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Abstract—Oxazolidinone—quinolone hybrids, which combine the pharmacophores of a quinolone and an oxazolidinone, were syn-
thesised and shown to be active against a variety of susceptible and resistant Gram-positive and Gram-negative bacteria. The nature
of the spacer greatly influences the antibacterial activity by directing the mode of action, that is quinolone- and/or oxazolidinone-
like activity. The best compounds in this series have a balanced dual mode of action and overcome all types of resistance, including
resistance to quinolones and linezolid, in clinically relevant Gram-positive pathogens.

© 2003 Elsevier Ltd. All rights reserved.

The increasing emergence and spread of multi-drug
resistant Gram-positive bacteria such as methicillin
resistant Staphylococcus aureus (MRSA), penicillin- and
macrolide-resistant Streptococcus pneumoniae and van-
comycin-resistant enterococci represent a major threat
in hospital settings.! Resistance to quinolones [e.g.,
ciprofloxacin 1 (CIP); Chart 1] is common and strains
resistant to the newly introduced oxazolidinone line-
zolid 2 (LZD) have already been observed in clinical
isolates of S. aureus and Enterococcus sp.>> Therefore,
there is an urgent need for new classes of antibiotics that
are more potent and less prone to resistance development
than the currently marketed antibacterials.

The oxazolidinone—quinolone hybrids 3 which simulta-
neously act on two different cellular functions, DNA
replication (DNA gyrase and topoisomerase IV) and
protein synthesis, offer such an opportunity.# Initial
representatives in this series have shown that modifi-
cation of the two pharmacophores followed the overall
general trend observed in the quinolone and oxazolidi-
none series. Notably, compounds 3a and 3b (Table 1),
which differ only in the nature of the central spacer,
displayed markedly different antibacterial activities. The
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present contribution describes our efforts to understand
the influence of the spacer on the antibacterial activity
as well as the mode of action and our attempts to obtain
active compounds with a balanced dual mode of action.

Initial modifications of the spacer led to compounds
with either poor activities or to the loss of one of the
two modes of action (data not shown). However, a
cluster of amino alcohol spacers gave compounds with
interesting biological activities and was extensively
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studied. The oxazolidinone—quinolone hybrids 3c-—n
(Table 1) were synthesised as described in Scheme 1
following a reported procedure.* 3,4-Difluoroni-
trobenzene (4) was reacted with the appropriate N-ben-
zyloxycarbonyl protected amino alcohols. Zinc-
mediated reduction of the nitro group and protection of
the resulting amine with benzyl chloroformate led to
compounds Sc-n. The oxazolidinone ring was con-
structed as described for the synthesis of linezolid.?
Finally, removal of the remaining protecting group and
subsequent reaction with the commercially available 7-

chloro-1-cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-[1,8]-
naphthyridine-3-carboxylic acid gave the corresponding
target compounds 3c—n. All the chemical structures of
the compounds obtained were confirmed by 'H NMR
and mass spectra and the purity was demonstrated by
HPLC analysis. The required benzyloxycarbonyl-pro-
tected amino alcohols were either commercially avail-
able or prepared according to published procedures.®!3

The oxazolidinone—quinolone hybrids 3a—n were tested
for in vitro antibacterial activity against a panel of well

Table 1. Antibacterial activities of oxazolidinon—equinolone hybrids against selected strains (MICs in pg/mL)
(0] F
oA
H
\(N\@@
[¢]
Compd Spacer Bacterial strain®
Saul Sau2 CIP" Sau3 LZD" Efs Efm CIP” Hin Ecol Eco2 perm
1 (CIP) 0.5 >32 0.5 1 >32 <0.03 <0.03 <0.03
2 (LZD) 2 1 64 2 2 8 > 64 8
3a N N 0.25 0.25 8 0.125 0.25 1 32 0.06
3b N\C/N <0.06 1 <0.06 <0.06 8 <0.06 0.5 <0.06
3c o—<>N 0.25 0.5 <0.06 0.5 2 0.125 1 <0.06
3d O\C/N 1 0.5 0.5 0.5 2 0.5 8 <0.06
3e O"'V N <0.06 0.25 <0.06 0.125 1 <0.06 1 <0.06
3f O@N 0.25 0.25 1 0.125 0.25 1 32 0.25
3g ; >N 32 16 16 16 >32 2 >32 8
o
N
3h 0@ 0.5 0.25 0.5 0.25 0.5 1 8 <0.06
Q
3i \—<:/\N 0.125 0.125 1 <0.06 0.125 0.5 >32 0.125
o
3 _\—CN 0.25 0.125 1 0.125 0.125 2 =32 <0.06
3k o/\O' 0.125 0.125 <0.06 0.125 0.25 0.125 1 <0.06
31 o™ N 0.125 0.125 0.125 0.06 0.125 0.25 1 <0.06
3m OAC)" <0.06 0.25 <0.06 0.125 0.5 0.125 1 <0.06
3n O\/\C/N 0.125 0.125 0.125 0.06 0.125 0.5 2 <0.06

aSaul, S. aureus ATCC 29213 (CIP and LZD susceptible); Sau2, MRSA, CIP resistant (gyrA: Ser-84-Leu, grlA: Ser-80-Phe); Sau3, S. aureus LZD
resistant (23S rRNA: G2447T); Efs, Enterococcus faecalis ATCC 29212; Efm, E. faecium vancomycin and CIP resistant; Hin, Haemophilus influenzae
11; Ecol, Escherichia coli ATCC 25922; Eco2, Escherichia coli AS19, permeable mutant.
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Scheme 1. Synthesis of compounds 3¢—n. Reagents and conditions: (a) corresponding N(Z)-protected alcohols, NaH, THF; (b) Zn, HCI, MeOH; (c)
ZCl, NaHCO3, acetone; (d) n-BuLi, R-(—)-glycidyl butyrate, THF, —78 °C; (e) (1) MsCl, TEA, CH,Cl,, 0°C; (2) NaN3;, DMF, 80°C; (f) (1) PPhs,
H,O, THF, 80°C; (2) Ac,O, AcOH; (g) H,, Pd/C, MeOH—ACOEt; (h) 7-chloro-1-cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-[1,8]naphthyridine-3-car-

boxylic acid, TEA, CISi(Me);, NMP, 120°C.

characterized susceptible and resistant Gram-positive
and Gram-negative bacterial strains (Table 1).'*!> This
panel included S. aureus resistant to CIP (containing the
most frequently found mutations in gyrA and grlA) as
well as an in vitro selected LZD resistant strain with a
commonly observed mutation in the 23S rRNA
(G2447U, Escherichia coli numbering).?> These strains
helped us to study the influence of the spacer on the
antibacterial activity and the mode of action. This panel
was completed with a strain each of Haemophilus influ-
enzae and E. coli. Additionally, an outer membrane
permeable mutant of E. coli was included to address
penetration related issues.'® For comparison, CIP and
LZD were employed as reference drugs. In order to
further study the mode of action of this new class of
dual action antibacterials, we measured, for selected
compounds, the inhibition of protein synthesis in an in
vitro transcription/translation assay and the inhibition
of the enzymes that are targeted by quinolones, that is
DNA gyrase and topoisomerase IV (Table 2).!7-1°

Compound 3a, bearing a piperazinyl spacer, displayed a
strong oxazolidinone character although retaining some
quinolone-like activity; it retained good activity against
the CIP-resistant strains while it was less active against
the LZD-resistant S. aureus strain. The enzyme assays
confirmed the observed antibacterial activity pattern in
that a strong protein synthesis inhibition (superior to
LZD) was observed whilst the activity against the
topoisomerases was weak.

By contrast, compound 3b containing a 3-amino-pyrro-
lidinyl spacer, behaved more like a quinolone: the LZD-
resistant S. aureus and the Gram-negative strains were
highly susceptible, whilst the CIP-resistant strains had
higher MICs.

Table 2. Activities of selected oxazolidinone—quinolone hybrids
against topoisomerases and as inhibitors of protein synthesis

Compd DNA gyrase® Topo IVP Protein synthesis®
ICsp (1M) ICsp (LM) ICso (uM)

3a 50 10 2.8

3f 50 5 5.2

3e 10 3 6.7

3k 2 2 1.5
LZD NT NT 4.1

CIP 0.5 2.5 >20

NT, not tested.

aSupercoiling assay with E. coli DNA gyrase.

®E. coli Topoisomerase 1V relaxation assay.

¢In vitro transcription/translation assay with E. coli S30 Extract System.

Compounds 3c—e, containing a 3-hydroxy-azetidinyl or
a 3-hydroxy-pyrrolidinyl spacer displayed a balanced
dual mode of action with good activity against both
CIP- and LZD-resistant strains. The quinolone char-
acter seemed to be slightly dominating, since the activity
against the LZD-resistant strain was higher than against
the CIP-resistant strains. The stercochemistry at posi-
tion 3 on the pyrrolidine had an impact by modifying
the contribution of the quinolone pharmacophore.
Comparing the two diastereoisomers 3d and 3e, the (.5)
configuration (3e) enhanced notably the quinolone
character (increased activity against LZD-resistant S.
aureus and Gram-negative bacteria). Compound 3e
showed good activity in the topoisomerase IV assay
whilst retaining activity as protein synthesis inhibitor.

Compounds 3f and 3h, containing a 4-hydroxy-piper-
idinyl or a 4-hydroxy-azepanyl spacer exhibited a very
balanced type of activity against both LZD- and CIP-
resistant strains with MICs between 0.25 and 1 pg/mL.
However, compared to 3d and 3e, activities against E.
coli and the LZD-resistant S. aureus were weaker, sug-
gesting a more oxazolidinone-like character. In agree-
ment with these data, compound 3f was shown to act on
both protein synthesis and the topoisomerases, although
activities against the latter were less than those observed
for compound 3e. The direction of the connecting
vector on the piperidine was very important, since the
activity could be fully abolished by using a 3-hydroxy-
piperidinyl spacer (3g).

In a further study we explored the influence of the
length of the spacer. In the piperidine series, we compared
compounds 3f with 3i and 3j containing a 4-hydro-
xymethyl- and a 4-hydroxyethyl-piperidinyl spacer,
respectively. All these compounds had potent activities
and differences were not significant. The same was also
observed in the pyrrolidine series (3k,n). The impact of
the stercochemistry at position 3 on the pyrrolidine,
although less marked than with the 3-hydroxy-pyrroli-
dine spacer, was still noticeable. The (R) configuration
(compound 3m) slightly enhanced the quinolone char-
acter (increased activity against LZD-resistant S. aur-
eus) while the (S) configuration (31) enhanced the
oxazolidinone character (slightly better activity against
the CIP-resistant strains). The antibacterial activity of
the mixture of diastereomers 3k was, as expected, very
similar to the two pure diastereoisomers 31 and 3m. It
was more than 2-fold more potent than LZD in the in
vitro protein synthesis assay and almost equivalent to
CIP in the gyrase and topoisomerase IV assays.
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In the absence of structural information on the com-
plexes of quinolones with DNA gyrase and oxazolidi-
nones with the bacterial ribosome it is difficult to
rationalise these results at the molecular level. However,
some observations can be made. The general shape of
the molecule, though very important (e.g., 3g), is not the
only determinant factor for the mode of action since
compounds 3b and 3d behave very differently. The weak
oxazolidinone activity in 3b can be best explained by the
presence of a free NH in the spacer that abolishes the
antibacterial activity [all the intermediates in the synth-
esis containing the oxazolidinone linked to the spacers
were devoid of antibacterial activity (data not shown)].
Although quinolones bearing some of the spacers
described above as substituents at position 7 are known
to be active, oxazolidinones being substituted at posi-
tion 4 of the fluorophenyl ring through an oxygen atom
are weaker than LZD.?> This might suggest an addi-
tional contribution of the quinolone in the binding to
the ribosome. In addition to the target enzymes other
factors such as bacterial penetration and efflux systems
may play an important role in defining the SAR, espe-
cially for Gram-negative bacteria such as E. coli.
Although some oxazolidinone-quinolone hybrids were
reasonably active against wild type E. coli, they were
much more active against an outer membrane perme-
able mutant. This indicates a restricted penetration and/or
an active efflux as is observed for LZD.

In summary, a new class of oxazolidinone-quinolone
hybrids with potent antibacterial activity has been
identified. The antibacterial spectrum and mode of
action is highly dependent on the nature of the spacer.
Overall the most active derivative was 3k (and its pure
diastereoisomers 31 and 3m) which contains a 3-
hydroxyzmethyl-pyrrolidinyl spacer. These compounds
were approximately 4-fold more active than CIP, and 8-
to 16-fold more active than LZD against Gram-positive
bacteria. Furthermore, due to the balanced dual mode
of action the best representatives overcome all types of
resistance in clinically important Gram-positive patho-
gens, including resistance to quinolones and LZD. In
addition, compared to LZD, the antibacterial spectrum
is extended to Gram-negatives. Hence, this new series,
which also exhibits a strong bactericidal effect and a low
propensity to resistance development (data not shown),
has the potential for a promising alternative treatment
of severe nosocomial Gram-positive infections.
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