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New Fluoroquinolones: A Class of Potent Antibiotics
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Abstract: The discovery of antibiotics opened a new era in the treatment against several pathogenic
microorganisms that can disable or kill humans. The appearance of the fluoroquinolones (based on nalidixic
acid, 4-quinolone-3-carboxylates), in the early 1980's, gave a new impetus in the treatment of infectious
diseases. Despite these favourable properties, the earlier fluoroquinolones had limited potency against some
clinically important organisms, especially Gram-positive pathogens so that the development of resistance to
these organisms has become a serious problem. Thus the development of new fluoroquinolones with a better
pharmacokinetic profile, potency, broad spectrum of activity, solubility, prolonged serum half-life and oral
and parenteral routes of administration has been a major focus on recent research. The increasing interest in
this class led me to review the promising new fluoroquinolones in clinical trials.
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INTRODUCTION

The fluorine atom is an important element in drug design
due to its electronic, lipophilic and steric parameters as high
electronegativity, very low polarizability, solubility,
hydrogen-bonding, relatively small size and steric effects.
These important properties of fluorine can modulate both
pharmacodynamic and pharmacokinetic effects of drugs with
impact on biological activity [1]. The effects of fluorine on
biological activity can be seen in the market (delete in) in of
a large number of drugs against different diseases (Fig. 1).
An important class of the fluorine compound is the
fluoroquinolones (7-fluoro-4-oxo-1,4 dihydro-quinoline-3-
carboxylic acid), (Fig. 1) a potent class of antibacterial
agents with a broad spectrum of activity against Gram-
positive, Gram-negative and mycobacterial organisms as
well as anaerobes with great therapeutic potential,
particularly those caused by organism resistant to other
classes of antibacterial drugs. The aim of this review is to
highlight the history, biologic activity and synthesis of the
new fluoroquinolones.

MECHANISM OF ACTION AND RESISTANCE

In 1975, Smith and workers showed that nalidixic acid,
1-ethyl-4-oxo-1,8-naphthyridin-3-carboxylic acid (Fig. 2)
acts by inhibiting an important enzyme for bacterial
multiplication. This enzyme was purified in 1976 by Gellert
and workers and named DNA gyrase (topoisomerase I1) an
essential enzyme involved in the replication, transcription
and reparation of the bacterials DNA. DNA gyrase is
composed of a tetramer of two GyrA and GyrB subunits
each. Specifically, fluoroquinolones inhibit DNA gyrase
bacterial type Il and topoisomerase IV [2-6] (Fig. 2).
Topoisomerase 1V is composed of a tetramer of two ParC
and ParE subunits each. Topoisomerase IV is responsible for
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decatenation, that is removing the interlinking of daughter
chromosomes, thereby allowing segregation into two
daughter cells at the end of the replication round. After the
use of nalidixic acid in 1962, bacterials showed a fast
resistance to the older fluoroquinolones whereas
topoisomerase IV is basically the primary target in Gram-
positive bacteria with important implications in the
development of resistance [7,8]. The efficacy of the new
fluoroguinolones against resistant strains is due to their dual
activity inhibiting both DNA gyrase bacterial type Il and
topoisomerase IV that limit the emergence of
fluoroquinolones resistance (Fig. 2).

A BRIEF
QUINOLONES

The history of fluoroquinolones began when Lescher, in
1962 [9], discovered, accidentally, nalidixic acid, 1-ethyl-4-
0x0-1,8-naphthyridin-3-carboxylic acid (Fig. 2) as a by-
product during the synthesis of the antimalarial compound
chloroquine (Fig. 3). In 1963 nalidixic acid was approved by
the FDA for the treatment of urinary tract infections with a
moderate activity on Gram-negative bacteria. In 1970"s the
quinolones cinoxacin, oxolinic acid and pipemidic acid (Fig.
3) were employed with a little improvement in comparison
with nalidixic acid. However, it was only during the 1980°s
with the combination of a fluorine atom at position 6 and
piperazinyl group at position 7 in the norfloxacin (Fig. 3)
that the importance of quinolones started [10-12]. This
combination produced a broad spectrum of activity and
better pharmacokinetic profile against Gram-negatives and
some Gram-positives bacteria with antibacterial activities
1000 times more potent that those observed in the nalidixic
acid.

HISTORY OF THE FLUORO-

After the discovery of Norfloxacin, a number of structure-
activity relationships (SAR) (Fig. 4) have been examined for
the fluoroquinolone nucleus that produced new compounds
of this class with further improvements, such as the
solubility, antimicrobial activity, prolonged serum half-life,
favorable adverse effect profiles and both oral and parenteral
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Fig. (1). Examples of fluorinated drugs and the basic structure of fluoroquinolone nucleus.

infectious diseases and today they are useful classes of

routes of administration [13-34]. Due to their efficacy,
synthetic antibacterial agents in clinical use.

fluoroguinolones open a new era in the treatment of
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Fig. (2). Structure of nalidixic acid and the bacterial activity of fluoroquinolones by their inhibition of bacterial DNA gyrase and

topoisomerase IV enzymes.
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Fig. (3). Structure of chloroquine, norfloxacin, cinoxacin, oxolinic acid and pipemidic acid.

NEW FLUOROQUINOLONES

Basically the fluoroquinolones can be grouped in four
generations. The first generation is represented by nalidixic
acid and cinoxacin (Fig. 2 and 3), the second one by
norfloxacin (Fig. 3), ciprofloxacin, ofloxacin, enoxacin and
lomefloxacin, the third one by levofloxacin, sparfloxacin and
gatifloxacin and, finally, the fourth generation is represented
by moxifloxacin and trovafloxacin (Fig. 5).

Recently, the fourth generation fluoroquinolones have
attracted much attention due their fewer toxic effects,
improved pharmacokinetic properties and extensive and

potent activity against Gram-positive and Gram-negative
bacteria, including resistant strains when compared with the
earlier fluoroquinolones because they attack both DNA
gyrase and topoisomerase 1V [36]. Due to their excellent
results a number of new forth generation fluoroquinolones
have been discovered and will be covered in this review.

GARENOXACIN (BMS-284756 AND T3811)

Garenoxacin i 1-cyclopropyl-8-difluoromethoxy)-7-[(1R)-
(1-methyl-2,3-dihydro-1H-5-isoindolyl]-4-oxo0-1,4-dihydro-
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Fig. (4). Structure-activity relationships in fluoroquinolone nucleus.
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1) Ciprofloxacin - 1-cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-7-(1-piperazinyl)-3-quinoline carboxylic acid.
Year of FDA approval - 1987.
2) Ofloxacin - 9-fluor-2,3-dihydro-3-methyl-10- (4-methyl- 1-pi perazinyl)-7-oxo-7H-pyrido
[1,2,3,de]-1,4-benzoxazine-6-carboxylic acid.

Year of FDA approval - 1990.
3) Enofloxacin - 1-ethyl-6-fluoro-1,4-dihydro-4-oxo- 74 1-pi perazinyl)-1,8-naphthyridine-3-carboxylic acid.
Year of FDA approval - 1991.
4) Lomefloxacin -
(+-)-1-ethyl-6,8-difluoro,1,4-di hydro- 7-(3-methyl-1-piperazinyl)-4-oxo-3-quinolinecarboxylic acid. Year of
FDA approval - 1992.

General clinical indications

Uncomplicated and complicated urinary tract infections and pyelo-nephritis,

sexually-transmitted diseases, prostatitis, skin and soft and tissue infections.
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Third Generation
1) Levofloxacin - (S)-9-fluoro-2,3-di hydro-3-methyl -10-(4-methyl-1-piperazinyl )- 7-oxo-7H-pyrido [1,2,3-de]-1,4-benzoxazi ne-6-carboxylic acid.
Year of FDAapproval - 1996.
2) Sparfloxacin - cis-5-amino-1-cyclopropyl-7-(3,5-dimethyl -1-piperazi nyl)-6,8-difluoro-1,4-dihydro- 4-oxo-3- quinol inecarboxylic acid.
Year of FDAapproval - 1996.
3) Gatifloxacin - (+-)-1-cyclopropyl-6-fluoro-1,4-dihydro-8-methoxy-7-(3-methyl -1-piperazinyl)-4- oxo-3-quinolinecarboxylic acid.
Year of FDAapproval - 1999.
General clinical indications Community-acquired pneumonia and acute exacerbations of chronic bronchitis.
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1) Moxifloxacin - 1-cyclopropyl-6-fluoro-1,4-dihydro-8-methoxy-7-[(4aS,7aS)-octahydro-6H- pyrrolo[3,4-blpyridin-6-yl
1-4-0x0-3-quinolinecarboxylic acid.

Year of FDA approval 1999.
2) Trovafloxacin - (1a,5a,6a)-7-(6-amino-3-azabicyclo[3.1.0]hex-3-yl)-1- (2,4-dif luorophenyl )-6-fluoro-1,4-dihydro-
4-0x0-1,8-naphthyridine-3-carboxylicacid. General clinical indications Similar as the first to the third ones.

Fig. (5). The structures of second to fourth generations of fluoroquinolones.
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Table 1.  Spectrum of Fluoroquinolones Activity
Drug Gram-positive Gram-negative Anaerpbic STI:_) Pseudor_nonas
species organism species
Trovafloxacin ++ +++ +++ +++ ++
Moxifloxacin ++ +++ ++ 4+ ++
Gatifloxacin ++ +++ + +4+ ++
Sparfloxacin ++ +++ + o+
Levofloxacin ++ +++ + +++ 4
Ciprofloxacin + ++++ ++ 4+
Ofloxacin + +++ o+ S+

3-quinolinecarboxylic acid methane-sulfonate monohydratey
(Fig. 6) is a new fluoroquinolone [37,38]. Garenoxacin
displays excellent activity against a broad range of anaerobic
pathogens and also against gram-positives microorganisms
in comparison with the new fluorquinolones, which, in
general, are predominantly active against Gram-negative
pathogens. Garenoxacin also shows excellent oral
bioavailability, potentials to prevent resistance development,
toxicities and safety profiles [39-43].

CO,H

Garenoxacin
Fig. (6). Structure of garenoxacin.

An important review was made by George G. Zhanel [44]
that covers the in vitro microbiological activities of some
the existing fluoroquinolones in comparison to garenoxacin.
In general, garenoxacin showed great improvement against
respiratory tract pathogens that was demonstrated by its low
MICgygs (Table 2).

Recently, the in vitro activity of garenoxacin against
Staphyloccus aureus and others clinically important gram-
positive pathogens has been demonstrated by different
groups. In the case of the in vitro efficacy against wild type

Staphyloccus aureus strains, garenoxacin demonstrated
better results in comparison with the others fluoroquinolones
(Table 3) [44].

DW-116

DW-116 [1-(5-fluoro-2-pyridyl)—fluoro-7-(4-methyl-1-
piperazinyl)1,4-dihydro-4-oxoquinolone-3-carboxylic  acid]
(Fig. 7) is a new fluoroquinolone developed by Dong-Wha
Pharmaceutical Industry Co. (Anyang, Korea). The
pharmacokinetics studies of DW-116 have shown a longer
half-life, better absorption and higher drug concentration in
tissue than the other fluoroquinolones. However, in despite
of its good activity and profile, DW-116 may cause direct
developmental toxicity in pregnant rats [45].

GEMIFLOXACIN (LB20304A OR SB-265805)

Gemifloxacin (Fig. 8) is a new fluoroguinolone that
possesses a pyrolidine ring in C-7 position, which bears an
alkyloxime substituent in the 4-position and an
aminomethyl substituent in the C-3 position [46,47]. This
fluoroquinolone is extremely potent antimicrobial activity
against both Gram-negative and Gram-positive organisms
including resistant strains with remarkable activity against
respiratory tract infections, such as Monaxella catarrhalis,
Haemophilu influenza and Str. pneumoniae. For example,
gemifloxacin particularly has the advantage against multi-
drug resistant S. pneumoniae with the lowest MICgqy (4-64
lower) compared with ciprofloxacin and levofloxacin

Table 2. In Vitro Activities of Different Fluoroquinolones Against Respiratory Pathogens
Fluoroquinolones
Respiratory pathogens (MICgg; ug/ml) Cipro Levo Gati Moxi Gareno
Mycoplasma Pneumoniae 14 0.05-1 0.25 0.12 0.06
Chlamydophila pneumoniae 1.0 0.5-1 0.25 0.06 0.008
Legionella pneumophila 0.03 0.016 0.03 0.016 0.06
Moraxella catarrhalis 0.03 0.06 0.03 0.12 0.03
Haemophilus influenzae 0.015 0.03 0.015 0.06 0.03
Streptococcus pneumoniae 2 1 0.5 0.25 0.03-0.06
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Table 3. In Vitro Activities of Different Fluoroquinolones Against Gram-Positive Cocci
Fluorquinolone (MICgq; ug/ml)2 MSSA MRSA-CS MRSA-CR MRSA
Garenoxacin 0.03 0.12 4 2
Trovafloxacin 0.03 2
Moxifloxacin 0.06 0.25 8 2
Gatifloxacin 0.25 0.25 16
Levofloxacin 0.25 8
Ciprofloxacin 0.5 1 >32 32

aMSSA, methicillin-susceptible S. aureus; MRSA-CS, methicillin-resistant S. aureus, ciprofloxacin susceptible (MIC £ 2 ng/ml); MRSA-CR, methicillin-resistant S. aureus,
ciprofloxacin resistant (MIC £ 4 ng/ml); MRSA, methicillin-resistant S.aureus (includes ciprofloxacin-susceptible and — resistant strains).

including the penicilin-resistant, macrolide-resistant, cipro-
resistant and levofloxacin non-susceptible strain. In rats,
gemifloxacin showed good bioavailablity (F = 95%), long
serum half-life (t = 2.62 h) and it is well absorbed (AUC =
8.5 mg h/ml). Studies that have been made in dogs with
gemifloxacin showed that it has a much longer serum half-
life (t = 5.12 h) than ciprofloxacin (t = 1.7 h) [46,47].

(@]
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o N
chN\)
~ "N

DW-116 I |

F
Fig. (7). Structure of DW-116.

Ball and co-workers have demonstrated that 320 mg of
gemifloacin (equivalent to 400mg mesylate salt), that
possess a better physicochemical properties, such as high
water solubility and stability) administrated in 6775 patients
once daily for between 5and 14 days had a good margin of
safety and tolerability profile similar to the others
fluoroquinolones, b-lactam and macrolides.
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Fig. (8). Structure of gemifloxacin.

SITAFLOXACIN (DU 6859)

The new NZ1-cyclopropyl fluoroquinolone Sitafloxacin
(Fig. 9) with chemical name (-)-7-[(7S)-7-amino-5-azaspiro
[48-52] heptan-5-yl]-8-chloro-6-fluoro-1-[(1R,2S)-2-fluoro-1-
cyclopropyl]-1,4-dihydro-4-oxo-3-quinolinecarboxylic acid is
being developed by Daiichi Pharmaceutical Co. Ltd. This

fluoroquinolone is characterised by a cis-oriented (1R, 2S)-2-
fluorocyclopropylamine moiety that is very important for
reducing side effects and increasing pharmacokinetic profile.
In comparison with some other currently fluoroquinolones,
sitafloxacin has been shown to improve its antibacterial
activity against Gram-positive, Gram-negative and anaerobic
organisms with very potent bacterial activity against
methicillin-resistant Staphylococcus aureus, Pseudomonas
aeruginosa and  Bacteroides spp [48-52].  This
fluoroquinolone has also been shown to be effective against
pneumonia caused by Legionella pneumophila and S.
pneumoniae in mice, Mycoplasma pneumoniae in golden
hamsters and P. aeruginosa in immunosuppressed guinea
pigs [48-52]. The once-daily oral administration of
sitafloxacin was designed at a dose of 200 mg, resulting in a
mean Cpax Of 1.86 mg/L with a reported t1/2 in plasma of
4.6 h [48-52]. Recently sitafloxacin has been under phase 111
trials in Japan with oral and injectable formulations and this
new fluoroquinolone is expected to be launched in 2006 [48-
52].

2
2

H,N
Sitafloxacin

Fig. (9). Structure of sitafloxacin

SYNTHETIC METHODOLOGIES FOR
PREPARATION OF NEW FLUOROQUINOLONES

Basically, there are two principal strategies for the
construction of the quinolin-4-one nucleus both proceeding
via enaminones intermediates, the Bayer and the Gould-
Jacobs route [53] (Scheme 1). In the route developed by
chemists at Bayer AG, [54-55] the quinolone nucleus is
formed by base-induced cyclisation of 2-(2-halobenzoyl)-3-
aminoacrylates. Gould-Jacobs cyclisation employs a thermal
or acid-catalysed [56] of anilinomethylene malonates. This
cyclisation is essentially a modification of the classical
Conrad-Limpach synthesis of 4-quinolones from anilines
and acetoacetic esters [57].



New Fluoroguinolones: A Class of Potent Antibiotics

Bayer Methodology

R e R! = Different substituints

Mini-Reviews in Medicinal Chemistry, 2005, Vol. 5, No. 11 1015

Gould-Jacob Methodology

EtO,C COEt
7N
R |
Z N
1

|
R
CO,Et
acid or
heat

Rl

Scheme 1. Principal strategies for the construction of the quinolin-4-one nucleus.

SYNTHESIS OF SUBSTITUENTS AT THE C-7
POSITION

The optimum substituent at the C-7 position is crucial
for the biological activity with impact on the potency,
spectrum, solubility, pharmacokinetics and activity against
resistant pathogens in the older and newer fluoroquinolones.
Basically, the majority of fluoroquinolone C-7 substituents
can be organized in three main categories: the piperazinyl,
pyrrolidinyl and piperidinyl type side chains with different
substituents (Fig. 10).

SIEe

pyrrolidinyl

U
@
piperidinyl

piperazinyl

Fig. (10). Structure of the substituent at the C-7 position in
the nucleus of fluoroquinolones: piperazinyl, pyrrolidinyl
and piperidinyl.
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Pyrrolidinyl System

The pyrrolidinyl-based fluoroquinolones are presented in
different new compounds of this class and display a more
balanced spectrum against Gram-negative and Gram-positive
bacterial, including resistant pathogens, such as the new
fluoroquinolones  trovafloxacin  [58,59]  (Fig. 5),
gemifloxacin [45] (Fig. 8) and sitafloxacin [60] (Fig. 9).

The synthesis of the pyrrolidinyl system in the
trovafloxacin [58,59] was synthesized in eight steps (about
10% overall yield) from commercial N-benzylmaleimide 1
(Scheme 2). The first step was the preparation of the 3-
azabicyclo[3.1.0]hexane-6-carboxylic ethyl ester 2 in
presence of the ethyl diazoacetate followed by heating the
reaction (185°C) for two hours. The group ester was reduced
using LiAIH,4 followed by benzyl deprotection in presence of
hydrogen and palladium, protection and oxidation using
Jones reagent to furnish the intermediate 4. The carboxylic
acid 4 was transformed in amine and after Boc protection
and deprotection using hydrogen and palladium the
pyrrolinidyl system 6 was produced.

B
1
N

z

CH,OH o,
3 4

J

H 1

N viii) N
H’K.vj’H VAN

NHBoc NHBoc

6 5

(i) N,CHCO,E, Et,0, rt, 23h; (ii)185°C, 2h; (iii) LiAlH,, THF, reflux, 48h; (iv) H, — Pd-C, MeOH, 0°C, 23h; (v) K,COj;, CIC(O)OCH,Ph (ZCl), 1:1
dioxane-H,0, rt 15h; (vi) Jones reagent, acetone, 0°C, then rt, 2h; (vii) t-BUOH, NEt5, (PhO),P(O)N, reflux, 44h; (viii) (Boc),0, NEts, 9:1 dioxane — H,0,

r, 4h (ix) H, — Pd-C, MeOH, 0°C, 5h.

Scheme 2. Synthesis of pyrrolidinyl system in trovafloxacin.
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(a) CH,CHCN, NaOH, 60°C; (b) (t-BOC),0, CHCl,, then NaOEt, EtOH, reflux; (¢) NaBH,, EtOH, 0°C; (d) LiAIH,, THF, -5°C; (e) (t-BOC),0, NaHCO;,
dioxane-H,0; (f) pyridine-SO3.Et;N, DMSO, 5°C; (g) RONH,.HCI, NaHCO3, EtOH-THF; (h) HCI, MeOH, 0°C.

Scheme 3. Synthesis of methyloxime aminomethyl pyrrolidine in the C-7 position on gemifloxacin.

Methyloxime aminomethyl pyrrolidine present in the C-
7 position on the gemifloxacin (Fig. 8) is a key factor for its
broad spectrum of activity. The synthesis of this fragment
[46] (Scheme 3) is based on the amino ester 7. After
condensation with acrylonitrile, Boc protection and
cyclization furnished the intermediate 9. This intermediate,
after reduction in presence of sodium borohydride, lithium
aluminum hydride and Boc protection, produced the
compound 12 that was transformed in the intermediate key
16 after oxidation, oxime transformation and Boc
deprotection.

The spiro-aminopyrrolidine 22, the substituent of the C-
7 position of sitafloxacin [60] (Fig. 9) was synthesized
(Scheme 4) from diketene 17, which was converted in the b-

R4ON
NH>

o _— __ _ »

0 17 CaH4Bra, K2CO3

0 O

19

29

ketoamide 19. After cyclopropanation of active methylene,
the ketone was protected, converted in to chloride 20 and
cyclised to the dioxopyrrolidine derivative 21 that was
finally transformed to the spiro-aminopyrrolidine 22
(Scheme 4).

CONCLUSION

The new fluoroquinolones have attracted much attention
due to their fewer toxic effects, improved pharmacokinetic
properties, ease of dosing, high concentration in respiratory
secretions and extensive and potent activity against Gram-
positive, Gram negative and mycobacterial organisms as
well as anaerobes, including resistant strains. Based on the

1) CHgO, , HC(OEY), O O ©
—_—
’\IT 2) SO,CI N
22 Cl
Ph = L
1) NaH
2)HCI
1) NH,OH o
2) Red-Al
NH & e—m——
N
- - 'O
3) Optical resolution  Bn
4)Hy-Pd-C 21

Scheme 4. Synthesis of the spiro-aminopyrrolidine in the C-7 position of sitafloxacin.



New Fluoroguinolones: A Class of Potent Antibiotics

SAR studies, new fluoroguinolones still have been planned
and synthesized searching for more efficient compounds in
the treatment of infectious diseases.
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