal for intestinal absorption as long as dissolution is not rate limiting®.

Esters may be used as prodrugs of carboxylic acids to favour intestinal mucosa passage by
quenching the ionic moiety. One of the better known examples is ampicillin (6): only 30% to
50% of the administered oral dosage is absorbed if the carboxylic acid form is used, but
better absorption may be achieved if double ester prodrugs (pivampicillin (7) and
bacampicillin (8)'*) are used® (the esterase sensitive progroup is in blue and the group

eliminated spontaneously is in red; this convention is used throughout the rest of this work).
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These compounds have increased acid stability and give higher plasma peak levels of
ampicillin than underivatised ampicillin. The cumulative percentage absorbed, of a given
dose, after passing through the stomach, the duodenum and the jejunum of volunteers
receiving oral aqueous solutions of the test compounds, was 71% for bacampicillin and
31% for ampicillin. This improved absorption can be attributed not only to the increased
lipophilicity of the prodrugs but also to the higher solubility in aqueous solutions'.




CHARACTERISATION AND ANALYSIS OF B-AMINOKETONES AS POTENTIAL PRODRUGS FOR AMINES

Passage through membranes may also be optimised by targeting active carriers’ like the
intestinal peptide transporters. In this approach, the prodrug is designed in the form of a di-
or tripetide analog of the drug.

L-dopa (10) is a prodrug of dopamine (9) used for Parkinson's disease. Administered on its
own, dopamine does not reach the target organ, the brain, as it is too polar to pass the
blood brain barrier (BBB). L-dopa, while also being polar and not passing the BBB through
passive diffusion, can use the amino-acid transport system to the brain where it is then
decarboxylated by L-aromatic amino acid decarboxylase (ALAAD) releasing dopamine at
its site of action'®.

NH, COOH

HO HO

OH 9 OH 10
Improving the bioavailability of a drug by means of a prodrug, may allow a significant
reduction in the administered dose with consequent benefits in terms of the reduction of
side effects and toxicity. Reducing the side effects in terms of gastric mucosa irritation
while maintaining water solubility, is the main goal in the attempts to produce prodrugs for
aspirin'” and ibuprofen'®.

One area currently under intense research is site specific drug delivery or targeted drug
19,20

delivery

Targeting is especially attractive for highly toxic drugs having a narrow therapeutic window,
particularly those used in cancer therapy. In this approach, it is more important to increase
the ratio of the concentration of the drug in the target organ to the concentration in non-
target organs, than it is to increase the bioavailability throughout the whole body'®. Several
examples of prodrugs developed for site specific targeting will be given in section 1.2.5.

Another situation where the preparation of a prodrug is often necessary to increase its
bioavailability, is when the drug is subjected to extensive first pass metabolism, which not
only reduces the bioavailability of the drug, but may also lead to the formation of
metabolites, which can cause adverse effects. First pass metabolism consists in the pre
systemic inactivation of the drug. It can occur in the intestine or in the liver. While it can be
avoided by using routes of administration other than oral, this is not practical most times®.

Molecules having phenolic hydroxyl groups are one class of compounds where first pass
metabolism is most important. Dopamine (9) and its prodrug L-dopa (10) are examples of
this situation as the catechol group is easily metabolised by sulfuration, glucuronidation or

8
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methylation with catalysis by enzymes present in the gut and liver like catechol-O-
methyltransferase (COMT). Moreover, L-dopa can also be decarboxylated to dopamine
even before being absorbed or reaching the brain. Several attempts have been made to
produce prodrugs for dopamine or L-dopa as will be described later (Chapter 5), but to date
L-dopa still remains the most effective one?".

Some phenolic drugs have benefited from protection of the hydroxyl group, like naltrexone
(11) whose anthranilate (12) and salicylate (13) esters enhanced the bioavailability 45 and
28 fold, respectively, relative to the drug®®.

RO

1 1 R=H 0)

|
|
- N/w ¥ HO)\)

Depressing first pass metabolism can also be achieved by incorporating an enzyme

(o)

inhibiting function or by derivatising the drug molecule at another position so that the

prodrug is no longer a substrate for the metabolising enzyme®.

Prolonging the duration of action of a drug may be desirable, particularly in chronic
diseases. With slow and prolonged release drugs, the number and frequency of the doses
required can be reduced and the levels of drug in circulation are more stable. The peak
level of the drug in the blood may also be reduced, reducing as well the possibility of dose

related toxicity and side effects.

One way of achieving this, consists in producing slow release formulations which deliver
the drug slowly to the systemic circulation, but even in this case some modification of the
drug might be necessary. The concept has been applied to contraceptive steroids that, in
the form of highly lipophilic esters are released very slowly from an oil vehicle administered
via intramuscular route. After entering the blood stream the esters are rapidly hydrolysed.

The same principle was applied to haloperidol (14, R=H) whose decanoate ester (14,
R=CO(CH,)sCH3) can be administered as a solution in sesame oil from which the prodrug

is released over about a month?.
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Another possibility consists in preparing prodrugs that possess a slow conversion to the
parent drug in the organism. The tolmetin-glycine (16) conjugate has a peak concentration
of about 9 hours while, with the unconjugated drug tolmetin sodium (15), the peak

concentration is observed after one hour®.
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Poor patient acceptability is another situation where the preparation of a prodrug might
be advantageous. An active drug may have an unpleasant taste or odour or it can cause
gastric irritability or pain when administered (injectables), and a reversible alteration of its
structure may alleviate these problems. One example is the anti bacterial sulfisoxazole (17
R=H) which has a bitter taste, while sulfisoxazole acetyl (17 R=COCH,) is tasteless®.
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Improvement of drug formulation might justify the development of a prodrug. For
example it might be necessary to produce stable derivatives of unstable drugs and allow
preparations with longer shelf lives.

1.2.3. Mechanisms of activation of prodrugs
The prodrug approach has also been called drug latentation and it can be further refined
into two classes: carrier linked prodrugs and bioprecursors®.

Carrier linked prodrugs are the most common. In this type of prodrug, a progroup or carrier,
is linked to the active drug by an in vivo labile bond from which the drug is released by

10



CHAPTER 1. INTRODUCTION

hydrolysis or other type of cleavage. A bioprecursor, on the other hand, cannot be
converted to the active drug by simple cleavage; it has to be metabolised by molecular
modification into a new compound that is the active drug®.

The conversion or activation of carrier linked prodrugs can be achieved by means of a
chemical or enzymatic reaction. Some chemical reactions usually happen upon a change in
the pH of the surrounding medium. For example, different pHs are encountered across the
Gl tract and between the Gl tract and the blood. Certain prodrugs are designed to be stable
in the pH range 3-5 but susceptible to hydrolysis at blood pH. On the other hand, some
compounds, in spite of being stable at a wide range of pHs, can be converted by the action
of one or more of the many enzymes available within the body. Esterases are the most
common example but many other enzymes like peptidases, glutamases and
decarboxylases have been used with more or less success to convert prodrugs to the
corresponding drugs.

Examples of bioprecursors are scarcer than examples of carrier linked prodrugs but this is
the principle underpinning, for example, prodrugs that use redox systems as means of
activation.

Site specific bioactivation via reductive systems has been studied for example for tumour
therapy and is receiving increasingly attention?. These systems make use of tumour
hypoxia to initiate a sequence of reduction reactions that ultimately release the original
drug. These types of reductive systems, may or may not be assisted by endogenous
enzymes and will be further discussed as applied on prodrug systems for amines (in
section 1.3). Another possibility of activation of these types of prodrugs is via therapeutic
radiation?.

1.2.4. Esters and double esters as prodrugs

Esters are probably the most common type of prodrug and are used for drugs containing
carboxyl or hydroxyl functions. This is because of the large number of esterases existing in
the organism that are able to hydrolyse these compounds, and also because, depending
on the type of ester used, it is possible to produce derivatives with the desired

8,20

characteristics®. In addition to this, non-enzymatic hydrolysis may also occur®?® in some

cases.

Different species usually display marked differences in the in vivo hydrolysis of prodrugs®.
One example is thiazolidine carboxyl group whose simple alkyl and aryl esters are rapidly

hydrolysed to the free penicillin acid in rodents but are much more stable in man.
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Nevertheless the acyloxymethyl ester (a double ester - or a tripartate prodrug) is rapidly
hydrolysed in man, the reason being that penicillin esters are highly hindered while the
terminal group of the double ester is less hindered®. Pivampicillin (7), a prodrug of
ampicillin (6) is, as mentioned earlier (page 7), another successful example of an

acyloxymethyl ester prodrug.

The general mechanism of release of the drug in acyloxyalkyl esters can be illustrated by
yet another example which is the pivaloyloxyethyl ester of methyldopa (18, Figure 1.4)%.
The release of the drug is thought to happen after two steps: the first step consists in an

enzymatic reaction while the second one is spontaneous.
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Figure 1.4: Mechanism of cleavage of acyloxyalkyl esters

Esters containing a carbonate structure, where the mechanism of release of the drug is the
same as the one described above, have also been prepared and commercialised like in the
case of bacampicillin (8)".

Acyloxyalkyl carbamates have been proposed as prodrugs for amines (cf. page 26) but
they can also be seen as a means of preparation of prodrugs for carboxylic acids as these
compounds are generated during the first cleavage of the prodrug.
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Figure 1.5: Acyloxyalkyl carbamates as prodrugs for carboxylic acids
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The concept has been applied to non-steroidal anti-inflammatory drugs (NSAID) as an
attempt to produce prodrugs for dermal delivery with good in vitro stability. Nevertheless

the results were disappointing, as skin permeation was poor®.

Although all the examples shown are applications of the ester prodrug concept to protect
carboxylic drugs, esters can also be used as a means of protection of hydroxyl containing
drugs. Phenolic compounds, which undergo extensive first pass metabolism, have been
protected by means of O-a-acyloxyalkyl esters which, albeit being chemically stable, are
enzymatically hydrolysed to an unstable hemiacetal intermediate that is afterwards
spontaneously converted to the phenol®®. Phenyl carbamates have also been suggested as

prodrugs for phenols®’ 2.

Amides can also benefit from the preparation of an ester in the form of a tripartate prodrug.
N-acyloxyalkylation of NH-acidic compounds (Figure 1.6) can be used to produce prodrugs

amenable to enzymatic hydrolysis and further breakdown to the original drug.

Figure 1.6: N-acyloxyalkyl derivatives of amides

Enzymatic hydrolysis produces the N-hydroxyalkyl derivative (which is, per se, a possible
approach to produce prodrugs for amides) that then breaks to the original drug

spontaneously®®?°.

The system is mostly used with acyloxymethyl compounds, which release formaldehyde
spontaneously, from the intermediate formed by enzymatic hydrolysis. Manipulation of the
acyl moiety enables the production of compounds with the desired solubility
characteristics®. This double prodrug approach has been applied, for example to 6-
mercaptopurine, by combining acyloxymethylation with Mannich derivatisation, which

improved the permeation rates™®.

N-Acyl derivatives of amides and imides, have also been used to produce compounds
sensitive to esterases, with improved absorption when compared to the parent drug. For
these compounds, enzymatic assisted hydrolysis is usually higher than pH dependent
hydrolysis, which enables the improved absorption of the prodrug, prior to the release of
the drug®'. Carbimazole (19), a prodrug of the antithyroid methimazole is cleaved to the

active drug in the presence of serum enzymes®.
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1.2.5. Targeted delivery and activation

Historically, prodrugs have been developed to circumvent some kind of biological obstacle
in order to improve its systemic delivery, with the belief that elevated systemic drug levels
translate into increased levels at the response site and, consequently, into an intensified
pharmacological response. However this is not always a feasible approach because, by
increasing the systemic levels of a drug, it is probable that an increase in its side effects
also happens. This is why, the ability to attain high local concentrations of a drug through
targeting, while keeping low levels at non-target sites, could alleviate potentially dose-

limiting side-effects'®.

Site specific drug delivery includes not only the delivery of drug to a particular organ (site
directed/selected drug delivery or site specific transport'®) but also the specific activation of
the drug in the target organ. Site specific transport, using antibodies as carriers for drugs or
for enzymes® that convert a prodrug to the active compound, is currently under intense

investigation'®.

Site specific-bioactivation exploits the fact that there are chemical differences between the
target site and other sites that may enhance the conversion of the prodrug to the drug.

1.2.5.1.  Prodrugs for topical administration

One apparently simple way of achieving targeted delivery, is the administration of the drug
directly on the site of action, for example, on a bruise on the skin or in the eye.
Nevertheless, because the skin and the cornea are membranes "designed" to protect the
body from foreign materials, it may be necessary to provide drugs with particular
characteristics to overcome them. On the other hand, in some cases, these barriers may
actually be easier to overcome than others, like the intestinal membrane, providing
alternative means of delivering drugs to the systemic circulation. Examples of these two

situations will be given.
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a) Prodrugs for dermal delivery

As mentioned before, when developing drugs for dermal delivery, a correct balance
between aqueous solubility and lipophilicity has to be achieved.

Naproxen is a non-steroid anti-inflammatory drug (NSAID) used for the treatment of
rheumatic diseases, and its bioavailability, when topically applied, is only 1-2%. The
possibility of using esterification of the carboxyl group as a means of increasing lipophilicity
and consequently improving dermal absorption has been studied®***. Although simple
esters are better absorbed, they release the drug too slowly. On the other hand, naproxen
acyloxyalkyl esters, that make use of the double prodrug concept (section 1.2.4), are
hydrolysed at rates that are suitable for their application as prodrugs®. Some
methylpiperazinyl acyloxyalkyl prodrugs (20) combine good biphasic solubility and fast

enzymatic hydrolysis and give improved topical delivery of naproxen®.
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1-Alkylazacycloalkan-2-one esters of ketoprofen have also been prepared as a means of
increasing lipophilicity. Some of them showed better cumulative absorption through the skin
and some sustained activity™.

Naltrexone (11) is an opioid antagonist used for treatment of narcotic dependence and
alcoholism. lIts oil-soluble alkyl ester prodrugs are 2-7 fold better absorbed than the
phenolic form and show a significant metabolic conversion to the active drug in the skin.
These provide promising alternatives to the original treatment, with better chances of

patient compliance®.

b) Prodrugs for ocular delivery

Although most ocular diseases are treated by topical application of eyedrops, typically less
than 5% of the applied dose reaches the intraocular tissues. The basis of prodrug design
for improved drug delivery to the eye, resides in preparing compounds with increased
corneal passive diffusion so that the ratio (distribution to the eye)/(systemic distribution) is

increased. Many ocular drugs can be derivatised to esters which are more lipophilic and
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consequently better absorbed; since ocular tissues contain butyrylcholinesterase and
acetylcholinesterase while tears do not, hydrolysis of the prodrugs occurs mostly after
absorption. Nevertheless, this approach is not deprived of problems like stability and
solubility (in eyedrop formulations) as well as irritation, which may be significant obstacles
to its application, such as in the case of some pilocarpine mono and diesters®’.

The first prodrug applied in ophthalmology was dipivefrine (22), a dipivalyl-ester prodrug of
epinephrine (21) with significantly better ocular absorption.
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Although the fractions of dipivefrine and epinephrine that are absorbed systemically are
similar, the use of the prodrug results in a smaller systemic availability of the drug

(consequently with less side effects) because smaller doses of dipivefrine can be applied.

Many other examples could be given of this kind of approach and ref. 37 provides a good

review, but many attempts did not result in commercial prodrugs.

Ester prodrugs of steroids have been prepared and commercialised. However, there is no
correlation between permeability through the cornea and their efficacy, which has raised
the question of their intrinsic activity as opposed to their benefiting from the prodrug

approach?®.

c) Prodrugs for nasal delivery

Nasal delivery is an alternative to other routes of administration with some advantages
including high systemic availability. Both charged and uncharged forms can be transported
across the nasal epithelium thus providing a more patient-acceptable alternative to
parenteral administration. Since this mucosa is rich in several metabolising enzymes,
transporters and receptors, it is possible to envisage the development of prodrugs targeting
them®. Some recent developments involve prodrugs aimed at the CNS and anticancer
drugs®.
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1.2.5.2. Prodrugs for colon activation

One of the basic principles behind colonic targeting is the preparation of prodrugs that, due
to their high polarity, have very poor pre-colonic absorption but, once in the colon, are
converted to the active drug'®, which is absorbed there.

A classic example of site specific-transport and bioactivation is olsalazine (23), a prodrug of
5-aminosalicylic acid that breaks into two molecules of the drug in the colon by the action of
azo-reductases secreted from colonic bacteria, while passing unaffected through the

intestine where it is poorly absorbed®%.
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Other azo compound have also been prepared like sulfalazine and balsalzide which link a

molecule of 5-aminosalicylic acid to molecules of sulfapyridine and 4-aminobenzoyl-$3-

alanine respectively, thus providing alternative treatments*.

Glycosidic and glucurinidic prodrugs, particularly from corticosteroids, that exploit bacterial
glucosidases and glucuronidases have also been tested with promising results*'.

More recently, amino acid and glutamic derivatives of 5-aminosalicylic acid were also
tested. 5-aminosalicy-L-aspartic acid was effectively delivered to the large intestine

releasing about half of the administered dose of 5-aminosalicylic acid*’.

1.2.5.3. Prodrugs for kidney activation

Two approaches of drug delivery to the kidney have been preferentially studied: the
prodrug and the low-molecular weight protein (LMWP) approaches. Most research has
focused on prodrugs that require activation by kidney selective enzymes*®. More that 25
years ago it was realised that it might be possible to prepare prodrugs targeting the kidney,
based on the fact that this organ possesses high concentrations of y-glutamyl
transpeptidase, an enzyme capable of cleaving y-L-glutamyl derivatives of aminoacids and
peptides®**.
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For example, when dopamine is intravenously administered in the form of the double
prodrug y-glutamyl-L-dopa (gludopa), it leads to kidney levels of the drug that are about five
fold higher than the ones obtained with equimolar quantities of the single prodrug L-dopa'®.
Nevertheless, poor bioavailability rules out gludopa as an oral dopaminergic prodrug*.

N-acetyl-L-y-glutamyl derivatives of some drugs were also evaluated. Studies on prodrugs
of model drugs showed that some resulted in effective delivery to the kidney while others
did not, thus showing that the concept is not universally applicable. N-acetyl-L-y-glutamyl p-
nitroanilin and N-acetyl-L-y-glutamyl aminophenyl acetic acid showed selective uptake by
the kidney*®, but in the case of 4'-aminowarfarin, although the prodrug is a substrate for the
enzyme, there was no evidence of selectivity to the kidney in rats*’.

Alkylglycoside prodrugs were also shown to be suitable candidates as vectors for renal
targeting®®. Sugar moieties have been suggested for the delivery of low molecular weight
peptides*®.

Difficulties in transporting drugs to the kidney may be overcome by attaching them to small
proteins that are catabolized in the lysosomes of the proximal tubular cell***°. These
systems have been applied to carboxylic and amine drugs, with or without a spacer
between the drug and the LMWP®'. Lysozyme conjugates of naproxen and captopril,
connected to the protein via the peptide bond have resulted, after a bolus dose was
administered, in increased concentration of the drugs in the kidney and lower concentration

in the plasma, when compared to equivalent doses of the free drug®***.

1.2.5.4. Targeting viruses

The main approach in targeting viruses has been to use enzymes produced by them to
activate drugs that cause their own destruction.

The antivirals acyclovir (24), pencyclovir and famcyclovir are all bioprecursor prodrugs that
are used in the treatment of herpes and are converted to the active triphosphate ester by
the successive action of virus-encoded kinases and cellular enzymes®, mostly from
infected cells (Figure 1.7). Because of its site-specific activation these drugs have very little
toxicity against uninfected cells.

Pencyclovir, which has a slightly different side chain, is much more active than acyclovir but
it has very poor oral bioavailability and therefore a pencyclovir prodrug, famcyclovir was
commercially developed. This new prodrug has good oral bioavailability and shows almost
complete bioconversion to pencyclovir'®.
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Figure 1.7: Mechanism of activation of the prodrug acyclovir
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1.2.5.5. Prodrugs for cancer therapy

The majority of clinically used anticancer drugs are anti-proliferative agents (cytotoxins) that
somehow preferentially kill rapidly dividing cells. However, these agents are not always

selective for cancer cells and thus, usually have high toxicity to proliferating normal cells®.

A chance of diminishing this toxicity relies on producing prodrugs that are delivered
preferentially or are selectively activated in the tumour and not in other parts of the body.

Denny?® provides a good review from where, a few examples described here were taken.

The fact that some tumours are surrounded by high concentrations of nitric oxide can be
exploited®. Reductive pathways, that rely on the increased proportion of hypoxic cells in
tumours as means of activating prodrugs (like the one described in page 33), are also
under intensive investigation®. Other aspects of tumour physiology that can be used for

prodrug activation include selective enzyme expression and low extracellular pH.

Another possibility is the activation of prodrugs by exogenous enzymes that are delivered
to the tumour cells via monoclonal antibodies, in a technique that is called antibody-
directed enzyme-prodrug therapy (ADEPT). An alternative concept is gene-directed
enzyme-prodrug therapy (GDEPT) in which the gene, that codifies an enzyme capable of
activating a prodrug, is introduced in the genome of the tumour.

Prodrugs have also been prepared by linking cytotoxins to tumour specific antibodies. The
linkage is cleaved, following uptake of the conjugates by endocytosis. The concept has
been applied to Doxorubicin amongst others and has reached phase |l trials.
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A new approach that involves both specific transport and specific activation uses
oligonucleotide sequences complementary to the mRNA of proteins expressed mainly in

tumours, to carry and activate the drug®’.

1.2.5.6. Prodrugs for liver activation

Targeted delivery to the liver has been attempted by exploiting site selective transport
pathways like the bile acid transport system and asiaglycoprotein receptor-mediated
endocytosis'®. Since the liver is a prime site for metabolism of drugs, the potential for its
use for prodrug activation is high and varied.

Prodrugs were tested for improved delivery of d-a-tocopherol to the liver. The prodrugs are
acid salts of aminoalkene carboxylic acid esters of d-a-tocopherol that, after iv
administration, are selectively uptaken by the liver and metabolised by liver esterases.

They have preventive efficacy against liver oxidative injury associated with free radicals®.

4-(2,2-Dimethylethyl)-2-(4-methylphenyl)[1,3]dioxolane has been found to reduce glucose
levels in animal models of diabetes by reducing fatty acid oxidation and hence depriving
the system of the energy and cofactors necessary for gluconeogenesis. Nevertheless, the
drug has toxic effects in other organs at the levels needed for therapeutic effectiveness.
For this reason, an approach was developed, that utilises the natural processing of
trigliceride-like intermediates as a basis for selectively targeting absorption, processing and
delivery of a prodrug to the liver without releasing toxic amounts of the drug into
circulation®®.

Another study investigated the ability of N,N-dimethylglycine esters of menahydroquinone
to undergo cleavage to the parent drug, menahydroquinone-4, by a human tissue catalysed
hydrolytic pathway®.

Prodrugs of the aforementioned pencyclovir and other antivirals, which rely on an oxidative
reaction catalysed by cytochrome P450 isoenzyme for activation, are currently under
clinical testing. The prodrugs are stable in other tissues but undergo efficient and specific
activation to the active triphosphate in the liver®'.

1.2.5.7. Prodrugs for CNS delivery

The blood brain barrier is both a transport and an enzymatic barrier. Tight junctions
between cells in brain capillaries are an effective barrier against passive diffusion while a
number of metabolic enzymes within capillary endothelial cells, effectively impede the

passage of several exogenous compounds. Some of those enzymes are aromatic L-amino
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acid decarboxylase (ALAAD), catechol-O-methyltransferase (COMT) and monoamine
oxidase (MAQO). Many others could be mentioned and, although they provide protection by
excluding exogenous compounds from reaching the brain, they can also be used to
selectively carry out prodrug conversion®’. In addition to these protection mechanisms,
there is also an effective efflux mechanism provided by P-glycoprotein which selectively
pumps some compounds out of the brain even if they have adequate lipophilicities to

overcome this barrier by passive diffusion®.

On the other hand, there are some active transporters for biological anionic, cationic and
peptide molecules that can be used also to carry drugs into the brain'®. Examples of such
transporters are the large neutral amino acid transporter and the monocarboxylic acid
carrier. L-dopa is one compound that takes advantage of the large neutral amino acid
transporter to deliver dopamine to the brain.

Several prodrugs have been developed to enhance brain penetration, mostly by
manipulating its lipophilic character as a way of improving their passage through BBB
lipidic bilayers. However this approach does not constitute per se a site-specific approach
as the concentration of the drug in the brain is not preferably increased in comparison with
other lipophilic sites in the body. Nevertheless, lipophilic esters of highly polar drugs can
effectively increase the proportion of drug in the brain, as the free drugs become locked in
the brain as a result of their polarity.

Adenosine deaminase exists in higher levels in the brain than in the blood and attempts
have been made to use it as a targeting vector for brain-specific delivery. The concept has
been applied to certain anti-HIV agents and other antivirals, with improved brain/plasma
level ratios. However, the fact that this enzyme also exists in large quantities in spleen and
intestinal tissues, represents a potential impediment to the clinical application of this

system®.

An example of brain targeting, is the dihydropyridine=pyridinium salt interconversion redox

system, developed to transport and trap drugs in the brain (Figure 1.8)%%°.
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Figure 1.8: Redox carrier system to the brain
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The lipophilic prodrug penetrates the BBB and the salt obtained after oxidation is trapped in
the brain where it slowly releases the drug. This system is applicable to different functional

groups like amines, alcohols and carboxylic acids®®®

. Any oxidation in peripheral
compartments results in rapid elimination of the intermediate due to its high polarity. This
way, the drug can be preferentially accumulated in the brain. The major limitation to this
system is the facile oxidation of the dihydropyridine function, which makes the development
of a stable formulation difficult'®. The application of this method to several different drugs

has been reviewed®®.

An analogous thiazolium system®® and carrier groups that involve alkoxycarbonyl methyl
derivatives of 7,4-dihydropyridine-3,5-dicarboxylate’® have also been proposed to
overcome stability problems of the original prodrugs.

1.3. Prodrugs for amines

Section 1.3 will review the published attempts to produce prodrugs for amine drugs, as this
is the principal focus of this thesis.

Amines pose several difficulties to drug developers due to their ionisation characteristics,
their poor lipophilicity, which generally leads to poor membrane penetration, and their poor
stability. First pass metabolism also leads to low bioavailability of primary amines due to N-
acetylation and oxidation by monoamineoxidase (MAO)’'. The same applies to peptides’
containing basic amino acid side-chains. Low water solubility, poor stability and low
permeability through biological membranes, often hinder the clinical development of
biologically active peptides’.

Although peptides can be derivatised on other functionalities, in this chapter only the
approaches that involve the amino group alone or conjointly with other functional groups
will be reviewed.

At the end of this section a table will be presented (page 39) as a summary of the more
relevant approaches to the preparation of prodrugs for the amino group.

1.3.1. N-Alkylation

Some N-Alkylated derivatives of 2-phenylethylamine (PEA) were tested as substrates for
monoaminoxidase (MAQO). N,N-dipropargyl-2-phenylethylamine and N-propargyl-2-
phenylethylamine were found to be inhibitors of MAO-B and to increase the brain levels of
(PEA) in rats while significantly decreasing the whole brain concentrations of
noradrenaline™°.
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While administration of PEA only causes transient increases of PEA in the brain, N-(2-
cyanoethyl)-2-phenylethylamine” and N-(3-chloropropyl)-2-phenylethylamine’” caused
sustained elevations of PEA.

No other references to these types of prodrugs were found.

1.3.2. N-Acylation and carbamation

As seen before, bioreversible masking of hydroxyl or carbonyl groups by an ester
functionality is a practical approach as these protected compounds can be cleaved in most
biological systems by esterases. However, applying such a strategy to the preparation of
prodrugs for amines is not always feasible, because of the relative chemical and enzymatic
stability of amide bonds under physiological conditions, which makes the regeneration of
the original drug more difficult. Amine derivatives of phthalamic acid, for example, despite
being readily hydrolysed in acidic conditions due to intramolecular catalysis (releasing the
amine and phthalic acid), are much more stable at pH=7.4 and in human plasma, rending
them unsuitable as prodrugs’®.

Therefore, simple N-acylation of amines to produce amides or carbamates is of limited use
unless the compound produced is somehow activated by electron-withdrawing substituents
or if it can be cleaved by particular enzymatic systems. One example that has been
extensively studied is allopurinol whose N-acyl derivatives are more lipophilic than the

parent drug while, and, at the same time, some of them are also more water soluble’®.

Recently the concept seems to have been subjected to a revival as several new examples
have appeared in the literature. One such example is stobadine (25) whose acyl derivatives
(acetyl, valeroyl and nicotinoyl) are highly lipophilic and penetrate the BBB*.

. 25

Loratadine (26), a non sedating anti histamine, is another notable example as it was initially
thought to be a non sedating antihistaminic drug and it was later found to be metabolised to
desloratadine (27) which is actually the active drug®’.
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Another example, which relies on the slow cleavage for the preparation of long acting
prodrugs, is that of [(2-sulfo)-9-fluorenylmethoxycarbonyl]; derivatives (28) of glucose

lowering drugs like insulin® (28 R=H) and exendin-4*. The prodrugs have the advantage
of delivering the drugs slowly to the systemic circulation reducing the risk of

hypoglycaemia.
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Some N-acyl systems are cleaved by enzymes. As mentioned before (page 17),
derivatisation of amines with y-glutamic acid has received much attention due to the fact
that the kidney has high concentration of y-glutamyl transpeptidase. The enzyme breaks

these acyl derivatives thus allowing the production of kidney specific prodrugs of amines®.

Some glycine and valine amides of monoaminooxidase A (MAO-A) inhibitors were also
prepared as an attempt to deliver the active compounds to the brain before inhibiting MAO-
A in the intestine mucosa which leads to the potentiation of tyramine induced
hypertension®*. More recently, amino acids have also been linked to anti tumour amines to
produce water soluble amide prodrugs that release, in vivo, the original amine®.

Another system that involves carbamate and urea prodrugs has been developed for
antibody-directed enzyme prodrug therapy. In this system, the carbamate and the urea
groups are substrates for the enzyme tyrosinase that can be delivered to melanomas
where it triggers the release of the drug®.
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New cephalosporins have also been subjected to acyl derivatisation in order to increase
solubility®’.

1.3.3. N-Acyloxyalkylation, N-hydroxyalkylation and
(phosphoryloxy)alkylation

N-Acyloxyalkyl derivatives of primary and secondary amines are not usually suitable as
prodrugs due to their high lability in aqueous solution but with tertiary or N-heterocyclic
amines it is possible to produce stable quaternary ammonium salts susceptible to
enzymatic hydrolysis and subsequent spontaneous decomposition as in the case of the
tetradecyloxymethyl quaternary salt of pilocarpine® (29).

CzHs

///7+ TN '/U\(cmwcm
- N 29
o /
N-acyloxyalkylation was also tested on the topical antiproliferative drug theophylline but, no
real improvement in the permeability characteristics through the skin were observed with
alkyl moieties with up to five carbon chains (30). However, the intermediate 7-

hydroxymethyltheophylline, delivered twice the amount of theophylline as the drug itself®®.
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N-phosphoryloxyalkylation as also been applied namely to the anti-epileptic phenytoin (31)
to produce forsphenytoin which is a notable example of a useful prodrug®.
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1.3.4. (Acyloxy)alkyl and (phosphoryloxy)alkyl carbamates

N-Acyloxyalkoxycarbonyl derivatives or (acyloxy)alkyl carbamates (Figure 1.9, R4= alkyl or
aryl), can be used as prodrugs for amines’?°'%. These compounds are enzymatically
hydrolysed in vivo releasing the (hydroxyalkoxy)carbonyl derivative that spontaneously
decomposes to the parent amine via a labile carbamic acid. Since the compounds are not
ionisable at physiological pH, they are more lipid soluble than the parent amines®.
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Figure 1.9: Hydrolysis of (acyioxy)alkyl carbamate prodrugs of amines

The system may however be of limited use for primary amines as an intermolecular acyl
transfer reaction may occur, leading to the formation of a very stable N-acylated amine,

reducing the yield of the regenerated amine®.
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Figure 1.10: Intramolecular acyl transfer in N-acyloxyalkoxycarbonyl derivatives of
primary amines

(Acyloxy)alkyl carbamates derivatives of hydrophilic beta-blockers demonstrated several
fold increase in rat skin and rabbit cornea permeation by comparison with the original
drugs®.

Other examples of (acyloxy)alkyl carbamates are the tasteless prodrugs (32a) of the bitter
anti-bacterial Norfloxacin (32)%.
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The use of (acyloxy)methyl esters (Figure 1.9, R;=H) is generally a topic of controversy due
to the generation of formaldehyde during breakdown. For this reason, (acyloxy)ethyl esters
(Figure 1.9, R;=CHjs) are usually preferred. On the other hand, (acyloxy)ethyl derivatives
introduce a chiral centre in the system; if the drug already has a chiral centre,
diastereomers are formed and can display very different hydrolytic rates®.

(Alkoxycarbonyloxy)methyl carbamates have also been prepared (Figure 1.9, R,= alkoxy or
aryloxy)® as well as (phosphoryloxy)methyl carbamates (33) which would, in vivo, be
cleaved by alkaline phosphatases. /n vitro tests showed that, following the initial enzymatic
triggering, a spontaneous cascade leads to the release of the amine®.
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1.3.5. Quaternary derivatives of tertiary amines

Some quaternary derivatives of tertiary amines have been mentioned as potential prodrugs
since these compounds degrade at physiological pH releasing the parent amine®.
Examples are the already mentioned acyloxyalkyl derivatives (section 1.3.3). Another
approach involves a salt form of a N-phosphonooxymethyl prodrug, from which the parent
drug is released by a first step enzyme-catalysed rate-determining dephosphorylation,
followed by spontaneous chemical breakdown of the N-hydroxymethyl intermediate (Figure
1

R, 0 R R R A
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Figure 1.11: Tripartate prodrug system for tertiary amines

The approach improves the aqueous solubility and stability of the drug® and, in vivo tests,
suggest that there is quantitative reversion of the prodrug to the parent drug®.
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1.3.6. (Oxodioxolenyl)methyl carbamates

(Oxodioxolenyl)methyl carbamates were prepared as an attempt to avoid the drawbacks of
(acyloxy)ethyl and (acyloxy)methyl esters. The prodrugs break by base catalysis according
to Figure 1.12 but the rate of hydrolysis in plasma solutions are higher than in pH 7.4 buffer

solutions®*%2,

‘> ' \ Ri  spontaneous _ ST . HN/
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Figure 1.12: (Oxodioxolenyl)methyl carbamate prodrugs of amines: mechanism of
base catalysed cleavage

In these systems, the cleavage of the dioxolenone ring by the amino group attack on the
reactive vinylene carbonate function is precluded which makes this approach potentially
applicable to primary amines as well. Aryl R; substituents generally have a destabilising
influence reducing the half-life of the prodrugs®.

The system has been applied to pseudomycins and some of the prodrugs exhibited
comparable in vivo efficacy to that achieved by the parent compounds with reduced side

effects'®.

1.3.7. N-Mannich bases

N-Mannich bases are synthesised through the Mannich reaction that involves a NH-acidic
compound, an aldehyde (usually formaldehyde) and an amine (Figure 1.13) in ethanol.

This system can be used to produce prodrugs that are more soluble than the parent drug'”’
not only for amines but also for amides as in the case of rolitetracycline®.
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Figure 1.13: Synthesis of N-Mannich bases

N-Mannich bases are useful when an increase in the lipophilicity of amines is desirable.
The new compound has a significantly lower pK, (a difference of up to 4 units) in
comparison to the original amine, which means that an important proportion remains
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unionised at the pH of the intestine'®. However, the selection of biologically acceptable,
amide type, transport groups affording an appropriate cleavage rate, is restricted®.

Cleavage of the prodrug, in this case, is strictly pH mediated and it has been found that N-
Mannich bases of salicylamide and different aliphatic amines and aminoacids show a bell
shaped pH/rate profile with high breakdown rate at pH 7.4. In the case of salicylamide, the
hydroxyl group is thought to be responsible for the high reactivity, possibly by
intramolecular catalysis, when the compound is in the neutral or zwitterionic forms. At high
pH, when the compound is in the anionic form, the reactivity decreases markedly'®.
However, derivatisation of this group by acyloxymethylation, provides new possibilities of

controlling in vivo cleavage as well as improved in vitro stability (Figure 1.14) '%.
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