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ABSTRACT: Novel sources of antibiotics are needed to
address the serious threat of bacterial resistance. Accordingly,
we have launched a structure-based drug design program
featuring a desmethylation strategy wherein methyl groups
have been replaced with hydrogens. Herein we report the total
synthesis, molecular modeling, and biological evaluation of 4-
desmethyl telithromycin (6), a novel desmethyl analogue of
the third-generation ketolide antibiotic telithromycin (2) and
our final analogue in this series. While 4-desmethyl
telithromycin (6) was found to be equipotent with
telithromycin (2) against wild-type bacteria, it was 4-fold less potent against the A2058G mutant. These findings reveal that
strategically replacing the C4-methyl group with hydrogen (i.e., desmethylation) did not address this mechanism of resistance.
Throughout the desmethyl series, the sequential addition of methyls to the 14-membered macrolactone resulted in improved
bioactivity. Molecular modeling methods indicate that changes in conformational flexibility dominate the increased biological
activity; moreover, they reveal 6 adopts a different conformation once bound to the A2058G ribosome, thus impacting
noncovalent interactions reflected in a lower MIC value. Finally, fluorescence polarization experiments of 6 with E. coli ribosomes
confirmed 6 is indeed binding the ribosome.
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Antibiotic resistance represents a formidable 21st century
public health threat.1 The onset of bacterial resistance to

established drugs has outpaced the introduction of new FDA-
approved antibacterial agents such that a postantibiotic era is
imminent. To further aggravate the situation, economic
pressures have forced many pharmaceutical companies to
terminate their antimicrobial research programs; therefore, new
antibiotics are desperately needed.2 To tackle this problem, we
devised a strategy wherein desmethyl (i.e., CH3 →H) analogues
of telithromycin (TEL, 2),3 an FDA-approved third generation
ketolide antibiotic, were accessed via chemical synthesis (Figure
1). Currently, we have accomplished the synthesis, molecular
modeling, and biological evaluation of 4,8,10-tridesmethyl TEL
(3),4,5 4,10-didesmethyl TEL (4),6 and 4,8-didesmethyl
congener (5)7 against wild-type and macrolide-resistant bacteria,
which were found to be active (vide inf ra). Herein, we report the
results of 4-desmethyl TEL (6), our final desmethyl analogue in
the series.
Macrolide antibiotics target the bacterial ribosome by

reversibly binding the 50S subunit in the peptidyl transferase
center, which ultimately blocks protein synthesis.8,9 Telithromy-
cin (2) is a third generation analogue of flagship macrolide

antibiotic erythromycin (1) and has been used clinically since
2004.3

The three mechanisms of antibacterial resistance include (1)
modification of the drug, (2) efflux of the drug, and (3)
modification of the ribosome by N-methylation at the 6-amino
position of A2058 by erm enzymes or by point-mutation (i.e.,
A2058G).
Our desmethylation strategy was inspired by Steitz’s structural

studies of macrolides 1 and 2 cocrystallized with 50S ribosomal
subunits of the archaeon Haloarcula marismortui (Hm).10 While
eubacteria possess an adenine at position 2058, all archea possess
a guanine (Escherichia coli numbering) and thus do not efficiently
bind the macrolides. Alternatively, the mutation of 2058 from
guanine to adenine at position 2058 (i.e., G2058A) in the 23S
rRNA enables binding to 2, which allowed the structure of
telithromycin bound to the HmA2058 mutant at 2.6 Å resolution
to be obtained (Figure 2A). Thus, Steitz revealed that bacterial
A2058G mutations effect their resistance by (1) abrogating
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hydrogen bonding to desosamine’s C-2′ hydroxyl (Figure 2A)
and (2) causing a steric clash between the C-4 methyl group on
the macrolide framework and the C-2 amine of guanine (Figure
2B). We therefore hypothesized that replacing the C-4 methyl
group with hydrogen (i.e., desmethylation) would avoid an
attendant steric clash. Binding of 4-desmethyl TEL would be
maintained since other residues within the ribosome (e.g., 2059)
can also form hydrogen bonds with desosamine’s 2′-OH group,
coupled with a salt bridge with the phosphate backbone of
G2505.9,11

To test our desmethylation hypothesis, we embarked on a total
synthesis of 6 wherein evaluation against a panel of wild-type and
resistant bacterial strains would follow (i.e., minimum inhibitory
concentrations, or MICs).13 In addition, molecular modeling
tools would also be employed to assist in the interpretation of the
results.
Lessons learned during the syntheses of desmethyl congeners

3−54−7,14 greatly facilitated the successful procurement of 6,
which is the only analogue that directly tests our hypotheses that
desmethylation at C4 will address the A2058G mechanism of
resistance. The total synthesis of 6 began by preparing C10−C13

fragment 8 (Scheme 1A) and C1−C9 fragment 14 (Scheme 1B).
The former was easily prepared by the chemoselective

acetylation of diol 7, which was employed in the synthesis of
4,8-didesmethyl TEL (5)7 via an intramolecular Nozaki−
Hiyama−Kishi (NHK) reaction strategy.15 Tactics employed
in the synthesis of the 4,10-didesmethyl TEL (4)6 were modified
such that the p-methoxybenzyl (PMB) ether was recruited as the
C5-hydroxy protecting group as opposed to the original
triethylsilyl (TES) ether. This modification was made to add
orthogonality into our protecting group scheme (vide inf ra).
The synthesis of fragment 14 began with known lactone 9.6

Protection of the C5-hydroxyl group as its PMB ether was
accomplished with NaH and PMBCl to afford 10 in 65% yield.
Stereoselective installation of the C8-methyl group followed a
two-step sequence. Treatment of 10 with LDA generated an
enolate that was quenched withMeI. Subsequent regeneration of
the lithium enolate and quenching with bulky proton source
triphenylacetic acid, which was superior to previously used
pivalic acid, afforded 11 in 45% yield over two steps.6 Lactone
reduction with LiAlH4, protection of the primary alcohol as its
TBS ether, and methylation of the tertiary C5 carbinol delivered
12 in 66% yield over three steps. Chemoselective reduction of the
C3-O-benzyl ether over the C5-O-PMB ether was accomplished

Figure 1. Structures of erythromycin (1), telithromycin (TEL, 2), and
de novo analogues 4,8,10-tridesmethyl TEL (3), 4,10-didesmethyl TEL
(4), 4,8-didesmethyl TEL (5), and 4-desmethyl TEL (6).

Figure 2. (A) Telithromycin and A2058 interactions in H. marismortui
with select distances in Angstroms (Steitz et al. PDB 1YIJ). (B) Steric
consequences of A2058G mutation. Image produced with VMD.12

Scheme 1. (A) Synthesis of C10−C13 Fragment 8 and (B)
C1−C9 Fragment 14a

aReagents and conditions: (a) Ac2O, Et3N, DMAP, CH2Cl2, 0 °C to
rt, 12 h, 87%; (b) NaH, PMBCl, DMF, 0 °C to rt, 65%; (c) LDA, MeI,
THF, −78 °C; (d) LDA, (C6H5)3CCO2H, THF, −78 °C, 45% over
two steps; (e) LiAlH4, THF, −45 °C to rt, 3 h, 92%; (f) TBSCl,
imidazole, CH2Cl2, 0 °C to rt, 2 h; (g) 2,6-DTBMP, MeOTf, CH2Cl2,
48 h, 72% over two steps; (h) Raney-Ni, EtOH, H2, 6 h, 75%; (i)
DMSO, (COCl)2, Et3N, CH2Cl2, −78 °C; (j) (R)-4-benzyl-3-
propionyl-2-oxazolidinone, n-Bu2BOTf, Et3N, CH2Cl2, 2 h, 74% over
two steps (dr > 20:1); (k) TBSOTf, 2,6-lutidine, CH2Cl2, 0 °C, 30
min, 95%; (l) CSA, MeOH, 0 °C, 2 h, 88%.
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with Raney Ni in 75% yield.16 Swern oxidation17 of the primary
alcohol to the aldehyde was followed by the Evans aldol
reaction,18 which furnished 13a in 74% yield (dr > 20:1) over two
steps. Protection of the C3-hydroxyl group as its TBS ether
proceeded smoothly in 95% yield. Chemoselective removal of
the primary C9-O-TBS ether with CSA in methanol afforded
fragment 14 in 88% yield.19

With fragment 14 in hand, we set about coupling it with
fragment 8 via an intermolecular NHK reaction to access the
entire C1−C14 framework of 4-desmethyl TEL (6), as shown in
Scheme 2. To this end, we oxidized the primary C9 carbinol with

the Dess−Martin periodinane (DMP).20 The addition of CrCl2
andNiCl2 (100:1) to a solution of the purified aldehyde and vinyl
iodide 8 in degassed DMSO at rt followed by DMP-mediated

oxidation of the diastereomeric mixture of C9 alcohols delivered
enone 15 in 45% yield over three steps. It is important to note
that the acetate moiety in 8 was critical in order to execute the
NHK coupling reaction.
The next goal in the synthesis of 6 was preparing the requisite

macroketolactone 17 (Scheme 2). To accomplish this, we
employed the venerable Yamaguchi macrolactonization reac-
tion.21,22 Accordingly, removal of the Evans auxiliary in 15 with
LiOOH afforded 87% yield of the requisite acid 16. Subjection of
16 to Yamaguchi’s protocol delivered a satisfactory 65% yield of
macroketolactone 17.
At this stage, the site- and stereoselective glycosylation of

desosamine with donor 1923 at the C5-hydroxyl position of 17
was pursued (Scheme 3). Again, experience garnered from the
synthetic campaigns of desmethyl congeners 3−5 proved critical
in the deployment of both strategy and tactics.4−7 Specifically, we
found that deprotection of the C5-hydroxyl protecting group was
accompanied by ketalization of the C5-OH onto the C9-ketone;
moreover, if the tertiary carbinol at C12 was not protected,
glycosylation occurred at this position over the desired C5 site.
To remedy these issues, we reduced the C9-ketone under Luche
conditions in 96% yield (dr = 4.6:1) and protected both the C9-
and C12-hydroxyls as TMS ethers with TMSOTf and 2,6-
lutidine.24 While we had originally employed a TES ether at the
C9-hydroxyl in the 4,10-didesmethyl synthesis, the additional
methyl at C10 made both protection and removal of the TES
group more recalcitrant.6 Thus, we made recourse to the smaller
TMS ether that ultimately suited our purposes. Removal of the
C5-PMB ether was accomplished with 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone (DDQ) in 76% yield over two steps to set the
stage for the stereoselective glycosylation with donor 19. The
addition of AgOTf and 2,6-di-tert-butyl-4-methylpyridine
(DTBMP) to a solution of 19 and acceptor 18 furnished
glycosylated product 20 in 70% yield as a single stereoisomer by
virtue of the C2′-O-methoxycarbonyl (Mc) protecting group.

Scheme 2. Intermolecular Nozaki−Hiyama−Kishi Reaction
to Join Fragments 8 and 14 and Yamaguchi
Macrolactonizationa

aReagents and conditions: (a) DMP, pyridine, CH2Cl2, 2 h; (b) CrCl2,
NiCl2, 8, DMSO, 48 h; (c) DMP, pyridine, CH2Cl2, 3 h, 45% over
three steps; (d) H2O2, LiOH, THF/H2O (4:1), 0 °C to rt, 48 h, 87%;
(e) C6H2Cl3COCl, i-Pr2NEt, DMAP, PhH, 12 h, 65%.

Scheme 3. Synthesis of 4-Desmethyl Telithromycin (6)a

aReagents and conditions: (a) CeCl3·7H2O, NaBH4, MeOH, −15 °C to rt, 45 min, 96% (dr = 4.6:1); (b) 2,6-lutidine, TMSOTf, CH2Cl2, −78 °C,
30 min; (c) DDQ, H2O, CH2Cl2, 0 °C, 30 min, 76% over 2 steps; (d) 19, AgOTf, 2,6-DTBMP, 4 Å MS, PhMe/CH2Cl2, 12 h, 70%; (e) HF·Pyr,
THF/Pyr, 0 to 15 °C, 3 h; (f) DMP, CH2Cl2, 3 h, 67% over two steps; (g) NaH, CDI, DMF/THF, −20 to 0 °C, 45 min; (h) 22, MeCN/H2O, 72 h,
61% over two steps; (i) TAS-F, DMF/H2O, 14 h; (j) Me2S, NCS, Et3N, CH2Cl2, −20 °C, 53% over 2 steps; (k) MeOH, rt, 14 h, 67%.
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With the glycosylated macrolactone framework fully
assembled, we set about installing the C11−C12 oxazolidinone
moiety bearing the pyridyl-imidazole side-chain employing the
Baker protocol.25 To this end, we first adjusted the oxidation
state at C9 by removing the trimethylsilyl (TMS) ethers at C9
and C12 with HF·pyridine and treating the resulting diol with
DMP to afford enone 21 in 67% over two steps. Treatment of 21
with NaH and 1,1′-carbonyldiimidazole (CDI) furnished an
activated carbamate that when treated with known butylamine
2226 effected a domino carbamoylation/intramolecular aza-
Michael sequence to form oxazolidinone 23 in 61% over two
steps.
Endgame for 4-desmethyl TEL (6) began with an adjustment

of the C-3 oxidation state. Removal of the TBS protecting group
was realized with TAS-F.27 Oxidation of the intermediary
carbinol using the Corey−Kim method furnished the C3-ketone
in 53% yield over two steps.28 Removal of the Mc protecting
group on the 2′-hydroxyl position of desosamine was
accomplished by methanolysis, which delivered target com-
pound 6 in 67% yield.
With 4-desmethyl TEL (6) in hand, we were uniquely

positioned to directly test our desmethylation hypothesis that
replacing the 4-methyl group with hydrogen would avoid the
attendant steric clash with ribosomes bearing the A2058G
mutation. To this end, we screened the biological activity of 6
against Escherichia coli and Staphylococcus aureus in MIC assays
using TEL (2) as comparator and compared it to the other
desmethyl analogues (Table 1).13 While both compounds were

inactive against A2058G, A2058T, and ermAmutant strains (i.e.,
entries 1, 4, and 5, respectively), they were active against and E.
coli WT and A2058G mutants. In fact, 4-desmethyl analogue 6
was equipotent with TEL (2) against E. coli WT (entry 2).
However, it was also 4-fold less potent than 2 against the A2058G
mutant, which altogether does not support our hypothesis.
Curiously, the tridesmethyl analogue 3 was weakly active against
an S. aureus A2058T mutant (entry 4). A notable trend among
the demsethyl analogues is that as methyls are added (i.e., 3 →
6), the bioactivity improves. This is likely due to the biasing of the
macrolactone conformation (i.e., avoiding syn-pentane inter-
actions) and an increase in van der Waals contacts with the
macrolide binding site.
To help rationalize these results, we employed molecular

modeling of telithromycin (2) and 4-desmethyl telithromycin
(6) both in solution and bound to the E. coli ribosome (PDB
3OAT).11 Using Hamiltonian replica exchange molecular
dynamics (HREX MD) simulations29−31 of 6 and 2 in solution,

probability distributions of select distances within the com-
pounds were measured to compare their conformational
flexibilities using the conformationally sampled pharmacophore
(CSP) approach (Figure 3). These data were compared to

distributions of distances for desmethyl analogues from our
previous works.4,6,7 Notably, as methyl groups are removed from
the macrolactone ring, the distributions become more broad
indicating an increase in the conformational flexibility of the
desmethyl analogues compared to telithromycin (2). Consistent
with this, 6 had a CSP probability distribution the most similar to
2. For the distances in panel B, 6 samples a slightly more
extended conformation than 2, while the other distances show a
high degree of overlap. In the context of MIC values, the increase
in conformational flexibility observed for the di- and tridesmethyl
analogues appears to be inversely related to bioactivity, which is
supported by the tridesmethyl conformer having the highest
MIC and highest conformational flexibility followed by the
didesmethyl analogues. The MIC value for 2 and 6 are the same,
which is supported by the high degree of overlap in the ensemble
of conformations sampled by both conformers. However, their
activity against the A2058G mutant (entry 4) is less
straightforward to interpret. As per our hypothesis, we expected
6 to be more active against the A2058Gmutant, yet its MIC value
was 4-fold greater. As mentioned, the removal of methyl groups
may decrease the van derWaals (VDW) interactions between the
macrolide and the binding pocket. Though the similarity in the
bioactivity between 2 and 6 in the WT suggests that this may not
be a predominant factor for the 4-desmethyl conformer, it may
impact the VDW interactions in the A2058G mutant, in which
the conformation of the RNA interacting with the macrolide is
slightly different as shown in a previous molecular dynamics
(MD) study.32 Therefore, the interaction energy, which
approximates the VDW and electrostatic enthalpic contributions,
between the compounds and the ribosome were calculated using
MD simulations of the telithromycin-bound E. coli ribosome
(Table 2). Interestingly, the interaction energy between G2058
and both 2 and 6 is 2.5 to 3 kcal/mol less favorable than the WT
A2058 interaction, which does not support our original
hypothesis that removing the methyl group would enhance the
interaction with 2058 due to a loss of a steric clash. Compared to
2, the interaction energy of 6 with the ribosome is similar (within
standard deviation) indicating that the removal of the C4-methyl
group does not greatly impact the VDW interactions with the
ribosome. In addition, the interactions of 2 and 6 with the erm-

Table 1. Minimum Inhibitory Concentration (MIC) Values in
μg/mL for 4,8,10-Tridesmethyl TEL (3); 4,10-Didesmethyl
TEL (4); 4,8-Didesmethyl TEL (5); 4-Desmethyl TEL (6);
and Telithromycin (2)a

aSQ171/2058G contain a pure population of mutant ribosomes; DK/
pKK3535 refers to a tolC(−) strain with WT ribosomes; DK/2058
refers to a tolC(−) strain with a mixed population of WT and mutant
ribosomes (ca. 1:1); tolC is an outer-membrane efflux pump that
recognizes antibacterial drugs.

Figure 3. CSP probability distributions for TEL (2, black); 4,8,10-
tridesmethyl TEL (3, blue); 4,10-didesmethyl TEL (4, purple); 4,8-
didesmethyl TEL (5, red); and 4-desmethyl TEL (6, green). The vertical
line corresponds to the crystallographic distances from PDB 1YIJ. Atom
pairs represented in A through D are shown in the inset figure.
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related N6-methylations [e.g., monomethyladenine with the
methyl directed toward desosamine (MAD1), monomethylade-
nine with the methyl directed away f rom desosamine (MAD2),
and dimethyladenine (DMAD)] are similar, consistent with their
similar MIC values (Table 1).
The CSP approach was also applied to the ligand-bound

simulations (Figure 4). For 6 in the A2058G mutant, the

probability distribution in panels A and B are shifted to 1 to 2 Å
larger, suggesting that the macrolactone ring of 6 is in a more
extended conformation in the mutant as compared to WT, while
the conformations of 2 in the WT and A2058G are similar. This
suggests that 6 adopts a slightly different conformation once is it
bound within the A2058G ribosome, which may impact
interactions with the ribosome and hence its MIC value. Of
note are the distances in panel D showing them to differ by a few
Angstroms from each other. This is consistent with our previous
work showing the imidazole−pyridine moiety to be dynamic
within the binding pocket.32

The biological evaluation of 4-desmethyl telithromycin (6) by
means of MIC assays (Table 1) does not provide direct evidence

that it is in fact binding (and inhibiting) the bacterial ribosome in
analogy to telithromycin (2). As our hypothesis is predicated on
this particular mechanism of action, we sought to determine
whether 6 would in fact bind the bacterial ribosome. Yan and co-
workers had demonstrated that a fluorescence polarization-based
competitive binding assay utilizing boron-dipyrromethene
(BODIPY)-labeled erythromycin and isolated E. coli ribosomes
was a reliable method for determining the dissociation constants
(Kd) of various macrolide antibiotics.

33 Telithromycin (2) bound
E. coli ribosomes with a Kd of 6.4−11 nM. We applied the same
method to 6 and found that it bound with aKd of 21.25± 6.4 nM,
which is close to the reported value for 2 and establishes that
desmethyl analogue 6 is exerting its bioactivity by binding the
macrolide binding site of the bacterial ribosome.
In conclusion, 4-desmethyl telithromycin (6) was prepared via

total synthesis using an intermolecular NHK/Yamaguchi
macrolactonization approach in 36 steps (26 steps in the longest
linear sequence) from commercially available materials. It is
worthy to note that the strategy employed for each desmethyl
congener was unique, which underscores the complexity of these
targets. Evaluation of the biological activity of 6 via MIC assays
revealed it was equipotent with comparator telithromycin (2)
against an E. coliWT strain but was 4-fold less potent against the
A2058G mutant. MD simulations were employed to help
rationalize these results and revealed 6 adopts a slightly different
conformation once bound to the A2058G ribosome, thus
impacting noncovalent interactions reflected in a lower MIC
value. Altogether, these data do not support the hypothesis that
strategic desmethylation of ketolide antibiotics can directly
address resistance arising from the pathogenically relevant
A2058G mutation. The sequential addition of methyl residues
(i.e., 3 → 6) corresponded with an increase in bioactivity, thus
revealing the critical nature of these in biasing macrolactone
conformation as well as participating in VDW interactions with
the macrolide binding site in the 50S subunit of the bacterial
ribosome. Finally, we showed that 6 binds the bacterial ribosome
with nanomolar affinity using an established fluorescence
polarization assay.
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to the crystallographic distances from PDB 3OAT. Atom pairs are
shown in Figure 3
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