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Abstract

Antibiotic macrolides are experiencing renewed interest in anti-infective
therapy since the advent of ketolides. This therapeutic class was introduced in
order to broaden the narrow antibacterial spectrum of macrolides and to cope
with the emergence of germs resistant to Erythromycin A and its hemisynthetic
derivatives or neomacrolides (Clarithromycin, Roxithromycin, Azithromycin,
Dirithromycin). From a pharmacochemical point of view, ketolides were first
of all obtained by operating chemical modulations on Erythromycin A to ob-
tain the neomacrolides, then, by replacing the neutral sugar (Z-cladinose) in
C3 by a ketone function coupled with the creation of an oxazolidinone like
heterocycle in Cl1 and C12 in place of the hydroxyls present in these posi-
tions (Telithromycin, Cethromycin, Solithromycin). These modulations have
enabled the improvement of the chemical stability of ketolides in gastric acid
medium and increase their affinity for the ribosomal target, hence the
broadening of their spectrum of action towards Gram positive germs includ-
ing strains resistant to other macrolides and to neomacrolides. Therefore, the
objective of this systematic review is to report the various pharmacochemical
aspects undertaken since 1952 in the macrolide series based on the structure
of Erythromycin A. These aspects will focus on the pharmacomodulations
that have led, year after year, to the optimization of stability, the improve-
ment of the pharmacodynamic and pharmacokinetic profile and that have al-
lowed the development of neomacrolides, ketolides and neoketolides, which are
today essential in the management of severe bronchopulmonary infections.
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1. Introduction

The history of antibiotic macrolides began in 1952 with the discovery of Eryth-
romycin, which has been shown to be active on penicillinase-producing strains
of Staphylococcus aureus [1] [2] [3] [4]. This discovery improved the therapeutic
management of staphylococcal infections. However, Erythromycin very quickly
presented drawbacks of use such as its degradation in gastric acid medium
which leads to its digestive intolerance, its low oral bioavailability and its pro-
nounced bitter taste making it difficult to formulate paediatric forms [1] [2] [5]
[6]. These various drawbacks led to a decline in the use of Erythromycin until
the advent of the legionellosis epidemic in 1980 [1]. Indeed, Erythromycin has
shown better efficacy on the germ responsible for this infection compared to the
antibiotic beta-lactams. The renewed interest in erythromycin has led to phar-
macomodulation studies around its structure in order to overcome its drawbacks
of use [1] [6]. These studies have led to the development of hemisynthesis mac-
rolides or neomacrolides such as Clarithromycin, Roxithromycin, Dirithromycin
and Azithromycin which have shown better stability in leaving gastric acid me-
dium, better oral bioavailability or even widening of the antibacterial action
spectrum. Thus, the advent of neomacrolides has made macrolides one of the
effective antibiotics both in the hospital and in outpatients. Moreover, they are
reputed to have non-antibacterial activities, in particular immunomodulatory
and anti-inflammatory properties [7] [8]. Such properties are used in particular
in the symptomatic treatment of pain caused by inflammatory cytokines released
at the sites of infection [7] [8]. However, in the fight against emergence of new
resistant bacterial strains [2] [9] [10], Erythromycin A and neomacrolides have
proved to be ineffective. In this perspective, pharmacochemical research aimed
at obtaining new and more effective macrolides has been continuously carried
out and has led to the development of new analogues of erythromycin.

The first modulations consisted in introducing on the structure of Erythro-
mycin analogues in particular of tyrosine in the form of side links of the al-
kyl-aryl like to imitate the carbohydrate chain of macrolides with 16-membered
ring. The second modulations, which are more important and which we will fo-
cus on, have led to new macrolides: the class of antibiotic ketolides. The unique
and complex structural characteristics, the conformational flexibility and the
stereochemical complexity of the lactonic macrocycle of macrolides offer multi-
ple possibilities of structural variation for rational pharmacochemical ap-
proaches [11] [12] [13].

The objective of this literature review is to retrace the various pharmacochemi-
cal aspects undertaken around the chemical scaffold of Erythromycin A which
have led to neomacrolides and then ketolides. Specifically, it will highlight the
various structural elements responsible for the activities and limits of use of
Erythromycin A, as well as the various chemical modifications undertaken to
overcome these limits. The impact of each chemical modulation on digestive tol-

erance, pharmacodynamic profile, and pharmacokinetic parameters and on the
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spectrum of antibacterial action will be discussed in this review from the per-

spective of the pharmacochemist.

2. Erythromycin

2.1. General Information

Erythromycin is a naturally occurring antibiotic obtained by extraction from
the fermentation of bacteria of the genus Streptomyces erythreus, currently re-
classified as Saccharopolyspora erythraea [1] [2] [3]. It is a mixture of several
co-metabolites (A, B, C, D) of which the derivative A, largely predominant
(Figure 1), constitutes the primary final product of biosynthesis, while its ana-
logues D, C and B, in minor quantities can be considered as bioactive synthetic
intermediates from which Erythromycin A is obtained [14]. This would explain
the fact that Erythromycin A is the most widespread and most used product in
therapy. It is the leader in antibiotic macrolides. From the point of view of its
chemical constitution, it has in its structure a 14-membered ring macrocycle
called erythronolide, carrying a neutral sugar in position 3 (Z-cladinose) and an
amino sugar in position 5 (D-desosamine). To this, we identify in position 9 a
ketone function and the presence on the lactone macrocycle of an ethyl group, of
several methyl groups and of alcohol functions (Figure 1) [1] [2] [5] [6] [9] [15].

Furthermore, X-ray crystallographic and nuclear magnetic resonance studies
of Erythromycin A have shown that the polar hydroxyl groups are on one side of
the molecule while the other side is made up of aliphatic groups. This exact con-
figuration would favour the crossing of the bacterial wall and the attachment of
Erythromycin to its biological target, in this case the bacterial ribosome [2]. In-
deed, several studies have shown that erythronolide would mainly adopt in solu-
tion, a deployed conformation called “folded-out” very similar in the crystal
structure of many macrolides [16] [17] [18]. This conformation of the lactonic
macrocycle would be relatively stable. However, a certain conformational flexi-
bility of the whole molecule has been demonstrated with a free rotation of the
sugars L-cladinose and D-desosamine as well as the other substituents around the

erythronolide. These conformational specificities are thought to be at the origin

Figure 1. Chemical structure of Erythromycin A.
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of the interactions of Erythromycin with the bacterial ribosomal target but also
of the major undesirable effects observed [16] [17] [18].

Erythromycin deploys its antibacterial activity by inhibiting protein synthesis
by binding to the 50 s subunit of the bacterial ribosome. The Erythromycin
binding site is at the entrance to the peptide release tunnel, near the base of the
cavity that contains the peptidyl transferase center where its synthesis took place.
Such tunnel consists of the domains I to V of the 23 S RNA, of the globular parts
of the proteins L22 and L4 and of the S chain of L22. The major Erythromycin
binding site is located between the central loop of domain V associated with the
peptidyl transferase center and the loop 35 of domain II which are very close in
spatial configuration [19] [20]. As for the resistance acquired to macrolides, it
would manifest itself according to three mechanisms: modification of the target,
inactivation of the antibiotic and resistance by efflux of the antibiotic. Resistance
by modification of the target is due to methylation of adenine in the 23S RNA of
the 508 ribosomal subunit [21]-[28]. The bacterial resistance by efflux of the an-
tibiotic constitutes the most frequent mechanism at the origin of the induction
of cross resistance to 14 and 15-membered ring macrolides. Efflux resistance is
based on the acquisition of mef (A) genes carried by a transposon and of plas-
mid msr (A) genes [19]-[28].

2.2. Limits of Use of Erythromycin A

Erythromycin A is responsible for numerous undesirable effects which are more
or less closely correlated with its conformational structure and its physico-
chemical properties. In addition, it has many limits of use, namely its bitter taste
and its insolubility in water, making paediatric preparations difficult [1] [6]
[14] [29] [30]. Erythromycin A also has a relatively narrow spectrum of anti-
bacterial action, oriented mainly towards Gram-positive organisms and a short
half-life requiring repeated administration leading to poor adherence to treat-
ment [1] [6]. In addition, Erythromycin is responsible for digestive intolerance
because of its instability in gastric acid medium. This gastric instability would
lead to the formation of two degradation products, in particular a hemiketal
(8,9-anhydro-erythromycin 6,9-hemiketal) and a spiroketal (anhydroerythro-
mycin 6,9; 9,12-spiroketal) which are bacteriologically inactive. These products
are formed following an acetalization reaction in an acid medium between the
ketone function in position (Y and the hydroxyl groups in 6 and CI2 of
Erythromycin A. The reaction would also be favoured thanks to the participa-
tion of hydrogen in position C8 of Erythromycin A. The cyclization of Erythro-
mycin into a 9,12-spiroketal derivative would be favoured in aqueous solution by
the adoption by the molecule of a conformation in which the hydrogen in posi-
tion C11 would approach the hydrogens of the methyl group in position C12 of
the erythronolide [16] [17] [29] [30] [31]. The hemiketal derivative would inter-
fere with the receptors for the motilin (intestinal hormone) that cause digestive
disorders in Erythromycin [30] [31].
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Methyl groups (C10, C2)
in beta co nfiguration:
essential for induction
of antibacterial activity

Methyl groups (C12, C8,C6,C4) |
in alpha configuration:
essential for induction
of antibacterial activity

C13 ethyl group in alpha
configuration: prevents
the opening of the lactone
macrocycle: essential for
antibacterial activity.

Functional elements of Erythromycin essential for the induction of

o CH;

Another factor limiting the use of Erythromycin is its potent inhibition of cy-
tochrome P450. This inhibition occurs as a result of an enzyme interaction be-
tween the erythromycin desosamine and cytochrome P450. This would express
by a decrease in the metabolism of the associated drugs, thus leading to a risk of
increased drug toxicity [32] [33] [34]. In order to remedy the factors limiting the
use of Erythromycin A, structure-activity relationship studies (SAR) have been
undertaken. These enable to identify the structural elements essential for main-
taining antibacterial activity as well as the sites of inactivation, therefore those

that can be modulated to obtain more effective Erythromycin A derivatives.

2.3. Study of Structure-Activity Relationships

SAR studies undertaken around Erythromycin have identified the functional
elements essential for maintaining antibacterial activity (Figure 2). Thus, the in-
tegrity of the lactonic macrocycle is essential for the appearance of activity. As
well as the presence of the methyl groups in position 4, 6, 8 and 12 in their a/pha
conformation as well as the methyl groups in position 2 and 10 in their beta
conformation. The hydroxyl groups in position 6, 11, 12 in their beta conforma-
tion have also proved to be essential for antibacterial activity. Furthermore, these
SAR studies have shown that the removal of desosamine in position €5 would
cause a total loss of activity, unlike Z-cladinose which would have no impact on
the induction of antibacterial activity. In addition, the presence of ethyl in its
alpha conformation would be essential for protection against the opening of the
cyclic ester function, thus maintaining the integrity of the aglycone [35] [36]
[37] [38]. The various SAR studies have also enabled to identify the structural
elements which constitute the inactivation sites (weak region) of Erythromycin
A. These inactivation sites thus offer a formidable opportunity for their phar-
macomodulation to obtain effective congeners of Erythromycin A. It is the ke-
tone function in position (9, hydroxyl groups in (6 and C12 and hydrogen in
position (B in its beta conformation. These entities are responsible for the

acetalization reaction which leads to the hemiketal and spiroketal derivatives

Lactonic macrocycle:
integrity essential for
antibacterial activity

C9-ketone: site of nucleophilic attacks
of OH (C6, C12) = formation of
inactive hemiketal and spiroketal

Hydroxyl groups (C6, C11,C12)
in beta configuration:
essential for
induction of antibacterial
activity

C8-beta hydrogen: its dehydration
in an acidic medium = formation of
inactive anhydrohemiketal

H;C
CHy

L-cladinose in C3:
its hydrolysis in acidic

|——>H0

medium = formation
O-Cladinose Beta-hydroxyl groups (C12, C6): of inactive .
D-desosamine at C5: responsible for nucleophilic 3-hydroxy erythromycin
essential attacks on the C9-ketone = oo
for antibacterial formation of inactive N
activity hemiketal and spiroketal (,gﬁ

antibacterial activity

CH,

Erythromycin inactivation and pharmacomodulation sites

Figure 2. Structure-activity relationships in structure of Erythromycin A.
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responsible for the digestive intolerance of Erythromycin A (Figure 2). Another
weak point of Erythromycin A is the presence of L-cladinose in position 3. In-
deed, in gastric acid medium, the hydrolysis of the latter occurs to form an inac-
tive 3-hydroxy erythromycin A derivative; which would inevitably favour the

appearance of drug-resistant germs (Figure 2) [29]-[32].

3. Pharmacochemical Evolution of Erythromycin A
to Neomacrolides

In order to obtain more effective hemisynthesis derivatives or neomacrolides of
Erythromycin A, various chemical variations were made at its pharmacomodul-
able sites. These include chemical variations at the sites carried by carbons C3,
6, (B, (Y, C11 and Cl2.

These different pharmacomodulations have led to neomacrolides having higher
pharmacokinetic performance, better digestive tolerance and/or a broader anti-
bacterial spectrum compared to Erythromycin A [39]-[41]. The neomacrolides
are classified according to the size of the 14- or 15-membered rings macrocycle.
Thus the 14-membered ring derivatives are composed of Clarithromycin,
Roxithromycin, Erythromycylamine, Dirithromycin and Flurithromycin. Only
one 15-membered neomacrolide is currently used in therapy, it is Azithromycin.
The different pharmacomodulations undertaken around the chemical structure
of Erythromycin A can be summarized in one esterification and salification,
chemical modulation of the (6 hydroxyl function, halogenation of (8 and

chemical modulation of the ketone function in (9.

3.1. Esterification and Salification of Erythromycin A

In order to mask the bitter taste of Erythromycin A, the hydroxyl in position
C2of D-desosamine (Figure 3) has been esterified [42] [43]. The Erythromycin
esters obtained have shown better stability in an acid medium, but still require
repeated administration [42] [43] [44] [45]. Indeed, pharmacokinetic evalua-
tions of Erythromycin stearate and Erythromycin ethyl succinate administered
orally have shown that their absorption is influenced by meals [46]. In addition,

stearate, ethyl succinate, estolate, propionate and acistrate of Erythromycin A

CH,
OH

R = CO(CH,),COOCH,CH;
R=COCH;

Ester forms: ’ Salty forms: X =CH,OH)¢COOH

Figure 3. Esters and salty forms of Erythromycin A.
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have enabled preparing intramuscular injectable forms (Figure 3) [46] [47]. In
order to obtain formulations for intravenous use, various salts of Erythromycin
A have been prepared. The salification concerned the dimethylamine group at
C3’of D-desosamine. The salts for therapeutic use obtained were in particular
salts of glucoheptonate and (Figure 3) [48] [49]. A stoichiometric mixture of
Erythromycin base with one of these salts is able to obtain an intravenous for-
mulation. However, these salts have the drawback of having inconsistent phar-

macokinetics and of causing venous irritations like the phlebitis [46] [47].

3.2. Chemicals Modulations at €6 and €8: Clarithromycin
and Flurithromycin

The hydroxyl at (6 involved in gastric acid medium in the hemi acetalization
reaction with the ketone function at (9, was blocked by O-methylation thus
leading to O6-methyl erythromycin A or Clarithromycin (Figure 4) [50] [51]
[52] [53]. This new molecule has shown an activity greater than or equal to that
of Erythromycin A against respiratory pathogens with an increased antibacte-
rial activity against Haemophilus influenzae, due to its active metabolite
14-hydroxyclarithromycin which acts in synergy with the parent molecule [54]
[55] [56]. In addition, Clarithromycin is more stable in an acid environment and
therefore has fewer gastrointestinal side effects [51]-[56]. However, the presence
of hydroxyl at position C12 and the ketone function at position (9 lead to a
degradation of Clarithromycin in an acid medium, to pseudo-Clarithromycin
which is inactive [54] [55] [56]. The hydrogen at S at the (B position involved in
the degradation of Erythromycin A in gastric acid medium has been replaced by
a halogen atom, in this case fluorine. This fluorine atom minimizes the metabo-
lism of the molecule [50] [57] [58]. This strategy made it possible to obtain
Flurithromycin (Figure 4). Flurithromycin has the advantage of being more sta-
ble in an acid environment. Indeed, the dehydration in (8 of Erythromycin A in
anhydrohemiketal is prevented by the addition of the fluorine atom. Thus, the
enolization of the ketone in (Y is annihilated. This improved stability is charac-
terized by a prolonged half-life time at the origin of its once-daily administra-

tion. Flurithromycin exhibited two to four times the antibacterial activity of

Clarithromycin Flurithromycin

Figure 4. Chemicals structures of (6- and (8-modified neomacrolides.
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Erythromycin A due to its inhibitory effects on the formation of the bacterial ri-
bosome 308 subunit [59] [60] [61].

3.3. Chemical Modulation of the Ketone Function in €9

In order to prevent the formation of the inactive 6,9-hemiketal, and therefore to
compensate for the degradation in gastric acid medium of Erythromycin A, its
ketone function at (9 has previously been transformed into an N-9-oxime de-
rivative. The latter, serving as a synthesis intermediary, subsequently underwent
several chemical variations. This chemical variation at (9 ketone has led to the
development of Roxithromycin, Clarithromycin, Erythromycylamine, Dirithro-
mycin and Azithromycin.

The first was an O-alkylation reaction of the hydroxyl of the oxime function,
thus leading to the production of ether oximes including Roxithromycin, the
first hemisynthetic macrolide (Figure 5) [62] [63]. Roxithromycin has better
stability in an acid environment and good digestive absorption, hence an in-
crease in its bioavailability by oral route ranging from 72% to 85% [64] [65]. In
addition, Roxithromycin has a weaker binding to cytochrome P450 associated
with an exaltation of the elimination half-life time of the order of 12 hours, re-
sulting in twice-daily administration. On the other hand, its spectrum of anti-
bacterial activity remains equivalent to that of Erythromycin A [66] [67] [68].

The second reaction undertaken on the N-9-oxime derivative of Erythromycin
A was its reduction to an amine function. This modulation made it possible to
obtain Erythromycylamine, which is very active on bacterial germs (Figure 5).
Unfortunately, this N-9-amine from Erythromycin A has the major drawback of
being poorly absorbed orally due to the presence of the protonable amine func-
tion, which is therefore difficult to cross the digestive membranes [35] [69] [70].
To improve membrane crossings, Erythromycylamine underwent heterocycliza-
tion through its amine functions at (9, hydroxyl at C11 and under the action of
an acetaldehyde. Such heterocyclization led to the formation of a bicycle of
Erythromycin A or 1,3-oxazinane of Erythromycin A also called Dirithromycin
(Figure 5). Dirithromycin is actually a prodrug, because in an acidic environ-
ment, it rapidly transforms into Erythromycylamine [71] [72] [73]. It appears
to have a good tissue concentration after oral administration, a low potential
for interaction with cytochrome P450 [74] [75], a large volume of distribution
(11 - 100 L/kg) and a half-life of high elimination (20 - 50 hours), resulting in
once-daily administrations. However, the antibacterial activity spectrum of
Dirithromycin in vitro is similar to that of Erythromycin A with low oral bioavail-
ability (10%) [74] [75].

The latest reaction to the N-9-oxime derivative of Erythromycin A was that of
the Beckmann rearrangement. It led to the enlargement of the lactonic macrocycle
from 14-membered ring to a new macrocycle with 15-membered ring following
the introduction of a nitrogen atom which undergoes methylation in the end.
These are the Azalides, the leader of which is Azithromycin (Figure 5) [76] [77].
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Roxithromycin

Erythromycylamine Dirithromycin Azithromycin

Figure 5. Chemicals structures of (9-modified neomacrolides.

The addition of this basic nitrogen atom and the suppression of the ketone
function at (9, would not only prevent the degradation of the molecule in acid
medium, but also would allow the broadening of the spectrum of antibacterial
activity towards Gram-negative bacteria, such as Haemophilus influenzae, as
well as atypical germs [78] [79]. In addition, this structural alternative has en-
abled much better tolerability of Azithromycin, an increase in its tissue penetra-
tion and its elimination plasma half-life (40 - 68 hours); at the origin of its
once-daily administration [78] [79].

With all its benefits, Azithromycin quickly became the antibiotic of choice for
the treatment of several Gram-negative and Gram-positive infections. In addi-
tion, other properties of Azithromycin mainly linked to its cell accumulation
capacity inducing modulations of various cellular functions have been noted.
These proprieties have been exploited in new therapeutic indications. These in-
clude anti-inflammatory and immunomodulatory activities [80] [81] [82] [83],
but also tuberculostatic activities in chronic pneumonia due to Mycobacterium
avium [84] [85], antimalarials [86] [87], antivirals [88] [89] and anti-tumor [90]
[91].

In the end, Azithromycin or 9-deoxo-9a-aza-9a-methyl-homoerythromycin A
has become one of the most effective antibiotics in the world and currently con-
tributes, due to its exceptional therapeutic properties, to the improvement of

quality of life globally.

4. Pharmacochemical Evolution of Erythromycin and
Neomacrolides to Ketolides

4.1. Ketolide: Definition-Origin

Ketolides may be considered to be hemisynthesis derivatives of Erythromycin A.
They all have in their respective molecules, a macrocycle with 14-membered ring
carrying a ketone function at €3, hence their name of ketolide. They are further
characterized by the presence of D-desosamine at C5, of a heterocycle in Cl1
and C12 of a nature most often of carbamate or 1,3-oxazolidin-2-one like. Their
(6 hydroxyl group, like Clarithromycin, is always alkylated to avoid the forma-
tion of hemiketal between the (6 hydroxyl and the C3 and (9 carbonyl groups
[92] [93] [94]. In addition, the C2 of ketolides often carries a halogen type R,

atom (Figure 6).
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R =H: Narbomycine ; R =OH: Picromycine
Hemisynthesis ketolides Natural ketolides

Figure 6. General chemical structures of hemisynthesis ketolides and natural ketolides.

The ketolides were also obtained after a pharmacochemical re-examination of
the structure of Narbomycin and Picromycin (Figure 6), two natural macrolides
whose chemical structure mainly shows the replacement of Z-cladinose at C3 by
a ketone. These natural compounds have the advantage of being active on strains
resistant to other macrolides. However, their weak antibacterial activity limited
their development [95] [96] [97] [98].

Also, the new pharmacomodulations undertaken around the chemical structure
of Erythromycin A, have retained the following sites (see Figure 2): L-cladinose at
position €3, hydroxyls at position (6, Cl11 and Cl2, D-desosamine at C5, the
ketone at (9 and/or the carbon at position C2.

4.2. Access to the First Ketolides: Telithromycin and Cethromycin

The first chemical modulation to access the ketolides used in therapy, was to
eliminate Z-cladinose in C3 by a ketone function. Indeed, the presence of this
sugar is not necessary to induce a notable antibacterial activity [99]. The sup-
pression of L-cladinose has thus made it possible to improve the stability in acid
medium of ketolides, to widen their spectrum of antibacterial action towards
Gram-positive germs including the strains resistant to other macrolides and to
avoid induction MLSB resistance as well as the efflux of the antibiotic [100]
[101] [102] [103]. From the 3-keto erythromycin or ketolide derivative obtained,
the second chemical modulation consisted in protecting the (6 hydroxyl by
O-alkylation to prevent spontaneous hemiketalization in gastric acid medium
(Figure 7); which prevented the formation of inactive derivatives responsible for
digestive disorders. In addition, the alkyl nature of the (b alkoxyl would play an
important role in binding to the bacterial ribosome. Thus, an alkyl or an aryl on
the (6 oxygen would make it possible to obtain a conformation of the ketolides
favourable to an additional anchoring of the molecule to the domain II of the
ribosome in addition to the domain V. This is at the origin of a better affinity of
ketolides for the ribosomal target and therefore of an increase in antibacterial
activity [104] [105] [106] [107]. Concomitantly, to avoid the formation of spi-
roketals, the hydroxyls in C11 and C12 were also blocked by a cyclization to lead

to heterocycles with functional grouping of carbamate, carbonate or lactone like.
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The creation of this heterocycle in C11 and C12 has led to molecular rigidity, an
improvement in stability in an acid medium and above all a broadening of the an-
tibacterial action spectrum of ketolides [108] [109] [110] [111]. The creation of a
cyclic carbamate in Cl1 and C12 to form a heterocycle of 1,3-oxazolidin-2-one
nature was carried out from the molecular model of natural ketolides thanks in
particular to the reactivity of the ethylenic function in C10-Cl11 (Figure 7). The
presence of this carbamate has led to an increase in antibacterial activity, in-
cluding on strains resistant to other macrolides, by the creation of a second an-
chor point for the antibiotic with the bacterial ribosome. This second anchor is
at the origin of an affinity of the ketolides for the 50S ribosomal subunit, 10
times greater than that of Erythromycin A. In addition, the presence of the ni-
trogen atom of the carbamate creates an additional basicity participating in the
improvement of the pharmacokinetic parameters of the molecule [112] [113]
[114] [115] [116]. Furthermore, the N-alkylation of the cyclic carbamate by a
side chain of butyl like of lipophilic nature and of heterocyclic support of imi-
dazolyl-pyridine like. These different chemical modulations led to the produc-
tion of Telithromycin, the first 11,12-ketolide carbamate used in human medi-
cine (Figure 7). Telithromycin has shown a strong affinity for ribosomal targets,
an increase in antibacterial activity against Gram-positive organisms, an im-
provement in pharmacokinetic performance and a decrease in the impact of ef-
flux resistance [112] [113] [114] [115] [116]. To this, it should be mentioned that
this Ketolide has retained the advantages of neomacrolides, namely good diges-
tive tolerance, good oral bioavailability, longer half-life and reduction of drug
interactions. In addition, it has the advantage of being more active with an anti-
bacterial spectrum extended to strains resistant to the other macrolides with the
exception of methicillin-resistant Staphylococcus aureus. Ketolides are also more
effective on H. influenzae, a Gram (—) germ that causes serious respiratory in-
fections, compared to Erythromycin A and Clarithromycin. However, this activ-
ity is still weak compared to that of Azithromycin on the same pathogenic germ
[117] [118] [119] [120].

Unfortunately, some toxicity appeared during the use of Telithromycin.
Indeed, additional studies have found that the pyridine nucleus of the
N-butyl-imidazolyl-pyridinyl side chain of Telithromycin, has been shown to
cause undesirable side effects such as severe fulminant hepatitis, worsening of
myasthenia and visual disturbances. The mechanism of toxicity is due to the
preferential inhibition of the nicotinic receptors a3, $4 and a7 of acetylcholine at
the neuromuscular junction, at the level of the ciliary ganglion of the eye as well
as at the level of the vague nerve innervating the liver by the imidazolyl-pyridine
pair of Telithromycin [121]. This is what justifies the precipitated withdrawal of
Telithromycin from the antimicrobial therapeutic arsenal. In addition, the in-
troduction of a sulfur atom with an electronic density higher than that of carbon
atoms, in the lateral carbon chain fixed on the nitrogen atom of ketolide car-

bamates, helped to adjust the nucleophilic and length of the side chain. This
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CH; CH;

Telithromycin Cethromycin

Figure 7. Chemical structure of the first ketolides in infectiology.

enable to reduce the hepatotoxicity of the molecule while improving the phar-
macokinetic parameters, and the antibacterial activity. Thus, these compounds
have better activity on strains resistant to other macrolides by an inducible and
efflux MLSB mechanism [122]. In order to reduce the harmful effects of
Telithromycin, Cethromycin (Figure 7), another cyclic 11,12-carbamate deriva-
tive, has been developed. It has the advantage of being less hepatotoxic than
Telithromycin. This is linked to the displacement on hydroxyl at (6 by
O-alkylation, of lipophilicity linked to the butyl-imidazolyl-pyridinyl chain fixed
on the nitrogen of the oxazolidinone of Telithromycin. In addition, this chain
was modified by the introduction of an unsaturation of the allylic group and by
the replacement of the imidazole-pyridine couple by a quinoline (Figure 7).
Cethromycin is therefore a non- N-alkylated Ketolide. It also presents a spatial
conformation favouring the binding of the molecule to the domain II of the ri-
bosome, in addition to the domain V. So that the Cethromycin exhibits a better
affinity of the molecule for the ribosomal target doubled by an increase in anti-
bacterial activity [107] [123] [124] [125]. This molecule has good antibacterial
activity and is used as an orphan drug in the treatment of pulmonary anthrax
[126] [127]. In addition, the presence of the quinoline-like unsaturated side
chain resulted in a reduction in cytochrome inhibition. It contributes to the re-
duction of drug interactions and improves the safety of co-administration of the
drug even if it is not yet known how the side chain had an effect on the reduc-
tion of inhibition of cytochrome 3A4 [128]. However, at the lowest approved
dose of 250 mg, Cethromycin has not been shown to be more effective in severe

respiratory infections compared to Clarithromycin [129] [130].

4.3. Pharmacochemical Evolution of Ketolides to Neoketolides

In order to overcome the drawbacks of using the first 1,3-oxazolidinone keto-
lides and to have a greater range of new high-performance ketolides, the phar-
macomodulations undertaken have targeted new sites for modulating Erythro-
mycin A or 1,3-oxazolidinone ketolides. Indeed, to take into account the per-
formance of Telithromycin, linked above all to the presence of the heterocycle
1,3-oxazolidinone on Cl11 and Cl12, various variations have also been undertaken
to modify or replace this heterocycle with analogues. Thus, 11,12-carbonate,
11,12-thiocarbamate [131], 11,12-carbazate [132] and 11,12-lactone like hetero-
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cycles have been proposed for new, more effective derivatives. These included
considerably reducing the undesirable effects which appeared with Telithromy-
cin and widening the spectrum of action of the derivatives and analogues ob-
tained on the resistant germs of the species S. aureus methicillin-resistant. In ad-
dition, these new ketolides had to be more effective than Azithromycin, espe-
cially on Gram (—) germs like A. influenzae. In short, it was a question of opti-
mizing the affinity of the new ketolides for their ribosomal target. These new
chemical variations have made it possible to develop a new series of oxazolidi-

none-ketolide derivatives which could be called “Neoketolides™.

4.3.1. C2-Halogenation of Ketolides: Solithromycin and Fluoroketolides
To enhance the interaction between ketolides and the ribosome, alpha halogena-
tion on C2 by a fluorine atom has been undertaken in a stereospecific manner.
The presence of this fluorine atom in an alpha configuration on C2, would help
prevent the enolization of the C3 ketone found with Telithromycin or other ke-
tolides. This chemical variation, coupled with the replacement of the imida-
zole-pyridine couple of Telithromycin by a 1,2,3-trizolyl-aniline, led to the de-
velopment of Solithromycin (Figure 8). Solithromycin or CEM-101 actually
presented better chemical stability, better affinity for the 50S subunit of the bac-
terial ribosome by the creation of a third interaction site [133]-[138]. It does not
inhibit nicotinic acetylcholine receptors nAChRs like Telithromycin, so should
not have the harmful side effects of Telithromycin [135].

Solithromycin also showed good activity in vivo and in vitro on most respira-
tory pathogens including strains resistant to other macrolides as well as atypical
germs. It has been shown to be 8 to 16 times more effective than Azithromycin
both on sensitive germs and on those resistant to Azithromycin [135]-[140].
Furthermore, the interaction of Solithromycin with the third ribosomal site
makes it possible to limit the development of bacterial resistance [135]-[141].
Solithromycin also has a broad spectrum of activity against methicillin-resistant
Staphylococcus aureus strains, Enterococci and the genus Plasmodium in animal
models. It also has a relevant activity on bacteria responsible for urinary tract
infections such as Neisseria gonorrhoeae including the multidrug resistant
strains Chlamydia, Mycoplasma, Genitalium and Ureaplasma [141]-[146]. For
some reasons in particular of insufficient data on hepatotoxicity, the FDA has

H,N

Figure 8. Chemical structure of Solithromycin (CEM-101).
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not approved the marketing authorization for this first fluoroketolide. However,
the search for other 2-fluorinated derivatives of Solithromycin was continued.
Thus, the variations undertaken were aimed at reducing hepatotoxicity and
widening the performance of fluoroketolides. To do this, the first chemical
variations used an atypical approach which called on the ribosomes involved in
resistance mechanisms and mutations as a platform for developing new, more
effective and more selective fluoroketolides [147]. Thus, by this method which
also uses a structurally diverse library of alkynes, the aniline of the triazole of
Solithromycin has been replaced by various aryls and heteroaryls. Among these
new derivatives, those in which the triazole carries a thiophene heterocycle are
particularly illustrated by their effectiveness. In fact, two positional isomers of
thiophene (4-thiophene isomer and 5-thiophene isomer) (Figure 9) exhibited
significant activities against strains of E. coli and against standard and resis-
tant strains of S. pneumoniae [148]. Other modulations of Solithromycin have
focused on the entire structural link of the C11-Cl12 cyclic carbamate. This is
how the butyl-triazolyl-aniline chain of Solithromycin was replaced by a bu-
tenyl-quinoline link (compound 1) or by a propoxyl-quinoline (compound 2)
(Figure 9). These compounds have shown in vitro antibacterial activities that
can be superimposed or even superior to those of Clarithromycin and Telithro-
mycin against sensitive and resistant macrolide germs. The activity of compound
1 with the butenyl-quinoline chain was also 8 times greater than that of
telithromycin against the strain CSMS 12-1 of M. catarrhalis [149].

The butyl-triazolyl-aniline chain on the carbamate of Solithromycin has also
been replaced this time by a rigid propargyl-like link carrying the tria-
zole-pyridine couple. Among these new derivatives of Solithromycin, the com-
pounds FSM-100573 and FSM-100563 (Figure 10) have shown antibacterial per-
formances superior to those in particular of Azithromycin, Telithromycin and
Solithromycin against some resistant strains extremely difficult such as S.
pneumoniae and Pseudomonas aeruginosa [150]. Another chemical variation
operated is to move the link of the carbamate cycle on the oxygen atom in (b as
in the case of Cethromycin. These new fluoroketolides carry at O6, a rigid
propargyl-like link carrying a terminal heteroaryl-isoxazolyl group [151]. The
leading compound in this series or compound 3 (Figure 10) is effective against

CHs
N_cn
0, CH;
4-thiophene isomer: R = 2-thiophenyl ; R, =H
5-thiophene isomer: R; = H ; R, = 2-thiophenyl Compound 1 Compound 2
Figure 9. Fluoroketolide derivatives.
DOI: 10.4236/0jmc.2020.103005 70 Open Journal of Medicinal Chemistry


https://doi.org/10.4236/ojmc.2020.103005

0. Mahama et al.

Compound FSM-100573 Compound FSM-100563 Compound 3

Figure 10. Propargyl-fluoroketolide derivatives.

the strains of S. pneumoniae, S. pyogenes and H. influenzae with an antibacterial
properties 10 times that of Clarithromycin against the sensitive strains of S.
pneumoniae. The same compound is also 100 to 16,000 times more effective

against strains of S. pneumoniae resistant to Erythromycin [151].

4.3.2. Azetidinyl Ketolides

Always looking for new derivatives of Telithromycin that are more effective, in
particular with regard to respiratory tract infections of community origin that are
sensitive and multidrug-resistant and especially less hepatotoxic, the new chemical
variations undertaken using Clarithromycin have made it possible to dot the se-
ries of azetidinyl carbamate ketolides [152] [153]. The chemical modulation un-
dertaken essentially concerned the butyl imidazolyl-pyridine group of Telithro-
mycin: the butyl chain was heterocyclized into azetidine, the nitrogen of which
carries a methyl diazanaphthalene group of the 1,5- or 1,8-naphthyridine-like
substituted (Figure 11). The first derivatives comprising the 1,8-naphthyridine
heterocycle (compounds 4 and 5) were found to be favourable for the metabo-
lism induced by human aldehyde oxidase (AO). On the other hand, the
1,5-naphthyridine derivative carrying a hydroxyl group in position 3 has been
shown to be poorly metabolizable by AA even if the regioselectivity of the hy-
droxylation has not been established. Attenuation of the effect of AO appeared not
with other polar functional groups but rather with the positional rearrangement of

R R

JE/CH3
/N . I.."‘O-lmc'k HO
_ = — N
Ri=— N Compound 6 or —
Compound 4: PF-04287881: |p _ g N/
R,= CH; CH; HO 2

Compound 5: Ry = /_\N ;Re=H
N A

Figure 11. Azetidinyl carbamate ketolide series.
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the nitrogen atoms of naphthyridine. This is how the 1,5-naphthyridine deriva-
tive (compound 6 or PF-04287881) (Figure 11) has been shown to be more sta-
ble in the human hepatic cytosol. This molecule has a good ability to attenuate
hepatotoxicity while minimizing hepatic renewal and inactivation as a function
of time of the CYP3A isoforms in the liver [152]. In addition, this azetidinyl ke-
tolide (PF-04287881) has an efficacy and a significant antibacterial activity
against the germs responsible for infections of respiratory tracts of community
origin that are sensitive or multi-resistant [152]. This is why it was selected for

clinical development.

4.3.3. €10 and C12-Substituted Ketolides
In order to optimize therapeutic activities against both sensitive and resistant
respiratory pathogenic bacteria, another chemical variation consisted in replac-
ing the methyl initially present on the Cl0 or Cl2 carbon of ketolides with
non-polar groups [147] [154] [155]. The aim of such an option was to keep in
ketolides series, the same overall hydrophobic character observed at the level of
the underside of the neomacrolide macrocycle [156] [157] [158] [159]; which
could lead to new ketolides with an antibacterial spectrum and more effective
pharmacokinetic properties. The pharmacomodulation undertaken consisted in
replacing methyl in C12 by a vinyl-like group [154] or to introduce in addition
on Cl0, a hydroxyl [147] or also in replacing methyl in Cl0 by an alkylamine
group [155].

1) 12-vinyl ketolide derivatives

In the 12-vinyl ketolides series, two derivatives are particularly illustrated both
by their antibacterial activities and by their pharmacokinetic properties [154].
These are Telithromycin derivatives which differ from one another by the pres-
ence on the pyridinyl nucleus of the N-butyl imidazolyl-pyridine sequence, ei-
ther of a methyl (compound 7) or of a chlorine atom (compound 8) (Figure 12).

The antibacterial activities of compounds 7 and 8 were comparable in vitro to
those of telithromycin. However, the presence of the vinyl group, doubled by
that of methyl or chlorine on pyridine, reinforced the lipotropy of the hydro-
phobic surface of the macrocycle.

Thus, this contributing to a profound modification of the pharmacokinetic

R

Compound 7: R=CH;z ; Compound8: R=Cl

Figure 12. Series of 12-vinyl ketolides.
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Compound 9: 10,11,12-trihydroxy ketolide

Figure 13. Series of 10-hydroxyl

and pharmacodynamic aspects of these compounds in vivo in rats. Indeed, vinyl
ketolides had larger lung distribution volumes and longer half-life times; so that
they had a much better pharmacodynamics by their better activity in vivo
against Streptococcus pneumoniae and Haemophilus influenzae compared to
Telithromycin [154].

2) C10-substituted ketolide derivatives

Following the performance of 12-vinyl ketolides [154], other regioselective
modifications have been undertaken. They consisted in introducing either
alongside the methyl at C10, a hydroxyl group [147], or by substituting this
methyl with an aryl group or with an N-arylamine function [155]. Thus, three
series were obtained: the series of 10-hydroxyl ketolides, that of 10-alkylaryl ke-
tolides and that of 10-alkylamine ketolides and analogues. The objective was also
to maintain the structural coherence of the macrolides with their bifacial char-
acteristic. The results of the in vitro antibacterial screening of these new keto-
lides against a panel of respiratory pathogens and compared to the activities of
Telithromycin and Clarithromycin, unfortunately showed that the presence of
hydroxyl was not favourable to the expected results. The 10-hydroxyl ketolides
(compounds 9, 10, 11) and their analogue 10,11-epoxide (compound 12)
(Figure 13), were clearly less effective than Telithromycin and Clarithromycin
[147]. Such a poor performance could be attributed to a conformational modifi-
cation induced by the presence of hydroxyl in the prepared ketolides; which un-
doubtedly changed the tight 10-hydroxyl ketolide binding capabilities with their
ribosomal target. In fact, the methyl at C10, initially in the indispensable beta
configuration, is this time oriented in alpha with respect to the plane of the
macrocycle (Figure 13).

In series of 10-alkylaryl ketolides and 10-alkylamine ketolides (Figure 14), the
SAR studies undertaken noted that to induce good antibacterial activity, the ni-
trogen of ketolide 11,12-carmabate should not be substituted. In addition, only
the Cl10-benzyl (compound 13) and Cl10-benzylamine (compound 14) deriva-
tives are found to be twice as effective as Clarithromycin against sensitive and

resistant strains of S. pneumoniae. Replacing the phenyl of benzyl with a basic

heterocycle like pyridine does not improve the antibacterial activities [155].
Against certain resistant strains of S. aureus (BAA976 M mefand BAA977 iMLS

Compound 10: X = C: 10-hydroxyl 11,12-carbonate ketolide
Compound 11: X =S: 1,3,2-dioxathiolane 2-oxide ketolide

Compound 12: 10,11-epoxy ketolide

ketolides and analogues.
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erm), the benzylamine derivative (compound 14) was found to be 32 times more
active than Clarithromycin [155]. As for the analogue Cl0-spiro-pyrazole (com-
pound 15) (Figure 14), this one presented against the 3914 MLS strain of S.
pneumoniae, a moderate activity compared to Clarithromycin. On the other
hand, like benzylamine, spiro-pyrazole was also found to be 32 times more effec-

tive than Clarithromycin against resistant strains of S. aureus [155].

Compound 13: R = benzene Compound 15: R = C10-spiro-pyrazole
Compound 14: R = aniline

Figure 14. Series of 10-alkylaryl- and 10-alkylamine ketolides and analogues

4.3.4. Telithromycin Derivatives Modified on Desosamine

In order to study the structural factors at the origin of resistance to macrolides, the
amino sugar D-desosamine of Telithromycin undergoes several pharmacomodu-
lations in particular a C2’-deoxygenation (compound 16), a 3’-desmethylation
(compound 17) and an N-butylation of this desmethylated derivative (com-
pound 18) (Figure 15). All the new derivatives showed moderate antibacterial
activities against the sensitive strains ATCC29213 of S. aureus. However, they
were completely inactive against the constitutive resistance of S. aureus. These
results could indicate that the steric repulsion between the desmethylated cycle
A2058 and the desosamine cycle cannot be considered as a main reason for re-
sistance against the ermA strain ATCC3359 of S. aureus [160].

CH;

Compound 16: R;=H; R,=N(CH;),
Compound 17: R; =0OH ; R,=NHCH;
Compound 18: R, =0H ; R,=N(CH;)C4Hgn

Figure 15. Telithromycin derivatives modified on desosamine.

4.3.5. 11-0-carbamoyl Ketolides: Clarithromycin Analogues

A series of acyclic carbamate derivatives which can be considered as originating
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from the opening of the oxazolidinone (11,12-carbamate) nucleus of Telithro-
mycin and its rearrangement into 11- O carbamoyl derivatives have been recently
proposed [161] [162]. In fact, these derivatives are obtained directly from 3-ceto
clarithromycin by 11- O-carbamoylation (Figure 16). Such a chemical variation
led to the production of a series of carbamoyl ketolides, two derivatives of which
exhibited effective activities compared to that of Clarithromycin. Indeed, the
compounds 17 and 18 carrying on the carbamate nitrogen, a propyl chain
1,2,3-triazole variously substituted (Figure 16) have shown in vitro a good activ-
ity not only against bacterial germs sensitive to Clarithromycin but also on re-
sistant bacterial strains. These O-carbamoyl ketolides are in particular more ef-
fective in vitro on strains resistant to Erythromycin, in particular Streptococcus
pneumoniae and Streptococcus pyogenes. In terms of sensitive germs, these tri-
azole compounds have shown better activity against the strains of Staphylococ-
cus aureus ATCC25923 and Bacillus Subtilis ATCC9372 [161] [162].

Compound 17 : R= —@ ; Compound 18 : R=Cl

Figure 16. 11- O-carbamoyl ketolide derivatives.

4.3.6. Carbonate Ketolides and Derivatives

Carbonate ketolides were designed following the replacement of 1,3-oxazolidinone
from Telithromycin by a cyclic carbonate or 1,3-dioxolanone at C11 and C12. In
addition, these new ketolides are likely to undergo a second modification in their
amino sugar (D-desosamine). Thus, two series of ketolide carbonates have been
developed: those without modification of the amino sugar and those which have
also undergone a modification at the level of D-desosamine. Like 11,12-carbamate
ketolides or oxazolidinone ketolides, the creation of a cyclic carbonate or
1,3-dioxolan-2-one in position C11 and C12 would lead to an improvement in
the antibacterial performance of the macrolides obtained. In addition, these
compounds would have much better stability in an acid medium as well as better
pharmacokinetic properties [109] [163] [164] [165] [166]. Among these carbon-
ates, those from Erythromycin (compounds 19) or 3-ceto-Clarithromycin or
compound 20 (Figure 17), exhibited antibacterial activities twice that of Eryth-
romycin A [109] [163] [164]. This superior antibacterial performance of
11,12-carbonate derivatives is due to a better affinity of these derivatives for the

50S ribosomal subunit [164]. Thus, these derivatives presented MICs twice lower
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Compound 19

than those of Erythromycin and Clarithromycin against strains of Streptococcus
pyogenes resistant to macrolides by a constitutive or inductive MLSB mecha-
nism /165/. In contrast, compound 20 from 3-ceto-Clarithromycin (Figure 17)
has induced excellent antistreptococcal activities [164] [166]. However, the
11,12-carbonate derivatives did not experience the same development as their
11,12-carbamate analogues probably due to their high hepatotoxic potential
[167].

Another pharmacomodulation has been undertaken on ketolide carbonates. It
consisted in introducing on 5-O-desosamine, a hydroxyl group in position C4’.
The presence of this group has made it possible to increase the antibacterial ac-
tivity by increasing the interactions between the molecule and the ribosomal
subunit. This is due to the fact that the desosamine sugar binds to the V domain
of the 23S rRNA by a hydrogen bond. Thus, the existence of a hydrophilic group
of hydroxyl-like on the amino sugar could have created another hydrogen bond
with the ribosomal target in particular on the amino acid residues of the binding
pocket [168]. On the other hand, when the 4’-hydroxyl group of the desosamine is
alkylated by hydrophobic groups of alkyl or aryl like, there is a non-improvement
of the antibacterial activities [168]. These different chemical variations on
desosamine have made it possible to access new ketolides whose antibacterial ac-
tivities n vitro against several sensitive or resistant microbial agents have shown
relevant activities. Thus the 4’-hydroxylated ketolide carbonate or compound 21
(Figure 17), unlike its 4’- O-alkylated derivative, has shown a potent activity
against all pathogens sensitive or resistant to methicillin. Thus, compound 21
would be more active than Clarithromycin for the strains ATCC29213 (MSSA),
09L075 (MSAR), 09M124 (MRSE), 09H071 (ESSP) and 09U070 (ESSPy). Com-

pared to Telithromycin, compound 21 has shown the same potency of activity

against all pathogens sensitive or resistant to methicillin [168].

Compound 20 Compound 21

Figure 17. Carbonate ketolides and derivatives.

4.3.7. Lactone Ketolides and Derivatives

Another series of neoketolides, in particular those carrying at Cl11 and Cl12 a
y-lactone, have been prepared and evaluated for their activity against respiratory
pathogenic bacteria. These are derivatives derived from the replacement of
1,3-oxazolidinone (carbamate) of Telithromycin by a cyclic ester or lactone. In
fact, these new ketolides have two lactone groups: that belonging to the macro-

cyclic aglycone and that carried by the carbons C11 and C12. This y-lactone very
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often carries an a function (thiol or amine) thus leading to the class of
a-thio- y-lactone ketolides and to that of a-amino- y-lactone ketolides.

1) y-lactone ketolides derivatives

Among these compounds, it has been established that only N-alkylated
6-carbamate derivatives with a rigid allyl-aryl link, in this case allyl phenyl-
pyrimidine, are capable of inducing excellent antibacterial activities [169]. Fur-
thermore, the stereochemistry at the C10 methyl level was of paramount impor-
tance for antibacterial performance. Indeed compound 22, the most active with
an activity superimposable on that of Telithromycin, was that endowed with a

type R stereoisomerism at the level of methyl in C10 (Figure 18) [169].

—/CH=CH—©_€>

CH,
Compound 22

Figure 18. 6- O-carbamate-11,12-lactone ketolide derivatives.

2) a-thio-y-lactone ketolides derivatives

Following a Michael intramolecular addition reaction of an aryl alkylthio ace-
tic acid ester enolate to an a, f-unsaturated ketone, a series of y-lactone ketolides
were prepared. The new lactones fused in C11 and C12 carried in the a/pha posi-
tion, a thiol function variously substituted by alkyls, alkyl-aryls or by aryls
(Figure 19) [170]. Some of these neoketolides have been the subject of an in vi-
tro antibacterial evaluation against sensitive and resistant pathogenic respiratory
strains and compared to Telithromycin. Thus, against sensitive germs such as .
aureus and S. pneumoniae and H. influenzae, the best compounds of the di-
astereoisomer type (compounds 23, 24 and 25) (Figure 19), have shown a simi-
lar antibacterial spectrum and an activity comparable to that of Telithromycin.
However, such compounds were less active against resistant strains of S. pneu-

moniaeand S. aureus.

VR VN
)ﬁ)\NHZ N ./ NI,
Compound 24 : R= —CHzCHz—N\;N Compound 23 : R=—CH,CH—N Compound 25 : R =—CH2CH2CH2—N\; N
Figure 19. a-Thio- y-lactone ketolide derivatives.
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The S-ethyl adenyl derivative (compound 24), was particularly illustrated by
its antibacterial performance against certain Gram-negative germs such as E. coli
[170]. Compared to Erythromycin and Clarithromycin, this chemical variation
led to much better pharmacokinetic characteristic. Thus compound 23 (S-ethyl
pyrazolyl-pyridinyl) and compounds 24 and 25 or S$-alkyl adenyls, have shown
in oral mice bioavailability (around 60%) and significantly higher plasma levels.
Furthermore, their plasma half-lives were of the order of 1.1 to 1.2 hours in
mice, thus suggesting a once-daily administration in humans [170]. Conse-
quently, an in vivo screening in mice of compounds 23, 24 and 25 was carried
out against a sensitive strain of Streptococcus pyogenes. It has been noted that
compounds 23 and 25 were slightly less active, but nevertheless in the same per-
formance range as Telithromycin. However, all of these compounds were sig-
nificantly more effective than Erythromycin [170].

3) a-amino-y-lactone derivatives ketolides and analogues: Nafithromycin

The a-amino-y-lactone ketolides can be considered to be derived from the
11,12-carbazate ketolides or N-amino 11,12-carbamate ketolides [132] by re-
moving nitrogen from the carbamate. Indeed, they were proposed following the
antibacterial performances of 11,12-carbamate. The aim of such a chemical
variation was to modulate, by various substituents, the a-amine function of
y-lactone. The a-amino- y-lactone ketolides are therefore considered to be versa-
tile intermediates for accessing neoketolides with optimized antibacterial activity
and enhanced pharmacokinetic performance. Thus, from the 3-ceto clarithro-
mycin carrying the g-amino- y-lactone group in Cl11 and C12, two chemical se-
ries were prepared: the chemical series or the a-amine function was substituted
by various side chains of the type aryl or heteroaryl following an amidation reac-
tion (N-acylamine derivatives) [171], and that or the g-amine has been replaced
by an amidoxime [172].

In the series of a- N-acylamine y-lactone ketolides, a derivative is particularly
illustrated by its performance. This is compound 26 carrying the N-2-methylthio
quinoxaline link (Figure 20). Indeed, this compound is particularly effective in
vitro against Gram-positive pathogenic germs sensitive to Erythromycin. In ad-
dition, it was effective against strains of S. aureus resistant to MLSB, S. pneumo-

niae resistant to efflux and S. pneumoniae and S. pyogenes resistant to MLSB.

CH;
N-CH;
O. CH;
Compound 26 Nafithromycin (WCK 4873)
Figure 20. a-Amino- y-lactone derivatives ketolides and analogues.
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Furthermore, compound 26 was approximately 4 times more effective against
BML-resistant S. pyogenes and H. influenzae than Telithromycin [171]. The
presence of the N-acylamine chain in a of the p-lactone ketolide is therefore
important for inducing serial antibacterial performances of the neoketolides.

In series of antibacterial a-amidoxime 11,12- y-lactone ketolides, derived from
amines by replacement of the latter by an amidoxime, only one representative is
currently in clinical development. These are WCK 4873 or Nafithromycin de-
veloped by the Research Center in Wockhardt, India [172] (Figure 20).

Nafithromycin is structurally presented as a 3-keto Clarithromycin with a
y-lactonic heterocycle joined to C11 and C12 of the aglycone. The y-lactone car-
ries in a an amidoxime whose oxygen atom is alkylated in position 1 by an ethyl
group itself fixed in position 2 of a 1,3,4-thiadiazole carrier in position 5 of a
2-pyridinyl. Nafithromycin with this structural characteristic based on the
a-amidoxime group and a hydrophilic side alkyl chain, would have a much bet-
ter interaction with the target domain II and the target domain V including
modified, of rRNA. Such an affinity would be at the origin of potent antibacte-
rial activity against strains collected worldwide [173] [174] [175] [176] [177] in-
cluding against strains resistant to macrolides, in particular Telithromycin and
Solithromycin [178] [179] [180]. In terms of pharmacokinetics and tolerance,
Nafithromycin has been shown to be generally well tolerated at all doses. No se-
rious or severe side effects have been observed [181] [182]. Unlike most mac-
rolides and ketolides, Nafithromycin has also been shown to be non-inhibitor of
all major human CYP isoforms, even at significantly higher concentrations.
These results suggest a lower clinical drug interaction potential for Nafithromy-
cin [183].

Thus, the excellent antimicrobial profile, pharmacodynamics, pharmacoki-
netics and the safety and human tolerability data of Nafithromycin, mean that it
is currently in clinical development III in India. Nafithromycin is thus presented
as the future broad-spectrum neomacrolide antibiotic for the treatment of bacte-
rial pneumonia of community origin endowed with a notable activity against the
typical and atypical respiratory pathogenic germs and the resistant strains
[173]-[180].

4.3.8. Oxime and Ether-Oxime Ketolides

As previously in the neomacrolide series, chemical modulations of the (9 ketone
have also been undertaken in the ketolide series. The objective was the same,
namely to prevent the formation of inactive 6,9-hemiketal for better stability of
ketolides in gastric acid medium. Furthermore, it is also a question of optimizing
the therapeutic and pharmacokinetic performances as well as the tolerability of
the neoketolides obtained. In this perspective, the C9 ketone function of kéto-
lides, like that of Roxithromycin, has been transformed into its oxime analogue
and O-alkyl oxime derivatives.

1) Oxime ketolides

From the 11,12-carbamate ketolides or from the 11,12-carbonate ketolides a
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(Y oximation reaction was undertaken to give rise to the 9-oxime ketolides. The
latter, in particular those of the 11,12-carbonate ketolides series (Figure 21) with
compound 27 [184] exhibited better activity both on sensitive and resistant
strains than other macrolides including Staphylococcus aureus resistant to
Erythromycin by a constitutive MLSB mechanism [184]-[190]. However, the ac-
tivity although being more stable in gastric acid medium, compound 27 has
proved to be ineffective against S. pneumoniae resistant to Erythromycin [184].
To improve the activity of these oximes, in particular against H. influenzae and
S. pneumoniae resistant to Erythromycin, two types of chemical modulations
have been undertaken: either a chemical variation on the D-desosamine of the
oxime ketolides, or either O-alkylation of these oximes (Ether-oxime ketolides).
The first chemical modulation conserved the oxime in (9 but introduced at C4
of D-desosamine of 11,12 carbonate 3-keto-Clarithromycin, a hydroxyl group or
a carbamate group [191]. Such variations are thought to cause damage to the
center of peptidyl transferase (CPT) in the exit tunnel and inhibit the formation of
peptide bonds thanks to the presence of the 4’- O-carbamate group on desosamine.
This activity would be comparable to that identified in 16-membered ring mac-
rolides carrying mycaminosis-mycarose disaccharide in position C5 [191]. Thus,
the derivative 11,12-carbonate (9 oxime (compound 28) and its derivative of
5-O-4’-carbamate (compound 29) (Figure 21), presented good antibacterial ac-

tivities on respiratory pathogens comparable to those of Telithromycin and

Clarithromycin [191].

Compound 28: R= H
Coumpound 27 Compound 29 : R = CO-NH-CHZCH2—©

Figure 21. 11,12-Carbonate oxime ketolide derivatives.

2) Ether-oxime ketolides

The O-alkylation of (9 oxime, as in Roxithromycin, constitutes the second
chemical variation operated in order to improve the antimicrobial activity of the
ether oxime ketolides obtained. Chemical modulations have been undertaken on
11,12-carbamate ketolides and 11,12-carbonate ketolides. Several series of ether-
oxime ketolides have been developed, four of which are currently under intense
investigation. These are methyloxime derivatives, N-(aryl-alkyl) acetamidyl
oximes, 9- O-arylpropenyl oximes and 9-O-arylpropargyl oximes.

Methyloxime ketolides were accessed from Telithromycin following the re-

placement of the (9 ketone by a methyloxime and the replacement of the butyl

DOI: 10.4236/0jmc.2020.103005

80 Open Journal of Medicinal Chemistry


https://doi.org/10.4236/ojmc.2020.103005

0. Mahama et al.

group by a propyl chain but still carrying the imidazo-pyridine chain. Furthermore,
in order to improve the pharmacokinetic parameters as well as the antibacterial
performance of these new derivatives compared to Telithromycin, various
chemical variations have also been made, in particular by the introduction at C2
of modulators of hydroxyl, methyl, fluorine like, etc. [188] [189] [190]. Among
these, the derivative 2-fluoro-9-oxime (CP-654743) analogue to Solithromycin,
demonstrated the best activity both on strains sensitive and resistant to Eryth-
romycin. CP-654743 is slightly more active than the non-fluorinated analogue
(CP-605006) (Figure 22), but its activity on the main respiratory pathogens is
similar to that of Telithromycin. In animal models, CP-654743 has shown effi-
cacy similar to Telithromycin and superior to the non-fluorinated analogue
CP-605006 against Streptococcus pneumoniae. The pharmacokinetic profile of
CP-654743 was similar to that of CP-605006 and Telithromycin in middle ear
infections [188] [189] [190].

As regards the N-(aryl alkyl) acetamidyl oxime ketolides derivatives, these
were obtained from the 11,12-carbonate ketolides as a result of the attachment of
an N-(aryl alkyl) acetamide group to the hydroxyl oxime [185] [186]. Optimiza-
tion of activity was dependent on the length of the alkyl chain and the nature of
the aryl. In fact, it was optimal when it was a propyl chain carrying a heteroaryl
of the quinoline or quinoxaline nature (Figure 22). The importance of these
heterocycles, in particular quinoline, has also been reported to be an excellent
inducer of antibacterial activity in macrolide series [149] like that of the (b side
chain of Cethromycin. In addition, an extensive SAR study has shown that the
amide function with its free amine group is of paramount importance for the
induction of good activity. Thus, N-(arylalkyl) acetamidyl oxime ketolide de-
rivatives have shown potent antibacterial activities against Haemophilus influ-
enzae and Streptococcus pneumoniae including Erythromycin-resistant strains
[185] [186].

Despite their excellent in vitro activity, these ketolide acetamide derivatives
have unfortunately proved to be ineffective /n vivo in animal models, probably
due to their poor pharmacokinetic profiles [185] [186]. In order to improve the

pharmacokinetic parameters of ether-oximes while optimizing their antibacterial

CP-605006 : R=H
CP-654743 : R=F

Methyloxime ketolide derivatives Acetamidyl oxime ketolide derivatives

Figure 22. Methyloxime and Acetamidyl oxime ketolide derivatives.
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activities against resistant respiratory pathogenic strains, a new modulation of
oxime was operated. This is the introduction of a degree of rigidity in the alkyl
linker linking oxime and the aryl. Thus, propenyl and propargyl groups carrying
in this case a heterocycle of the quinoline, isoquinoline, pyridine, pyrimidine,
thiophene etc. type have been introduced on the oxime of the ketolides to give
respectively the series of 9-O-arylpropenyl oxime ketolides and that of
9- O-arylpropargyl oxime ketolides.

In series of the 9-O-arylpropenyloxime ketolides carrying diols at Cl11 and
C12, this variation enables to improve the antibacterial activity of these mole-
cules on Gram-positive germs. The activity was linked to the nature of the aryl.
It was higher for compounds in which the aryl is quinoline or thiophene like
(Figure 23). These compounds had potent activities against sensitive and resis-
tant strains including Staphylococcus aureus, Staphylococcus epidermidis,
Streptococcus pneumoniae and Streptococcus pyogenes [192]. In this same se-
ries of 9-O-arylpropenyloxime ketolides, this time with a cyclic carbonate at
Cl11-C12, the introduction of a fluorine atom at C2 has the consequence of ob-
taining analogues of Solithromycin [193] [194]. Among these, compound 30, the
oxime of which is alkylated by the propenyl-quinoline chain, has been shown to
be particularly effective against the strain ATCC49619 of S. pneumoniae sensi-
tive to Erythromycin (Figure 23). With an IC,, > 5 mM, compound 30 also had
a weak inhibition of CYP3A4 [194]. The fluorine atom was not involved in the
interactions of the H bond with the ribosomal tunnel. Its presence only resulted
in an improvement in the lipophilicity of the less hydrophilic side of the agly-
cone [193] [194].

Still in the 11,12-carbonate ketolide series, the other chemical variation under-
taken consisted in replacing the allyl linker by a propargyl also carrying most of the
time a nitrogenous heteroaryl. This variation led to the 9-O-arylpropargyloxime
ketolides derivatives characterized by the formation of a more rigid bond; which
turned out to be essential for a suitable conformation for binding with RNA 23S.
Molecular docking studies have elucidated the disparity of SAR in this series of
propargyls, and have suggested the possibility of this new binding mode differ-
ent from Telithromycin and Cethromycin [192]. In addition, when propargyl is

Ar

/l:l Sjl Composé 30

Arylpropenyl oxime ketolide derivatives Arylpropargyl oxime ketolide derivatives

Figure 23. Arylpropenyl- and arylpropargyl-oxime ketolide derivatives.
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carried by a nitrogen heterocycle, in this case quinoline, optimal antibacterial ac-
tivity is obtained. The position of the nitrogen atom in the cycle is essential for
the optimal binding of the molecule and its ribosomal target, for example in a
4-isoquinoline heterocycle (Figure 23) [192]. Furthermore, these 4- or 5-isoquinoline
derivatives have an interesting antibacterial activity against inducible pathogenic
germs resistant to MLSB and resistant to efflux, whatever the phenotypes sensi-

tive to methicillin or resistant to methicillin [192].

4.3.9. Ketoazalides or Azaketolides
Faced with the performance of azalides, in particular those of Azithromycin
which has a reassuring safety profile, good stability and exceptional pharma-
cokinetic, pharmacodynamic and therapeutic properties, it was normal for the
chemical modulations that led to the development of the Azithromycin are also
taken up in series of Ketolides. The “ketoazalides or azaketolides” obtained
should be at least as effective against infectious germs as Azithromycin, or even
provide better molecular stability in gastric acid medium.

1) 3-keto azithromycin derivatives and their pharmacomodulation sites

The first ketoazalides were prepared from a 3-keto-9-oxime-erythromycin A.
Thus, from this compound, the Beckmann rearrangement reaction was carried
out successively, the reduction of the intermediate iminoether obtained, then
N-methylation of the nitrogen atom introduced into the macrocycle. The first
ketoazalides with 15-membered ring obtained, were all derivatives of 3-keto
azithromycin or derivatives 9a-aza homoerythromycin A ketolides (Figure 24).
Despite the addition of an additional nitrogen atom which has led azalides in se-
ries to an enhancement of antimicrobial performance, at the level of ketoazalides
this modification alone is not enough to induce good activities. This poor per-
formance is related to possible instability reactions which would lead to the for-
mation of inactive 3,6-hemiketals, if the (6 hydroxyl group was not previously
protected, for example by a methyl [195]. However, even the 6-O-methylated
derivative (Figure 24) has been found to be largely ineffective against respiratory
pathogens compared to Azithromycin and Telithromycin [116] [196]. To induce
the expected antibacterial activity, 6-O-methyl has been replaced by the side
chain of Cethromycin. Such a structural variation has led to the production of

6-O-(3-quinolyl) allyl-3-keto-azithromycin (Figure 24) which has effectively

3-keto azithromycin: R = H 6-0-méthyl-3-keto-azithromycin: R = CHj

N.
6-0-(3-quinolyl) allyl-3-keto-azithromycin: R = *CHszH=CH—@

Figure 24. 3-Keto azithromycin derivatives or 9a-aza homoerythromycin A ketolides.
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become active against S. aureus, S. epidermidis, Escherichia coli and Nocardia

asteroides [197].

In the end, in the ketoazalides series, the replacement of Z-cladinose in C3 by

a ketone function doubled or not by 6-O-methylation, are not sufficient in

themselves to induce good antibacterial activities. Also, to develop ketoazalides

with effective antibacterial activities, use was made of the structural study of

Azithromycin adapted to that of 3-keto azithromycin. It has identified functional

sites likely to undergo chemical variations beneficial for antibacterial activities

[198]. This is particularly to (Figure 25):

e the alkylation by various groups other than methyl, of the (6 hydroxyl function,

¢ the introduction of Cl1 or C11-Cl2, respectively of an acyclic carbamate and
of an cyclic carbamate,

¢ the halogenation of carbon C2,

e the substitution in C4of D-desosamine or of the O-alkylation of hydroxyl in
position C2’, or even of the introduction of ester or amide functions on
methyl in C5’,

e the desmethylation of the nitrogen atom 9a or of its displacement in position
8aorlla,

¢ narrowing or widening of the aglycone at 15-membered ring to new agly-
cones respectively at 14- or 16-membered ring,

¢ the introduction of a lactam function in which the nitrogen atom is either in

position 9a or in 8a.

Figure 25. Pharmacomodulation sites for ketoazalides.

2) Carbamate-ketoazalide derivatives with 15-membered ring

In order to boost the serial antimicrobial activities of ketoazalides, one of the
chemical variations undertaken consisted in introducing an acyclic carbamate
function on the Cl1 hydroxyl. The studies of SAR undertaken, have noted that
the open and rigid nature of carbamoyl-ethylamide-like carbamate, is not con-
ducive to the induction of good antimicrobial activities. Indeed, compounds 31
and 32 (Figure 26) were respectively 8 times and 4 times less active than
Clarithromycin and Azithromycin against various bacterial strains, including

clinical strains of sensitive S. pyogenes [161] [199]. To remedy this poor per-
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formance, the carbamate group was introduced on carbon Cl1 and C12 in an
oxazolidinone-like heterocycle as in the Telithromycin structure. Other chemical
modulations have been carried out on these new 11,12-carbamate ketoazalide
derivatives. These are in particular the substitution of the nitrogen of the cyclic
carbamate by the chain 1-butyl-1,2,3-trizolyl-aniline of Solithromycin and the
removal of the methyl previously fixed on the nitrogen in 9a of ketoazalide,
6- O-methylation of hydroxyl or even C2 fluorination like Solithromycin [150]
[197] [198].

It appears from these various pharmacomodulations that the presence on ke-
toazalides of a cyclic carbamate C11 and Cl2 carrying on its nitrogen atom of
the same side chain as Solithromycin, leads to an improvement of the antibacte-
rial activities on strains resistant to Erythromycin A by an inducible and efflux
MLSB mechanism [150] [197] [198]. Among these compounds, the derivative
not methylated in 9a but 6- O-methylated (compound 33) (Figure 26) was found
in vitro on Gram (+) germs in particular on sensitive and resistant S. aureus,
more effective than Azithromycin. This efficacy was however less good com-
pared to that of Telithromycin and Solithromycin. The same trend was also ob-
served with resistant S. pneumoniae and with sensitive E faecalis. Compound 33
had an activity comparable to Azithromycin and Telithromycin but superior to
Solithromycin against Gram (—) germs in particular on H. influenzae. Further-
more, even if its efficacy remained equivalent to that of Azithromycin on E co/j,
compound 33 was significantly more effective compared to Telithromycin and
Solithromycin [198]. Furthermore, the introduction of a (2 fluorine atom
(compound 34) (Figure 26) improves the activity on both Gram (+) and Gram
(-) germs. We are indeed witnessing a broadening of the antibacterial spectrum
towards the germs of the genus . aureus, S. pneumoniae, S. pyogenes, E. fae-
calis, E. coli, P. aeruginosa and H. influenzae, including the multiresistant strains
[150] [197] [198].

Still in series with 11,12-carbamate Ketoazalide derivatives, another chemical
variation consisted in mimicking the structure of Cethromycin, characterized by

the presence of an allyl-quinoline link on (b6 hydroxyl [150]. Thus, the analogue

ketoazalide obtained (compound 35) (Figure 26) has been shown to perform

Compound 31 : R= %@—Clh

NO, Compound33:R=H ; Compound 35
Compound 32 : R =Q Compound 34 : R=F
NO,

Figure 26. Carbamate ketoazalide derivatives.
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better in vitro than Azithromycin on sensitive and resistant strains of S. aureus.
However, its efficacy was less good in the same species compared to Telithromycin
and Solithromycin. The activity against sensitive and resistant S. pneumoniae was
also more effective than Azithromycin. However, compared to Telithromycin,
compound 35 was less effective on the resistant strain. Against Gram (-) germs,
especially H. influenzae, the activity of compound 35 was low compared to that
of Azithromycin and Telithromycin, but it remained comparable to that of
Solithromycin. This ketoazalide analogue of Cethromycin has been shown to be
superimposable on the activity of Azithromycin against E. coli and above all su-
perior to Telithromycin and Solithromycin on E. co/i [150].

Another site has been modified in the structure of 11,12-carbamate Ke-
toazalides. These include D-desosamine in position C5. The latter was substi-
tuted either by an ester function or by an amide group (Figure 27). The
non-6- O-methylated derivative, carrying the methylene ester, in particular me-
thylene benzoate and whose carbamate has the same link as Telithromycin
(compound 36), has shown a relevant antibacterial activity comparable to that of
Azithromycin and Solithromycin against most strains of S. pneumoniae and the
strain ATCC 19615 of S. pyogenes [200] [201]. On the other hand, the derivative
carrying an amide group, not methylated in 9a but 6- O-methylated (compound
37), has proved to be less effective both on Gram (+) and Gram (-) germ com-

pared to Azithromycin, Telithromycin and Solithromycin [150].

o
N—CH;
O
(o)
5 N
H —
N
N /

Compound 36 Compound 37

Figure 27. C5’ alkyl-ester and C5’ alkyl-amide ketoazalide derivatives.

3) 11a-aza ketolide derivatives with 15-membered ring

A new ketoazalide 15-membered ring has been developed following the dis-
placement of the nitrogen atom to an atypical position, particularly by the in-
troduction of a methylamine at 1la. Furthermore, the general structure of
these ketoazalides undergoes a profound modification characterized by the
presence of a (9 hydroxyl and the suppression of diols at C11 and Cl12 diols.
The ethyl group protecting the lactone function of the macrolide was also de-
leted (Figure 28). Pharmacochemically, the introduction of nitrogen into this

unusual position in the aglycone and the profound structural changes in the
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14-membered ring ‘

active base motif were not beneficial for the induction of effective antimicro-
bial activities. Indeed, compound 38 (Figure 28) is found to be ineffective
against Gram (+) germs such as sensitive and resistant S. pneumoniae with
MICs > 128 pg/ml [202].

H;C
H;C_ N
11a ?H3
& HiC, =
0 " o CH;

Compound 38

Figure 28. 11a-aza Ketolide.

4) 14- and 16 -membered ring ketoazalides

By narrowing the aglycone from 15-membered ring, new 14-membered ring
ketoazalides have been fully developed by total synthesis [150]. In summary, this
involves replacing the (9 carbonyl group of Solithromycin with an amine func-
tion. Among its new ketoazalides, the non-fluorinated compound 39 (Figure
29) proved to be less effective compared to Solithromycin against sensitive and
resistant Gram (+) pathogens such as S. aureus, § pneumoniae, S pyogenes and
E. faecalis [203]. On the other hand, the introduction of a C2 fluorine atom like
Solithromycin, resulted in an effectiveness and a broadening of the antibacterial
spectrum of compound 40 (Figure 29). Indeed, the latter was more effective
than Azithromycin both on sensitive and resistant Gram (+) germs, in particular
S. aureus, S pneumoniae, S pyogenes and E. faecalis. On the other hand, on
Gram (—) germs the activities of the fluorinated compound are less effective like
that of Solithromycin [150].

In contrast to the cycle restriction, the enlargement of the ketoazalides from
15-membered ring to a new aglycone with 16-membered ring consisted in the

introduction of a methylene amine group (-CH,-NH-) in place of the carbonyl (9

H,N
CHy CH;
N—CH, dch,

o/ cH, o/ cH,

Compound 39: R=H
Compound 40: R =F

Compound 40: R=H

16-membered ring ’ Compound 41: R = F

Figure 29. Ketoazalides with 14- and 16-membered ring.

DOI: 10.4236/0jmc.2020.103005

87 Open Journal of Medicinal Chemistry


https://doi.org/10.4236/ojmc.2020.103005

0. Mahama et al.

of Solithromycin. Among its 16-membered ring ketoazalides, non-fluorinated
compound 41 (Figure 29) exhibited antibacterial activities on sensitive and re-
sistant Gram (+) germs (S. aureus, S. pneumoniae, S. pyogenes and E. faecalis)
superior to those of Azithromycin. However, the performances of this same
compound were less good compared to Telithromycin and Solithromycin against
these same germs. Furthermore, the activates of compound 41 were not very ef-
fective against Gram (—) germs compared to Azithromycin [150]. The introduc-
tion of a fluorine atom in C2 in series of the ketoazalides with 16-membered ring
(compound 42) (Figure 29), proved not very favourable to the induction of a
good antibacterial activity on Gram (+) germs [203]. In the end, unlike the series
of ketoazalides with 14-membered ring or C2-fluoridation improve antimicro-
bial performance, in series of ketoazalides with 16-membered ring, the presence
of this fluorine atom does not induce antibacterial efficacy on Gram (+) germs
expected.

5) Ketolactams or derivatives of Aza-homoerythromycin A ketolide

This new series of ketoazalides is the result of the pharmacomodulation of
3-keto erythromycin A. These ketoazalides were obtained by introducing a ni-
trogen atom either between the (8 and the carbonyl at (9 or between the C10 and
the carbonyl at (9 of 3-keto-erythromycin A, to obtain respectively 9a-lactams
and 8a-lactams ketolides (Figure 30). The chemical synthesis of these com-
pounds took place according to key strategic steps including an £Z isomeriza-
tion followed by an aglycone enlargement reaction of the resulting 9(2)-oxime
via the Beckmann rearrangement [204] [205]. These are therefore ketoazalides
with a lactam function also called Ketolactams, the most prominent of which
are those of the 8a-aza-8a-homoerythromycin A ketolides series and of the
9a-aza-9a-homoerythromycin A ketolides series (Figure 30). The general struc-
ture of Ketolactams is therefore characterized by the presence of an aglycone
with 15-membered ring, the creation of a lactam chain from C8 or (9, the pres-
ence of the diols C12 and C13 or their cyclization into carbonate, the maintenance
of D-desosamine at C5 and by the presence of an ether chain functionalized at the
level of the hydroxyl in C6. This O6 chain is most often carrying nitrogen hetero-

cycle including quinolines or quinolones to give hybrid compounds (Figure 30).

3
diol derivatives cyclic carbonate derivatives

Retrolactam series = 8a-aza-8a-homoerythromycin A ketolide : X = CO ; Y=NH
Lactam series = 9g-aza-9a-homoerythromycin A ketolide : X =NH ; Y=CO

Figure 30. General structure of Ketolactams.
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Compound 42: R = CHj3 ; Compound 43: R = C,H;

Compound 44: R = -CH,-CH=CH, N
Compound 45: R =-CH,-CH=CHj; 4 )

Compound 46: R = -CHz'CH=CH2_§/ _E”

Figure 31. Ketolactam derivatives.

In terms of the impact of these chemical variations on the induction of anti-
bacterial activities, three modulations are to be retained. These are the lactam
(CO-NH = 9a-aza) or retrolactam (NH-CO = 8a-aza) of the 15-membered ring
aglycone, cyclization to carbonate or not of the C12 and Cl13 diols and of the
nature of the ethereal sequence at the (6 level (Figure 30). Whatever the nature
of the (b6 ether chain, retrolactam-ketolides (8a-aza) performed better than their
lactam-ketolide counterparts (9a-aza). Furthermore, the cyclization of the diols
in C12 and C13 into carbonate, does not necessarily induce a higher antibacte-
rial activity unless the presence of the cyclic carbonate is associated with that
of an ethereal chain in (b6 as effective on the ribosomal target as the chain C6
of Cethromycin [198] [204] [205] [206]. In the end, in series of ketolactams or
Aza-homoerythromycin A ketolides, the whole problem of improving their an-
tibacterial activities finally focused on retrolactams (8a-aza) with the rarely cy-
cled C12 and C13 diols.

The only pharmacomodulation site for improved antimicrobial activity was
the nature of the (b ether chain. Therefore, we will approach this part of the
SAR studies, classifying the retrolactams (8a-aza) according to the nature of the
ether chain in (6. Thus, three groups are to be distinguished: the group of
6- O-alkyl retrolactams, that of 6-O-allyl carrying or not heteroaryl and that of
6- O-isopropanolyl-aminoheteroaryl. When the (6 hydroxyl is tethered by
groups of the methyl, ethyl or allyl like, it is found that the antimicrobial proper-
ties, both on sensitive strains and on resistances, decreases from 6-O-methyl
(compound 42) to 6-O-allyl (compound 44) through 6- O-ethyl (compound 43)
derivatives (Figure 31) [204] [205]. The 6-O-methylated retrolactam-ketolide
(compound 42) has shown better activity against inducible resistant S. aureus. It
had a significant antibacterial activity not only against strains sensitive to Azithro-
mycin, but also against strains resistant to Gram positive [198] [204] [205]. To
improve the induction of antimicrobial activities with ether-allyls, these have
been replaced by a quinoline-like heterocycle having a primordial role in the
ligand-receptor binding, in particular at domain II of 23S rRNA [125] [128]

Compound 47

Compound 48
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[149]. The 6- O-allyl-quinoline chain thus obtained is supposed to be an excellent
inducer of antibacterial activity in series of ketolides like that of the (b side
chain of Cethromycin. In fact, the retrolactam-ketolide (8a-aza) obtained (com-
pound 45) has shown, as the unsubstituted allyl derivative (compound 44), good
activity against pathogens sensitive to Erythromycin (Figure 31). On the other
hand, it was much more active than unsubstituted allyl (compound 44) against
very resistant strains of S. pneumoniae, S. pyogenes and S. aureus. In particular,
the 3-quinolyl compound (compound 45) was more effective against the strains
of S pneumoniae and of S. pyogenes resistant to MLSB compared to its posi-
tional isomer 4-quinolyl (compound 46) (Figure 31). However, this compound
was still inactive against the B0330 strain of S. aureus, resistant to MLSB [206].
The cyclization of the diols C11 and 12 of compound 45 surprisingly strength-
ened the activities of the derivative 11,12 cyclic carbonate obtained (compound
47). Compared to its acyclic diol analogue (compound 45), it has a broad anti-
bacterial spectrum extended against BML resistant S. aureus, S. pyogenes and H.
influenzae. With the exception of its moderate activity against strains of .
pneumoniae resistant to BML, the overall performance of compound 47 was
comparable on that of Telithromycin [206] (Figure 31).

Duplication of the same allyl-quinoline ether chain at positions O6 and O13,
on the lactam-ketolide analogue (9a-aza) of compound 45, considerably im-
proved the antibacterial activity of compound 48 obtained (Figure 31). This
performance was reflected in the activity against 8. pneumoniae and S. pyogenes,
which are resistant to MLSB as well as against Gram-positive bacteria resistant to
MLSB. The lactam-ketolide (9a-aza) or compound 48 was approximately 8 to 16
times more effective against the strains of S. pneumoniae and S. pyogenes resis-
tant to BML than its monosubstituted analogue or compound 45 [206].

4.3.10. Bicyclic and Tricyclic Ketolides: Bicyclonides and Tricyclonides
1) Acetylimine 6,11-bicyclonides. Modithromycin and derivatives.
Another approach for obtaining neoketolides capable of avoiding in-

tra-acetalization reactions, consisted in bridging in particular the hydroxyls in

(6 and Cl11 of 3-keto erythromycin A, by means of an acetone oxime chain

whose oxygen is alkylated by a methyl-heteroaryl group: [-CH,-C(NO-CH,-

heteroaryl)-CH,-]. This chemical modification led to the formation of a new

06-011 cycle to give rise to a new chemical series, that of bicyclic ketolides or

6,11-bicyclonides. The best representative of this group is Modithromycin

(Figure 32). This bicyclonide is also characterized structurally by the presence of

an acetylimine function by replacing the (9 ketone. The heteroaryl of the

methyl-heteroaryl chain of the bridged oxime is of the 2-pyrazolyl-3-pydinyl like

[207] [208]. Modithromycin has good activity on most respiratory pathogens in-

cluding strains resistant to Erythromycin by an inducible MLSB mechanism, on

atypical germs as well as on methicillin-resistant Staphylococcus with a

post-antibiotic effect comparable to that of Telithromycin [209] [210]. Further-

more, its activity on Mycobacterium avium is remarkable [208]. After a single
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oral dose to healthy volunteers, plasma concentrations were 0.2 mg/L and 1mg/L
at 100 mg and 1200 mg doses respectively after an average of 3 hours. The ap-
parent elimination half-life was approximately 15 hours. Modithromycin is cur-
rently recommended for the treatment of respiratory tract infections [211] [212].
Other 6,11-bicyclonides analogues of Modithromycin (Figure 32) have also
been developed [213]. The modifications made consisted in replacing the C9
acetylimine group with the initial carbonyl (compound 49) or else in replacing
acetylimine with another of a propionylimine nature (compound 50). At the
level of the heteroaryl pyridinyl-pyrazole of Modithromycin, this has also been re-
placed by other heteroaryl fractions of pyridinyl-aminothiazole nature (compound
49) still thiazolyl-aminopyridine (compound 50) or pyridinyl-isoxazole (com-
pound 51). Furthermore, by analogy with the interesting antibacterial effects
stimulated by the presence of fluorine, we are also witnessing such an introduc-
tion of fluorine into C2 like Solithromycin (compound 50). All of these new bi-
cyclonides have shown potent activities against . influenzae strains. Compound 50
with a faction of thiazolyl-aminopyridine-like heterocycles, a (9 propionylimine and
a (2 fluorine has risen like Modithromycin, active against the methicillin-resistant S.

aureus [213].

Modithromycin

Compound 49 Compound 50 Compound 51

Figure 32. Bicyclonide: structure of modithromycin and its derivatives and analogues.

2) Tricyclic ketolides or Tricyclonides

In pursuit of the quest for more effective macrolides against pathogenic and
resistant respiratory germs, a new series of ketolides characterized by a
6- O-methyltricyclic skeleton bridged with (9-Cl11-Cl12 has been developed
(Figure 33). These ketolides or Tricyclonides were prepared from Clarithromy-
cin intermediates following a series of reactions introducing ethylenediamine,
the formation of C11 and C12 carbamate followed by an intramolecular forma-
tion of imine and the construction of a 9,11-diazaheptene cycle [214] [215]
[216]. The first derivatives of this series differed in the presence or absence of
methyl substituents in alpha (C17) of the imine of the 9,11-diazaheptene ring.
Thus, four derivatives, namely the compounds TE-802, TE-935, TE-943 and
TE-806 were evaluated for their antibacterial activities (Figure 33). These note
that these new ketolides are effective in vitro on strains sensitive to Erythromy-

cin, on . aureus resistant to Erythromycin, on certain Gram () bacteria, an-
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aerobic bacteria and Mycoplasma pneumoniae. In particular, the compound not
methylated on diazaheptene ring or compound TE-802, has proved to be the
most effective and has exhibited activities comparable to or even superior to
those of Clarithromycin and Azithromycin against the Gram (+). TE-802 was
also effective against certain strains of S. pneumoniae resistant to erythromycin.
In terms of pharmacokinetics, TE-802 presented in vivo in rats, good stability in
gastric acid medium, a long half-life and better tissue penetration. However, all
these 6- O-methyltricyclic ketolides did not show any effective activity against S.
pneumoniae constitutionally resistant to MLSB [214] [215] [216].

Faced with the low activity of TE-802 and its methylated derivatives against
Streptococcus pneumoniae resistant to Erythromycin by an MLSB mechanism
and on Haemophilus influenzae, two types of chemical variation were operated
in order to reinforce the activity antibacterial of new TE-802 derivatives on these
bacteria. The first modulation consisted in introducing on the C2 of TE-802
compound, a fluorine atom as in the case of Solithromycin [217]. The analogue
2-fluoro-TE-802 or compound 52 obtained (Figure 33) effectively presented an
improved antibacterial and pharmacokinetic profile. Indeed, the presence of
fluorine widened the spectrum of action in vivo in the rat of this analogue of
TE-802 to H. influenzae. Furthermore, the other analogues C2-substituted by
hydroxyl or alkyl groups or even chlorine or bromine atoms, showed no im-
provement in the expected activities [217]. The second modification consisted to
introducing alkoxy-aryl substituents in a/pha position (C17) or in beta position
(C16) of the imine of 9,11-diazaheptene ring of TE-802 compound (Figure 33).
In general, the derivatives resulting from this modification of TE-802 have
shown improved antibacterial activities, in particular on Streptococci resistant
by an MLSB mechanism and on Haemophilus influenzae [218]. In addition, SAR
studies show that the spatial and isomeric arrangements of alkoxy-aryls on the
diazaheptene ring influence activity. Derivatives with C16 substitution carrying a
quinoline have better in vitro activity against MLSB resistant Streptococciand H.
influenzae. Conversely, the compounds resulting from the substitution for C17

would have better in vivo efficacy. These are indeed 2 to 3 times more effective

CH;

TE-802: R, =R,=H TE-935:R,=CH;;R,=H
TE-806: R, =R, = CH; TE-943: R, =H;R,=CH,

Compound 52 Compound 53

Figure 33. Tricyclic ketolides: TE-802 and its derivatives and analogues.
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Creation of carbamate, carbonate or lactone
heterocycle in C11 and C12:
- creation of a 2nd anchor point
on the ribosomal target.
- optimisation of antibacterial activity,
including against resistant germs.
- exalted pharmacokinetic performanc

than Clarithromycin even if they have a performance comparable to that of
TE-802. Among these substituted Cl7s, the bromobenzyloxy-methyl analogue
(compound 53) was found to be the most effective (Figure 33). Substituted C17
derivatives or alpha derivatives of imine appear to preserve the antibacterial
properties of TE-802 [218] [219].

5. Structure-Activity Correlations and
Serial Molecular Docking of Ketolides
and Neoketolide Derivatives

At the end of this review of the literature relating to the pharmacochemical evo-
lution of Erythromycin towards ketolides and its neoketolide derivatives, struc-
ture-activity relationships can be established as well as a molecular docking
study, that can be used as pharmacochemical tools for the development of news
effective and less toxic ketolides and neoketolides. Indeed, SAR studies have es-
tablished the importance of modulators for optimizing bacterial activities as well
as pharmacodynamic and pharmacokinetic properties (Figure 34). For molecu-
lar docking studies using ligand and receptor overlays, these have explored the
binding patterns of ketolides and neoketolides at the ribosomal target of the
bacterial germ [113]. Thus, as shown in Figure 34.

The 6- O-alkylation of the hydroxyl by a linker carrying heterocyclic groups
would be beneficial to improve the antibacterial activities if the linker is a hy-
drogen bond donor and if the heterocyclic part is of a nature to constitute a
privileged region for the hydrogen bonds acceptor groups. Furthermore, this
6- O-alkylation would strongly contribute to molecular stability. The replace-
ment of the ketone in position (9 by an oxime group would prevent degradation
reactions in an acid medium and would therefore be beneficial for the mainte-
nance of antibacterial activities. This activity would be optimal with minor, hy-

drophobic and electron donor bonds. The creation of carbamate, carbonate or

[R]

Replacement of C9 ketone by oxime:
Minor, hydrophobic electron-donating linkers
- Increased antil ial activity due to induced
molecular stability in acid medium
- Removal of the constituent MLSg resistance

Bulky, hydrophilic,
hydrogen bond donor
and acceptor ——>
groups favoured region

Five-atom /
linkers N
’ 9 ./"CH3

hydrogen bond acceptor

: 6-0-alkylation
groups favoured region

improve the antibacterial
activities due to induced

molecular stability
in an acid medium

4 Hydrogen bond
donor linkers

Hydrophobic __ | CH; O
groups favoured 0 211 CH;
region e |2 6fCH; IL/CH3
3 H-C 5 HO"/ /& Introduction of a hydroxyl or aryl in 4':
r»« o 3%, kS [0 CH, m - increased affinity for the bacterial ribosome
CH, 0 - exalted antibacterial activity
1 3

- increased molecular affinity for the bacterial ribosome
- improved antibacterial performance

Figure 34. SAR and serial molecular docking of ketolides.

O 2 (6] - - R
Introduction of a fluorine atom at the C2 position: S \ Replacement of L-cladinose with a ketone in position C3 :
- creation of a 3rd anchoring site on the ribosome —— CH3

- broadening of the antibacterial spectrum by
ppression of inducible MLSB and efflux resi:
- molecular stability in acidic medium
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lactone heterocycle in C11 and C12 would generate a second anchoring point on
the ribosomal target and would optimize the antibacterial activity including
against resistant germs. This region must be hydrophobic. Furthermore, when
this cycle in C11 and Cl12 is substituted by a side chain, it must be equivalent in
length to 5-atoms and carry a region capable of promoting the anchoring of

bulky, hydrophilic or hydrogen bond donor and acceptor groups.

6. Conclusions

Almost seventy years. They have therapeutic potential beyond their usual anti-
bacterial properties that should be explored. Currently, with the development of
total synthesis methods, they represent a real opportunity for pharmacochemists
to design new and even more effective macrolide derivatives and analogues for
the revival of effective antibiotic therapy. Indeed, taking into account the struc-
tural elements essential to the antibacterial activity of macrolides, several
chemical variations have been undertaken on Erythromycin A, their lead mole-
cule, in order to overcome its limits of use. The SAR studies undertaken on the
structure of Erythromycin A have led to the development of neomacrolides
(Clarithromycin, Roxithromycin, Azithromycin etc.). However, some respira-
tory pathogens remained resistant to neomacrolides. Thus, new chemical varia-
tions were undertaken to enhance the interaction between macrolides and their
ribosomal bacterial target by creating new anchoring sites. This led to the de-
velopment of ketolides. The latter is characterized by the presence of a ketone at
position (3, a carbamate, carbonate or cyclic lactone in position Cl1 and Cl2.
These heterocycles are substituted or not by an alkyl-aryl type side chain. It
should be noted that all ketolides are O6-alkylated. These modulations have
made it possible to improve stability in gastric acid medium, but above all to
broaden the spectrum of antibacterial action towards Gram-positive germs, in-
cluding strains resistant to other macrolides. The three main representatives of
ketolides that are Telithromycin, Cethromycin and Solithromycin are more or
less well tolerated. However, these ketolides were less effective against methicil-
lin-resistant Staphylococcus aureus and Haemophilus influenzae. Therefore, new
ketolide or neoketolide derivatives, active on Gram-positive germs including re-
sistant strains inducing MLSB resistance as well as antibiotic efflux have been
developed. These neoketolides have been designed with the same pharmaco-
chemical concepts used in the development of neomacrolides. To this should be
added variations of the C2-fluorination type, the introduction of alkyl-amine
groups (ketoazalide) or an amide (ketolactam) in the aglycone of the neoketo-
lides, the creation of bridged bonds to form bicyclic and tricyclic neoketolides
(bicyclonide and tricyclonide).

These different pharmacomodulations show prospects for the development of
new ketolides that are even more powerful against the most resistant germs,
atypical germs and against certain Gram-negative germs. Among these neoketo-

lides that are the most advanced or in clinical phase are the azetidinyl-carbamate
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ketolide PF-04287881, Nafithromycin, Modithromycin, the compound CP-654743
an ether-oxime derivative, certain compounds of the ketoazalide series, and even
tricyclic derivatives of the diazaheptene type such as the compound TE-802 and

its derivatives.
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