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ABSTRACT: A ketolide derivative with (12R)-configuration was obtained via a novel ketene
acetal in acidic conditions. The structure of this atypical β-keto ketene acetal intermediate
within the macrocyclic system has been determined by NMR and X-ray methods. The use of
basic conditions at an elevated temperature yielded new, doubly α,β-unsaturated ketone
macrolide derivatives with (4E)-configuration as two conformational isomers of folded-in or
folded-out conformations.

Lactone macrolides with different sizes of the macrocyclic
rings, such as, clarithromycin (1), erythromycin, azithro-

mycin, or leucomycins, are used worldwide as agents in
antibacterial therapy.1,2 The resistance of different bacterial
strains to these antibiotics prompted medicinal chemists to
design novel modifications on the basis of their structural
alterations mainly within the hydroxyl or ketone groups from
aglycone and/or saccharide.3 Modifications and the total
synthesis of 14-membered clarithromycin 1 and its congeners
have been performed widely with the conserved stereo-
chemistry at carbon C(12) and the ketone at the C(3)
position, ketolide group antibiotics.4−7 Recently, it has been
shown that contraction of the aglycone ring of classical lactone
antibiotics contributed to the formation of effective anti-
bacterial agents against multiresistant Gram-negative patho-
gens.8 It should be mentioned that the aglycone ring of 14-
membered lactone macrolides is much more strained
compared to 15- and 16-membered ones and hence is more
prone to intramolecular reactions.9 Thus, all the above-
mentioned transformations of 14-membered lactone aglycones
or saccharide parts belonging to 1 or erythromycins, hindered
often by intramolecular ketalizations, were performed for years
via identical intermediates, contributing to the generation of a
huge number of comparably substituted macrolide struc-
tures.3,10−14 Taking into account the above facts, here, we
propose another type of approach to aglycone modifications of
erythromycin-like antibiotics via novel intermediates, offering
the opportunity for greater semisynthetic structural diversifi-
cation of 14-membered macrolide scaffolds.
Clarithromycin (1) was transformed into 5 via multistep

synthesis according to a previous report (Scheme 1).15 The
synthesis of product 5 has been confirmed by X-ray
crystallography (Figure S1). During attempts of an alternative
preparation of 5, 2′-acetylated 2 was isolated and its X-ray
structure was also determined (Figure S2). Structures of 5 and
2′-acetylated 2 show E-configuration of the double bond
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Scheme 1. Synthetic Route to Clarithromycin Derivative 5
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C(10)C(11). In the next step, 5 was treated with CDI (1,1′-
Carbonyldiimidazole) in basic conditions yielding carbamate 6,
widely used in the syntheses of telithromycin-like ketolides.16

The isolated product 6 was converted into a novel-type
structure for lactone macrolides, i.e., β-keto ketene acetal
intermediate 7 (Scheme 2), at basic conditions and elevated

temperature. The yield of this reaction was good (72%), and
the structure of 7 was proven by NMR. This type of structure
is unexpected and rare since, within 1,3-ketoester systems,
usually, the ketone group is the favorable site of enolization.17

Similar types of ketene acetals, i.e., synthons used for
heterocyclization, were obtained in a different way, not
involving 1,3-ketoesters.18 To the best of our knowledge,
only two examples of such ketene acetals within the 1,3-
ketoester moiety have been characterized by X-ray crystallog-
raphy in the literature.19,20 After smooth and efficient
methanolysis of the acetyl group of 7, derivative 8 was formed
(Scheme 2). The X-ray structure of 8 and the spectral
characteristics (Supporting Information) allowed us to
unambiguously confirm the unique structure of the lactone
macrolides, containing the protected lactone in a bicyclic
system within a β-keto ketene acetal moiety (Figure 1) and the
altered absolute configuration at C(12) when compared to 1.
The newly formed ketene acetal moiety has Z-configuration
and is conjugated with C(3)-ketone in an s-trans arrangement.
This type of structure can be alternatively formed via

stereospecific SN1- or SN2-type mechanisms due to the
nucleophilic attack of the anion localized at the oxygen of
the ketene acetal on the electrophilic carbon atom C(12). On
the one hand, when one takes into account steric crowding
within the C(9)−C(13) portion and the macrocyclic ring
strain, where tertiary carbocation at C(12) is being attacked by
the enolate oxygen, the SN1 mechanism should be favored. On
the other hand, the basic conditions and the nature of the
leaving group should favor the SN2-type mechanism.
Compound 7 is sensitive to acidic conditions as shown in

Scheme 3. The treatment of 7 with an acidic methanol solution

afforded derivative 9, possessing an inverted absolute
configuration (12R) relative to its epimer 5 (12S) as well as
1, erythromycin, azithromycin, telithromycin, or their many
congeners. At these experimental conditions, protonation of
the ketone group at C(3) enables the nucleophilic attack on
the electrophilic carbon C(1), followed by the ketene acetal
C(1)−OC(12) cleavage with the retention of (12R) absolute
configuration relative to 7 (Scheme S1). The stereochemistry
of 9 was evidenced by 1H−1H NOESY (Figure S3) and
chemical shift differences found in 1H and 13C NMR spectra
compared to that of 5 (Tables S1 and S2). The altered
stereochemistry at C(12) enables structure stabilization via the
H-bond between C(12)-hydroxyl and the lactone group, as
was evidenced by the shift of the v(O12−H) band toward lower
wavenumbers (∼3100 cm−1) and the reduced intensity of the
band (Figure S4). This intramolecular H-bond impacts the
conformation of the whole aglycone, which is well reflected in
chemical shift differences of 5 and 9 in 1H and 13C NMR
spectra (Tables S1 and S2). The DFT calculated structure of 9
stabilized by an intramolecular H-bond is shown in Figure 2.
An attempt at shortening the synthetic path leading to 7

from 5 afforded an 80% yield of novel-type product 10, lacking
desosamine saccharide (Scheme 3). The unexpected elimi-
nation of the saccharide portion from the C(5) position of 5 is
realized via the E1cB mechanism, as noted earlier for 16-
membered lactones.21 Broadening of the ν(CO) band at
∼1670 cm−1 in the FT-IR spectrum of 10 showed that, in
addition to unsaturated ketone at C(9), another unsaturated
one at C(3) also exists (Figure S5). However, this type of
unsaturated derivative 10 is formed as the mixture of two
compounds (10a and 10b) having an identical 4E-config-
uration of the conjugated double bond with the ketone at
C(3), as proved by 1D and 2D NMR spectra (Tables S1 and

Scheme 2. Synthesis of Novel Clarithromycin Intermediates
7 and 8

Figure 1. ORTEP diagram of 8. Displacement ellipsoids were drawn
at the 50% probability level.

Scheme 3. Synthesis of Clarithromycin Derivatives 9 and 10
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S2; Figure S6). Initial attempts to separate 10a and 10b by the
HPLC method with C18 and chiral columns and different
mobile phases were unsuccessful (Figure S7). Further efforts at
HPLC separation of 10a and 10b on a C8 column with the
reversed stationary phase were successful (Figure S8); hence,
10a and 10b can be described as the two different
conformational isomers instead of “conformers”. Moreover,
the occurrence of these two conformational isomers was
evidenced independently on the solvent used (CDCl3,
CD3CN, DMSO-d6; Supporting Information). 1H−1H
NOESY contacts for each of the conformational isomers in
the mixture allowed one to assume the initial structures for the
DFT calculations (Figure S6). As shown in Figure 3, when one
takes into account the mutual arrangement of the methyl
groups of aglycone, 10a has the folded-out structure, in
contrast to 10b, which is rather compact and has a folded-in
structure.22,23 The E1cB elimination of the mycaminose

saccharide requires the formation of enolate, and hence, the
epimerization at C(2) is possible. In NOESY spectra of 10a
and 10b, the strong contact H(2)···H(5) and the weak one
H(2)···H(11) were noted (Figure S6). A comparison of the
calculated structures of 10a and 10b and their C(2S) epimers
(Figure S9) shows that the presence of the above-mentioned
1H−1H contacts in the NOESY spectra excludes epimerization
at C(2). In the structure of 10b, the two antiparallel oriented
α,β-unsaturated ketone moieties are stabilized via a mutual
π−π stacking interaction, where distances of C(4)···C(11) and
C(5)···C(10) are 3.7 and 3.6 Å, respectively, as calculated by
the DFT method (Figure 3). In contrast, these α,β-unsaturated
ketone moieties in 10a are much more distant from each other,
as shown in Figure 3 (left, top).
In conclusion, we have developed a new synthetic approach

leading to modifications of the 14-membered lactone aglycone
of known antibiotics. Our approach enables inversion of the
configuration at C(12) and formation of doubly α,β-
unsaturated ketone aglycones of 14-membered macrolide
antibiotics. Further studies on the utility of these trans-
formations for structural diversification of known macrolide
antibiotic scaffolds are currently underway.
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Figure 2. Calculated structure of 9 on the basis of assumed contacts
found in the NOESY spectrum using an XC functional: BLYP-D3
with basis set TZ2P (ADF package; see the Supporting Information).

Figure 3. Calculated structures of 10a (folded-out) and 10b (folded-
in) on the basis of assumed contacts found in the NOESY spectrum
using an XC functional: BLYP-D3 with basis set TZ2P (ADF
package; see the Supporting Information).

The Journal of Organic Chemistry pubs.acs.org/joc Note

https://doi.org/10.1021/acs.joc.1c02799
J. Org. Chem. 2022, 87, 3758−3761

3760

https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c02799/suppl_file/jo1c02799_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c02799/suppl_file/jo1c02799_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c02799/suppl_file/jo1c02799_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c02799/suppl_file/jo1c02799_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c02799/suppl_file/jo1c02799_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c02799/suppl_file/jo1c02799_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c02799/suppl_file/jo1c02799_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c02799?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c02799/suppl_file/jo1c02799_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c02799/suppl_file/jo1c02799_si_002.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2111470&id=doi:10.1021/acs.joc.1c02799
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2111471&id=doi:10.1021/acs.joc.1c02799
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2111770&id=doi:10.1021/acs.joc.1c02799
http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Piotr+Przybylski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8072-5877
https://orcid.org/0000-0001-8072-5877
mailto:piotrp@amu.edu.pl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Janas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Krystian+Pyta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+Gdaniec"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8249-7193
https://orcid.org/0000-0001-8249-7193
https://pubs.acs.org/doi/10.1021/acs.joc.1c02799?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c02799?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c02799?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c02799?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c02799/suppl_file/jo1c02799_si_002.pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c02799?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c02799?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c02799?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c02799?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c02799/suppl_file/jo1c02799_si_002.pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c02799?fig=fig3&ref=pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.1c02799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors are grateful for the financial support from the
Polish National Science Centre (NCN), project OPUS 10 no.
2015/19/B/ST5/00231.

■ REFERENCES
(1) Arsic, B.; Novak, P.; Barber, J.; Rimoli, M. G.; Kragol, G.;
Sodano, F. Macrolides: Properties, Synthesis and Applications, 1 ed.; De
Gruyter: Berlin, Boston, 2018; DOI: 10.1515/9783110515756.
(2) Fernandes, P.; Martens, E.; Pereira, D. Nature Nurtures the
Design of New Semi-Synthetic Macrolide Antibiotics. Journal of
Antibiotics 2017, 70 (5), 527−533.
(3) Janas, A.; Przybylski, P. 14- and 15-Membered Lactone
Macrolides and Their Analogues and Hybrids: Structure, Molecular
Mechanism of Action and Biological Activity. Eur. J. Med. Chem.
2019, 182, 111662.
(4) Agouridas, C.; Denis, A.; Auger, J.-M.; Benedetti, Y.; Bonnefoy,
A.; Bretin, F.; Chantot, J.-F.; Dussarat, A.; Fromentin, C.;
D’Ambrier̀es, S. G.; Lachaud, S.; Laurin, P.; Le Martret, O.; Loyau,
V.; Tessot, N. Synthesis and Antibacterial Activity of Ketolides (6-O-
Methyl-3-Oxoerythromycin Derivatives): A New Class of Antibacte-
rials Highly Potent Against Macrolide-Resistant and -Susceptible
Respiratory Pathogens. J. Med. Chem. 1998, 41 (21), 4080−4100.
(5) Song, Q.-L.; Guo, B.-Q.; Zhang, W.; Lan, P.; Sun, P.-H.; Chen,
W.-M. Design, Synthesis and Antibacterial Activity of Novel Ketolides
Bearing an Aryltetrazolyl-Substituted Alkyl Side Chain. J. Antibiot.
2011, 64 (8), 571−581.
(6) Velvadapu, V.; Paul, T.; Wagh, B.; Glassford, I.; DeBrosse, C.;
Andrade, R. B. Total Synthesis of (−)-4,8,10-Tridesmethyl
Telithromycin. J. Org. Chem. 2011, 76 (18), 7516−7527.
(7) Undheim, K. Scaffold Modifications in Erythromycin Macrolide
Antibiotics. A Chemical Minireview. Molecules 2020, 25 (17), 3941.
(8) Myers, A. G.; Clark, R. B. Discovery of Macrolide Antibiotics
Effective against Multi-Drug Resistant Gram-Negative Pathogens. Acc.
Chem. Res. 2021, 54 (7), 1635−1645.
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