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Preface

The first idea was to publish a short discussion on the macrolide antibiotics, but the 
publisher expressed an interest in a book on macrolides. Indeed, my search of the 
available books on the subject produced few results, some dating back to the first 
years of this century, and none covering all popular aspects related to macrolides. 
Therefore, Dr Jill Barber and I decided to ask Dr Predrag Novak to join us in this inte-
resting journey through the world of macrolide antibiotics. He accepted, and the 
number of chapters increased due to his knowledge and expertise, particularly in the 
area of conformational analysis of macrolides and their interactions with biological 
targets. Dr Goran Kragol gave his word that he would write an interesting chapter on 
the synthesis of macrolide antibiotics with a lot of schemes and the latest approa-
ches and strategies in this master branch of the organic chemistry. All true lovers of 
organic synthesis and organic chemistry will certainly like that chapter. At the end, 
as a strawberry on the top of the cake, Dr Maria Grazia Rimoli and Federica Sodano 
provided strategies for the synthesis of conjugates of macrolides with nucleobases or 
nucleosides. The book, therefore, gives insights on the mechanisms of action of dif-
ferent types of macrolides and de facto provides ideas on the macrolides that can be 
synthesized with similar characteristics as the existing macrolides or with improved 
properties. It also gives synthetic strategies for the synthesis of macrolide antibiotics 
or their conjugates with nucleobases or nucleosides. 

It was indeed a huge responsibility to take on an endeavour such as writing the 
book in an interesting way and covering all popular topics related to macrolide anti-
biotics. However, from my first contact with the macrolide antibiotics I fell in love 
with them, so this was a quite interesting and not difficult journey for me. I hope 
that both students and experts will enjoy the reading journey through the book as  
I enjoyed taking part in its creation.

Sincerely,
Dr Biljana Arsic

https://doi.org/10.1515/9783110515756-202
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Biljana Arsic1, Jill Barber2, Predrag Novak3

1  The macrolide antibiotics and their semi-synthetic 
derivatives

Erythromycin A (1) was first described in 1952, at the height of the golden age of antibi-
otic discovery [1]. Its structure was determined by chemical degradation, a venture that 
seems heroic to twenty-first century eyes [2]. The first crystal structure confirmed the 
results of these chemical tests [3] but showed only relative stereochemistry and, inter-
estingly, the absolute stereochemistry was guessed incorrectly, and the wrong enanti-
omer of erythromycin recorded. A potent antibacterial agent, it is a product of the soil 
microorganism Saccharopolyspora erythraea. Saccharopolyspora erythraea produces 
several other erythromycins [4–9], precursors of erythromycin A and by-products of its 
biosynthesis (2–7). All are characterized by a 14-membered polyketide ring decorated 
with two sugars. The presence of 18 chiral centers in erythromycin A makes it a poor 
candidate for structure-activity relationships, and until very recently, analogues were 
limited to those that are found naturally and those that can be made from erythro-
mycin in a few steps. Very recently and excitingly, a synthetic methodology has been 
developed that may lead to high yields of novel macrolides [10].

The British National Formulary currently recognizes just four macrolides for the 
treatment of bacterial infections: erythromycin, clarithromycin (8), azithromycin (9) 
and the ketolide telithromycin (10). In addition, spiramycin (11), which is an effective 
antibacterial, is used for the treatment of toxoplasmosis. Roxithromycin (12) is used 
as an antibacterial drug in a number of countries, including Australia, New Zealand 
and Israel. The term macrolide can be applied to other drugs, such as the immune-
suppressant drugs tacrolimus and sirolimus and the polyene anti-fungals nystatin 
and amphotericin B, but these are beyond the scope of this chapter. 

Clarithromycin, azithromycin, telithromycin and roxithromycin are all semi-synthetic 
derivatives of erythromycin A [11–14]. At first sight they appear to be structurally similar.  
Certainly, their primary mode of action is similar: they all bind to the bacterial 50S ribosomal 
subunit and inhibit protein synthesis, and yet small structural changes have important 
consequences for the actions of these drugs. For example, the semi-synthetic macrolide 
clarithromycin differs from erythromycin A by a single substitution of a hydroxyl group 
by a methoxy group, yet clarithromycin is acid-stable, whereas erythromycin is highly 
labile, and clarithromycin is rigid, confined almost entirely to a single conformer, whereas  

1 Department of Mathematics, Faculty of Sciences and Mathematics, University of Niš, Niš, Republic 
of Serbia
2 Division of Pharmacy and Optometry, University of Manchester, Oxford Road, M13 9PT, Manchester, 
United Kingdom
3 Department of Chemistry, Faculty of Science, University of Zagreb, Zagreb, Croatia
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2   1 The macrolide antibiotics and their semi-synthetic derivatives
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11 spiramycin, 12 roxithromycin, 13 erythromycin enol ether, 14 anhydroerythromycin A.
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1.1 What happens to macrolides in the stomach?   3

erythromycin A has several minima detectable by NMR and molecular modeling. In the 
body, clarithromycin (8) and azithromycin (9) have long half-lives and favorable pharma-
cokinetics, allowing short courses (3–5 days) and daily or twice daily doses, compared with 
the 7-day, four doses per day standard course of erythromycin A.

In this chapter we discuss the chemistry of the macrolide antibiotics, addressing 
particularly the features that give them their distinctive characteristics.

1.1  What happens to macrolides in the stomach? The effect of 
acid on the erythromycins and their derivatives

When exposed to acid, the Achilles heel of erythromycin A proves to be the combina-
tion of the 6-OH, 9-ketone and 12-OH. Both the 12-OH and the 6-OH are capable of 
attacking the ketone to give 5-membered rings. Two compounds, erythromycin enol 
ether (13) and anhydroerythromycin (14), were isolated from the acid treatment of 
erythromycin A and extensive kinetic measurements were made to understand their 
relationship to erythromycin A and to one another. Two mechanisms were proposed 
as shown in Fig. 1.1 [15, 16]. 

A: 1 13 14

B: 13 1 14

Fig. 1.1: Proposed mechanisms for the conversion of erythromycin A (1) to anhydroerythromycin A 
(14). A: Atkins et al. [15]; B: Cachet et al. [16].

Both mechanisms were based on kinetic data obtained using HPLC-based experi-
ments, and were carried out before the structures of 13 and 14 had been solved unam-
biguously. Nuclear magnetic resonance (NMR) spectroscopy data proved important 
in confirming that the mechanism proposed by Cachet et al. [16] was correct. Firstly, 
the aqueous solution structure of erythromycin A was determined [17]. Surprisingly, 
this was an equilibrium mixture of the 9-ketone (1), as seen in the crystal structure 
and the 12,9-hemiacetal caused by cyclization of the 12-OH group with the ketone 
(15) (Fig. 1.2). A small amount of the 6–12 hemiacetal (16) could also be detected in 
DMSO solution. Next, the structure of erythromycin enol ether (13) was confirmed 
[18]. It was particularly important to establish that the 5-membered ring was formed 
by cyclization of the 6-OH (rather than the 12-OH) group with the 9-ketone. Anhydro-
erythromycin A was also described by NMR spectroscopy [19]. Until 2006, however, 
the additional chiral center (at C-9) formed by cyclization of erythromycin A to give 
anhydroerythromycin A had gone almost unnoticed, and the structure was generally 
drawn with 9S stereochemistry. X-ray crystallography and molecular modeling of 
anhydroerythromycin A acetate [20] revealed that the correct stereochemistry was in 
fact 9R, as shown in structure 14.
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4   1 The macrolide antibiotics and their semi-synthetic derivatives

The similarity of structures 14 and 15 already points towards a mechanism in 
which the enol ether (13) is formed from 16 and anhydroerythromycin A (14) from 15, 
broadly in agreement with Cachet et al. [16]. The use of NMR, in particular the FIDDLE 
algorithm, allowed us to obtain very detailed kinetic measurements for erythromycin 
degradation [21]. The FIDDLE algorithm [22] compares the experimental time-domain 
signal of a reference (such as tetramethylsilane) with that predicted by theory, multi-
plying the raw experimental data by the complex ratio of the two signals to produce a 
corrected free induction decay (FID); this results in excellent line shapes in the NMR 
spectrum from which kinetic parameters can be deduced. 

Fig. 1.2: Part of the 500 MHz 1H NMR spectrum of erythromycin A in D2O, showing the presence of two 
interconverting isomers.

When the intensities of representative signals from 1, 13 and 14 were plotted (Fig. 1.3) 
it could be seen, because of the high quality of the data, that the Cachet et al. model 
did not perfectly describe the concentrations of these compounds at long times. Incu-
bation of anhydroerythromycin A in acid conditions gave rise to small amounts of 
erythromycin A and erythromycin enol ether, demonstrating that 14, as well as 13, 
equilibrates with erythromycin A [23]. The loss of the cladinose sugar could also be 
detected. These results were modelled mathematically and, taken together with those 
of Volmer and Hui [24], give the complex scheme shown in Fig. 1.4, representing the 
acid-catalysed degradation of erythromycin A.

These studies illustrate the possibilities of carrying out kinetic measurements 
of drug degradation by NMR spectroscopy; however, clinically, the most important 
finding was the simplest – that erythromycin A has a very short half-life (<20 minutes) 
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in acidic conditions. The pediatric pro-drug erythromycin A 2′-ethyl succinate (18) 
degrades with almost identical kinetics [23] and escapes unacceptable degradation 
in the stomach by virtue of being sparingly soluble and being formulated to leave the 
stomach quickly.
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The semi-synthetic antibacterial drug clarithromycin (8) [11] is structurally closely 
similar to erythromycin, yet its properties, both in vitro and in vivo, are remarkably dif-
ferent. In acid, the drug degrades by loss of the cladinose sugar [25, 26] to give 19, with 
a half-life of 310 minutes at 37°C [27]. On a physiological timescale, nothing else of 
interest takes place, except that NMR spectroscopy indicates the fleeting presence of 
a number of minor components. One of these may be the 12,9-hemiacetal (20), which 
might be expected by analogy with an aqueous solution of erythromycin A. This com-
pound was not detectable by NMR in neutral solution [28]. When the acid-catalysed 
degradation was allowed to continue, two further compounds were detected, in equi-
librium with one another. Structures 21 and 22 had been proposed by Nakagawa et al. 
[26] as products of the acid treatment of 20, and the NMR data [27] were consistent 
with this suggestion (Fig. 1.5).

Fig. 1.3: Time courses of the acid-catalysed treatment of erythromycin A and anhydroerythromycin A.

1.1 What happens to macrolides in the stomach?   5
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The degradation in acid of azithromycin was studied by Fiese and Steffen in 1990. 
They concluded that, like clarithromycin, azithromycin degrades by loss of the clad-
inose sugar. The conditions were different from those used to study clarithromycin so a 
direct comparison of the rates of reaction is not possible. It is possible to say, however, 
that azithromycin is essentially stable to stomach acid. Roxithromycin (12) similarly 
has C9 unavailable for cyclization reactions, and presumably degrades slowly via loss 
of the cladinose sugar, although there is no literature directly supporting this.
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The data for degradation of telithromycin are sparse. Traunmüller et al. [29] carried 
out high performance liquid chromatography of extracts from human plasma and 
developed a method of quantifying telithromycin in plasma. Their conclusions about 
its stability were, however, qualitative: “Telithromycin was found to be unstable in 
aqueous solution at ambient temperature”. Hydrolysis of the carbamate side chain 
was postulated as a degradative mechanism. Telithromycin lacks a cladinose sugar, 
and the normal method of degradation via loss of this sugar is therefore impossible. 
The literature on telithromycin degradation is motivated mainly by pharmaceutical 
concerns rather than by chemistry and the identification of telithromycin degrada-
tion products has not been a high priority.

The remaining macrolide that has been studied in detail is erythromycin B [27]. 
This compound (2) is a side-product of erythromycin A production and lacks the 12-OH 
group. It therefore cannot cyclize in a 12-9 direction. Azithromycin and roxithromycin 
both lack the 9-ketone, and clarithromycin has a modified 6-OH group. Unsurpris-
ingly, the ultimate degradation pathway for erythromycin B was found (by diffusion 
ordered spectroscopy (DOSY)) to be the descladinose compound, 23. Much more sur-
prising was the mechanism by which this compound was obtained. Fig. 1.6 shows 
the time-course of the degradation of erythromycin B at apparent pH 2.5 and 37°C in 
deuteriated buffer, as monitored by NMR spectroscopy, again using the FIDDLE algo-
rithm [22, 27]. The unusual time-course results from the equilibrium of erythromycin 
B with its 6,9-enol ether (24). Dehydration of erythromycin B involves breaking the 
C8-H bond. When this re-forms, the deuteriated solvent supplies a deuterium rather 
than a protium and 8-deuterio- erythromycin B (2d) then dehydrates about 5 times 
more slowly than the parent erythromycin B (2).

There are several interesting features of this reaction. Firstly, the half-life of the loss 
of the cladinose sugar to give 23 is around 280 minutes, comparable with clarithromy-
cin, not with erythromycin A (which has a half-life of below 10 minutes in these con-
ditions). Erythromycin B has been reported to have comparable [30] or slightly lower 
[31] antibacterial activity compared with erythromycin A, and this may have been the 
incentive for the optimization (by classical means of strain selection) of S. erythraea 
to produce erythromycin A at the expense of the other erythromycins. With hindsight, 
we may ask whether erythromycin B, with its much improved acid stability, would in 
fact have been the better compound.

The second point of particular interest is that, although erythromycins A and B 
both form 6,9-enol ethers in acidic solution, the position of equilibrium is very differ-
ent. For erythromycin A, the equilibrium lies on the side of the enol ether (the inactive 
compound). By contrast, in the case of erythromycin B, the equilibrium is on the side 
of the active drug. Attempts have been made to exploit this equilibrium.

Erythromycin B enol ether ethyl succinate (25) is an almost insoluble deriva-
tive of erythromycin B, stable at neutral pH [32]. In acid, the enol ether ring opens 
to yield erythromycin B ethyl succinate (26), which is analogous to erythromycin A 
ethyl succinate (pediatric erythromycin). This compound hydrolyses to erythromycin 

1.1 What happens to macrolides in the stomach?   7
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B in neutral or basic conditions. Erythromycin A ethyl succinate (27) is a pro-drug 
for erythromycin A and hydrolyses to give the active drug in the intestine and blood-
stream. Unfortunately, clinical pediatric suspensions are also susceptible to hydrol-
ysis on storage, and erythromycin has a foul, bitter taste. Some children gag even 
on freshly made up erythromycin suspensions, which always contain a few percent 
erythromycin. The advantage of erythromycin B enol ether ethyl succinate is that 

 EBSCOhost - printed on 2/13/2023 3:25 AM via . All use subject to https://www.ebsco.com/terms-of-use



1.2 Crystal structures of macrolide antibiotics bound to bacterial ribosomes   9

it is so insoluble in neutral solution that it is stable for weeks. In acid (such as the 
stomach) it dissolves and converts almost instantly to erythromycin B ethyl succinate 
(Fig. 1.7). This relies on the equilibrium between the erythromycin and its enol ether 
being on the side of the ring-opened drug, and the same chemistry cannot be applied 
to erythromycin A.

In a second attempt to exploit this equilibrium for clinical benefit, 8-deuterio-
erythromycin B (2d) has been prepared [33]. The rationale here is that erythromycin 
enol ethers are reported to be largely responsible for gut motilide side-effects of eryth-
romycins [34–36], and deuteriation helps to suppress the formation of enol ethers.

Unfortunately, the pharmaceutical industry is heavily committed to erythromycin 
A (which is also the precursor to clarithromycin, azithromycin, roxithromycin and tel-
ithromycin), and the relatively small improvements afforded by using erythromycin B 
are unlikely to be economical. Clarithromycin B (28) has been made, but showed no 
advantages over the conventional clarithromycin A [37].
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Fig. 1.7: The conversion of erythromycin B enol ether ethyl succinate (25) to erythromycin B ethyl  
succinate (26) and thence to erythromycin B (2).

1.2  Crystal structures of macrolide antibiotics bound to bacterial 
ribosomes

During the first decade of this century, crystal structures for several antibiotics bound 
to the large ribosomal subunits were published. Yonath et al. generated the structures 
of Deinococcus radiodurans large ribosomal subunit in complex with erythromycin 
and telithromycin (14-membered macrolides), as well as lincosamide, clindamycin, 
and dalfopristin and quinupristin (streptogramins of the A and B types, respectively) 
[38–40]. The structures of azithromycin (15-membered macrolide) and carbomycin, 
spiramycin and tylosin (16-membered macrolides) and virginiamycin M (A-type strep-
togramin) bound to the large ribosomal subunit from Haloarcula marismortui have 
also been determined by Steitz group [41, 42]. 

Crystal structures of antibiotics bound to ribosome presented by Tu et al. [43] and 
Hansen et al. [41] differ significantly from structures provided by the Yonath group 

 EBSCOhost - printed on 2/13/2023 3:25 AM via . All use subject to https://www.ebsco.com/terms-of-use



10   1 The macrolide antibiotics and their semi-synthetic derivatives

[38–40] although H. marismortui and D. radiodurans large subunits are highly conserved. 
The observed differences can be divided into three categories: 1) drug conformation;  
2) variations in the positions adopted by drugs of the same class in a bound state; and 
3) drug-ribosome interactions.

Crystal structures of numerous antibiotics alone were determined previ-
ously. The structures of these antibiotics when they are bound to H. marismortui 
large subunit are almost identical to the conformations they show as single com-
pounds. In case of conformations with the same molecules in complexes with  
D. radiodurans large subunit, they are quite different. Examples are erythromycin 
where cladinose sugar is in low-energy chair conformation both in small mol-
ecule crystal structure and complex provided by Stephenson et al. [44], but in 
complex with large subunit provided by Schlunzen et al. [40] it is in the boat 
conformation (Tab. 1.1).

Tab. 1.1: Comparison of structures reported for antibiotics bound to large ribosomal subunits with 
the structures available in the Cambridge Structural Database [43].

Antibiotic (CSDa number) H. marismortui D. radiodurans (PDB number)

Erythromycin (NAVTAF) 0.745b 2.307 (1JZY)
Clindamycin 1c (SUPBIO) 0.312 2.100 (1JZX)
Clindamycin 2 1.017 1.868
Clindamycin 3 0.574 2.387
Telithromycin (GOPGAT) 0.260 1.799 (1P9X)
Virginamycin S (KEFWUN) 0.779 1.733 (1SM1)

a Cambridge Structural Database.
b Root mean square deviations are reported (in Å) for the optimal superposition of the structures 
being compared. Only atoms common to both the small molecule structures and the antibiotic 
complex structures reported are aligned and compared.
c The different conformations observed for clindamycin 2-phosphate are indicated with numbers.

1.3 Mode of action of macrolide antibiotics

The effect of macrolides is a result of sterical blocking of the lumen of the tunnel 
[41], particularly for larger macrolides. However, recent biochemical data show 
that the steric block model is incomplete for some macrolides (erythromycin). 
Namely, erythromycin induces the dissociation of peptidyl-tRNAs from the ribo-
some [45].

There is only a general knowledge on the interaction of macrolides with ribo-
somes, if we consider tight binding of antibiotics to bacterial ribosomes. Erythromy-
cin class antibiotics do not block peptidyl transferase activity [46]. They are binding 
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1.3 Mode of action of macrolide antibiotics   11

to the peptidyl transferase ring and block the tunnel that channels the nascent pep-
tides away from the peptidyl transferase center [47]. Erythromycin A, roxithromycin 
and clarithromycin bind to the same site in the 50S subunit of D. radiodurans at the 
entrance of the tunnel (Fig. 1.8).

Fig. 1.8: Interaction of macrolides with the peptidyl transferase cavity. a) Chemical structure 
diagram of macrolides (erythromycin A, clarithromycin and roxithromycin) showing the 
interactions of the reactive groups of macrolides with the nucleotides of peptidyl transferase 
cavity. b) Secondary structure of 23S rRNA with marked contacts of the medicine with RNA moiety. 
c) Stereoview showing the erythromycin binding site at the peptidyl transferase cavity of  
D. radiodurans in the scheme, the antibiotic is represented by the green part of ribosomal protein 
with yellow, part of ribosomal protein L22 with light green. Nucleotide numbering is according to 
the E. coli sequence [40]. 
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The desosamine sugar and lactone ring take part in the interaction of the drug with 
the peptidyl transferase cavity [48]. The desosamine sugar 2’OH group forms hydro-
gen bonds with three positions: N6 and N1 of A2041Dr (A2058Ec) and N6 of A2042Dr 
(A2059Ec) [40]. Hydrogen bonding interactions of the hydroxyl group of desosamine 
explain resistance mechanisms – the dimethylation of the N6 group not only adds a 
bulky substituent causing steric hindrance for the binding, but prevents the forma-
tion of hydrogen bonds to the 2’OH group. Several hydroxyl groups have an interac-
tion with 23S rRNA in the lactone ring: the 6-OH (hydrogen bonding to N6 of A2045Dr 
(A2062Ec)) [49], 11-OH and the 12-OH groups (both form hydrogen bonds with O4 of 
U2588Dr (U2609Ec)) [50]. The cladinose sugar does not take part in interactions with 
23S rRNA. 

A common pattern to the interaction and action of 14-membered macrolides to 
bacterial ribosomes is interactions between N6 of A2041Dr (A2058Ec), N6 of A2042Dr 
(A2059Ec) and the non-bridging phosphate oxygen of U2484Dr (U2505Ec). In order to 
prevent binding to peptidyl-tRNA, a nucleotide is situated at the G2484Dr (G2505Ec) 
position [51]. 

The macrolide binding site can be found at the entrance of the exit tunnel  
(Fig. 1.9). 

Fig. 1.9: Top view of the D. radiodurans 50S subunit showing erythromycin (red) bound to the 
entrance of the exit tunnel. Ribosomal proteins are represented by yellow color, 23S rRNA by gray 
and 5S rRNA by dark gray [40].
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1.3 Mode of action of macrolide antibiotics   13

In the bound state, the drug reduces the exit tunnel diameter from approximately 18 Å 
to nearly 10 Å. The exit tunnel is occupied also by the hydrated Mg2+ ion. Neither drug 
nor magnesium show direct interaction with ribosomal proteins. 

Azithromycin shows a difference from other macrolide antibiotics having the sec-
ondary binding site (Figs. 1.10 and 1.11).

Fig. 1.10: The regions of domains II, IV and V of 23S rRNA that contribute to binding. The contact sites 
of ABT-773 and azithromycin are indicated by large, colored letters in the diagram [52]. 

1.3.1 Binding of azithromycin

There are three available co-crystal structures of azithromycin with large ribosomal 
subunits of three quite different bacteria (Thermus thermophilus [53], H. marismortui 
[41] and D. radiodurans [52]). In the first two, one azithromycin molecule is present in 
the crystal structure, and in the last, two molecules of azithromycin. 

Structures of azithromycin in complexes with large ribosomal subunits of  
T. thermophilus and H. marismortui share a common set of hydrophobic interac-
tions between the lactone ring of the macrolide and the hydrophobic surface of 
the ribosomal exit tunnel (U2611, A2058, and A2059).

The primary site of azithromycin binding to D. radiodurans is located in domain V 
of 23S rRNA with similar orientation to erythromycin A. The second molecule forms the 
hydrogen bond between O4 of U2588Dr with a direct contact observed with the primary 
binding site. It seems that the second molecule of azithromycin is in the interaction with 
the L4 ribosomal protein. Additional contacts with domains II and IV lead to another 
region of 23S rRNA, giving as a result tighter binding. Present hydrophobic interactions 
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Fig. 1.11: Interactions of azithromycin with ribosomal proteins L4 and L22 and 23S rRNA [52].
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Tab. 1.2: Kinetics of macrolide interaction with ribosomes at pH 7.2 [54].

Ribosome 
source

Kinetic constants fora:

Erythromycin Azithromycin

k1 k−1 Kd k1 k−1 Kd

H. influenzae 6.0 x 107 0.106 1.8 x 10−9 5.2 x 107 0.016 3.1 x 10−10

E. coli 6.4 x 107 0.138 2.2 x 10−9 6.4 x 107 0.018 2.8 x 10−10

B. subtilis 4.9 x 107 0.063 1.3 x 10−9 3.1 x 107 0.050 1.6 x 10−9

S. aureus 2.5 x 107 0.024 9.6 x 10−10 2.8 x 107 0.019 6.8 x 10−10

a All reactions were performed in ribosome-binding buffer at pH 7.2, and samples were taken in 
triplicate for determination of the amount of macrolide bound to ribosomes by filter binding. Kinetic 
constants: k1, forward rate constant (liters per mole per minute); k−1, reverse rate constant (per 
minute); Kd, dissociation constant (molar concentration). 

of bases 2045Dr (A2062Ec) and U2588Dr (U2609Ec) have a contribution to the binding 
of the first azithromycin molecule. A putative Mg ion is in coordination with water mol-
ecules, and it interacts with the cladinose sugar and lactone ring. Interestingly, the 
nitrogen atom in the lactone ring of azithromycin does not contribute directly to the 
ribosome binding. The second molecule of azithromycin is making a direct contact with 
the first molecule of azithromycin with the formation of a hydrogen bond between the 
desosamine sugar and O1 in the lactone ring of the first azithromycin molecule.

1.4  Investigation of kinetics of macrolide interaction with 
ribosomes and possible models for different forms in  
binding to bacterial ribosomes

Goldman et al. [54] found that forward rate constants and binding affinity do not show 
any correlation with pH when the interaction of erythromycin with ribosomes (from 
Gram-positive and Gram-negative bacteria) was investigated, leading to the conclu-
sion that the protonated form of this macrolide binds to ribosomes. Similar results were 
obtained with azithromycin. Therefore, an increase of the extracellular pH increases 
the antimicrobial potency of basic [55] and not neutral [56] macrolides, and conse-
quently increases the rate of uptake into the bacterial cell [57]. It was determined that 
the dissociation rates for the macrolide-ribosome complexes followed a first-order rate 
at pH 7.2, and they were between 0.138 and 0.063 min−1 for erythromycin and 0.05 and 
0.019 min−1 for azithromycin (Tab. 1.2). It is noteworthy that erythromycin dissociates 
faster from Gram-negative ribosomes compared to Gram-positive [54]. 

Pestka et al. [58] concluded that antibacterial activity depends not only on the 
binding of the analogue to ribosomes, but also on its ability to enter and function 
intact in these cells. 
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A postulate exists that erythromycin A and some of its derivatives bind to the ribo-
some of Escherichia coli in a two-stage process. A strong binding interaction was 
detected by equilibrium dialysis and related techniques [54, 59, 60], including X-ray 
crystallography [43]. A weak interaction has been characterized as a fast exchange 
process by NMR spectroscopy [61–63]. Unlike the strong interaction, the weak interac-
tion appears to be magnesium independent [64]. 

The association and dissociation of macrolides can be described by the general 
formula D+R↔DR, where D represents a macrolide and R represents a ribosome; 
the forward and reverse rate constants are k1 and k2, respectively. As macrolides con-
taining desosamine exist in both protonated and neutral forms, the involvement of 
both forms in the binding reaction must be considered. Goldman et al. [54] considered 
several possibilities: 1) Both forms bind similarly to ribosomes, and both D0+R↔D0R 
and D++R↔D+R reactions occur (D0 and D+ are the neutral and protonated forms of 
the macrolide, respectively), with k1 and k2 being similar for both D0 and D+ (Fig. 1.12C). 
2) Both protonated and neutral forms bind to ribosomes with similar affinities and 

Fig. 1.12: Possible models for the roles of neutral and protonated forms of macrolides in binding to 
bacterial ribosomes. D0, Neutral macrolide; D+, protonated macrolide; R, ribosome; X⇒, no binding. 
Complexes in brackets represent loosely bound intermediates [54]. 
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with slightly different rate constants. 3) Both protonated and neutral forms initiate 
binding to ribosomes, but only the protonated (Fig. 1.12A) or neutral (Fig. 1.12B) form 
is present in the tightly bound macrolide-ribosome complex. In case A (Fig. 1.12A), 
only the protonated form is considered to bind directly into the tight complex, with 
the neutral form evolving from a loosely bound intermediate that locks into the tightly 
bound form after protonation. In case B (Fig. 1.12B), only the neutral form is consid-
ered to bind directly into the tight complex, with the protonated form evolving from 
a loosely bound intermediate that locks into the tightly bound form after deprotona-
tion. 4) Only the neutral or only the protonated macrolide form initiates binding and 
performs the final tight binding (Fig. 1.12D).

1.5  Solution state structures of free and bound macrolide 
antibiotics

In addition to crystal structures, steps taken in the process of drug design should 
also include elucidation of the solution-state structures of free and bound ligand mol-
ecules as the structural features of the complex may not be exactly the same in solu-
tion and in the solid state. 

Accurate determination of free-state solution 3D structures of small-molecule 
ligands provides an efficient tool for medicinal chemistry to better understand 
binding properties [65]. Structurally, macrolides are complex molecules with many 
stereogenic centers that affect their biological and physico-chemical properties. This 
should be kept in mind when designing libraries of potentially bioactive macrolides 
or novel classes of antibiotics [66, 67]. Interactions with bacterial membranes and bile 
acids are also crucial for the overall macrolide biological profile and can be connected 
to macrolide transport and bacterial resistance [68, 69]. This can have a significant 
impact on the development of new strategies aimed at the design of compounds with 
enhanced biological activity.

The interactions of macrolides and bacterial ribosomes can be studied by differ-
ent methods and a number of experimental approaches have been developed to char-
acterize binding such as filtration, RNA footprinting, peptidyl transferase activity and 
surface plasmon resonance, for example [70–75]. Many of them need radiolabelled 
antibiotics as a ligand and do not provide mechanistic details of those interactions at 
the molecular level. Changes in fluorescence intensity and fluorescence polarization 
can also be used to characterize the binding of macrolides, but fluorescently labelled 
ligands are required [76–78].

 Crystallography represents a powerful tool to characterize binding at the 
atomic level provided suitable crystals are obtained. Despite the fact that impor-
tant structural information on macrolide-ribosome complexes were obtained, most 
of the structures were observed for ribosomes isolated from clinically non-relevant 
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bacteria, except for E. coli, and cannot explain all the effects of macrolides on dif-
ferent pathogenic strains. However, solid and solution-state structures may not be 
the same. Hence, steps taken in the process of drug design should take into account 
solution-state structures of free and bound ligand molecules as well. 

The 14- and 15-membered macrolide compounds are considered to be the most 
important in medicinal chemistry, and hence, the majority of conformational studies 
have been performed for these compounds (Fig. 1.13).
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Fig. 1.13: Structures of the main representatives of 14- and 15-membered macrolides.

The complex structures of the macrolides suggest the variety of possible conforma-
tions and the ways certain structural parts can be spatially oriented that affect not 
only their ability to bind to ribosomes but also their physico-chemical characteristics. 
Hence, crystalographic data revealed similar ribosome binding modes of these anti-
biotics, but they may significantly differ in their pharmacokinetic properties such as 
dissolution, intestinal absorption and cellular permeability, for example.

Most of the macrolide-ribosome crystal structures pointed towards the folded-out 
macrolide conformation as the bound one [41]. In this conformation, the polar groups 
of the macrocyclic lactone ring are directed towards one side of the molecule, whereas 
the other side is mostly hydrophobic. When bound to ribosome, the polar macrolide 
region is in close contact with the lumen of the exit tunnel while the hydrophobic part 
is oriented towards the tunnel wall [41, 43].
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Everett et al. [79] described that erythromycin A, the first isolated macrolide 
antibiotic [80], exists in two main conformational states, the folded-out and the 
folded-in, referring to the outward and inward folding of the macrolactone ring 
fragment C3–C5, as shown for azithromycin in Fig. 1.14. The folded-out conforma-
tion is based on the crystal structure of erythromycin A hydroiodide [3], whereas 
the folded-in is based on the crystal structure of dirithromycin [81]. In the folded-
in conformation, atom H3 approaches H11 and atom H4 approaches Me-18, whereas 
in the folded-out conformation atom H4 approaches H11 and H5 approaches  
Me-18 (Fig. 1.15). 

A comprehensive study of the solid-state conformation of the 14-membered 
macrolide antibiotics erythromycin A and B, clarithromycin and roxithromycin has 
been undertaken by Miroshnyk et al. [82]. It has been shown that the macrocyclic 
ring adopted a folded-out conformation in all of the studied macrolides, thus dem-
onstrating its rigidity. The solid-state conformations of clarithromycin and especially 
roxithromycin were shown to differ from those of erythromycin A and B in the relative 
orientation of their monosaccharide moieties, cladinose and desosamine. The differ-
ent spatial arrangements of these sugar units were underlined as factors that should 
be taken into account when establishing the relationships between the molecular 
structure and pharmacokinetic properties of the macrolide antibiotics.

Many approaches to understand the conformations of macrolides in solution 
have been used over the years. Most of them have involved a combination of NMR 
and molecular modeling methods. The NMR data used include coupling constants, 
in the macrolide ring and sugar units, and nuclear Overhauser effect (NOE) data. 
The conformational behavior of 14- and 15-membered macrolide antibiotics such as 
erythromycin A, roxithromycin, clarithromycin and azithromycin has been studied 
intensively by NMR and modeling [48, 65, 83–91]. Some studies have reported NMR 
constraints applied in molecular modeling calculations [48, 87, 92], and in some, 
molecular modeling calculations were carried out unconstrained and the obtained 
structures compared with the NMR data [66, 88–91]. One of the problems associated 
with using constraints in the calculations is that artificial average conformations that 
do not actually exist may be obtained [91].

The solid and solution state conformations of various azithromycin derivatives 
and their aglycones were determined by X-ray diffraction [93–95] and NMR spectros-
copy [65, 91, 96]. Those investigations also demonstrated that these compounds exist 
in two major conformational families: folded-out and folded-in, as previously deter-
mined for erythromycin derivatives. The folded-out conformers have larger homonu-
clear 3JH2,H3 values (~10 Hz), larger torsion angles between atoms H2 and H3 (~±180°) 
and exhibit a close space approach of protons H4 and H11, giving rise to NOE or ROE 
cross peaks (Fig. 1.15).

Much lower 3JH2,H3 values (~2–3 Hz), lower torsion angles (~100°) and a close space 
approach of atoms H3 and H11, with the corresponding NOE cross peaks are charac-
teristic of the folded-in conformers [79, 83, 86].
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Fig. 1.14: Superposition of the folded-out and folded-in conformations of azithromycin.
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Fig. 1.15: Key NOE contacts for the folded-in (red) and folded-out 
(blue) conformations in oleandomycin.

Desosamine and cladinose sugars in 14- and 15-membered macrolides are oriented 
closer to each other in the folded-out conformation than in the folded-in conforma-
tion. In most cases they were found to adopt energetically favored chair conforma-
tions [83]. For oleandomycin and its derivatives, both conformations were detected 
by NMR in solution whose amount depended on the solvent polarity and tempera-
ture [89, 91]. The conformation around the glycosidic bonds, governing the relative 
orientation of sugars vs. the lactone ring, showed certain flexibility within two con-
formationally close families. Some conformational flexibility was also observed in 
the erythronolide part of the molecule. It was concluded that the X-ray structures do 
not adequately describe the solution-state conformations of oleandomycin and its 
derivatives (Fig. 1.16).

Novak et al. [88, 91, 97] have demonstrated that an approach which combines NMR 
and molecular modeling methods could be applicable to conformational studies of
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Fig. 1.16: Superposition of different conformers of oleandomycin derivatives.

free and bound macrolides and their interactions with ribosomes. Their results, and 
those of other groups [36, 78, 83, 86, 98, 99], have confirmed that macrolides adopt 
two major conformational states, folded-out and folded-in, referring to the outward 
and inward folding of the ring fragment 3C-5C. 

In the case of macrolides, conventional nuclear Overhauser enhancement spectros-
copy (NOESY) experiments are sometimes subject to errors because macrolide NOEs are 
close to zero at commonly used field strengths and solvents. For example, azithromy-
cin displayed a nice NOESY spectrum at 500 MHz spectrometer in CDCl3, but only a few 
NOEs were detected in the NOESY spectrum in D2O. Hence, in such cases the rotating 
frame experiments (ROESY) can be used which give rise to equally weighted positive 
signals but are technically demanding and very susceptible to artefacts (Fig. 1.17). 

It was concluded that the vicinal coupling constants 3JH2,H3 and NOE cross peaks 
between protons H3-H11 and H4-H11 were good indicators of aglycone ring folding. 
Furthermore, 3JCH coupling constants over the glycosidic bonds provided information 
about the position and mobility of sugar units, with respect to the lactone ring. Lon-
gitudinal relaxation of methyl protons could be useful to probe motions of methyl 
groups which reflect aglycone ring folding. A conformation intermediate between 
the classical folded-out and folded-in, termed 3-endo folded-out for some 6-O-methyl 
homoerythromycin derivatives has also been reported [90]. This conformation was 
characterized by 3JH2,H3 of approximately 4–5 Hz and NOE interactions between H11 
and both H3 and H4.

Studies performed by Ćaleta et al. [99], which included a combined use of X-ray, NMR 
and molecular modeling methods, have demonstrated that macrolide aglycons of 14- 
and 15-membered macrolide classes, e.g. (E)-9-hydroxyimino-6-O-methylerythronolide A, 
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9a-aza-9-deoxo-9,9-dihydro-9a, 11-O-dimethyl-9a-homoerythronolide A and 9a-aza- 
9-deoxo-9,9-dihydro-9a-homoerythronolide A also predominantly adopted the folded-out 
conformation in solution and in the solid state. They concluded that the macrolactone 
ring strongly affects the overall conformational flexibility of macrolides and that the  
folded-in conformation occurs only with the introduction of sugar moieties at C3 and C5 
positions.

Both conformations were reported to exist when macrolides bind to H. marismortui 
50S subunit [52]. However, the existence of the folded-in conformation in the bound state 
has been questioned because a lower energy folded-out conformation of erythromycin 
exists in the crystal structure of the free compound, which was also observed for E.coli 
macrolide bound state [100].

NMR and molecular modeling have been used to predict the major confor-
mations of telithromycin and RU 72366 in solution [101]. They are semisynthetic 
compounds produced from erythromycin lacking the cladinose sugar which was 
replaced by a keto group. They also possess a carbamate moiety at positions 11, 
12 and alkyl-aryl side-chains. Different 2D heteronuclear NMR correlation data and 
long-range 3JCH coupling constants together with NOE experiments have been used 
in conjunction with molecular dynamics simulations to obtained conformations in 
solution which were found to be similar to those observed in the crystalline state. 
Authors concluded that owing to the presence of a keto group at position-3 the 
flexible right hand side of the macrocycle ring exhibits some deviations from the 

Fig. 1.17: 2D ROESY NMR spectrum of oleandomycin derivative in DMSO-d6.
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folded-out conformation found in related 14- and 15-membered macrolides. They 
also observed somewhat different orientation of the desosamine sugar with respect 
to that found in erythromycin. NOE correlations analysis did not show interesting 
contacts between lactone ring and imidazolyl-pyridine moiety in telithromycin indi-
cating a substantial chain flexibility. On the other hand for RU 72366 NOE connec-
tivities were observed suggesting that the chain is pushed back toward the right part 
of the macrocycle in the C-2 to C-6 region.

The three-dimensional solution-state structure of the macrolide antibiotic 
oxolide, an epoxy derivative of erythromycin, has also been investigated by a com-
bination of NMR data and constrained molecular mechanics calculations [102]. 
Although 3JH2,H3 coupling constants values measured in CDCl3 and D2O resemble 
those observed for the folded-out conformation, the characteristic NOE cross peaks 
indicative of the folded-out conformations were not detected in the ROESY spectrum. 
Furthermore, NOEs usually found for the folded-in conformation were not present 
as well. The effect of the epoxy moiety on the overall conformation of the macrolac-
tone ring is the most probable cause for conformational differences. Stereochemistry 
and three-dimensional structure of anhydroerythromycin A, the degradation product 
of erythromycin A was determined in solution and solid state. The results indicated 
certain conformational flexibility in solution. It was suggested that for the flexible 
macrolide compounds two or more force fields should be included in computations 
for detailed conformational analysis [65].

A stereoisomer library of novel 14-membered macrolides has recently been con-
structed in an attempt to correlate stereochemistry and biological activity [103]. 
The superimposition of the most stable conformers indicated wide stereochemical 
diversity. The synthesis of a new macrolide has been performed and its conforma-
tion assessed by using NMR spectroscopy. The most stable structure calculated by 
molecular modeling was compared to the one obtained by NMR and two structures 
were found to be very similar.

There have been attempts to determine the three-dimensional structure of tylosin 
in aprotic solvents using molecular modeling and different force fields [104] and the 
obtained structures were not consistant with the one obtained in the crystal struc-
ture [41]. To better understand the conformation of tylosin in water solution Arsić 
et al. [105] performed a detailed study by using NMR and unconstrained molecular 
modeling methods. They concluded that tylosin neither adopted the folded-in nor 
the folded-out conformation probably due to the fact that the double bonds impose 
rigidity of some parts in the molecule with restricted conformational flexibility. The 
superimposition of the free state global minimum conformation on the crystal struc-
ture of tylosin bound to H. marismortui ribosomes revealed that the two structures 
resemble. 

A comprehensive review on biosynthesis, structure, chemical properties and 
mode of action of 16-membered macrolides, with special emphasis on tylosin A and 
josamycin were recently published [106].
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Conformation and relative configuration of the two novel 16-membered mac-
rolide antibiotics, thuggacin A and B isolated from the myxobacterium Soran-
gium cellulosum and thuggacin C, a rearrangement product of thuggacin A, were 
studied in solution. NMR data including NOEs and vicinal coupling constants pro-
vided a reliable data for constructing a structural model. The conformation and 
relative configuration of thuggacins was calculated by using semi empirical PM3 
calculations taking into account NOE constraints [92]. The structure of several 
hydroxy-aminoalkyl derivatives of 16-membered macrolide-josamycin have been 
evaluated by one- and two-dimensional NMR methods and FT-IR [107]. The low-
est-energy structures of these compounds have been calculated and visualized by 
PM5 method at semi-empirical level of theory, taking into account spectroscopic 
data. For two josamycin derivatives equilibrium between two different structures 
were detected. PM5 calculations showed that the structures are stabilized by 
rather weak intramolecular hydrogen bonds, being in agreement with the spec-
troscopic data. 

Two new 16-membered macrolides, tianchimycin A and B, were subjected to 
molecular mechanics calculations to search for the global energy minimum confor-
mations [108]. Calculated structures were consistent with the ROESY correlations 
obtained in solution.

Hence, most of the conformational studies in solution of macrolide compounds 
have pointed towards their structural similarities and relative rigidity of the macrol-
actone ring with some flexibility noticed in certain regions. This might play a role in 
binding of these compounds to biological receptors.
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Goran Kragol
2  The semisynthetic routes towards better 

macrolide antibiotics 

2.1 Introduction

Macrolide antibiotics are characterized by the presence of a 12- to 16-membered 
macrocyclic lactone ring to which one or more sugars are attached. Over 50 years ago, 
Erythromycin A, a natural product isolated from Saccharopolyspora erythraea, was the 
first macrolide to be introduced for clinical use (Fig. 2.1). Although other natural mac-
rolides isolated form Streptomyces spp. (oleandomycin, josamycin and spiramycin) can 
also be found in clinical use, the erythromycin-based 14-membered macrolide scaffold is 
still the highly predominant template for further derivatization to obtain better macrolide 
antibiotics. This is not a surprise as erythromycin, as well as some erythromycin deriva-
tives, is currently available in bulk quantities from a number of suppliers and therefore is 
a reasonably cheap starting material. Extensive chemical modifications of erythromycin 
A have led to the development of numerous semisynthetic derivatives with broader anti-
microbial spectra, more favorable pharmacokinetic properties and better tolerability. In 
general, there are three generations of macrolide antibiotics derived from erythromycin A 
(Fig. 2.1): the first generation, which includes erythromycin and some simple derivatives, 
i.e. 2’-esters or lipophilic acid-addition salts; the second generation, which was designed 
to improve primarily pharmacokinetic properties and was commercially and clinically 
quite successful, i.e. roxithromycin (Rulid), clarithromycin (Clarith, Biaxin) and azithro-
mycin (Sumamed, Zithromax); and the third generation, which has the difficult task of 
fighting against bacterial resistance and includes exclusively various ketolides, among 
which telithromycin (Ketek) is the only one on the market while others are still in devel-
opment. Semisynthetic routes towards selected examples of macrolide antibiotics of the 
second and third generations will be described in this chapter. Currently, there is no the 
fourth generation in clinical study, but some promising novel platforms have been devel-
oped recently and their usefulness to produce new classes of macrolides will be examined.

2.2 Erythromycin

Erythromycin A (Fig. 2.1), the first clinically used 14-membered macrolide, is a 
natural fermentation product isolated from the culture broth of the soil-dwelling 
fungus Saccharopolyspora erythrea [1]. The structure of erythromycin consists of a 
14-membered macrolactone ring, having 10 chiral centers and bearing three hydroxyls 

https://doi.org/10.1515/9783110515756-002
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32   2 The semisynthetic routes towards better macrolide antibiotics

and a keto group as well as six methyl groups and one ethyl group. At positions 3 and 5 
(for the usual numbering of the erythromycin scaffold, see Fig. 2.1) of the macrolactone 
ring, two sugar moieties, cladinose and desosamine, respectively, are attached, further 
increasing the complexity and size of the erythromycin molecule. As such, erythro-
mycin belongs to the useful drug classes that do not follow Lipinski’s Rule-of-Five [2]. 
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Large-scale production of erythromycin A still relies on the organism  Saccha-
ropolyspora erythraea (Fig. 2.2). The industrial production of erythromycin A started 
in the 1950s. The early fermentation process afforded about 0.25–1.0 g erythromycin 
per liter. After 60 years of improvement, yields have increased to around 10–13 g per 
liter. The fermentation process still delivers a mixture of erythromycin A as the major 
component (desirably >90%), contaminated with partially hydroxylated or methyl-
ated intermediates: erythromycins B, C and D (Fig. 2.2).
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In addition to poor bioavailability and a short half-life, the main disadvantage of 
erythromycin A is its fast decomposition in the acidic conditions of stomach fluid. The 
mechanism of acidic decomposition involves intramolecular cyclization reactions, 
leading to the formation of anhydrohemiketal and spiroketal derivatives (Fig. 2.3) that 
are antibacterially inactive [3].
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34   2 The semisynthetic routes towards better macrolide antibiotics

2.3 Second generation of macrolide antibiotics

The discovery of semisynthetic second generation of macrolide antibiotics was essentially 
fueled by a desire to improve erythromycin’s stability in acidic media. As acidic decom-
position begins with the addition of the C6-hydroxy group to the C9-ketone (Fig. 2.3), 
researchers devised several successful solutions to block either 6-hydroxyl (6-OH) or 
9-keto moiety. Each solution provided novel macrolide antibiotics that show improved 
pharmaceutical properties as well as an expanded antibacterial activity spectrum.

2.3.1 Roxithromycin

The transformation of C9-ketone to an oxime ether was shown to be a suitable method 
for the prevention of intramolecular cyclization reactions in acidic media [4]. Among 
the library of prepared oxime ethers, roxithromycin was chosen as the most promis-
ing compound. The synthetic procedure for the preparation of roxithromycin is quite 
straightforward, taking only two steps starting from erythromycin A (Scheme 2.1). 
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2.3 Second generation of macrolide antibiotics   35

The first reaction step involves formation of an oxime at position C9 of unprotected 
erythromycin A. The reaction of oxime formation is stereospecific, providing E-oxime 
1 as the major product, contaminated with a small ratio of Z-isomer 2 that can be 
easily separated by crystallization. A hydroxy group of the oxime can be then selec-
tively alkylated without a need for the protection of C2’-hydroxy (2’-OH) or C4”- 
hydroxy (4”-OH) moieties. Acidic stability of roxithromycin was moderate but  
substantially improved when compared to erythromycin A [4]. Base-promoted E to Z 
oxime isomerization provided a Z-isomer of roxithromycin that was clearly less active 
in vivo when compared to the E-isomer. 

2.3.2 Clarithromycin

Another solution to decrease intramolecular ketalization of erythromycin A was block-
age of the C6-hydroxy group by simple alkylation. However, the presence of five dif-
ferent hydroxy groups in the starting macrolide scaffold heavily complicates selective 
alkylation of only 6-OH. The first successful alkylation of 6-OH was accomplished on a 
2’-O-,3’-N-bis(benzyloxycarbonyl)-N-demethyl erythromycin A (3, Scheme 2.2) [5]. The 
protection of 2’-OH was necessary because it is the most reactive hydroxyl of the eryth-
romycin scaffold. The protection of 3’-amine blocks formation of quaternary ammo-
nium salt during alkylations. The alkylation of 3 with methyl iodide in the presence 
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of sodium hydride provided a mixture of methylated products from which 6-O-methyl 
derivative 4 was isolated by chromatography. Subsequent catalytic hydrogenation to 
remove benzyloxycarbonyl (Cbz) protections afforded 3’-N-demethyl-6-O-methyleryth-
romycin A (6). Reductive methylation of 6 to regain 3’-N-dimethylamino moiety pro-
vided clarithromycin in the best yield of 39% (contaminated with 6,11-di-O-methyl and 
6,12-di-O-methyl derivatives) [6]. As expected, clarithromycin was quite stable in acidic 
conditions but also more active against bacteria when compared to erythromycin A.

Apart from desired 6-O-methyl derivative 4, above alkylation procedure preferen-
tially provides 11-O-methyl derivative 5 (42% yield). Further development of alkylation 
conditions revealed that the alkylation of suitable 2’-O-4”-O-protected erythromycin 
A 9-E-oxime 7, provides preferentially 6-O-alkylated products in high yields (i.e. 10, 
Scheme 2.3) [6]. The protection of 9-E-oxime was necessary to block the formation of 
O-alkyl oximes as the regeneration of the 9-keto group from alkylated oximes cannot 
be performed in mild conditions. Fortunately, it turned out that the bulkiness of the 
oxime protection group also determines regioselectivity and rate of the alkylation: 
bulkier protection affords better regioselectivity towards 6-O-alkylation but a slower 
reaction time. Eventually, 2-chlorobenzyl group oxime protection (9, Scheme 2.3) was 
chosen as the most suitable for the 6-OH alkylation studies. The optimal alkylation 
conditions involve DMSO/THF (1:1) as a solvent, KOH as a base and methyl iodide 
as a methylation agent. Subsequent steps consist of, firstly, catalytic hydrogena-
tion to cleave 2-chlorobenzoyl oxime protection, secondly, catalytic hydrogenation to 
cleave benzyloxycarbonyl protections, and then, reductive methylation to regain 3’-N- 
 dimethyl amino moiety. The obtained clarithromycin 9-E-oxime 12 was finally trans-
formed to clarithromycin by conversion of an 9-E-oxime to a 9-keto moiety. 

The synthesis of clarithromycin was further improved by ascertaining that 
bulky trimethylsilyl (TMS) protection of 2’-OH also effectively blocks the forma-
tion of tertiary amino salt at the 3’ position (Scheme 2.4) [7]. Therefore, the use of 
toxic benzylchloroformate in large amounts is avoided as well as a two-step pro-
cedure for its catalytic removal and subsequent reductive methylation. The initial 
low regioselectivity of silylation was substantially improved if a mixture of TMS-
chloride and TMS-imidazole was used to afford a 2’,4”-O-bis-TMS derivative 14 in a 
96% yield. Moreover, regioselectivity of the subsequent methylation of 6-OH was 
also improved to over 90%. The cleavage of 2-chlorobenzoyl and TMS groups was 
achieved by catalytic hydrogenation in one pot followed by regeneration of ketone 
at C9. The overall yield of clarithromycin from erythromycin A 9-E-oxime 1 was 
improved to 48% with only one purification of the intermediate needed.

Although quite remarkable progress in the semisynthesis of clarithromycin was 
achieved, the catalytic hydrogenation step was quite complicated and expensive to 
perform on a large scale. Therefore, the novel protections of 9-E-oxime 1 were eventually 
introduced. For example, isopropoxy cyclohexylketal protection of oxime hydroxyl can 
be used for large scale production of clarithromycin as it could be cleaved off together 
with 2’- and 4”-silyl protections in one pot under mild conditions (Scheme 2.5) [8].
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Scheme 2.3: Improved synthesis of clarithromycin. Reagents and conditions: a) benzyl 
chloroformate, NaHCO3, (60%); b) NH2OH x HCl, sodium acetate, methanol, rt (75%); c) 8, KOH, DMF, 
0 oC (99%); d) methyl iodide, KOH, DMSO/THF, 5 oC (86%); e) H2, Pd/C, methanol/water, acetic acid 
(90%); f) HCOOH, HCHO, methanol, reflux (94%); g) NaHSO3, ethanol/water, reflux (68%).

Interestingly, the above method was also used to prepare a library of various 6-O-alkyl 
derivatives [9]. Instead of KOH, potassium tert-butoxide (tBuOK) was used as a base 
to introduce less reactive alkyl halides. Although larger substituents at 6-OH are well 
tolerated, none of the prepared derivatives showed substantially better antibacterial 
activity in comparison to erythromycin A.
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38   2 The semisynthetic routes towards better macrolide antibiotics

More recently, some new protective groups for the 9-E-oxime 1 were introduced, for 
example 2-pyrimidine [10] and tritylhydrazone [11] (20 and 21, respectively, Fig 2.4). It 
seems that regioselectivity and yields are comparable to isopropoxy cyclohexylketal 
protection but different protections allowed patents for a large scale synthesis of 
clarithromycin that did not infringe previous patents.

2.3.3 Azithromycin

Erythromycin A 9-E-oxime 1 also played a pivotal role in the discovery of a novel 
macrolide scaffold, termed azalide, in which the macrolactone ring is enlarged from  
14- to 15-membered macrolides and contains one nitrogen atom. In this case, the 
usual Beckmann rearrangement reaction of cyclic oximes afforded an unusual reac-
tion product when applied to oxime 1. However, the surprising course of this reac-
tion eventually led to the discovery of azithromycin, which is one of the best-selling 
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antibiotics in the world. In an attempt to introduce a nitrogen atom into the macrol-
actone ring via a Beckmann rearrangement of erythromycin A 9-E-oxime 1, a series of 
9a-sulfonyloximes 22 was prepared (Scheme 2.6). Nevertheless, attempts to rearrange 
sulfonyl oximes 22 to a lactam 23 provided primarily erythromycin A-6,9-iminoether 
24 instead (Scheme 2.6) [12]. 
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The same product 24 was obtained during the Beckmann rearrangement of erythro-
mycin A oxime 1 with tosyl chloride (TsC1) in aqueous acetone (Scheme 2.7). It was 
later found that the by-product of this reaction is seco-macrolide 25, which is prob-
ably formed by the hydrolysis of 6,9-iminoether 24 during the work-up process [13].  
If the reaction is performed at a lower temperature (−45 oC), erythromycin A 9,11- 
iminoether 26 is also formed together with a small amount of lactam 23 [14]. Although 
isolated iminoethers 24 and 26 are stable as solids, they readily isomerize to each other 
in organic solvents. Nevertheless, reductions of both iminoethers provide the same 
product, 9-deoxo-9a-aza-9a-homoerythromycin (27). Two reduction methods were 
initially reported: catalytic hydrogenation in glacial acetic acid using platinum oxide 
provided ~80% yield of the amine 27, while reduction with metal hydrides afforded 
a somewhat lower yield (~60%) due to cleavage of the cladinose sugar during acidic 
work-up. Therefore, catalytic reduction, as the method of choice for the large scale 
preparation of 9-deoxo-9a-aza-9a-homoerythromycin (27) was further optimized to 
use Pt/C as a catalyst in aqueous solvent (methanol/water/2N acetic acid). 

The alkylation of nitrogen of N-oxide derivative 28, with alkyl halides and sub-
sequent catalytic hydrogenolysis (Scheme 2.8) provided a set of compounds with 
somewhat expanded antibacterial activities but also greatly improved pharmacoki-
netic properties in comparison to erythromycin A [15]. Among them methylated 
derivative (9-deoxo-9a-methyl-9a-aza-9a-homoerythromycin A, named azithromy-
cin) was found as the most promising candidate. The pharmacokinetic properties 
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2.3 Second generation of macrolide antibiotics   41

of azithromycin are surprisingly good [16] as is its stability in acidic conditions [17]. 
An alternative methylation method, used in the industrial process of azithromycin 
production, is reductive N-methylation of 9-deoxo-9a-aza-9a-homoerythromycin 27 
using Eschweiler-Clarke conditions (conditions: c, Scheme 2.8) [18].
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In an attempt to avoid the use of catalytic hydrogenation in the process of azithromycin 
preparation, the reduction of erythromycin A 6,9-imino ether 24 with metal hydrides 
was further investigated and developed as a useful alternative industrial method. 
It is based on the reduction of 24 with sodium borohydride at a low temperature  
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42   2 The semisynthetic routes towards better macrolide antibiotics

(−10 oC) that provides organoborate derivative 29 without the need for acidic work-up 
(Scheme 2.9) [19]. Such a derivative could be also successfully N-methylated under 
Eschweiler-Clarke conditions to provide 30 and then hydrolyzed to azithromycin.
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An interesting phenomenon of erythromycin 9-E-oxime 1, which is almost exclu-
sively formed by the oximation of erythromycin A, is that it readily isomerizes in 
basic conditions to 9-Z-oxime 2 (Z:E = 4:1) (Scheme 2.10) [20]. Solid Z-isomer 2 is 
stable but in organic solvents slowly isomerizes back to E-izomer 1. This phenom-
enon allowed the synthesis of the azithromycin isomer, 9-deoxo-8a-aza-8a-homoe-
rythromycin A (36, Scheme 2.10) that showed in vitro antibacterial activity equal to 
azithromycin. In both aqueous and anhydrous Beckmann conditions used, 6,9-imi-
noether 32 was obtained as a minor reaction product. In anhydrous conditions, 
9,12-iminoether 33 was major product but it is in equilibrium, which depends on the 
solvent used, with its 10-epi analogue 34. However, in aqueous conditions lactam 31 
is the major product. The reduction of both iminoethers 32 and 33 afforded 9-deoxo-
8a-aza-8a-homoerythromycin A (35), which is methylated using Eschweiler-Clarke 
conditions to provide 36. 

2.3.4 Clarithromycin/azithromycin hybrids

The superior properties of clarithromycin and azithromycin over parent erythromycin 
A led to an idea of the combination of both in one molecule. Obviously, the fastest 
synthesis of such a molecule should involve direct methylation of the 6-OH moiety of 
azithromycin [21]. However, it turned out that the methylation of 2’,4”-protected azith-
romycin 37 (Scheme 2.11) with methyl iodide in the presence of a base does not follow 
the same pattern as the previously described methylation of erythromycin analogue 3 
(see Scheme 2.2). Although it was initially claimed that the desired 6-O-methyl deriv-
ative 38 is the major product among variously methylated reaction products, it was 
later found that 38 is not formed at all and the actual main product of this reaction 
is 12-O-methyl derivative 39 [22]. Moreover, 6-OH was found to be the least reactive 
hydroxyl group of 2’-O-,3’-N-bis(benzyloxycarbonyl)-N-demethyl azithromycin 37. 
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44   2 The semisynthetic routes towards better macrolide antibiotics

As all attempts to directly alkylate the 6-OH of azithromycin failed, the desired hybrid 
compound was prepared starting from clarithromycin (Scheme 2.12) [23, 24]. Interest-
ingly, the stereospecific formation of 9-E-oxime 42 required elevated temperatures and 
an extended reaction time. In contrast to erythromycin 9-E-oxime 1, clarithromycin  
9-E-oxime 42 does not readily isomerize to 9-Z-oxime. As the formation of the 6,9-imino 
ether derivative is blocked in 42, the Beckmann rearrangement to desired azalide 44 
relied on the formation of 9,11-imino ether 43. Again, contrary to the described conver-
sion of erythromycin 9-E-oxime 1 to 6,9- and 9,11-imino ethers 24 and 26 (see Scheme 2.7),  
the standard aqueous Beckmann rearrangement of 42 produced a solely macrolactam 
46, while an anhydrous reaction in pyridine provided the desired 9,11-imino ether 43. 
The subsequent reduction of imine 43 and Eschweiler-Clarke methylation of 44 pro-
vided the desired 6-O-methyl azithromycin 45. Unfortunately, the antibacterial activity 
of this compound was weaker in comparison to azithromycin and clarithromycin. 
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Scheme 2.12: The synthesis of 6-O-methyl azithromycin. Reagents and conditions: a) hydroxylamine 
hydrochloride, pyridine, 50 oC; b) TsCl, pyridine, ether, 0 oC to rt (40%); c) H2, PtO2, AcOH;  
d) HCOOH, HCHO, chloroform, reflux, (58% over two steps); e) TsCl, NaHCO3, aq. acetone (70%).

2.4 The third generation of macrolide antibiotics

An incentive for the third generation of semisynthetic macrolide antibiotics was pri-
marily set up to find novel antibiotics with broader antibacterial spectra, including 
higher efficacy against resistant bacteria, especially resistant Streptococcus pneumo-
niae strains. To overcome the weak binding of “older” macrolides to base-specifically 
methylated or dimethylated bacterial ribosomes, which is the most widespread mecha-
nism of macrolide resistance in bacteria, some more prominent structural changes of 
the initial erythromycin macrolide scaffold were needed. The main hallmark of the 
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third generation of macrolide antibiotics is the lack of cladinose sugar and the forma-
tion of a new keto group at the C3 position of the erythromycin scaffold. Such com-
pounds, named ketolides, were already isolated from natural sources, even before the 
erythromycins, but their antibacterial activity was quite weak. However, the fact that 
natural ketolides, in contrast to erythromycins, do not induce macrolide resistance [25] 
inspired the research around the 3-keto derivatives of erythromycin A. 

Although the synthesis of erythromycin ketolide 49 via oxidation of the 3-OH of 
decladinosyl derivative 48 was reported in the era of erythromycin A studies [26], 
2 decades later it was found that instead of 3-keto derivative 49, 3,6-hemiacetal 50, 
which is not active against bacteria, was formed (Scheme 2.13). 
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Scheme 2.13: Attempted synthesis of erythromycin ketolide. Reagents and conditions: a) HCl/H2O; 
b) Ac2O, K2CO3, acetone; c) CrO3, H2SO4, H2O, acetone; d) methanol (22% overall).

As it turned out that ketolides could not be formed on an erythromycin A scaffold 
having an unprotected C6-hydroxy group, the solution was found in the formation 
of ketolide moiety starting from 6-O-methylated macrolides (Scheme 2.14), primarily 
clarithromycin and 6-O-methyl roxithromycin (51) as well as 6-O-methyl azithromy-
cin (44) [24, 27]. Acid-promoted cleavage of cladinose sugar provided decladinosyl 
derivatives 52–54. Subsequent protection of 2’-OH, followed by the oxidation of 3-OH 
provided the desired ketolides 58–60 in good yields. Interestingly, azithromycin 
ketolide 60 was essentially antibacterially inactive, while clarithromycin ketolide 58 
and 6-O-methyl roxithromycin ketolide 59 showed good antibacterial activity against 
susceptible strains but also some rather weak activity against erythromycin-resistant 
strains [27]. These promising results led researchers toward the synthesis of novel 
ketolides having enhanced activity against macrolide-resistant bacterial strains.

Another common feature of ketolides is the presence of 11,12-cyclic carbamate 
moiety annulated to the macrolactone ring. The first such macrolactone ring modi-
fication was reported on a clarithromycin molecule [28]. After protection of the 
2’-OH and 4”-OH groups (61), introduction of the 11,12-cyclic carbamate moiety was 
accomplished using the two-step strategy (Scheme 2.15). The formation of intermedi-
ate 11,12-cyclic carbonate 62 was followed by β-elimination to afford 10,11-anhydro 
derivative 63, which was trapped with an excess of carbonyldiimidazole to afford 
key 12-acylimidazolyl intermediate 64. The base-induced intramolecular Michael 
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46   2 The semisynthetic routes towards better macrolide antibiotics

addition to form 11,12-cyclic carbamate 65 was found to be stereoselective and 
afforded only one (natural) isomer at the C10 position. Subsequent deprotection of 
2’-OH and 4”-OH afforded clarithromycin 11,12-cyclic carbamate 69. Importantly, 
when the key 12-acylimidazolyl intermediate 64 was reacted with different amines 
in aqueous acetonitrile, stereoselective intramolecular cyclization also occurred to 
afford a small library of 10,11-cyclic carbamates bearing different substituents at the 
nitrogen. The clarithromycin 11,12-carbamate analog 72, bearing the phenyl ring on 
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the side chain, also showed moderate activity against the constitutively and inducibly 
resistant strains relative to clarithromycin [29]. 

2.4.1 Telithromycin (HMR3647)

The first approved ketolide, telithromycin, could be imagined as a hybrid between clar-
ithromycin ketolide and clarithromycin 11,12-cyclic carbamate [27, 30]. The synthesis 
was started by the protection of 2’-OH of clarithromycin ketolide 58 (Scheme 2.16). 
However, the reaction sequence that worked well for the synthesis of 12-acylimida-
zolyl clarithromycin 64 (see Scheme 2.15) provided an unacceptably low yield of 
12-acylimidazolyl clarithromycin ketolide analogue 75. Therefore, the synthesis of key 
intermediate 75 was achieved in a three-step sequence via base-induced β-elimination 
of the mesylate formed at position C11 (73) in an overall yield of around 50%  
(Scheme 2.16). Further reaction of 12-acylimidazolyl intermediate 75 with ammonia 
afforded a mixture of natural and non-natural isomers 76 and 77 in a ratio of 2:1, 
respectively, while reactions with bulkier amino compounds provided stereospecifi-
cally only natural isomers. Therefore, the reaction of 12-acylimidazolyl ketolide 75 with 
4-(3-pyridinyl)-1H-imidazole-1-butanamine (78) afforded only natural isomer named 
telithromycin in a 50% yield. Telithromycin showed very good activity against mac-
rolide-resistant bacterial strains as well as good pharmacokinetic behavior.

A modified Pfitzner-Moffat procedure was used for selective 3-OH oxidation of 
decladinosyl derivative 55 (see Scheme 2.14) in the presence of free C11- and C12-
hydroxy groups. However, this process uses a large quantity of 1-ethyl-3-(3-dimeth-
ylaminopropyl)carbodiimide hydrochloride (EDAC), which is an expensive reagent 
and difficult to obtain on a commercial scale. It was also found that this oxidation 
procedure provides variable yields and 9,12-hemiacetal as a major side product that 
could not be easily separated from desired 3-keto analogue 58 [31]. To overcome the 
described problems, the protection of both 11-OH and 12-OH of decladinosyl deriva-
tive 55 in the form of cyclic carbonate before the oxidation process was envisioned 
(Scheme 2.17). As only 3-OH of decladinosyl derivative 79 is left unprotected, most of 
the usual oxidation reagents could be used for conversion of 79 to ketolide 80 without 
any by-products. Moreover, the 11,12-carbonate group is a moderate leaving group 
and treatment with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) as a base provides the 
desired 10,11-anhydro ketolide 74 in an overall yield of 74%.

More recently, a new procedure for the preparation of telithromycin in 33% yield 
from clarithromycin was reported (Scheme 2.18) [32]. The key change was the intro-
duction of cyclic carbonate to position 11,12 (derivative 82) before cleavage of the clad-
inose sugar. The oxidation of 3-OH of 79 was achieved in mild conditions using DMSO 
activated with P2O5. Cyclic carbonate protection was then eliminated using sodium 
bis(trimethylsilyl)amide (NaHMDS) as a base to provide 10,11-anhydro ketolide 74 that 
reacts with an excess of base and CDI to afford 12-O-acyl imidazolide 75. Telithromycin 
was then prepared in the already described manner.
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2.4.2 Cethromycin (ABT773)

Conformational studies of telithromycin and other macrolides revealed that if the 
aryl-alkyl group is tethered to a C6 position, instead to a 11,12-cyclic carbamate, it 
would adopt a very similar spatial position on the hydrophilic face of the macrol-
actone ring [33]. As direct alkylation of sterically hindered 6-OH with larger alkyl 
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groups is quite tedious, the synthesis of such ketolides started with the introduction 
of 6-O-allyl moiety onto an erythromycin scaffold (Scheme 2.19). An allyl group can 
be further functionalized with different alkyl-aryl moieties using Heck coupling con-
ditions. The desired 6-O-allyl macrolide 84 was prepared by direct alkylation for the 
synthesis of 6-O-alkyl erythromycin derivatives (see Scheme 2.5) in a yield of 33% over 
three steps. The introduction of 11,12-cyclic carbamate could be performed prior to or 
after formation of 3-keto moiety. As the intramolecular Michael addition of 12-acylimi-
dazolyl derivatives provides a mixture of C10 epimers on ketolide scaffold and mostly 
natural C10 isomer if cladinose is still present (compare Schemes 2.15 and 2.16),  
6-O-allyl erythromycin A (84) was firstly converted to 12-acylimidazolyl derivative 86. 
The intramolecular Michael addition then provided good selectivity towards formation 
of the desired natural C10 isomer 87 (<10% of C10-epimer 88 was formed). The subse-
quent sequence for the ketolide formation provided 6-O-allyl-11,12-cyclic carbamate-
3-keto derivative 89 in 80% yield over two steps. Pd-catalyzed Heck coupling with aryl 
halogenides was used for the introduction of different aryl-alkyl groups to provide 
solely trans-6-O-aryl derivatives. A 3-Quinolyl aryl derivative, named cethromycin, 
demonstrated improved in vitro and in vivo antibacterial activity against resistant bac-
teria when compared to telithromycin. 

Cethromycin was prepared using the above route in an overall yield of 11%–16% 
starting from erythromycin. The allylation of 6-OH and the Heck coupling seemed to be 
major obstacles in the synthetic sequence. Alkylation with allyl bromide, as described 
above, suffers from variable yields due to significant formation of diallylated products 
formed after partial cleavage of trimethylsilyl protections [34]. An alternative proce-
dure using Pd-catalyzed allylation with allyl t-butylcarbonate afforded a much better 
yield (77%) of 6-O-allyl derivative 83 (Scheme 2.20). Moreover, it was found that direct  
Pd-catalyzed allylation of 17 with propenyl quinolyl t-butylcarbonate (90) proceeds 
in excellent yield (92%) to afford the directly desired substituent at the C6 position 
without the formation of any regio- or geometrical isomers.

Pd-catalyzed allylation of 17 with propenyl quinolyl t-butylcarbonate (90) 
improved the yield of the synthesis of cethromycin but for successful large scale pro-
duction, the protection/deprotection strategy needed further optimization. The goal 
was to improve stability in the acidic conditions required for deoximation and to 
avoid reprotection of 2’-OH and 4”-OH (sequence 83 to 85, Scheme 2.19). Therefore, 
instead of silyl protections, a tribenzoate protecting scheme was employed (Scheme 
2.21) [35]. The advantages of benzoate protection are the ease of preparation and the 
tendency to crystallize, which expedites isolation and purification of intermediates. 
The oxime hydroxyl of tribenzoate intermediate 93 could be selectively deprotected 
to afford 94. Deoximation of 94 in optimized conditions improved the yield of ketone 
95 to 76%. Improved cethromycin synthesis also employs a modified method for the 
introduction of 11,12-cyclic carbamate moiety. This was achieved in efficient one-pot 
three-reaction manner to provide variable mixtures of C-10 epimeric 11,12-cyclic carba-
mates that equilibrated under reaction conditions to a 98:2 mixture in favor of natural 
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stereoisomer 97, which was then easily isolated by crystallization in a yield of 87%. 
Various oxidation methods of 3-OH were tried but the Corey-Kim method proved the 
best, although due to the water-sensitivity of the Corey-Kim reagent, efficient drying 
of decladinosyl macrolide 98 was critical. The overall yield of cethromycin was thus 
improved to 40% starting from erythromycin A 9-E-oxime (1).

2.4.3 Solithromycin (CEM101)

Solithromycin is the first fluoroketolide member that has gone through clinical 
studies [36]. It is quite similar to telithromycin, having an aryl-alkyl chain tethered 
to 11,12-cyclic carbamate. Instead of pyridine connected to an alkyl chain via imida-
zole, solithromycin contains aminophenol and triazole moieties. A distinct feature of 
solithromycin is the presence of fluorine at position C2 that prevents the 3-keto enoli-
zation observed in other ketolides [37]. The patented synthesis of solithromycin starts 
again from clarithromycin in a similar fashion to the synthesis of telithromycin (Scheme 
2.22) [38]. The introduction of the 11,12-cyclic carbamate bearing alkylazide side chain 
was done on dibenzoate protected intermediate 99 prior to cladinose cleavage to 
provide 101. Subsequent 3-keto generation via Corey-Kim or Dess-Martin oxidation 
of decladinosyl derivative 102 provided ketolide 103. Fluorine was then introduced to 
the C2 position using N-fluorobenzenesulfonimide as a mild electrophilic fluorinating 
reagent. Fluorination affords only S-isomer at the C2 position while the R-isomer was 
not observed and could not be prepared by a number of different approaches [39].  
The copper(I)-catalyzed azide-alkyne cycloaddition reaction of azide moiety of 104 
and terminal alkyne of 105 provided ketolide 106. Subsequent methanolysis to depro-
tect 2’-OH afforded solithromycin. 

2.4.4 Other ketolides: TE-802, modithromycin (EDP-420)

An interesting member of the ketolides with improved antibacterial activity against 
resistant bacterial strains is the tricyclic macrolide TE-802 (Scheme 2.23) [40]. The 
reaction of 12-acylimidazolide 107 with a large excess of ethylenediamine pro-
vides aminoethyl-substituted 11,12-cyclic carbamate 108, predominantly having 
a natural R-configuration at position C10 (ratio of 10R:10S = 92:8). Interestingly, 
when the excess of ethylenediamine is decreased, stereoselectivity also decreases 
and could even be reversed (ratio of 10R:10S = 40:60) if only 2.5 eq of ethylenedi-
amine is used. The formation of a diazaheptene ring via the 9,11 cyclization of 109 
was performed in the presence of a small excess of formic or acetic acid to provide 
tricyclic macrolide 110 from which ketolide TE-802 was synthesized by the usual 
reaction sequence.
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Scheme 2.22: The synthesis of solithromycin. Reagents and conditions: a) benzoic anhydride, 
trimethylamine, DMAP, THF; b) DBU, 1,1’-carbonyldiimidazole, DMF, rt; c) 4-azido butyl amine, DBU, 
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tBuOK, THF, rt; g) 105, CuI, diisopropylethylamine, acetonitrile, rt; h) methanol.

Another interesting example is the synthesis of the 6,11-bridged ketolide modithro-
mycin (Scheme 2.24) [41]. The bridge between positions 6 and 11 prevents intramo-
lecular cyclizations in acidic conditions but it is also a point for the attachment of the 
required aromatic side chains. The synthesis of modithromycin starts by the protection 
of three most reactive hydroxyl groups of erythromycin A 9-E-oxime. The bridge was 
introduced onto protected 114 via Pd-catalyzed tandem 6-O and 11-O-allylic dialkyla-
tion using bis(Boc)-protected allylic diol 115 [42]. After installation of the 6,11-bridge, 
cladinose and oxime protection were simultaneously hydrolyzed to provide 117 in 
55%–65% overall yield. The yield is lower if the dryness and purity of the protected 

 EBSCOhost - printed on 2/13/2023 3:25 AM via . All use subject to https://www.ebsco.com/terms-of-use



2.4 The third generation of macrolide antibiotics   55

O

O

HO
HO

O O

O

O

O

NOH

OH
O

a b

O

O

O

HO
HO

O O

O

O

O

NO

O
O

O

O

O

O

O

N

O

O O

O

O

O

NO

O
O

O

O

O

O

de

O

O

O

O O

O

O

O

NO

O
O

O

O

O

N

O

N

c

NH2

O

O

N

O

O O

O

O

O

NOH

O
O

O

O

O

NH2

O

O

N

O

O O

O

O

O

NOH

O
O

N

O

O

O

N

O

O OH

O

O

O

NOH

N

O

f, g

O

N

O

O OH

O

O

O

NO

N

O O

h i

O

N

O

O O

O

O

O

NO

N

O O

j

O

N

O

O O

O

O

O

NOH

N

O

Clarithromycin
81

107

108109

110

111 112 113

TE-802

Scheme 2.23: The synthesis of TE-802. Reagents and conditions: a) acetic anhydride, DMAP, DCM 
(87%); b) NaH, 1,1’-carbonyldiimidazole, DMF/THF, rt (62%); c) ethylenediamine, acetonitrile, rt;  
d) methanol (91%, over two steps); e) acetic acid, ethanol, 60 oC (65%); f) DBU, methanol (48%);  
g) 2 N HCl, ethanol (89%); h) acetic anhydride, acetone (80%); i) Pfitzner-Moffat conditions:  
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDAC x HCl), DMSO, pyridinum  
trifluoroacetate, DCM, rt; j) methanol (60% over two steps).

 EBSCOhost - printed on 2/13/2023 3:25 AM via . All use subject to https://www.ebsco.com/terms-of-use



56   2 The semisynthetic routes towards better macrolide antibiotics

oxime 114 was not satisfactory before applying the Pd-catalyzed process. Obtained 9-E-
oxime 117 is then reduced to 9-imine 118, which is very stable and could not be further 
hydrolyzed to 9-keto analogue, and then acetylated to provide 119 in an 85%–90% 
yield. Subsequent two-step one-pot oxidations, firstly oxidative cleavage of the bridge 
double bond using the OsO4-catalyzed NaIO4 method and then the Corey-Kim oxida-
tion of 3-OH, provided diketone 121 in a 55% yield. The reaction of diketone 121 with 
hydroxylamine 122 provides a mixture of E/Z oximes 123 and 124 (in a 4:1 ratio, respec-
tively). After deprotection of 2’-OH by methanolysis, oxime isomers were separated by 
crystallization to provide E-isomer (modithromycin) in a 40%–42% yield. 

2.5  Antibacterial macrolide hybrids – next generations of 
macrolide antibiotics

Activity against Gram-negative bacterial strains is still a weak point of macrolide 
antibiotics, including macrolides of both the second and third generations. The 
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improvement of this weakness should be the target of the next macrolide generation. 
Another useful feature of novel macrolide generations would be improved activity 
against constitutively resistant bacterial strains. To fulfil these goals, new approaches 
to the (semi)synthesis of rationally designed macrolides are needed. The most recent 
such approach is synthesis of macrolide hybrids [43]. In general, hybrid molecules 
are formed by the incorporation of two pharmacophores into a single molecule that 
shows different biological properties in comparison to both pharmacophores alone. 
Recently, methods for the preparation of macrolide conjugate hybrids and macrolide 
merged hybrids have been described.

2.5.1 Macrolide conjugates

The conjugates of macrolide antibiotics with quinolyl moiety via linker to 4”-OH of 
cladinose belong to a novel class of antibacterial macrolide hybrids named macrolo-
nes. The first edition of macrolones contained a heteroalkyl linker connected to 4”-OH 
via ester moiety and shows excellent antibacterial activity against bacterial strains 
with erm-mediated resistance as well as against Haemophilus infuenzae [44, 45]. 
Following macrolones with 4”-O-alkyl, instead of 4”-O-acyl, linked quinolones also 
showed superior antibacterial activity [46]. An efficient and scalable process for the 
production of such macrolones was explored using two different synthetic routes, 
both relying on the key C-C coupling step, either via the Heck or Sonogashira method, 
and sharing the same intermediate 127 (Scheme 2.25). The 4”-γ-amino derivative 127 
was prepared by alkylation of 4”-OH of 2’-O-acetylazithromycin 11,12-cyclic carbon-
ate 125 with acrylonitrile and subsequent hydrogenation. Diazotation of 127 followed 
by allyloxylation of the intermediary diazonium salt provided intermediate 128 as a 
starting material for a Heck reaction with quinolones 129. A reaction of the diazo-
nium ion with propargyl alcohol provided intermediate 132 suitable for a Sonogashira  
reaction with quinolones 129 and also tricyclic quinolones 133. Removal of  
11,12-carbonate and 2’-O-acetyl groups was preferably done before performing coupling 
reactions. Hydrogenation of either Heck 130 or Sonogashira products 134 afforded 
the final macrolones 131 and 135, respectively. The overall potency of the macrolones 
provides a clear advantage over currently used macrolide antibiotics, including teli-
thromycin, which is inactive against constitutively resistant  Streptococcus pyogenes.

2.5.2 Macrolide merged hybrids

A recently published synthetic platform uses simple building blocks and a convergent 
assembly process for the synthesis of rationally designed diverse macrolide scaffolds 
not limited by the structure of the natural product erythromycin A [47]. As an illus-
tration of the usefulness of this platform, a route to the merged hybrid macrolides, 
specifically ketolides and azalides, is described (Scheme 2.26). It was expected that 
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the ketolide part would play a role in activity against resistant bacterial strains 
while the azalide part could improve pharmacokinetics and also activity against 
Gram-negative bacteria. It is worth noting that this approach allows the synthesis of  
14-membered azalides that cannot be obtained by semisynthetic methods from eryth-
romycin A. The convergent synthesis of such azaketolides starts with four simple 
building blocks (136–139, Scheme 2.26). Key intermediates 140 and 141 were prepared 
in seven steps in 57% and 58% yields, respectively, and joined by a reductive coupling 
reaction affording an 82% yield of 142 in a diastereomeric ratio >20:1. Interestingly, 
the key macrocyclization of intermediate 142 was very efficacious and generally pro-
vided azaketolide scaffold 143 in a 78% yield. An azide-alkyne dipolar cycloaddition 
reaction provides the final azaketolide hybrid 144. 
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Scheme 2.25: The example of the synthesis of 4”-O-linked macrolones. Reagents and conditions:  
a) acrylonitrile, tBuOH, NaH, 0 oC to rt, 24 h; b) acetic acid, 20 wt %, PtO2, H2, 5 bar, 18 h; c) allyl alcohol, 
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Et3N, 65 oC, 2 h, 75 oC, 18 h; f) methanol, 10% Pd/C 10 wt %, H2 3 bar, 15 h; g) propargyl alcohol, HCOOH, 
NaNO2, 0–5 oC, 8 h; h) acetonitrile, CuI, triethylamine, 133, Pd(PPh3)2Cl2, 50 oC, 16 h.
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Scheme 2.26: The synthesis of 9-azaketolides. Reagents and conditions: a) LiHMDS, LiCl (98%);  
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over two steps); f) NH3, Ti(OiPr)4, NaBH4 (95%); g) Bu4NF (92%); h) Pd[(S)-SegPhos]Cl2, AgSbF6 (93%, 
92% e.e.); i) ethylene glycol, PPTS (92%); j) KH, MeI (97%); k) (iBu)2AlH (96%); l) triethylamine, 
MgBr2•OEt2 (91%); m) AgOTf (81%, 16:1 β:α); n) HCl (100%); o) NaCNBH3 (82%); p) 132°C, 1 mM, PhCl 
(78%); q) CuSO4, sodium L-ascorbate (86%).

2.5.3 Macrolactone ring reconstruction 

The ring reconstruction methodology of the macrolactone skeleton is also a very inter-
esting platform that could enable the synthesis of novel classes of hybride macrolide 
antibiotics. An illustrative example is the synthesis of 11a-azalides possessing a variety 
of substituents in the C12 and/or C13 position [48–50]. The 11,12-diol moiety of the suit-
able protected erythromycin skeleton 146 can be oxidatively cleaved by treatment with 
lead tetraacetate to afford aldehyde 147 (Scheme 2.27). As β-ketoaldehyde moiety is 
unstable under reductive amination conditions, a subsequent reductive amination 
step with appropriate amino alcohols was conducted on structures bearing 9-OH or 
9-E-oxime moiety instead to afford 148. After successive hydrolysis of the remain-
ing original C12–13 residue from 149, the resulting acyclic skeleton 150 was cyclized 
by a macrolactonization reaction to provide 11a-azalide 151. The structural diversity 
can be generated via insertion of appropriately functionalized amino alcohols or via 
N-alkylation of an inserted secondary amine. An interesting example is the prepara-
tion of 11a-azaketolide 155 bearing an aryl side chain attached to the C13.
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f) LiOH, THF/ethanol/water; g) 2,4,6-Cl3C6H2COCl, triethylamine, THF; h) DMAP, CH3CN, reflux;  
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2.6 Conclusion

Overcoming resistance of bacteria towards existing macrolide antibiotics, as well as 
antibiotics in general, is an enormous challenge for researchers. However, the remark-
able advancement in the development of semisynthetic methods that can be applied 
on chemically very complicated macrolide natural products assures the synthesis of 
novel rationally designed macrolide classes. Hopefully with further development of 
modern structural, computational and biological tools, novel macrolide-like molecules 
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will be tailored against currently nonreachable targets like most Gram-negative and 
constitutively resistant bacterial strains. Unfortunately, the adverse effects of telithro-
mycin, especially hepatotoxicity, have caused skepticism by drug regulatory agencies 
about the safety of the newer ketolides [51]. As increased clinical trial requirements 
and medium returns on investments decreased the interest of big pharmaceutical com-
panies towards development of new macrolides, the main impact on the field could 
come from small pharmaceutical and biotech companies as well as from academia.
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Predrag Novak
3  Interactions of macrolides with their  

biological targets

Molecular interactions play a crucial role in the processes of molecular recognition 
such as formation of ligand-protein, protein-protein or protein-nucleic acids com-
plexes. Biologically relevant mechanisms are in most cases based on specific inter-
actions, and therefore it is of the utmost importance in drug design to elucidate and 
understand these interactions. 

Early steps in the process of drug discovery include identification of structural 
elements and groups that are responsible for bioactivity. However, our capability 
to design novel drug candidates only from high-resolution biomolecular structures 
is still limited and not straightforward. A thorough understanding of the molecular 
mechanisms and dynamics involved in the interaction of ligands with macromole-
cules is of crucial significance. This is one of the key prerequisites for the discovery of 
high affinity ligands for biologically important macromolecular targets.

There are numerous methods for studying ligand-receptor interactions, such as 
fluorescence spectroscopy, equilibrium dialysis, capillary electrophoresis, RNA foot-
printing, ultrafiltration, calorimetry, etc. Generally, many require time-consuming sep-
aration steps that might affect binding equilibria or derivatization steps, which may 
change ligand activity. The two most powerful and frequently used methods to study 
ligand-receptor complexes in modern drug discovery and development are NMR spec-
troscopy and X-ray diffraction methods. The two methods have advantages and disad-
vantages but should rather be considered as complementary. The main disadvantage of 
NMR spectroscopy is its inability to determine the structure of large biological systems 
(> 70 kDa) such as proteins, nucleic acids and their complexes, while crystallogra-
phy can give precise structural data providing proper crystals are obtained. However, 
static structures obtained in the solid state may not be the same as the ones found in 
solution where a dynamic averaging of conformationally flexible structures is usually 
observed. However, by using numerous one- and two-dimensional NMR techniques, a 
plethora of information on ligand-receptor structure, interactions and properties can 
be obtained in solution including the mobility and dynamics of the studied systems.

Many NMR sequences have been developed in the last couple of decades, provid-
ing valuable data on the interactions between biological targets and small molecules 
that can be used to screen for potential small molecule binders [1–8].

Knowledge of the three-dimensional (3D) structures and conformational proper-
ties of ligand-receptor complexes might accelerate the discovery of more bioactive 
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compounds; however, optimization of physico-chemical properties such as ADMET 
(absorption, distribution, metabolism, excretion and toxicity), which dictate in vivo 
potency and efficacy, play an important role as well.

Macrolide antibiotics are effective and well-tolerated therapeutic agents for treating 
infectious diseases owing to their high efficacy and safety [9, 10]. They have been in wide-
spread clinical use for over 60 years and are effective against Gram-positive and certain 
Gram-negative microorganisms. Since the discovery of the naturally produced macrolide 
antibiotic erythromycin in the early 1950s [11], many new natural or semisynthetic mac-
rolide compounds have been discovered [12–28]. As already mentioned previously in this 
book, macrolides exert their biological activity by binding to the 50S bacterial ribosome 
subunit at an early stage of the translation process. A bacterial ribosome represents a 
macromolecular machine where genetic code is translated to proteins. Macrolides bind 
to the ribosomal 23S rRNA in domain V at or near the peptidyl transferase region and 
block the exit tunnel through which the nascent peptides leave the ribosome [29–31]. 
However, despite a number of existing antibiotics, the emerging multi-drug resistant 
microbial pathogens present serious and challenging problems in medical treatment 
that demand novel and more effective antimicrobial agents to be discovered. The WHO 
has recently expressed great concern that even minor injuries could become lethal owing 
to the fact that there are no efficient weapons to fight resistant pathogens.

In the year 2015, only one out of 45 newly approved drugs by the FDA was anti-
bacterial, which is particularly concerning. Moreover, in the last 10 years, only nine 
new antibiotics have been approved and launched, which is significantly less than 
decades before and certainly not enough to overcome resistance. 

There are four recognized mechanisms of bacterial resistance to macrolide anti-
biotics, e.g. modification in the ribosome target, efflux, inactivation of the compound 
and mutations in the 23S rRNA and proteins L4 and L22, but the first two are the 
most common types [32]. Erm methyltransferases are responsible for developing mac-
rolide, lincosamide and streptogramin (MLS) resistance mechanisms of the inducible 
(iMLS) or constitutive (cMLS) types by methylating or dimethylating adenine 2058 
of 23S rRNA and thus sterically blocking the macrolide binding [33–35]. The second 
prominent type of resistance is an active efflux by which macrolides are pumped out 
of the bacterial cell mediated by Mef genes [36].

To fight resistance, medicinal chemists can choose between the two main strate-
gies to successfully resolve this issue. One includes design of novel macrolide scaf-
folds and/or derivatives of the existing ones to deal with resistance mechanisms, and 
the other involves a search for novel inhibitors of bacterial proteins involved in devel-
oping resistance, such as methyl transferases, for example [37].

Recently, ribosome crystallography has made significant progress in elucidating the 
structure and function of the ribosome [38–43]. Crystal structures of ribosome- macrolide 
complexes have shed new light on the binding mechanisms and interactions of mac-
rolides to ribosomes and hence provide a good basis for the rational design of new anti-
biotics. Crystal structures of ribosome-macrolide complexes have been discussed in the 
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previous chapter. A crucial step in the discovery of novel compounds for preventing 
resistance is to understand the principles of how macrolides interact with their macro-
molecular targets [44, 45]. However, one should bear in mind the fact that crystal struc-
tures are just static representations of a dynamic process involving different kinds of 
interactions and the mobility of the formed complex. They give an artificial state “frozen” 
in time and space and could reveal just one out of many possible conformational states. 
The real picture of macrolide-ribosome interactions is therefore more complex.

An important step in the design of potential inhibitors is to explore their interac-
tions with biological targets and to elucidate bound conformations in solution. Hence, 
by applying one-and two-dimensional NMR experiments it is possible to characterize 
the interactions of macrolides and ribosomes and to determine the reactive groups 
responsible for binding. The two most commonly used NMR techniques to study mac-
rolide binding are transferred nuclear Overhauser effect spectroscopy (trNOESY) and 
saturation transfer difference (STD) NMR experiments. 

When the small ligand molecule binds to its target, the NOEs undergo remarkable 
changes leading to the detection of transferred nuclear Overhauser enhancements 
(trNOEs) arising from different correlation times of free and bound molecules. Small 
molecules exhibit short correlation times and give rise to positive NOEs or no NOEs at 
all. Large biomolecules, however, display negative NOEs. If a small molecule binds, it 
behaves like a macromolecule and shows strong negative trNOEs (Fig. 3.1).

Fig. 3.1: trNOESY NMR spectrum of the antibiotic telithromycin bound to an E. coli ribosome.
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STD NMR spectroscopy [46, 47] is based on the transfer of saturation from the  biological 
receptor to the bound ligand via a spin-diffusion mechanism. Subsequently, the sat-
uration is carried into solution by the exchange process and detected. The degree 
of saturation of the individual ligand resonances depends on the binding kinetics 
and the distance of the protons from the receptor. When the ligand dissociates, the 
saturation is transferred to the solution where the signals with narrow line widths 
are observed (Fig. 3.2). The main advantage of the STD technique is that there is no 
limitation on the size of the receptor so it is perfectly suited for ribosomes as well, 
and it requires only a small amount of the receptor molecule. It also benefits from the 
fact that only bound ligands display resonances in the spectrum and therefore could 
be used for screening purposes, too. STD spectroscopy can provide information on 
the groups of ligand molecule in intimate contact with its target, enabling a binding 
epitope to be determined as shown for azithromycin in Fig. 3.3.

Both techniques can be used to study macrolide interactions providing a fast 
exchange regime between the bound and free states. It has been shown that two inter-
actions between macrolides and ribosomes exist in an allosteric two-stage binding 
process, e.g. a weak and a strong binding [48–52]. The fast-exchange weak binding 

Fig. 3.2: a) On resonance spectrum (8 ppm), b) off resonance spectrum (50 ppm) and c) STD spectrum 
of an oleandomycin derivative recorded after addition of an E. coli ribosome in TRIS buffer at 25 °C.
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seems to be the first step of recognition and selection of antibiotics by the ribosome 
and hence is suitable for NMR spectroscopic studies. The second step involves strong 
binding responsible for inhibition of bacterial protein synthesis. The weak binding 
was shown to be a necessary prerequisite for strong interactions [53] as the compounds 
that were not able to bind weakly did not exert antibiotic activity [54, 55].

Some early NMR studies of erythromycin-ribosome interactions have demon-
strated that the ketone form is able to bind to Escherichia coli ribosomes [55, 56]. Titra-
tion experiments indicated a line broadening of signals belonging to protons involved 
in binding. A bound macrolide conformation was then assessed by using a NOESY 
experiment performed on macrolide-ribosome complexes. 

The transferred NOESY NMR technique has also been used to study confor-
mations of weakly bound antibiotics erythromycin and roxithromycin and their 
methylated derivatives to bacterial ribosomes isolated from E. coli strains [56]. In a 
continuation of their investigations, the authors studied some ketolide-ribosome 
interactions, including antibiotic telithromycin [57]. Significant differences between 
telithromycin and other studied ketolides (RU 72366, RU 004) were noticed, stressing 
the potency of telithromycin in inhibiting protein synthesis. Changes in the position 
of the alkyl-aryl side chain in the bound state were indicated, which was an important 
observation. This moiety has been shown to increase the affinity of the ketolide scaf-
fold for the ribosome by several hundred-fold, corroborating that it is an important 
pharmacophore [58]. However, different bound conformations of this side-chain have 
been reported in ribosome crystal structures of different bacterial species [39–42]. In 
the structure of telithromycin bound to the E. coli ribosome, the alkyl-aryl chain was 
stacked on the A752-U2609 base pair [42], a conformation not observed in  structures 

Fig. 3.3: Binding epitopes of azithromycin as determined by STD NMR spectroscopy.
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obtained for Haloarcula marismortui and Deinococcus radiodurans ribosomes. It was 
folded back over the lactone ring when bound to the G2058A H. marismortui 50S 
subunit, or interacting with rRNA down the peptide exit tunnel when bound to the D. 
radiodurans 50S subunit. 

The imidazolyl-pyridine chain in the solution-state weakly bound structures was 
reported to stretch to the right hand side of the macrocycle in the C-1 to C-3 region, 
stacking with carbonyl groups and laying between methyl groups at positions 15, 2 
and 6 [57]. The end of this chain extended towards the desosamine sugar. Titration 
experiments enabled the identification of protons that were closest to the ribosome 
binding surface, including those at positions 12, 15, 2, 5 and some protons of the imi-
dazolyl-pyridine chain.

Petropoulos and co-workers [59, 60] employed footprinting and kinetic methods 
to provide time-resolved details of the binding process of the macrolide antibiotics 
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Fig. 3.4: Comparison of STD NMR signal enhancements and crystal structure distances for 
azythromycin [49].

 EBSCOhost - printed on 2/13/2023 3:25 AM via . All use subject to https://www.ebsco.com/terms-of-use



3 Interactions of macrolides with their biological targets   69

erythromycin, tylosin and azithromycin. Their findings confirmed previous results 
that macrolides bind to ribosomes in a two-step process: fast exchange low-affinity 
recognition binding located in the upper part of the exit tunnel and the slow high-
affinity formation of a final complex also seen by crystallography. As previously men-
tioned, these facts inevitably show that a complete picture of the macrolide binding 
process is more complex than static crystal structures, which provide a snapshot of 
bound macrolide positions on the ribosome. These studies demonstrated that only 
one molecule of the drug was bound per E. coli ribosome at a time and that low- and 
high-affinity binding sites were mutually exclusive. Both interactions were found to 
be Mg2+ dependent. Azithromycin interacts initially with a hydrophobic crevice of 
E. coli ribosomes, formed by nucleosides G2057–A2059 at the upper part of the exit 
tunnel, being consistent with crystallographic data. The authors emphasized that 
species-specific structural differences may primarily account for the discrepancies 
between the antibiotic binding modes obtained for different organisms.

The free and bound structures of azithromycin and some homoerythromycin 
derivatives were studied by X-ray, NMR and molecular modeling calculations [61]. 
It was concluded that bound conformations were found to be very similar to those 
observed in the solution free state, being in agreement with the results obtained from 
the crystallography [39, 41]. The absence of a cladinose sugar unit was found to be the 
main cause of the inability of decladinosyl macrolides to bind to the ribosome. More 
detailed investigations employing a combination of STD NMR spectroscopy and in 
vitro protein inhibition on a series of macrolides have demonstrated that hydrophobic 
interactions involving a cladinose sugar, methyl groups of the lactone ring and the 
13-alkyl moiety are a prerequisite for optimal positioning of the desosamine saccha-
ride unit [49]. A synergy between the desosamine 3’-dimethylamino and 2’-hydroxyl 
interactions with the ribosome has been proposed as crucial for successful protein 
synthesis inhibition. These groups were also found by crystallography to be the reac-
tive groups responsible for binding to the ribosome (Fig. 3.4). 

Recently, trNOESY NMR experiments and molecular modeling were employed 
to determine the ribosome bound conformations of some 14- and 15-membered 
macrolides (erythromycin A, clarithromycin and azithromycin) and their decladi-
nosyl derivatives [51]. This investigation demonstrated that three drugs adopted the 
“folded-out” conformation in the bound state, being in line with previously pub-
lished data for azithromycin [50]. However, the bound conformations of these drugs 
were not completely superimposable. The clarithromycin bound conformation was 
found to be rigid with limited conformational flexibility, while azithromycin was 
more flexible when bound to the ribosome. However, modeling calculations pointed 
towards a range of conformations. The preferred conformation was the folded-out 
structure as indicated by NMR but a conformational flexibility was indicated owing 
to the increased size of the macrolide ring. The authors postulated that the chemical 
basis of the clinical differences between these antibiotics may be due to their different 
conformational flexibilities [51].
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In order to assess and understand a complete biological profile of macrolides, it 
is also important to elucidate their interactions with other biological receptors such 
as cell membranes, bile acids or plasma proteins. 

The overall bioactivity of a drug molecule depends also on its physico-chemical 
characteristics such as solubility, permeability and bioavailability. The latter is 
greatly influenced by binding to plasma proteins. Albumins belong to the class of 
plasma proteins that can reversibly interact with drugs and thus can serve as drug 
delivery systems. Bovine serum albumine (BSA) was used as a model system to 
study its interactions with azithromycin, oleandomycin and telithromycin [62]. Their 
binding epitopes as determined by employing STD NMR spectroscopy were found to 
be similar for azithromycin and oleandomycin, while some differences were noticed 
for telithromycin primarly in the alkyl-heteroaryl side chain and cladinose and des-
osamine sugar units. 

One of the reasons for the success of macrolide antibiotics as drugs is their favora-
ble physico-chemical profile and high accumulation in cells and tissues [63]. Further-
more, it has been reported that macrolides accumulate in lysosomal membranes and 
may induce phospholipidosis by inhibiting the activity of phospholipase A1 [64, 65].  
Phospholipidosis is a lysosomal storage disorder characterized by the excess accumu-
lation of phospholipids in tissues [66, 67]. Hence, to better understand these effects 
elucidation of macrolide-membrane interactions is desirable. 

In that respect, interaction strength and localization of macrolide antibiotics with 
membrane-mimetics have been studied by Kosol and co-workers [45]. They used NMR 
translational diffusion and solvent paramagnetic relaxation enhancement (PRE) 
experiments to study binding of a series of macrolide compounds, including azithro-
mycin, erythromycin A, azahomoerythromycin, clarithromycin, decladinosylazithro-
mycin and azithromycin aglycone with dodecylphosphocholine (DPC) and sodium 
dodecylsulphate (SDS) micelles. 

NMR experiments based on translational diffusion have already been proven to 
be useful to probe ligand-receptor interactions [68]. Information about the binding 
strength between macrolide antibiotic and bile-acid micelles were obtained from 
diffusion ordered NMR spectroscopy (DOSY) [69]. DOSY NMR spectrum is a pseudo-
two-dimensional spectrum where chemical shifts represent one dimension while 
diffusion coefficients represent the other. When ligand binds to its target, its hydro-
dynamic radius increases dramatically, leading to a decrease in the diffusion rate and 
translational diffusion coefficients. Measured diffusion coefficients showed substantial 
differences between a free antibiotic and a mixture of antibiotic and bile acids, which 
confirmed the strong interaction and binding of the macrolides to bile micelles [69].

Paramagnetic relaxation enhancements (PREs) induced by an inert lantha-
nide complex can provide further information about the conformation, the mode of 
binding and the immersion depth of a drug molecule bound to its target as demon-
strated for membrane-bound peptides [70, 71]. Upon the addition of the paramagnetic 
agent to the solvent, relaxation enhancements of the ligand nuclei depend on the 
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insertion depth in the target. Providing the ligand is in the fast exchange between 
the free and bound state, solvent PREs are partly transferred to the free ligand and 
observed. Hence, by titrating the soluble and inert paramagnetic agent Gd(DTPA-
BMA) into the solutions of macrolides bound to micelles the environment around 
the micelle was made paramagnetic, which led to solvent PREs depending on the 
distance to the surface of the micelle. All macrolide compounds showed a similar 
orientation to the micelles with the desosamine saccharide unit being closer to the 
surface than the cladinose unit and the right-hand-side macrolactone ring (protons 2, 
3 and 4) extending deeper into the micelle, and the left-hand side being closer to the 
surface (protons 8, 9, and 10) [45]. This orientation enables electrostatic interaction 
between the positively charged amino groups of the macrolides with the negatively 
charged phosphate group of the phospholipid headgroup in micelles (Fig. 3.5). Earlier 
study by fluorescence spectroscopy also indicated binding of azithromycin close to 
the interfacial region of membrane-mimetics [72]. 

Fig. 3.5: Three-dimensional representation of the orientation of azithromycin in DPC micelles showing 
the protons for which solvent PREs could be obtained color-coded from red (high) to yellow (low). The 
localization and position relative to the membrane-mimetic is indicated and drawn to scale [45].

Proton NMR experiments corroborated that there was no direct interaction between 
macrolides and phospholipase A1, instead phospholipidosis was induced by the pro-
tection of lipids by macrolides, most likely by covering the membrane surface (Fig. 3.6). 

As a continuation of these investigations the authors performed further studies 
on the same set of macrolides interacting with bile acids. It is known that about 50% 
of the total human drug clearance is made through the biliary pathway [73]. About 
60%–70% of macrolide antibiotics were shown to be excreted by bile [74] and the rest 
by urine [75]. A tissue disposition study of azithromycin in rabbits has also shown 
that the highest tissue concentrations of this drug are found in bile [76]. Macrolide 
antibiotic uptake by bile has further been confirmed by experiments with bile duct 
cannulated rats, showing significantly reduced plasma concentrations of roxithromy-
cin [77]. Also, they have been implicated in biliary system diseases such as cholestasis 
[78] and in modifying the biliary excretion of other drugs. For example, erythromycin 
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inhibits the excretion of ximelagatran and its metabolites [79] and reverses the bile 
salt tolerance in Campylobacter jejuni and Campylobacter coli strains [80].

The molecular details of interaction between macrolides and bile acids were 
investigated by NMR chemical-shift titration experiments, self-diffusion measure-
ments, paramagnetic relaxation enhancements and small-angle X-ray scattering 
(SAXS), by using bile-acid micelles of cholic, deoxycholic and taurocholic acids as 
well as simulated intestinal fluids [69]. It has been demonstrated that studied mac-
rolides bind to bile acids with different affinities. The strongest binding was observed 
between the most hydrophobic macrolides, azithromycin and clarithromycin, to 
cholate and deoxycholate micelles, respectively. The topology of these interactions 
as determined by solvent paramagnetic relaxation enhancements revealed that the 
macrolides were bound rather close to the surface of bile micelles, with no preferred 
orientation. Macrolides also interacted with mixed micelles of taurocholate-lecithin, 
but no binding to lecithin liposomes was detected. It was concluded that the inter-
action with bile did not impede macrolide antibiotics from targeting bacteria but 
enhanced the toxicity of bile and vice versa [69]. 

Competitive STD-NMR experiments were used to study the interactions of mac-
rolide antibiotics and a glucosidase DesR [81], an enzyme involved in the development 
of a self-resistance mechanism of methymycin production [82, 83]. Data obtained sug-
gested that the studied macrolides bind to the active site of the enzyme, C-9 to C-15 
macrolide lactone moiety probably playing a critical role in the inhibitory effect. The 

Fig. 3.6: Proposed mechanism of the protecting role of macrolides on lipid membranes. Instead of a 
direct binding to phospholipase A1, the macrolides accumulate close to the surface of the membrane 
and thereby prevent access to the enzyme. PM, phosphatidylmembrane; PL, phospholipase A1; mac, 
macrolide [45].
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authors claimed that these results could provide insights into the design of novel gly-
cosidase inhibitors based on the macrolactone ring. 

In conclusion, we are facing today bacterial strains that confer resistance to prac-
tically all of the major antibiotic classes and it is clear that we need novel and more 
potent compounds to fight infections. Is this an uphill battle, one that we cannot win? 
Because no matter how hard we try, bacteria always fight back and find new ways to 
overcome antibiotic activity. We are all aware of the serious global threat to human 
health posed by growing bacterial resistance. There are only several tens of com-
pounds in the current development pipeline to tackle serious resistant pathogens, 
which is certainly not enough.

Understanding how antibiotics exert their bioactivity and how they interact 
with biological macromolecules at the molecular level creates a good platform for 
medicinal chemists striving for novel solutions to fight infectious diseases. However, 
despite many new methods and approaches developed in the last several decades to 
understand mechanisms of antibiotic activity and bacterial resistance, some impor-
tant pieces of the puzzle are missing and the macrolide antibiotic drug design is still 
scientifically challenging. A success in the discovery of new antimicrobial agents will 
crucially depend on further understanding of these interaction mechanisms, but also 
on changes in policy, marketplace and economic incentives as well as smoothing reg-
ulatory pathways for anti-infectives to support and encourage antibiotic research and 
development. Researchers in the pharma industry and academia together with gov-
ernment incentives should put much more effort into enhancing antibacterial drug 
discovery in the future.
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4  Hybrids of macrolides and nucleobases or 
nucleosides: synthetic strategies and  
biological results

4.1 Macrolide hybrid compounds: an excellent approach

As drug discovery is a time-consuming and costly process, a rational drug design 
involving modification of existing drugs is often the most affordable and productive 
approach. In line with this, the strategy of creating new hybrid scaffolds based on 
current medicines has emerged in recent years [1]. Hybrid molecules are defined as 
synthetic compounds containing two or more covalently linked pharmacophore moi-
eties to cooperatively generate in a single molecule distinctive characteristics and/or 
biological properties. Considering the years-long success of the macrolide antibiotics 
in clinical use, in particular for the treatment of respiratory tract, skin, soft tissue and 
genital tract infections, as well as the macrolide scaffold’s functionality prospects in 
antimalarial, anti-infective, antibacterial and anti-inflammatory areas, it is evident 
that such a class of molecules presents countless opportunities for creating a range of 
promising hybrid molecules.

According to some authors [2, 3], hybrid molecules can be classified as follows:
1. Conjugates, in which the molecular building blocks containing the pharmacoph-

ores are separated by a linker group not found in the individual parent molecules. 
The linkers in most conjugates are metabolically stable.

2. Cleavage conjugates have a metabolically cleavable linker designed to release two 
drugs that interact independently with each target.

3. Fused hybrid molecules have the linker decreased in such a way that the pharma-
cophores are essentially touching.

4. Merged hybrids have their molecular building blocks combined as common struc-
tural features; they overlap in the structures of the starting compounds, giving 
rise to reduced and simpler molecules [2].

So far, most of the macrolide hybrid compounds have been designed as conjugates, 
fused hybrids and merged hybrids. One of the recurring needs of this approach in the 
case of the macrolides was born from the continuous “fight” by pharmaceutical com-
panies to combat the alarming development of resistance to these antibiotics. 
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80   4 Hybrids of macrolides and nucleobases or nucleosides

4.2 Macrolide antibiotic resistance

The antibacterial mode of action of macrolide antibiotics is mediated by their binding 
to the 50S subunit of the bacterial ribosome. Although some differences in the build-
ing and orientation of macrolide and ketolide antibiotics within the peptide exit 
tunnel were observed, key features of their positioning are conserved across species. 
The consequence of macrolide binding to the ribosome is the inhibition of protein 
synthesis resulting in the arrest of bacterial growth. Macrolides are generally bac-
teriostatic against clinically important bacteria, but at high concentrations could 
be bactericidal against susceptible organisms. As macrolide binding sites overlap, 
the mode of action of macrolides corresponds with structurally dissimilar antibiot-
ics lincosamides (L) and streptogramin (SB), and they are jointly referred to as MLSB 

antibiotics. Accordingly, the mechanisms of resistance involving target site modifica-
tions will simultaneously cause resistance to multiple antibiotics. 

Bacterial resistance to macrolide antibiotics most often involves the alterations 
within the target site, mainly mutations in 23S rRNA and ribosomal proteins, as well 
as methylation of A2058, a key residue with which MLSB antibiotics interact [4]. Mono-
methylation or demethylation in the N6 position of adenine A2058 (E. coli numbering) 
by methyl transferase enzymes encoded by the erm gene family, sterically negates 
possible hydrogen bond formation with the macrolides, thus decreasing their affinity 
for ribosomes [5, 6]. Expression of the erm genes and subsequent Erm methyltrans-
ferase activity can be inducible (triggered by the presence of an inducer – i.e. erythro-
mycin or its derivative with an unmodified cladinose sugar) or constitutive (produced 
irrespective of the inducer exposure) thus resulting in an inducible or constitutive 
phenotype [7]. Macrolide efflux is another clinically relevant resistance mechanism, 
characterized by the presence of efflux pumps encoded by different genes in strepto-
cocci and staphylococci [8].

Nowadays bacterial resistance to antibiotics for this class has reached globally 
worrying levels so the quest for novel macrolide hybrid compounds active against 
resistant strains is critical [9, 10].

4.3  How and why to conjugate macrolides to nucleobases or 
nucleosides: introduction

Numerous and previous studies have revealed that the incorporation of hetero-
aromatic rings in macrolide antibiotics led to additional interactions with the 
ribosome thus enabling their activity against bacteria with erm-mediated resist-
ance. An analogous strategy was applied in the synthesis of macrolide-nucleoside 
and macrolide-nucleobase conjugates in order to enhance binding affinity of mac-
rolides to bacterial ribosomes by supplemental hydrogen bonding and/or electro-
static interactions. 
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4.3.1 Nucleobases or nucleosides conjugates with erythromycin and azithromycin

4.3.1.1 Introduction
In the literature, suitable reaction conditions have been described to link nucle-
obases and nucleosides to erythromycin A derivatives without causing undesired 
reactions in the macrolide substructures. Although the preliminary reported results 
are not exciting as far as bioactivity is concerned, in fact only a weak antibacterial 
activity was observed, these macrolide conjugates to nucleobases or nucleosides 
are important from a synthetic point of view, as the feasibility of different routes 
was established. Owing to the well-known instability of erythromycin derivatives in 
acidic media (formation of internal hemiacetals or acetals if the CO group at C9 has 
not been modified, quick hydrolysis of the L-cladinose moiety followed by a slower 
release of D-desosamine, translactonisation, etc.) and basic media (ring opening, 
retro-aldol reaction, etc.) [11], the essential point of Costa and coworkers’ work [12] 
is the synthetic approach adopted to link the macrolides to nucleoside substructures 
by means of protocols that avoid deprotection steps or workups involving strong 
acidic or basic treatments.

4.3.1.2 Synthesis

R

O

OHHO
OH

HN

O

N

NH

O

O

O-Des

O-Cla

1a, R = Me
1b, R = H

R

O-Des

O-Cla

2a, R = Me
2b, R = H

N

NH

O

O

O

OHHO
OH

O

N

O

OHHO
OH

HN

O

O

NH

O N

NH

O

O
HO

O-Des

O-Cla

3

O-Des

O-Cla

4

O

OHHO
OH

O

N

NHO

O N

NH

OH

O

O

Macrolide components of hybrids 1 and 3. Reduction of erythromycin A oxime (pre-
pared from erythromycin A, EA, by using a very large excess of HONH3

+Cl− in pyridine, 
at rt for 30 h) with TiCl3 and NaBH3CN, according to the procedure described by Leeds 
and Kirst [13], gave (9S)-erythromycylamine A (5). Treatment with acrolein (propenal) 
followed by in situ reduction with NaBH4, as reported by Ryden et al. [14], afforded 
(9S)-9-N-(3-hydroxypropyl)erythromycylamine (6). 
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Macrolide components of hybrids 2 and 4. In two synthetic steps from EA oxime 
(Beckmann-like rearrangement followed by reduction), according to the procedure 
of Djokic et al. [15], it was prepared 9a-aza-9-deoxo-9a-homoerythromycin A (7), the 
synthetic precursor of the antibiotic azithromycin (N-Me-7). For the conversion of 7 
into its N-3-hydroxypropyl derivative (8), the best results were obtained with LiAlH4 
in THF at 0 °C for 1 h.

Protected nucleobases as components of hybrids 1 and 2. Costa et al. used as 
nucleobases in their work thymine and uracil protected at N3 with Mocvinyl groups 
[16] because of their easy spectroscopic characterization and because this protecting 
group can be removed afterwards under very controlled conditions. The reaction of 
these nucleobases with methyl propynoate and DMAP, in CH3CN at rt for 2 h, gave 
the bis-Mocvinyl derivatives 9a and 9b, respectively, in almost quantitative yields. 
To remove the group at N1, controlled amounts of morpholine or of morpholine plus 
DBU were employed under dilute conditions (0.01–0.05 M in CH3CN) at rt; thus, 10a 
[17] and 10b were isolated by column chromatography, 9a and 9b being recovered in 
20%–25%.
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at rt for 1 h, afforded the desired Mocvinyl-protected 1a [18]. It was supposed that 
secondary hydroxyl groups of L-cladinose and D-desosamine moieties would not 
significantly compete with the primary alcohol of 6, as found. Deprotection to 1a 
was accomplished in high isolated yield with pyrrolidine in CH3CN, at rt for 24 h [19].  
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Coupling of 6 with 14, and that of 8 with 14, which would give carbamate-linked 
hybrids, proceeded in refluxing CH3CN complex mixtures [20]. On the other hand, 
coupling of amine 5 with 14 in CH2Cl2–DMF, at rt for 2 h, gave the urea, the TBS ether 
of which was cleaved with HF/pyridine in THF at 0 °C to afford hybrid 3. Moreover, 
coupling of amine 7 with 14, in CH3CN–DMF at 50 °C for 2 h, afforded, also after depro-
tection with HF/pyridine, the desired urea 4 [21].

4.3.1.3 Biological results
The antibiotic activity of 1–4 has been screened against Bacillus subtilis ATCC6633, 
with a negative outcome (only between 4% and 13% of the activity of azithromycin). 
Compounds 1a, b and 2a, b were checked for their anti-mycobacterial activity (at 
TAACF, Birmingham, AL), showing 80%–83% inhibition against Mycobacterium 
tuberculosis H37Rv, and as an antitumoral (at NCI, Bethesda), but none was active 
enough to pass to the next step. Compound 4 showed no activity against the HIV-1 
(NL4-3) ‘wild-type’ strain, nor against the HIV-1 AZT-resistant strain. The above-
reported synthesis offers only starting points to design macrolide conjugates in the 
best way possible. 

4.3.2 Clarithromycin-adenine and related conjugates

4.3.2.1 Introduction
As previously explained, erythromycin A (EA, 1a) is unstable in the acidic media 
of the stomach and causes gastrointestinal side effects, so clarithromycin (1b) and 
roxithromycin (1c), a derivative of EA oxime (1d), were designed and synthesized; 
such semi-synthetic derivatives overcome this dangerous problem. The third gener-
ation macrolide antibiotics such as telithromycin [22–24] or ABT-773 [25] already use 
a similar strategy. Indeed, by incorporating heteroaromatic rings, they are capable of 
interacting further with the ribosome and enhancing the affinity for it. As reported 
previously, these rings appear to be crucial for activity against MSLB resistant strains. 
Esteban and coworkers in their work [26] reported the synthesis of compounds 2–4. In 
the series 2a–c, the erythromycin backbone has been linked through an oxime ether 
to a nucleoside [27]; as a first approach, a thymidine was chosen. In clarithromycin 
derivatives, the link between the antibiotic and nucleoside (see 3a–c) and between 
the antibiotic and adenine (see 4a, b) has been established through a cyclic carba-
mate, or oxazolidone, at positions C11, C12 [28, 29].

4.3.2.2 Synthesis
For the preparation of 2 (Scheme 4.1), it is necessary to couple the thymidine deriva-
tive 5 prepared [12] from AZT with a suitably alkylated erythromycin oxime. Mesylates 
6a–c with different chain lengths were chosen as alkylating agents. Alkylation 
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of the oxime 1d was performed with K2CO3 as the base and acetone as the solvent; 
desired oximes (E)-7a–c were obtained in good yields. The corresponding (Z)-oximes, 
arising from the partial isomerization of EA (E)-oxime in the basic reaction medium 
[30], were also isolated. The E or Z configuration of 7a–c was determined by careful 
comparison of their 1H and 13C NMR spectra with those of (E)- and (Z)-oximes of 1d  
[30, 31], and 1b [32]. The proton H11 appears at a lower field for the Z-oxime ethers 
due to the deshielding effect of the alkoxyimino group. The same effect causes H8 
to be deshielded in the E compounds, in relation to the Z ones (Scheme 4.1). Further-
more, the 13C NMR chemical shift for 10-Me is peculiar: it appears at ca. 15 ppm in the  
(E)-oxime ethers, and at ca. 11 ppm for the (Z)-oxime ethers. This is most probably due 
to a shielding effect caused by the steric interaction between the alkoxyimino group 
and 10-Me [30, 33].
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Removal of the benzyloxycarbonyl group of the major compounds, (E)-7a–c, by 
catalytic hydrogenation afforded the free amines 8a–c in quantitative yield. These 
amines were coupled with thymidine derivative 5 in CH2Cl2–DMF to yield protected 
chimeras 9a–c. Removal of the TBS group was accomplished by treatment with HF-
pyridine in THF as the solvent to give the desired 2a–c.

Chimeras 3a–c were prepared by coupling amines 12a–c with thymidine 5, 
as shown in Scheme 4.2. The clarithromycin 2’,4’’-diacetate, 10, was converted to 
12-O-imidazolylcarbonylmacrolide 11 by treatment with an excess of 1,1’-carbonyldi-
imidazole and NaH in DMF–THF. This transformation proceeds through a 11,12-cyclic 
carbonate intermediate [28a]. The 11,12-carbamate group was introduced by treating 
crude 11 with the corresponding diamines followed by deprotection of the 2’-acetate. 
Only the natural 10R epimer was formed. For 12a–c, the stereochemistry at C10 was 
determined by NMR spectroscopy. Previous studies showed that the 13C signal for C10 
is diagnostic [28a]: it appears at ca. 37 ppm in the natural isomer, whereas it is shifted 
to ca. 52 ppm for the unnatural 10S epimer.
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Coupling of amines 12a–c with 5 took place smoothly in CH2Cl2–DMF. Removal of the 
TBS group (to convert 13a–c into 14a–c, respectively), followed by treatment with 
aqueous ammonia to cleave the 4’’-OAc groups, furnished the desired compounds 3a–c.

Regarding macrolide–adenine chimeras 4a, b, in which the link between the two 
components is through an amine moiety, they were prepared by reductive amination 
of amines 12a, b with the hydrate of aldehyde 15 [34], followed by hydrolysis of the 
OAc group (Scheme 4.3).
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4.3.2.3 Biological results
Compounds 2a–c, 12a–c, 13a–c, 14a–c and 3a–c were tested against Micrococcus 
luteus ATCC 9341 by the standard agar dilution method [35]. All compounds showed 
weak antibacterial activity. The most active ones were amines 12a–c, although with 
potencies below 40% of that of the reference antibacterial agent (EA, 1a). Under iden-
tical conditions the value that we have determined for clarithromycin, 1b, is 122% 
and that for azithromycin is 110%. Long-chain spacers (n = 6 for the case of 2c and its 
precursors, n = 5 for the case of 3c and its precursors) did not afford any advantage. 
All these side chains seem to be too bulky. Perhaps they also lack basic centres that 
could be required for the interaction with the nucleotides in the peptidyl-transferase 
tunnel [36].

Also, compounds 4a, b and their precursors 16a, b were tested against M. luteus 
ATCC 9341 [35]. Among all the samples tested so far, 4’’-O-acetyl derivative 16a showed 
the highest potency, although it is still lower than desired. A spacer with an addi-
tional CH2 (from n = 2–3) is detrimental; a HB donor at 4’’ (4’’-OH) is also detrimental 
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regarding its 4’’-OAc derivative. The antimycobacterial activities of compounds 2a–c 
and 3a–c were checked against Mycobacterium tuberculosis H37Rv [37]. Inhibition 
percentages around 73%–83% were noted. 

4.4  Novel spiramycin-like conjugates: synthesis and  
antibacterial and anticancer evaluations

4.4.1 Introduction

Spiramycin is a natural antibiotic produced by Streptomyces ambofaciens in the 
form of a mixture of three compounds, the so-called spiramycins I−III [38, 39]. 
Spiramycin I, having a hydroxyl substituent at the C3 atom, is dominant (~80%) 
in the mixture produced by the bacteria [40]. Spiramycins are structurally similar 
to leucomycins in the presence of a common 16-membered lactone aglycone and 
mycaminosyl-mycarose moiety attached at C5. However, spiramycins, in contrast 
to leucomycins, additionally possess forosamine at C9 position. The spectrum of 
spiramycins’ biological properties comprises mainly bacteriostatic activity against 
most Gram-(+) cocci and rods, mycoplasmas and Toxoplasma gondii [41, 42]. Com-
parison of spiramycins’ activity against different Gram-(+) bacteria strains in vitro 
with that determined for 14-membered lactone macrolides such as erythromycins 
indicates that it is at least twice lower [43]. However, the advantage of spiramy-
cins over erythromycins is their good gastrointestinal tolerance, higher affinity to 
tissues, and a fewer adverse effects [44, 45].
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Klich K. and his coworkers [46] studied for the first time the activity of spiramycins 
in cancer cells, although the literature has already provided some examples of other- 
group macrolides showing properties of this type, e.g. maytansine (ansamacrolide) 
or marine 22-membered lactone macrolide (−)-dictyostatin [47–50]. The target site of 
spiramycins’ action is well recognized from X-ray studies as the exit of the ribosomal 
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tunnel near the peptidyl transferase loop and the loop of domain II of 23S rRNA, 
belonging to the large subunit 50S [7, 37, 51]. Spiramycin and related 16-membered 
lactone macrolides have a common mechanism of activity that involves binding to 
the 50S subunit and steric blocking of the peptide exit tunnel, which in turn contrib-
utes to inhibiting peptide synthesis at various stages. The stage of peptide synthesis 
inhibition is related to the length and chemical nature of the arm attached at the C5 
position of the macrolide’s aglycone [52]. As clarified above, bacterial resistance to 
16-membered lactone macrolides is achieved when, e.g.  nucleotides A2058 (Escheri
chia coli) or G2099 (Haloarcula marismortui) undergo Nmethylation because of the 
steric clashing between the N,N-dimethyl group of the nucleotide and the mycamin-
ose part [53, 54]. Among a whole group of mutations, the replacement of A2103 in  
H. marismortui ribosomes (A2062 in E. coli) seems to be the most important and 
confers resistance against spiramycin or tylosin [55]. Therefore, the modifications of 
the aldehyde group, which is usually reversibly bonded to the amine group of A2103 
of the ribosome with formation of hemiaminal, for this type macrolides gave deriva-
tives at least 100−1000-fold less active over unmodified parent antibiotics [56]. Up to 
now, many modifications, both within the spiramycin and leucomycin groups, have 
been proposed and tested to obtain comparably or more active alternative agents 
able to fight growing bacterial resistance. Most of the modifications were related to 
transformation of the aldehyde via reduction, nucleophilic addition [57–59]; hydroxyl 
groups within the aglycone and saccharides parts via etherification, acylation or  
sulphonylation [60, 61]; diene moiety via epoxidation, reduction, Diels−Alder reac-
tion or metathesis with contraction of the lactone ring [62–65]; forosamine and/or 
mycaminose N-oxidation or N-substitution [66, 67] and incorporation of the nitrogen 
into the lactone macrocyclic ring [68–70]. An interesting platform for synthesis and 
drug discovery among the group of macrolide lactone antibiotics has been recently 
proposed by Seiple et al. [71]. A convenient synthetic strategy leading to the obtaining 
of new chemical entities characterized by attractive biological properties is the use 
of click chemistry reactions [72–74]. An interesting approach to modification of these 
structurally complexed macrolides, in view of their known mechanism of action, has 
been described by Omura and Sharpless et al. [75]. They proposed the functionaliza-
tion of terminal hydroxyls of mycarose saccharide with alkyne followed by conver-
sion into respective triazole moieties via Fokin−Huisgen cycloadditions. However, as 
a result of this transformation, the obtained derivatives were significantly less active 
than the parent leucomycin due to the presence of a too-long arm at C5 of the agly-
cone. After the novel cascade approach to modification of the aglycone of spiramy-
cins, which opened a possibility of another pathway to construct the saccharide part 
at the aglycone [76], Klich et al., as a continuation of these studies, used a Huisgen 
cycloaddition to rebuild spiramycin’s arm at C5 of the aglycone and to evaluate the 
influence of the modification on antibacterial and anticancer potency of novel tri-
azole conjugates 6−16.
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4.4.2 Synthesis

To rebuild the spiramycin arm at C5, the earlier obtained compound 2 [76], via a 
sequence of cascade transformations from spiramycin, was further subjected to 
Huisgen dipolar cycloaddition with the use of different azides containing hydropho-
bic and hydrophilic substituents in the presence of CuOAc in THF/DMF mixture of 
solvents. Novel triazole conjugates of spiramycin’s aglycone 6−16 were obtained with 
total yields 18%−60% after purification. The structures of all triazole conjugates 6−16 
in solution were determined via 1D and 2D NMR and FT-IR spectroscopic analysis. The 
use of the HSQC method enabled the assignment of H23 and C23 of the triazole ring 
bonded to the aglycone structure. In turn, application of long-range heteronuclear 
couplings (HMBC) to structural analysis of conjugates 6−16 revealed simultaneous 
correlations of carbon and proton signals between the newly formed triazole ring and 
those of the tetrahydrofuran bicyclic moiety and R2 terminal substituent. Further-
more, the FT-IR spectrum of intermediate 2 shows two separated bands at 1722 and 
1702 cm−1, assigned to carbonyl stretching vibrations of aldehyde and double unsatu-
rated lactone, respectively. In the spectra of novel triazole products 6−16, one of these 
bands (ν(C=O)aldehyde) vanishes, whereas the other one is shifted toward higher 
wavenumbers (to 1728 cm−1). This result clearly indicated the lack of an aldehyde 
group within structures of 6−16, and the fact that the lactone of the macrocyclic ring  
is no longer strongly π−π conjugated with the two double bonds in contrast to 2. 
Additionally, for 6−10 and 16 conjugates, the presence of complex bands assigned 
to ν(O−H) stretching vibrations confirmed the successful introduction of the sac-
charide part into the structure of new-type antibiotics. Application of 1H−1H NOESY 
method revealed a mutual arrangement of a newly introduced triazole ring relative to 
the modified aglycone part in solution. Generally, 1H−1H NOESY contacts recorded for 
6−16, assigned to the 16-membered aglycone part, can be divided into two groups, i.e. 
those assigned to the protons oriented above the aglycone and the others assigned 
to the protons oriented to the bottom of the aglycone ring. Taking into considera-
tion the following group of contacts, H3−H6, H6−H11, H6−H19, H9−H11, H11−H13 and  
H13−H15, these protons are suggested to be at the same face of the aglycone (above 
the aglycone), whereas the second group of contacts (H2−H14, H2−H17, H5−H17, 
H10−H12, and H12−H14) is assigned to protons that are directed to the bottom of the 
aglycone. Mutual 1H−1H contacts between H5, H17 and H21 show their close vicinity 
and orientation of the −21CH2− methylene protons to the bottom of the aglycone. As 
concluded from the presence of 1H−1H contacts found between H23 and H19 and H1′ 
in NOESY spectra, the arrangement of the triazole ring relative to bicyclic tetrahydro-
furan moiety is similar for all obtained derivatives irrespective of the type of terminal 
substituent. Comparison of C5 arm structures between spiramycin and those of syn-
thesized triazole conjugates 6−16 shows that they are of comparable length, whereas 
the mutual arrangement of C5 arms relative to the macrocyclic lactone ring is slightly 
different in each case.
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4.4.3 Antibacterial studies

The analysis of antibacterial test results shows that 11−15 derivatives, containing 
bicyclic-triazole bridged aglycones, in general have no activity against all tested 
bacteria. First, the lack of an aldehyde group (no reversible covalent bonding) and 
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limited possibility of stabilization of the terminal substituent at the C5 arm via 
H-bonds are the “weak points” of compounds 11−15 in view of the earlier published 
models [53, 77]. Additionally, although compounds 11−15 show the most favora-
ble lipophilicity from among all other derivatives, they have the lowest solubility, 
which seems to be a very important factor considering the polar walls of the ribo-
somal tunnel and filling the tunnel with water molecules (transport to the target 
site of action). Compounds 3−5 also have poor solubility, and therefore they show 
no antibacterial activity. Similarly, low solubility of triazole conjugate containing 
AZT 16 can be an explanation for its lack of antibacterial activity. The importance 
of the role of reversible bonding of the aldehyde in the presence of antibacterial 
activity can be concluded from biological data of derivative 2. The presence of 
antibacterial activity against Gram-positive microorganisms on the level 4−33 μM 
is mainly a result of forosamine interactions and the aldehyde bonding with the 
target site at ribosomes as well as quite well-balanced solubility and lipophilicity 
of compound 2. However, it should be underlined here that the activity of 2 is about 
8−28 times lower than that of the parent antibiotic 1, when MICs are expressed in 
μM. This result is understandable because compound 2, in contrast to 1, does not 
have a saccharide part involved in hydrogen bonding with PTC loop nucleotides 
as G2099 and G2540 (H. marismortui). Interesting results were obtained for some 
of derivatives 6−10 containing terminal saccharides at the reconstructed C5 arm. 
Taking into account just their unfavorable lipophilicity and the best of all solubil-
ity parameters, no explanation of different antibacterial properties among them 
is possible, especially in view of 1. This experimental result suggests slightly dif-
ferent binding modes among this group of triazole-saccharide conjugates. Further 
comparison of the physico-chemical parameters of compounds 6−10, having a 
relatively hydrophilic C5 arm, shows that at good solubility of all these derivatives, 
just compound 8 has lipophilicity close to that of 1, which contributes to its gener-
ally comparable activity with that of 1 (2−4 times less active than 1). It should be 
underlined that conjugate 8 is also characterized by much higher activity than that 
of 2, having an aldehyde group. These results clearly show that 16-membered mac-
rolide derivatives, even those not containing an aldehyde group but having addi-
tionally functionalized saccharide, can be active against Gram-positive bacteria at 
a level comparable to that of 1.

4.4.4 Anticancer studies

The leucomycin-type derivatives showed some anticancer activity [64]. However, 
the anticancer potency of spiramycin and its analogues were reported for the first 
time in Klich’s work. Cytotoxic activity determined in six human cell lines (cervical 
(HeLa), nasopharyngeal (KB), breast (MCF-7), liver (HepG2), glioblastoma (U87), and 
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normal human dermal fibroblast (HDF) of novel triazole conjugates), was compared 
to those of AZT, FUra, FdU, and ara-C standards. Analysis of these data revealed that 1 
showed only limited cytotoxicity, irrespective of the type of the cancer cell line. Much 
lower activities (>100 μM) in comparison to that of the parent compound 1, displayed 
derivatives 2, 8, and 9. It should be mentioned here that the most active against 
Gram-positive bacteria, triazole conjugate 8, has very weak anticancer activity. The 
other studied derivatives (compounds 10−16) show significantly greater potency than 
that found for 1 in all cancer cell lines. Anticancer properties of the triazole conjugates 
contained within the C5 arm terminal saccharides (8−10) are varied. Derivative 10, 
having 6′-substituted saccharide, revealed medium anticancer activity in HeLa, KB 
and U87 cell lines (IC50~12 μM), in contrast to the other ones of this group, having 
saccharide attached via C1′ atom.

Incorporation of AZT into the C5-triazole arm resulted in increased activity of 
16 in HeLa and KB cancer cell lines (IC50~15 μM); however, lower than the activity 
of AZT itself. Interestingly, all triazole conjugates 11−15, containing aliphatic or 
aromatic C5-terminal substituents, displayed interesting cytotoxic potency in all 
cancer cell lines. Among relatively hydrophobic triazole conjugates of the favora-
ble log P values, the derivative bearing cycloheptyl substituent (compound 11) is 
characterized by the highest potency in the range IC50 = 6.02−8.63 μM. IC50 values 
determined for 11 are only 2−3 times higher than those determined for cytarabine 
and are up to 5 times lower than for 1. Considering the structures of 10−15 and their 
anticancer activity, it can be concluded that there is some relationship between 
the activity and the bulkiness of the C5-arm terminal substituent. The activity 
order beginning from the most active is the following: 11 with cycloheptyl >13 with 
methylene cyclohexyl >12 with cyclohexyl >15 with benzyl group. Another favora-
ble factor of novel hydrophobic triazole conjugates is their selectivity indexes (SI). 
Comparison of these indexes for 1 and all synthesized compounds revealed that 
those containing hydrophobic triazole arm (compounds 11−15) have SI >1, whereas 
all others have SI ~1 or SI <1. A comparison of SI values determined for 11−15 with 
those of ara-C, FUra, and FdU standards demonstrates that the most active 11 has 
SI comparable or even higher than those of the standards, whereas also active com-
pound 13 has even better SI than the standards used (except for HeLa cell line). It 
should be added that the most potent against bacteria, new derivative 8, is 5-fold 
less toxic (less active in HDF cell line) than parent antibiotic spiramycin (com-
pound 1). Results of these studies clearly showed that for the anticancer activity of 
this group of macrolides, the presence of the aldehyde is not so important, whereas 
the occurrence of the hydrophobic and bulky structure of C5 arm is crucial. It has 
been demonstrated also that the use of combined cascade and click approaches 
to the modification of spiramycin allowed the obtaining of the new class of mac-
rolide derivatives having interesting cytotoxic properties (comparable with FUra 
and even better than those of FdU).
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