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Recent developments in the identification of novel
oxazolidinone antibacterial agents
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Abstract—The oxazolidinones are a promising new class of synthetic antibacterial agents. Here, we review recent efforts directed at
the discovery of new antibacterial compounds of this class. New structures and structure–activity relationships (SAR) are discussed
in the context of earlier work in the field. Key issues of potency, spectrum, selectivity, in vivo efficacy, and pharmacokinetic profile of
the new analogs are addressed.
� 2006 Elsevier Ltd. All rights reserved.
Figure 1. Progenitor oxazolidinones DuP-721, DuP-105, and linezolid.
1. Introduction

The oxazolidinones are a new class of totally synthetic
antibacterials that inhibit protein synthesis via binding
to a distinct region of 23S RNA near the peptidyl trans-
ferase center of the 50S ribosomal subunit in prokary-
otes.1 This novel mode of action results in an
important lack of cross-resistance between oxazolidi-
nones and the existing classes of antibacterial agents,
including other agents that also inhibit bacterial protein
synthesis. This feature is of paramount importance given
that the emergence of multidrug-resistant bacterial
pathogens is a significant and growing problem in hospi-
tals and in the community.2

E. I. du Pont de Nemours & Company scientists were
the first to discover, in the late 1970s, the antimicrobial
properties of oxazolidinones during their research on
plant antimicrobials. These workers identified the ace-
tamidomethyl side chain as an optimal substituent at
C-5 of the oxazolidinone ring and demonstrated the
importance of C-5 stereochemistry for antibacterial
activity. This pioneering work culminated in the identi-
fication of the first clinical candidates of the oxazolidi-
none class, DuP-105 and DuP-721 (Fig. 1).3 The
development of these compounds was discontinued
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however and the project terminated due to concerns
over animal toxicity.4

Scientists at the Upjohn Company in Kalamazoo, Mich-
igan, continued their work on the oxazolidinone class,
however, and eventually identified linezolid (Zyvox�,
see Fig. 1), which ultimately received regulatory approv-
al and was launched in April of 2000.5 This milestone
event signaled the introduction of the first new class of
antibacterials since the quinolones, more than 30 years
prior. Linezolid is indicated for the treatment of
Gram-positive infections, including community and
nosocomial pneumonia, as well as skin and soft tissue
infections. The commonly used designations for the
key structural elements of oxazolidinones (i.e., the A-,
B-, and C-rings; the C-5 position of the A-ring) are
denoted in the structural formula of linezolid (Fig. 1)
and will be used throughout this review.

Linezolid has proven to be an important therapeutic
option for the treatment of serious Gram-positive infec-
tions, especially those caused by methicillin-resistant
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Figure 2. Antibacterial compounds bearing oxazolidinone A-ring

surrogates.
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Staphylococcus aureus (MRSA). Linezolid is currently
marketed by Pfizer Inc. and the drug has seen an impres-
sive 50% increase in the annual number of therapy days
worldwide since 2003.6 This growth reflects the clinical
efficacy of linezolid in the treatment of nosocomial
pneumonia and complicated skin and soft-tissue infec-
tions caused by MRSA. The success of linezolid in the
marketplace is also driven by its high bioavailability
and favorable ADME properties, which permit adminis-
tration in either intravenous or oral form and without
need for dose adjustment when switching between the
two.

Favorable clinical experience with linezolid has prompt-
ed many pharmaceutical companies to devote resources
to the area. In particular, significant efforts have been
mounted to expand the antibacterial spectrum of this
class to cover fastidious Gram-negative respiratory tract
pathogens such as Haemophilus influenzae and Moraxel-
la catarrhalis. Reports of linezolid-resistant strains
resulting from clinical use highlight the importance of
research into the mode of action and mechanisms of
resistance. Finally, any successful research effort in the
field must address the selectivity profile of new oxazolid-
inone analogs, in particular their inhibition of mono-
amine oxidase (MAO-A and MAO-B) enzymes, and
their potential for hemopoietic toxicity.

This review is intended to provide a summary of work
that appeared in the period from 2003 through mid-
2005. Specifically, we have chosen to focus on advances
in the identification and SAR of structurally novel oxa-
zolidinone agents. For a discussion of earlier work and
recent clinical experience with linezolid itself, the reader
is directed to a number of excellent reviews.5,7,8
2. A-ring replacement

The identification of bioisosteric surrogates for the oxa-
zolidinone ring would seem to be an attractive strategy
with the potential to both improve biological activity
and establish a strong intellectual property position.
This approach has undoubtedly received much atten-
tion, and yet relatively few viable A-ring replacements
have been reported in the literature. This observation
is suggestive of a ribosomal binding site with precise
structural requirements in the vicinity of the oxazolidi-
none ring. The binding site is much more promiscuous
with respect to C-ring structure, as will be discussed in
a later section. Despite these challenges, at least three
viable oxazolidinone ring surrogates have been dis-
closed. The first was the butenolide A-ring, reported in
the mid-1990s by several groups.9 This advance was fol-
lowed in the late 1990s by the disclosure of antibacterial
isoxazolines, discovered independently by workers at
Pharmacia and Bayer,10 and isoxazolinones, reported
by researchers at Bristol–Myers Squibb.11

Recently, Barbachyn et al. at Pharmacia provided a full
account of their studies of antibacterial isoxazoline ana-
logs such as 1 (Fig. 2).10d Structurally, the isoxazoline
ring incorporates the A-ring oxygen atom considered
crucial for activity, but it is unique in that it lacks the
C-2 carbonyl present in all other viable A-ring surrogat-
es. As with oxazolidinones, the stereochemical configu-
ration at C-5 of the isoxazoline ring is critical; only
analogs having the R configuration at C-5 (as in 1) were
found to have antibacterial activity. The finding that
achiral isoxazole analogs such as 2 are devoid of anti-
bacterial activity was seen to support the notion that
an sp3 center at C-5 is required for optimal binding.
With regard to in vitro antibacterial activity, the isoxaz-
oline analogs are somewhat less potent than their oxazo-
lidinone congeners, particularly against the fastidious
Gram-negative organisms H. influenzae and M. catarrh-
alis. On the other hand, much of the established SAR
for oxazolidinones appears to hold for this new A-ring
series. For example, the incorporation of fluorine atoms
in the B-ring of isoxazoline analogs improved their
potency, as did substitution of a thioacetamide for the
C-5 acetamide.

AstraZeneca has recently disclosed isoxazoline A-ring
analogs with a nitrogen-containing heterocyclic ring in
place of the traditional N-acetylaminomethyl C-5 side
chain (e.g., 3, Fig. 2).12 The isoxazoline 3 was evaluated
as a racemate and had MICs of 4 lg/mL against methi-
cillin- and quinoline-resistant S. aureus and 8 lg/mL
against E. faecalis. Interestingly, researchers at Labora-
torios Salvat and Dr. Reddy’s Laboratories have
separately reported good antibacterial activity for com-
pounds containing achiral isoxazole or triazole A-rings,
respectively.13 Thus, compound 4 was 2- to 4-fold more
potent than the linezolid against S. aureus and
S. faecalis strains, and was equipotent to linezolid
against M. catarrhalis.13a These results are perhaps sur-
prising given the findings of the Pharmacia group that
isoxazole 2 lacked antibacterial activity.

Antibacterials bearing an isoxazolinone ring were first
disclosed in a patent application from Bristol–Myers
Squibb. Additional details regarding this new structural
type have appeared in recent publications and patents
from groups at BMS and Pharmacia.14,15 Structurally,
the isoxazolinone ring possesses both the ring carbonyl
and oxygen atom of the oxazolidinone ring, but replaces



Figure 3. Isoxazolinone A-ring analog 5 and related but inactive fused

derivatives 6 and 7.
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the stereogenic C-5 carbon atom with a nitrogen atom.
Incorporation of an acetamidomethyl side chain pro-
duces an achiral bioisostere of the oxazolidinone phar-
macophore (Fig. 3). Isoxazolinone analogs such as 5
display in vitro antibacterial activities comparable to
that of linezolid, and a number of related analogs were
reported with improved activity against the fastidious
Gram-negative bacterium H. influenzae. It is perhaps
surprising that the achiral isoxazolinones should be so
potent, considering the critical nature of C-5 configura-
tion in oxazolidinones and the complete lack of activity
reported for achiral isoxazole analogs such as 2. Pre-
sumably the nitrogen atom of the isoxazolinone ring
possesses sufficient sp3-like character as to properly dis-
pose the acetamidomethyl side chain in the ribosomal
binding site. Analogs lacking the acetamidomethyl side
chain are inactive, implying that the potentially labile
N-acyl aminal function (as in 5–7) is stable under the as-
say conditions. A number of isoxazolinone analogs were
reported14 to be orally efficacious in a murine septicemia
model, indicating reasonable stability of the isoxazoli-
none ring and side chain in vivo. Thus, the isoxazoli-
none ring appears to be a viable A-ring surrogate
possessing the practical advantage of not requiring an
enantioselective synthesis.

In addition to the isoxazolinone heterocycle, the BMS
group also investigated tricyclic analogs (6) in which
the A- and B-rings are joined via a six-membered ring
(Fig. 3). In a much earlier work by Brickner, a five-mem-
bered fusion between an oxazolidinone A-ring and
phenyl B-ring was well tolerated, producing analogs
with MICs similar to the unconstrained comparators.5a

In contrast, tricyclic analogs such as 6 were completely
devoid of antibacterial activity, suggesting that an opti-
mal dihedral angle between the A- and B-rings is re-
quired for binding and cannot be accommodated by
structures such as 6. Also inactive were analogs based
on the benzisoxazolinone ring (e.g., 7, Fig. 3) and ana-
logs with a pyrrole A-ring, including those substituted
with hydrogen bond acceptor group to mimic the ring
oxygen and/or carbonyl group of the oxazolidinone
ring.
Figure 4. Analogs with a thiocarbonyl-containing moiety at C-5 of the

oxazolidinone ring.
3. Oxazolidinone C-5 side-chain modification

In the years since DuPont chemists first identified the
privileged acetamidomethyl C-5 side chain, significant
efforts have been aimed at identifying other novel C-5
side chains that confer improved potency, selectivity,
or pharmacokinetic properties. Among the early
advances was the finding that conversion of the acetam-
ide function to a thioacetamide generally led to im-
proved antibacterial potency.16,17 A number of
research groups have subsequently reported on related
C-5 side-chain types bearing thiocarbonyl-containing
functionality. Thus, several reports have appeared in
the past two years describing oxazolidinones bearing
thioamide, thiourea, thiocarbamate, and dithiocarba-
mate functionality. For a review of work in this area be-
fore 2003, the reader is directed to the recent review by
Hutchinson.7

A recent report on novel tetrahydro-thienopyridyl
C-ring oxazolidinones (8, Fig. 4) included a rather
extensive exploration of the C-5 side chain.18 Methyla-
tion of the amide N–H produced an inactive compound
as expected, while the C-5 cyclopropylamidomethyl ana-
log was only 2-fold less potent than the corresponding
acetamide. Thioacetamide and thiocarbamate analogs
were 2- to 4-fold more potent than the acetamide and
a thiourea analog was better still. In contrast, a dithio-
carbamate analog was devoid of activity against S. aure-
us and E. faecalis strains but retained activity against
S. pneumoniae. The thiourea moiety was also found to
be optimal in a related series of arylpiperazinyl oxazolid-
inone analogs (e.g., 9, Fig. 4) described recently.19 The
corresponding thioacetamide, thiocarbamate, and
dithiocarbamate analogs were slightly less potent. One
analog of each C-5 sub-type was examined in an in vivo
efficacy model but with discouraging results
(ED50 > 16 mg/kg for all analogs tested as compared
to 4 mg/kg for the linezolid control). A group at Ranb-
axy prepared a series of imidazolidinyl and oxazolidinyl
C-ring analogs bearing C-5 methylthiocarbamates and
reported excellent activity against methicillin-resistant
S. aureus and Enterococcus species.20

A report from Dr. Reddy’s Laboratories on tricyclic
oxazolidinones (10, Fig. 4) described the synthesis of
more than 20 different C-5 amide, carbamate, thioam-
ide, and thiocarbamate analogs.21 Stepwise extension
of the C-5 amide substituent from acetamide to hepta-
noylamide showed the expected erosion of antibacterial
activity with increasing alkyl chain length. A branched-
chain (isopropyl) amide analog was notably less active



Figure 6. Extended C-5 side-chain analogs.
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than the straight chain comparator. A thiopropiona-
mide analog had activity comparable to that of the thi-
oacetamide and 2-fold better than that of the acetamide,
but further extension of the side chain resulted in a loss
of activity. In this class of C-ring analogs, thiocarba-
mate, dithiocarbamate, and thiourea analogs exhibited
excellent in vitro activity. The in vivo efficacy of a num-
ber of the tricyclic analogs 10 was evaluated in a murine
systemic infection model. In general, the tricyclic ana-
logs displayed efficacy inferior to that of linezolid in this
model, with the acetamide analog having ED50 values 2-
fold higher than those of linezolid. Among the most
promising compounds in vivo was a methyl thiocarba-
mate analog that exhibited efficacy comparable to that
of linezolid (ED50 = 4.9 mg/kg). Interestingly, almost
all of the other thiocarbonyl analogs tested displayed
poor in vivo efficacy (ED50 > 20 mg/kg).

Researchers at Vicuron (in collaboration with Pfizer
Kalamazoo scientists) reported on a series of dihydro-
thiazine and dihydrothiopyran C-ring analogs
(Fig. 4).22–24 Among the various C-5 groups examined
were novel difluorothioacetamide (11) and dichloroace-
tamide (12) analogs. Analogs of the difluorothioaceta-
mide type were 2- to 4-fold more potent than the
comparable acetamides against Gram-positive strains,
but were no more potent against fastidious Gram-nega-
tive strains. Dichloroacetamide analogs were more po-
tent against both Gram-positive and Gram-negative
strains and demonstrated the best overall spectrum of
activity. Two difluorothioacetamide analogs had in vivo
efficacy comparable to that of linezolid in a murine
septicemia model.

Researchers from Pfizer and Vicuron describe in a pat-
ent application oxazolidinones with truncated C-5 side
chains in which a carboxamide function is attached
directly to the C-5 position.25 The C-5 carboxamide ana-
log 13 (Fig. 5) is reported to have S. aureus activity com-
parable to that of linezolid (MIC = 4 lg/mL).

Workers at Vicuron have shown that certain large
extended acyl groups can be well tolerated at the C-5 po-
sition (Fig. 6).26 Thus, cinnamic acid amide 14 shows
remarkable potency against S. pneumoniae and vanco-
mycin-resistant E. faecium strains with MICs of 0.06–
0.125 lg/mL and 0.06 lg/mL, respectively, but is inac-
tive against H. influenzae.27 Researchers at Lupin28

described 4-oxobutanamides represented by compound
15 with in vivo activity against Mycobacterium tubercu-
losis in a murine pulmonary tuberculosis model.

One of the more interesting developments in recent years
is the finding by Gravestock et al. at AstraZeneca that
Figure 5. Linezolid variant with a novel carboxamide C-5 substituent.
some five- and six-membered heterocyclic rings are valid
surrogates for traditional amide-type C-5 side chains
(for leading references, see the review by Hutchinson7).
These findings have questioned the conventional wis-
dom that a hydrogen bond donor (i.e., the N–H of the
C-5 acetamide) is essential for antibacterial activity. In-
deed, it has been suggested that the inactivity of N-alkyl
C-5 acetamide analogs might result from a steric or con-
formational effect rather than from the loss of a crucial
hydrogen-bonding interaction.29 It is also possible that
the heterocyclic C-5 side chains of the AstraZeneca ana-
logs adopt a different binding mode than do traditional
acetamide-type oxazolidinones and are therefore sub-
jected to different requirements for binding.

Recently, Gravestock et al. described some of their early
work on oxygen-linked five- and six-membered hetero-
cyclic C-5 side chain types in the context of analogs with
either the dihydropyranyl or tetrahydropyridyl C-ring
types.29 Among the six-membered heterocycles exam-
ined at C-5, pyridine and pyrazine analogs were the
most potent, although they were still inferior to the acet-
amide comparator. Substitution on the heterocyclic ring
was very poorly tolerated, suggesting that smaller, less
sterically demanding heterocycles might prove advanta-
geous. Indeed, the move to five-membered heterocycles
such as isoxazole produced analogs with potencies
approaching that of the acetamide comparator. Analogs
incorporating sulfur-containing heterocycles (e.g., the
thiadiazole 16, Fig. 7) were more potent still, a finding
reminiscent of the thiocarbonyl effect in traditional acy-
clic C-5 groups. A number of novel C-5 group analogs
were evaluated in vivo using a mouse thigh infection
model. Poor results for several dihydropyranyl analogs
were attributed to high in vivo clearance for this C-ring
type and not any deficiency with respect to the C-5
Figure 7. Heterocyclic C-5 side-chain analogs.
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group. Indeed, in the tetrahydropyridine C-ring series,
the O-linked isoxazole analog 17 demonstrated efficacy
that was on par with linezolid.

The nitrogen-linked azolylmethyl oxazolidinones 18–20
(Fig. 8) are a related class of heterocyclic C-5 type oxa-
zolidinones reported by the AstraZeneca group.30–32

These analogs differ from those discussed above in that
the heterocyclic ring is connected directly (rather than
through a heteroatom) to the C-5 methylene carbon.
Five-membered ring heterocycles are again preferred
over larger ring systems in the C-5 side chain. Among
the five-membered heterocycles examined, N-linked tria-
zole and tetrazole rings conferred antibacterial activity
comparable to the traditional acetamidomethyl side
chain. Within the triazole series, 1,2,3-triazoles were at
least 8-fold more potent than 1,2,4-triazole or N-2-
linked 1,2,3-triazole congeners. Less dramatic effects
were observed in the tetrazole series, where the N-1-
and N-2-linked isomers showed similar potency. A mur-
ine thigh infection model was used to assess the in vivo
efficacy of various triazole and tetrazole analogs. For
analogs with a tetrahydropyridine C-ring (e.g., 18), the
triazole analog was more efficacious than the tetrazole.
In the case of analogs with an imidazole C-ring (19),
the tetrazole analogs (N-1- or N-2-linked) outperformed
both the triazole analog and the linezolid control.

Early work on heterocyclic C-5 groups suggested poor
tolerance for substitution on the heterocyclic ring, as
mentioned above. Despite this, recent work from the
AstraZeneca group on 1,2,3-triazole analogs indicates
that certain substituents are not only well tolerated,
but can impart improved selectivity as well.30 In this
work, Reck and co-workers describe the synthesis and
biological evaluation of 4- and 5-substituted 1,2,3-tria-
zole analogs. Analogs with 5-substituents were devoid
of antibacterial activity, but many of the 4-substituted
analogs were equipotent to the parent triazole. In partic-
ular, 4-methyl or 4-halogen substitution was tolerated
with little or no loss of antibacterial activity and the 4-
methyl modification led to attenuation of MAO-A inhi-
bition. Homologation to an ethyl group further reduced
MAO-A inhibition but at the price of reduced antibacte-
rial activity (S. aureus MIC = 4 lg/mL vs 1 lg/mL).
Introduction of larger substituents or an acetyl group33
Figure 8. Triazolylmethyl and tetrazolylmethyl C-5 side-chain analogs.
resulted in nearly complete loss of activity. Short, linear
groups such as terminal alkynyl (as in 20, Fig. 8) or
cyanomethyl were optimal, providing analogs with
acceptable antibacterial activity but lacking the MAO-
A liability of the parent triazole. The MAO-A inhibition
of these analogs was studied computationally using a
homology model based on the crystal structure of
MAO-B (see Section 7).

The cumulative SAR generated in these studies sug-
gests that the C-5 group occupies a binding pocket
with very specific steric and electronic requirements
but one that can nonetheless accommodate a variety
of different structural sub-types. Thus, the C-5 side
chain presents both a challenge and an opportunity
to the medicinal chemist in search of novel oxazolidi-
nones with improved potency, spectrum, and target
selectivity.
4. B-ring replacement

A recent report describes the synthesis of oxazolidinone
analogs in which the phenyl B-ring is replaced with a
pyrrole heterocycle.34 These analogs were designed to
target mycobacteria. Unfortunately a linezolid deriva-
tive with a morpholine C-ring was inactive against all
mycobacteria tested. The fluorophenyl C-ring analog
21 (Fig. 9) did have antimycobacterial activity but even
this compound was many-fold less potent than a tradi-
tional phenyl B-ring comparator. The reduced antimi-
crobial activity of these analogs was ascribed to the
unfavorable bent geometry introduced by the pyrrole
B-ring.
5. C-ring replacements

The 4 0-position (C-ring) of phenyloxazolidinones is
without question the most tolerant of variation and
has therefore received significant attention from medici-
nal chemists intent on identifying improved molecules
and/or carving out a proprietary position in the field.
Most of the recent work in this area falls within one
of the following conceptual frameworks: (a) fusion of
the B- and C-rings; (b) separation of the B- and C-rings
by a spacer; (c) appendage of additional groups or rings
to established C-rings; and (d) novel C-rings. Each of
these approaches will be covered separately in the
following discussion. Hybrid antibacterials, in which
an antibacterial pharmacophore of a different class is
appended in various ways to an oxazolidinone, will be
covered separately.
Figure 9. Heteroaromatic B-ring analog 21.



Figure 11. Fused tricyclic oxazolidinone analogs.
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Two recent reports from Pfizer (Kalamazoo) researchers
describe oxazolidinone analogs in which the heterocyclic
C-ring is fused to the B-ring at the 3 0- and 4 0-positions.
Johnson et al.35 prepared and evaluated a series of iso-
meric benzazepine analogs (e.g., 22 and 23, Fig. 10) dif-
fering in the location of the azepine ring nitrogen.
Among the N-1 benzazepines, the N-formyl derivative
22 possessed linezolid-like potency and spectrum, while
analogs with larger amino substituents had poor activi-
ty. The N-5 benzazepine isomer was even less tolerant of
substitution; only the unsubstituted analog had measur-
able activity. In contrast, N-3 benzazepine analogs bear-
ing a variety of acyl and carbonyl groups were active.
The best among these was the hydroxyacetamide 23
which displayed linezolid-like activity in vitro and was
also efficacious in a murine septicemia model
(ED50 = 8.5 mg/kg vs 5.6 mg/kg for linezolid).

Barbachyn and co-workers recently described their work
on a related series of indolinyl, tetrahydroquinolyl, and
dihydrobenzoxazinyl oxazolidinones.36 As in the ben-
zazepine series, analogs bearing formyl or hydroxyacetyl
appendages on the ring nitrogen were more potent than
the parent amines. An interesting aspect of this work re-
lates to the effect of substitution at the 2-position of the
fused bicyclic ring. Thus, the (R)-2-methyl indoline ana-
log 24 (Fig. 10) had 2-fold better activity than the des-
methyl parent compound and was 4-fold more potent
than the epimeric (S)-2-methyl diastereomer. The intro-
duction of a 2-methyl group had similar, beneficial
effects in the related tetrahydroquinolyl and
dihydrobenzoxazinyl analogs (25, Fig. 10), and again
the (R)-isomers were more potent. The indoline analog
24 furthermore demonstrated oral efficacy comparable
to that of linezolid in a murine septicemia model
(ED50 = 1.8 mg/kg vs 2.5 mg/kg for linezolid).

In the late 1990s, Bayer disclosed a variety of bicyclic
and tricyclic oxazolidinones in which a six-membered
ring joins the B- and C-rings forming a tricyclic sys-
tem.37 Many of these analogs were reported to exhibit
enhanced activity against Gram-negative organisms.
Recently, researchers at Pfizer38 disclosed a variety of
heteroaryl tricyclic analogs with seven-membered rings
connecting the B- and C-rings (e.g., 26 and 27,
Fig. 11). These analogs are likewise reported to have
an expanded spectrum of activity. For example, tricyclic
Figure 10. Oxazolidinones containing fused B/C-rings.
isoxazole C-ring analog 27 showed MICs of 0.25 lg/mL
or less against Gram-positive strains and MICs of 2 lg/
mL against H. influenzae and M. catarrhalis. The incor-
poration of a fluorophenyl ‘D-ring,’ as in benzoxepinyl
pyrazole 26, resulted in only a slight loss of activity
against H. influenzae (MIC = 4 lg/mL).

At least four different groups have explored approaches
whereby established C-ring types are separated from the
phenyl B-ring by a flexible spacer. Selvakumar et al. at
Dr. Reddy’s Laboratories39 describe analogs such as
28 (Fig. 12) in which an aryloxyethyl linker connects
the phenyl B-ring and various known C-rings (e.g., mor-
pholine, piperidine, and thiomorpholine). The effect of
this additional flexibility on antibacterial activity is quite
significant. The morpholine congener (28, X = O) was
found to be 4- to 8-fold less potent than linezolid against
S. aureus and E. faecalis strains. Much of the lost activ-
ity could be regained however, by converting the C-5
acetamide to a thioacetamide. Interestingly, analogs
lacking the 3 0-fluorine substituent were entirely devoid
of antibacterial activity. A group from Abbott40 report-
ed better results when employing a less flexible linkage
between the B- and C-rings, as in fluoroalkene analog
29. This compound exhibited antibacterial activity com-
parable to that of linezolid and also had reduced inhibi-
tion of mitochondrial protein synthesis and MAO-B.
The inhibition of mitochondrial protein synthesis by
oxazolidinones was postulated to be at least partially
responsible for the hemopoietic toxicity associated with
the use of linezolid for extended periods.

Research groups at Johnson and Johnson41 and in In-
dia42 reported independently on analogs in which a sin-
gle atom (oxygen or sulfer) forms the link between the
B- and C-rings (e.g., 30 and 31, Fig. 12). This structural
modification introduces a significant kink in the normal-
ly linear B- to C-ring connection. On the other hand,
analogs like 30 and 31 possess significantly less confor-
mational flexibility than ethylene-oxy-linked analogs
28. The Johnson and Johnson group examined the effect
of various C-ring amide side chains in a series of oxygen-
linked piperidine C-ring analogs (30). The single-atom
spacer was better tolerated than the longer spacer of
analogs such as 28. Thus, compound 30 was only slight-
ly less active than linezolid against S. aureus and E. fae-
calis strains (MIC = 4 lg/mL and 8 lg/mL, respectively,
vs 2 lg/mL for linezolid). Efforts to improve the activity
of 30 by modification of the hydroxyacetamide function
were not fruitful. Conversion of the hydroxy group to
various ethers or replacement with a basic amino group
produced analogs four to eight times less potent than 30.
Thiocarbonyl C-5 analogs were not reported. Analog 30
was administered subcutaneously in a murine systemic



Figure 12. Oxazolidinone analogs with a spacer between the B- and C-ring (28–31) and analogs bearing heterocyclic D-rings (32–35).
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infection model and was found to be efficacious, albeit
with a significantly higher ED50 value than that for
linezolid (ED50 = 13 mg/kg vs 2.7 mg/kg for linezolid).

In a conceptually similar work, Arora and co-workers
described aryloxy and thioaryloxy analogs such as 31
(Fig. 12).43 All of the analogs described included N-ace-
tyl substitution on the phenyl C-ring and, perhaps sur-
prisingly, only para-substituted isomers (as in 31) had
antibacterial activity comparable to that of linezolid.
The corresponding thioaryl analogs (31, X = S) were
marginally more potent than the aryloxy analogs
(X = O), but the incorporation of a thiocarbonyl C-5
group, interestingly, did not further improve the activity
of this class.

A number of groups have reported oxazolidinone ana-
logs that incorporate a fourth aryl or heteroaryl ‘D-
ring,’ typically appended to an established C-ring type
(e.g., pyridyl or piperazinyl) directly, or via a short link-
er. Much of this recent work seems to be inspired by the
early work of Upjohn researchers on pyridine-, diazene-,
and triazene-substituted piperazinyl oxazolidinones.44

Researchers at Ranbaxy42 and Orchid45,46 have de-
scribed analogs with piperidino or piperazino C-ring
analogs bearing a nitro-substituted D-ring heterocycle.
The most advanced member of this class, ranbezolid
(32, RBX 7644, Fig. 12), completed a Phase I clinical tri-
al in April 2003.47 The compound has an expanded spec-
trum of activity that includes activity against the
fastidious Gram-negative bacterium M. catarrhalis and
against anaerobes.48,49 Related analogs with a pyridyl
B-ring have been reported to possess activity similar to
that of the phenyl B-ring progenitor.50 Other (non-oxa-
zolidinone) nitrofuran antibacterials are known and are
believed to exert their cytotoxic effects through conver-
sion by nitroreductases to reactive nitroso radical
intermediates.51

Researchers at Dong-A Pharmaceuticals and AstraZen-
eca separately reported on exceptionally potent oxazo-
lidinones incorporating five-membered heterocyclic D-
rings (e.g., tetrazole and isoxazoline) joined to pyridyl
or related C-ring types.32,52,53 The Dong-A researchers
examined more than ten different D-ring heterocycles
and describe analogs with exceptional in vitro activities,
often including activity against the fastidious Gram-neg-
ative pathogens H. influenzae and M. catarrhalis. A
notable exception was an acidic tetrazole D-ring analog
that was devoid of activity. While the in vitro activities
of the various analogs were quite similar, their in vivo
efficacies varied widely. Hence, an N-1-linked pyrazole
analog was not efficacious (ED50 > 80 mg/kg) in a
mouse septicemia model, whereas the N-methyl tetrazole
33 (Fig. 12) was superior to linezolid in the same model
(ED50 = 3.4 mg/kg vs 8.0 mg/kg for linezolid). Given the
rigid, aromatic nature of this class of compounds, solu-
bility is likely a key issue and may explain the poor effi-
cacy of some analogs. In fact, the AstraZeneca group’s
work on hydroxymethylisoxazoline D-ring analogs
included the synthesis of solubilizing prodrug deriva-
tives.32,53 Likewise, in two recent posters54,55 Dong-A
researchers reported in vivo efficacy studies of DA-
70218, a soluble prodrug of DA-70157 (structures were
not provided but it may be surmised that they are relat-
ed to DA-7867). The prodrug analog DA-70218 exhibit-
ed exceptional efficacy in a murine pneumonia model,
outperforming linezolid when dosed QD (vs BID for lin-
ezolid) at half the total dose. In recent patent applica-
tions, Gravestock and co-workers at AstraZeneca
claim structures closely related to 33 but with nitro-
gen-containing heterocyclic C-5 groups.56 Workers at
BMS recently described a variety of highly potent isox-
azolinone A-ring analogs bearing a variety of aromatic
and heteroaromatic D-ring types.14b

A number of groups have reported analogs in which a
piperazine or piperidine C-ring is appended to various
aryl or heteroaryl rings.57–62 These D-rings can be con-
sidered cyclic surrogates for the privileged hydroxyace-
tyl side chain present in the progenitor oxazolidinone
eperezolid. Most of these analogs did not exhibit useful
levels of antibacterial activity, except when combined
with a thioacetamide C-5 group. Two acetamides that
did show linezolid-like potency were the isoxazolyl pip-
eridines represented by 3461 and the aryl sulfonamide 35
(Fig. 12).57

The piperazine C-ring analog 36 (PNU-259621, Fig. 13)
is a specifically designed photo-affinity probe that was



Figure 13. An eperezolid derivative employed as a photo-affinity

probe.
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used by Colca and co-workers1e in cross-linking studies
aimed at pinpointing the site of action of antibacterial
oxazolidinones. The pendant aryl ring of 36 includes a
photo-active azido substituent and an 125I substituent
as a radiolabel. In these experiments, 36 was incubated
with growing S. aureus bacteria and then subjected to
photolysis to initiate cross-linking of 36 (presumably
bound in the active site) to nearby ribosomal proteins
and RNA. Indeed, compound 36 was found to cross-
link to a single nucleotide (A-2602) of 23S rRNA and
also to two ribosomal proteins. All of the cross-linked
moieties are associated with the peptidyltransferase cen-
ter of the large ribosomal subunit, suggesting that oxa-
zolidinones bind in the immediate vicinity of the
peptidyltransferase center in translating ribosomes.

A complementary approach to the appendage of D-
rings to C-rings is the fusion of aryl or heteroaryl rings
to an aliphatic C-ring to generate bicyclic C-ring types.
Examples of this approach include the pyrroloaryl oxa-
zolidinones (37, Fig. 14) described by Paget et al.63 and
the tetrahydro-thienopyridyl analogs 8, discussed previ-
ously. A number of pyrroloaryl analogs 37 were exam-
ined and those with heteroatoms in the fused ring
(e.g., 37, X = N) were superior to the phenyl (X = CH)
analogs in vitro (up to 8-fold more potent) and in vivo
(for 37, ED50 = 11 and 80 mg/kg when X = N or CH,
respectively). Poor efficacy in the latter case was attrib-
uted to increased protein binding for this analog. The
most potent analogs of this type were ca. 4-fold more
potent than linezolid. In contrast, tetrahydro-thienopyr-
idyl analogs 8 were several-fold less potent than
linezolid.
Figure 14. Oxazolidinones with fused bicyclic C-rings.
A new series of oxazolidinone analogs incorporating
bicyclic aliphatic C-rings have been reported indepen-
dently by a Kyorin/Merck group and by researchers at
Vicuron. The first bicyclic analogs reported were of
the type represented by structure 38 (Fig. 14).64–66 The
azabicyclo[3.1.0]hexylphenyl C-ring tolerates substitu-
tion with either basic or acidic functionality and many
of the analogs have in vitro activity comparable or supe-
rior to that of linezolid. Interestingly, the parent amino
C-ring analog (38, R = NH2) had much better activity
against S. aureus and H. influenzae strains (MICs = 2
and 4 lg/mL, respectively) than did the corresponding
hydroxyacetamide derivative (MICs = 16 and 64 lg/
mL). This contrasts with the case of traditional amino
C-ring types where the hydroxyacetyl modification gen-
erally improves potency.

A second, related class of bicyclo[3.1.0]hexylphenyl oxa-
zolidinones was disclosed recently and is represented by
the structures 39 (Fig. 14). In these analogs, the bicyclic
C-ring is connected to the phenyl B-ring via the cyclo-
propane ring. Researchers from Vicuron and Pfizer dis-
closed the synthesis and antibacterial activity of three
subtypes of this class, the aza-, oxa-, and thiabicyclic
C-ring analogs 39 (X = NR, O, and SOn, respectively).67

These oxazolidinones were reported to have Gram-posi-
tive activity comparable to that of linezolid but with im-
proved activity against fastidious Gram-negative
pathogens such H. influenzae. The Kyorin/Merck group
disclosed a very closely related series of bicyclic analogs
39 in which R = CN and X = NR or CH2.68 Antibacte-
rial activity data were reported for a subset of these ana-
logs, indicating 2- to 4-fold improvements in activity as
compared to linezolid.

Wockhardt scientists have reported on cyanomethylpi-
peridinophenyl oxazolidinones69,70 with bactericidal
activity against linezolid susceptible as well as resistant
strains. Activity against the resistant strains was pro-
posed to result from a distinct binding mode to the oxa-
zolidinone site and/or binding at an additional
ribonucleoprotein site. Compound 40 (Fig. 15) had
MICs of 2, 2, and 1 lg/mL against methicillin-resistant
S. aureus, E. faecalis, and S. pneumoniae, respectively,
and is reported to be efficacious upon oral administra-
tion in a murine S. aureus infection model. Researchers
from Korea Institute of Science and Technology report-
ed a very closely related series of cyanomethylene piper-
idine C-ring analogs.71 The cyano analog was more
potent than the corresponding oxime- and ketone-
substituted analogs and exhibited in vivo efficacy com-
parable to that of linezolid. Researchers at Merck and
Kyorin72,73 explored cyclopropyl C-ring analogs substi-
tuted with nitrile groups. Analogs such as 41 are report-
Figure 15. Nitrile-containing analogs.
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ed to possess excellent activity against multidrug-resis-
tant Staphylococci and Enterococci strains.

An early report from Pharmacia scientists on azolyl-
phenyl oxazolidinones illustrated the excellent potency
and spectrum inherent to this class of oxazolidinones.74

Interest in heteroaromatic C-rings remains keen, with
Thomasco et al. at Pfizer reporting on a series of
1,3,4-thiadiazole C-ring oxazolidinones.75 More than
20 analogs were described (differing primarily in thiadia-
zole ring substitution) and uniformly displayed excellent
activity against a panel of Gram-positive and fastidious
Gram-negative bacteria. The majority of these analogs
were orally efficacious, with the exception of four C-5
thioacetamide analogs. The aminomethyl analog 42
(Fig. 16) was examined in greater detail when it was
found to lack efficacy despite having excellent activity
(MICs < 0.5 lg/mL). In a pharmacokinetic study in rats,
the compound was found to suffer from high clearance
(34.3 mL/min/kg) and a bioavailability of only 14%.
The workers speculate that the poor performance of
these analogs in vivo results from metabolism of the thi-
oamide functionality.

A group from Vicuron described the synthesis and anti-
bacterial activity of a series of structurally related
[1,3,4]-thiadiazin-5-one analogs with exceptional poten-
cy against both Gram-positive and Gram-negative
organisms.76 Compound 43 (Fig. 16) had MICs of
0.5–1 lg/mL versus H. influenzae and M. catarrhalis,
and displayed in vivo efficacy superior to that of linezo-
lid (ED50 = 2.5 mg/kg vs 3.8 mg/kg for linezolid) in a
mouse septicemia model. Larger C-5 groups as well as
ureas and carbamates were well tolerated, although
incorporation of excessively lipophilic groups reduced
Gram-negative potency. A series of isoxazoline C-ring
oxazolidinones 44 (Fig. 16) were reported by a group
from Johnson and Johnson.77 Incorporation of a nitrile
substituent (44, R = CN) conferred improved potency,
an effect consistent with that reported for azolyl C-ring
oxazolidinones. Pyridyl- and carboxamido-substituted
analogs displayed potency comparable to that of linezo-
lid, while larger or more basic groups generally reduced
activity. The most potent analogs were evaluated in a
murine systemic infection model and were found inferior
to linezolid (ED50 values of 22–40 mg/kg vs 6.8 mg/kg
for linezolid). A group from Bristol–Myers Squibb
Figure 16. New heterocyclic C-ring types.
recently reported on dihydro-1,2-oxazine and 2-pyrazo-
line C-ring analogs.78 The Gram-positive potency of
these compounds was uninspiring, with the exception
of a 2-pyrazoline analog that showed linezolid-like
potency and spectrum. Unfortunately, this analog
lacked in vivo efficacy (ED50 > 50 mg/kg).
6. Hybrid oxazolidinones

Antibacterial agents that incorporate multiple and
mechanistically distinct antibacterial pharmacophores
offer the potential advantages of expanded antimicrobial
spectrum and reduced resistance frequency. Groups
from Pfizer and Vicuron,79,80 Morphochem,81–84 and
Vita Lab85 independently described antibacterial oxazo-
lidinone–quinolone hybrids that possess the desired dual
mechanisms of action. Notably, the nature of the linker
that connects the two pharmacophores was found to im-
pact overall potency and the degree to which each anti-
bacterial mode-of-action operates.

The choice of the quinolone pharmacophore can be
rationalized from both a microbiological and synthetic
perspective. Oxazolidinones generally display poor
activity against fastidious Gram-negative bacteria,
whereas these pathogens are often highly susceptible to
quinolones. Oxazolidinones on the other hand show
excellent activity against quinolone-resistant S. aureus
and E. faecium strains. The two classes possess common
structural features as well, notably the piperazine ring
common to both eperezolid and ciprofloxacin. Vicuron
and Pfizer chemists79 and a separate group at Morpho-
chem81,82 described hybrid analogs 45 (Fig. 17) in which
the common piperazine ring joins the two pharmaco-
phores. Analogs of this type display antibacterial activ-
ity that is more oxazolidinone-like, but with improved
activity against Gram-negative and linezolid-resistant
S. aureus strains. The latter activities are suggestive of
DNA gyrase inhibition and this was confirmed in an
enzymatic assay. Deletion of the piperazine linker pro-
duced an analog with mostly quinolone-like activity,
while hybrids joined at the nitrogen atom of the quino-
lone ring (N-1) were inactive.

Morphochem researchers have extensively explored the
nature of the heterocyclic linker between oxazolidinone
and quinolone. In this work, the piperazine linker was
replaced with various substituted piperidine, pyrroli-
dine, or azetidine linkers and the resulting analogs were
examined for antibacterial and enzymatic activity. A
hydroxymethyl pyrrolidine linker produced analogs
with the best combination of oxazolidinone and quino-
lone activities.81 Hence, the hybrid antibacterial 46
(Fig. 17) was highly active in both DNA gyrase and
transcription/translation assays (IC50 6 2 lM) and had
excellent whole cell activity against H. influenzae and
quinolone- or linezolid-resistant strains of S. aureus
(MIC 6 0.125 lg/mL).

A group from Theravance disclosed hybrid oxazolidinone
analogs incorporating other antibacterial ribosome-bind-
ing pharmacophores.86 Specific examples include oxazo-



Figure 17. Hybrid oxazolidinones.
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lidinones linked via an appropriate spacer to a macrolide
(erythromycin), a lincosamide (U-57930E), and a strep-
togramin (dalfopristin and quinupristin). Rib-X research-
ers reported an oxazolidinone analog joined to
Azithromycin87 via a heterocyclic triazole linker group
(e.g., 47, Fig. 17). Unfortunately no antibacterial data
were disclosed for any of these analogs.
7. Computational studies

Antibacterial oxazolidinone drug discovery has to date
been a largely empirical exercise with limited impact
from the fields of structural biology or computer-aided
drug design. This situation is likely to change given
the successful solution of the crystal structure88 of the
ribosome, including co-crystal structures with a bound
protein synthesis inhibitor. Two reports have appeared
recently describing the application of computational
methods to the prediction of biological activities of oxa-
zolidinone antibacterials, both focused on the C-5 sub-
stituent of the oxazolidinone ring. In the first of these,
a group from Dr. Reddy’s Laboratories described
three-dimensional quantitative SAR (3D-QSAR) studies
of tricyclic oxazolidinone analogs (10) with various C-5
substituents.89 Two different computational methods
were compared: comparative molecular field analysis
(CoMFA) and comparative molecular similarity indices
analysis (CoMSIA). Computational models were devel-
oped using a training set of 33 tricyclic analogs with
either traditional amido or non-traditional (thioamido,
urea, carbamoyl, etc.) C-5 side chains. The validity of
the models was tested with a separate set of nine com-
pounds that were not included in the original training
set. Comparison of predicted and actual MICs for the
test set revealed the CoMFA model to be more predic-
tive for the compounds examined. The authors claim
that these models have aided the design of novel analogs
with improved activity.

A very recent report from researchers at AstraZeneca30

describes a computational model of oxazolidinone
binding to the active site of monoamine oxidase A
(MAO-A). The inhibition of MAO is an undesirable,
secondary biological activity inherent to many antibacte-
rial oxazolidinones. Understanding this activity at the
molecular level could contribute to the design of more
selective oxazolidinone antibacterials. The binding model
described by the AstraZeneca team was derived from a
published 1.7 Å structure of MAO-B bound to isatin.
Key active site residues from MAO-B were replaced with
the corresponding amino acids present in MAO-A and a
docking model was constructed that allowed conforma-
tional flexibility in the active site and entrance cavity.
Oxazolidinone analogs bearing various substituted
triazole groups at C-5 were docked to the model and a
correlation between inhibitor structure and MAO-A
activity was derived. According to the model, the triazole
ring of the oxazolidinone is bound tightly in an aromatic
cage formed by two tyrosine residues and the flavin ring of
the cofactor. The model indicated that triazole substitu-
ents larger than hydrogen or fluorine require that the
oxazolidinone ring adopt a different binding conforma-
tion. This hypothesis was in agreement with the empirical
finding of reduced MAO-A activity for analogs with
larger substituents on the triazole ring. Triazole analogs
bearing ethyl, alkynyl, or cyanomethyl substituents were
optimal in that they retained antibacterial activity but
were essentially devoid of MAO-A inhibitory activity
(MAO-A Ki > 200 lM).
8. Pharmacokinetic studies of oxazolidinone analogs

A key strength of linezolid from a clinical and marketing
perspective is the drug’s excellent pharmacokinetic pro-
file,90 which permits BID dosing via either intravenous
or oral routes and without need for dose adjustment.
With high overall exposure levels and essentially perfect
bioavailability, linezolid sets a high bar for researchers
seeking to discover a second-generation oxazolidinone.
Indeed, the identification of compounds with in vivo effi-
cacy superior to that of linezolid represents a much
greater challenge than the identification of analogs with
better in vitro MICs. In this section, we review recently
disclosed in vivo data, with a focus on structural fea-
tures that positively or negatively impact the pharmaco-
kinetic properties of oxazolidinone analogs.
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A recent report91 from Pfizer (Kalamazoo) researchers
describes a model for predicting oral bioavailability in
the rat based on a maximum absorbable dose (MAD)
algorithm.92 The MAD was determined for a series of
27 oxazolidinone analogs for which bioavailability in
the rat was known. The MAD calculation includes an
estimate of intestinal volume and residence time as well
as the measured values of aqueous solubility and
permeation across the intestinal membrane (approxi-
mated by permeability across Caco-2 mono-layers).
With only a few exceptions, this model performed
admirably in predicting oral bioavailability of the oxa-
zolidinone analogs. Hence, analogs with a MAD
P5 mg displayed bioavailabilities of ca. 55–100%, while
those with MAD 6 0.5 mg were very poorly bioavail-
able (F < 5%). Most of the analogs with MAD values
between 0.5 and 5.0 mg exhibited bioavailabilities be-
tween 33% and 88%. Individual parameters such as in vi-
vo clearance or absorptive permeability across Caco-2
cells were only weakly correlated with bioavailability.
The MAD algorithm, which takes into account both sol-
ubility and permeability, was much more powerful in
making predictions of oral bioavailability for the oxazo-
lidinone analogs studied.

The incorporation of a C-5 thiocarbonyl side chain is
perhaps the most reliable means of improving the
potency of oxazolidinone antibacterials. Unfortunate-
ly, this improved potency often comes at the expense
of in vivo efficacy, as several recent reports have indi-
cated. Hence, thioacetamides 10 (Z = S) and 42 were
not efficacious in a murine infection model, while
the corresponding acetamide derivative were.21,75 Sim-
ilar results were reported for indoline analogs.36 Phar-
macokinetic studies of N-formyl indolinyl
oxazolidinones (i.e., 24, N-formyl derivative) indicated
that the thioacetamide analog was much more rapidly
cleared and achieved lower serum concentration than
did the acetamide comparator. In the case of 42,
metabolism of the thioamide function was suggested
as a possible explanation for the compound’s poor
pharmacokinetic profile.75,93 In the study of oxazolid-
inone absorption discussed above,91 several thiourea
analogs had much higher secretory (B to A) than
absorptive (A to B) permeability across Caco-2 cell
mono-layers, suggesting that these analogs may be
substrates for p-glycoprotein transporters.

Scientists at Wockhardt69,70 and Korean Institute of
Technology71 independently reported the favorable
pharmacokinetic properties of closely related cyanom-
ethyl- and cyanomethylene-substituted piperidine C-ring
analogs such as 40 (Fig. 15). Both classes exhibited
extended in vivo half-lives (T1/2), suggesting the poten-
tial for a once-a-day (QD) dosing regimen. In the Wock-
hardt study, beagle dogs were administered a single oral
dose (5 mg/kg) or iv bolus injection (15 mg/kg) of either
compound 40 or linezolid. The compound 40 produced
a similar Cmax value, but had a 4-fold longer half-life
(T1/2) and three-times greater overall exposure (AUC)
than did linezolid. Concentrations of compound 40 re-
mained above its in vitro MIC twelve hours after the ini-
tial dose.
A recent report from Korean researchers94 describes
pharmacokinetic studies of the tetrazolyl-pyridine ana-
log DA-7867 (33, Fig. 12) in the rat. In a dose propor-
tionality study, AUC values were found to correlate
with dose, while clearance was low (0.9 mL/min/kg)
and independent of the dose. The half-life (T1/2) and
mean retention time of 33 were quite long, at ca. 6
and 15 h, respectively. A maximum serum concentration
of 11.4 lg/mL was attainted following an oral dose of
20 mg/kg and bioavailability was 71%. The researchers
estimated that ca. 21% of orally administered DA-7867
is lost to first-pass metabolism.
9. Conclusions

As the preceding discussion can testify, the field of oxa-
zolidinone antibacterial research remains a very active
and competitive one. Several research groups at phar-
maceutical companies and academic institutions in Eur-
ope, the United States, and Asia are active in the field,
with new publications and patents appearing on a regu-
lar basis. Important advances have certainly been made,
and yet considering the manifold efforts in the area, it is
surprising and perhaps telling that not a single investiga-
tional oxazolidinone has progressed past Phase I since
linezolid reached the market in 2000. Clearly, the identi-
fication of a second generation of oxazolidinones repre-
sents a significant challenge to the pharmaceutical
scientist. Recent work in the field nevertheless demon-
strates that significant improvements in potency, selec-
tivity, and pharmacokinetic profile are achievable.
These findings bode well for the future and for the iden-
tification of a second generation of oxazolidinone anti-
bacterial agents.
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