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Spiropiperidine naphthyridinone inhibitors of Staphylococcus aureus and Escherichia coli FabI have been
prepared. Compounds 14a and 14c were identified as having sub-nanomolar E. coli FabI activity and
are among the most potent FabI inhibitors yet described. The structural model of 14a bound to E. coli FabI
is shown.

� 2009 Elsevier Ltd. All rights reserved.
OFabIO
Hospital acquired bacterial infections due to methicillin-resis-
tant Staphylococcus aureus (MRSA) have developed into a serious
healthcare concern which necessitates the development of new
antibacterial drugs.1 The identification of new therapeutics which
functions by a novel mechanism of action and circumvent resistance
has been an ongoing challenge for anti-infective drug discovery.2

Recently, there has been interest in targeting bacterial fatty acid
biosynthesis as a viable approach to new antimicrobial agents.3–7

The enzyme FabI is one of the enoyl-ACP reductases of the FASII
system. The enzyme requires the cofactor NAD(P)H as hydride
source to carry out the reduction of an enoyl-ACP to the corre-
sponding acyl-ACP (Scheme 1). FabI has been shown to be the tar-
get of the antimicrobial agent triclosan, as well as a number of
small molecule inhibitors which possess excellent antimicrobial
activity.6

Since no analogous protein is used in mammals for similar trans-
formations, inhibitors of FabI do not interfere with mammalian fatty
acid biosynthesis. FabI has been advanced as an attractive target for
the potential treatment of systemic bacterial infections.4–8

Recent work by Brinster et al.9 argues against the validity of
targeting FASII for antimicrobial therapy. Exogenous fatty acids
present in human serum were shown to reduce sensitivity to
drug-induced FASII inhibition when treated with relatively weak
inhibitors cerulenin and triclosan. The highly potent FabI inhibitors
ll rights reserved.
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presented herein, may aid in addressing the drugability of the FASII
pathway in pathogenic bacteria.
Compounds of the ene-amide series which contain the naph-
thyridinone ring system (1, 2a, and 2b)6, exhibit excellent potency

against FabI. In this series, the inhibition of FabI correlates well
with antibacterial activity as these compounds exhibit potent
activity against a number of drug-resistant strains of S. aureus.
Moreover, naphthyridinone analogues have been reported to be
effective in vivo in a S. aureus thigh model infection in rats.6
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Scheme 1. FabI biosynthetic reaction.
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Figure 1. Crystal structure of compound 2b in the E. coli FabI active site, hydrogen
bonds are shown as yellow dashes.
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One drawback to this series is the high lipophilicity and inher-
ent low aqueous solubility (compounds such as 1 exhibit aqueous
solubility <1 lg/mL). The purpose of this study was to improve the
solubility of the FabI inhibitors while retaining excellent in vitro
potency.

Utilizing the available co-structure of naphthyridinone 2b with
Escherichia coli FabI10, a structure guided approach was imple-
mented to determine specific regions of the molecule which may
tolerate the addition of a solubilizing functionality. Given the high
homology between the active sites of S. aureus and E. coli FabI, this
approach should apply the inhibition of the latter as well. The fatty
acid binding pocket of the FabI active site, where the benzothio-
phene and indole moieties of 1, 2a, and 2b bind, is hydrophobic
in nature. It was clear from the crystal structure (Fig. 1) and SAR,
that charged and highly polar functions are not tolerated in this
pocket. The region in which the naphthyridinone resides is more
hydrophilic in nature. The binding energy of the naphthyridinone
is derived from a strong hydrogen bonding network between the
backbone carbonyl and amide hydrogen of Ala97 and the pyridyl
nitrogen and amide hydrogen of the inhibitor. Therefore, it was
desirable to keep this interaction intact. The region ‘above’ the
naphthyridinone ring is exposed to solvent water and we focused
attention in this region for the introduction of basic functionalities.

Pyridopyrimidinones, carrying a basic tether (e.g., 3), were pre-
viously evaluated as equivalent right hand side analogues.11 We
were encouraged to find that potency was not reduced upon intro-
duction of basic functionalities in the right hand side region of the
molecule. The spiropiperidine modification was designed using the
crystal structure of the morpholine analogue 3, bound to S. aureus
FabI.12; this structure revealed that the basic tether was projected
away from the active site into bulk water. It was envisioned that
the piperidine ring of prototype I would occupy the same space
as the morpholine tether of 3 and confer enhanced solubility by
nature of its basic nitrogen.
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The spiropiperidine modification of the previously disclosed naph-
thyridinone series was prepared as outlined in Scheme 2. The dibro-

mide 4 was obtained in 3 steps from 2-aminonicotinic acid.6 The
enolate of the Boc-protected isonipecotate 5 was prepared and
added slowly to 4 which produced the expected benzylic alkylation,
followed by cyclization to give the desired spirocycle 6. A Heck cou-
pling of 6 with benzyl acrylate, followed by sodium hydroxide
saponification provided the acrylic acid 8.

The N-methyl acrylic acid 12 was prepared as shown in Scheme
3. Ethyl N-methyl-4-piperidine carboxylate 9 was prepared di-
rectly from ethyl isonipecotate.13 The lithium enolate of 9 was pre-
pared and added directly to dibromide 4 to give the spirocycle 10.
A Heck reaction of 10 with tert-butyl acrylate and subsequent TFA
mediated deprotection gave the acrylic acid 12.

The target compounds were prepared as outlined in Scheme 4.
The left-hand side amines 13a–e were prepared by reductive ami-
nation of the corresponding aldehydes.6,10 The acrylic acids 8 and
12 were coupled in the presence of EDC with N-methyl amines
13a–e, followed by treatment with HCl in ether to give the amides
14 and 15 as the hydrochloride salts. Instances where 8 was used
as the acid coupling partner, the Boc-protected material was ob-
tained from the coupling reaction. Addition of excess HCl in ether
resulted in removal of the tert-butyl carbamate and formation of
the hydrochloride salt.

Table 1 clearly shows that one of the objectives of this work was
met in that the spiropiperidines demonstrate enhanced solubility
relative to the naphthyridinones. This is illustrated by comparing
solubilities for compounds 14b and 14c with compounds 2 and 1
respectively. In both instances, solubility is enhanced several or-
ders of magnitude by grafting on the spiropiperidine ring. The sol-
ubilities of the spiropiperidine analogs are generally in the 0.1–
1 mg/mL range.

As shown in Table 2, the spiropiperidine modification resulted
in compounds that were equipotent to the parent naphthyridinon-
es in terms of S. aureus FabI IC50. Moreover, a correlation can be ob-
served between the IC50 results and the whole cell activity against
S. aureus (Table 2). In the case of 14b and 14e, a noticeable increase
in MIC against the MRSA strain was observed compared to 1. The
N-methyl derivatives 15a, 15c, and 15e, appear to improve potency
and whole cell activity compared to the analogues which carry the
free amine. It is possible that increased whole cell activity is re-
lated to the enhanced permeability of the methylated species.

Excellent potency was observed with respect to E. coli FabI, with
14a and 14c showing sub-nanomolar potency. In contrast with S.
aureus, the free amine analogues appear to exhibit improved MIC
values relative to the N-methyl series. The MIC’s of this series also
offer a dramatic improvement over the naphthyridinone com-
pounds, as is evident in the high MIC values for 1.

The model structure of 14a bound to E. coli FabI is depicted in
Figure 2. The inhibitor is shown to exhibit binding characteristics
which are consistent with the results obtained for previous co-
structures, such as that obtained for the morpholine analogue 3.12

The benzofuran is nestled in a hydrophobic pocket consisting of
residues Tyr146, Met159, Phe203, and Tyr156. The linker amide
carbonyl engages in the canonical H-bond network to the phenolic
hydrogen of Tyr156 and the 20-hydroxyl of the co-factor. The pyr-
idyl nitrogen and amide hydrogen of the naphthyridinone ring par-
ticipate in a hydrogen bonding network with Ala95. The piperidine
ring, which is directed towards solvent, also appears to be engaged
in a hydrogen-bonding interaction with the carbonyl of Leu195.
The piperidine nitrogen resides in a similar position to the mor-
pholine nitrogen of 3, further underscoring the tolerance of
charged species in this region.
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Scheme 2. Preparation of the spiro-naphthyridinone piperidines: (a) LDA, THF, �78 �C, 55%; (b) benzyl acrylate, Pd(OAc)2, (oTol)3P, DMF, propionitrile, 100 �C, 50%; (c) 1 N
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Scheme 3. Preparation of the N-methyl spiro-naphthyridinone piperidines: (a) LDA, THF, �78 �C, 59%; (b) tert-butyl acrylate, Pd(OAc)2, (oTol)3P, DMF, propionitrile, 100 �C,
28%; (c) TFA, CH2Cl2, 100%.
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Table 1
Enzyme inhibitory activity and aqueous solubility of FabI inhibitors

Compound FabI IC50
a (nM) Measured solubilityb (lg/mL)

S. aureus E. coli pH 4.0 pH 7.4

1 30 (±) n/a 0.2 0.3
2 50 (±1) 139 (±8) 6.2 5.8
3 26 (±1) 7 (±2) >67 6.1
14a 49 (±3) 0.7 (±0.06) 1500 100
14b 132 (±5) 17(±1) >100 >100
14c 48 (±4) 0.4 (±0.05) 22 4.8
14e 71 (±6) n/a 700 520
15a 20 (±2) 1.8 (±0.2) 83 43
15c 14 (±3) 2.4 (± 0.3) 360 110
15d 28 (±) 24 (±2) 790 110
15e 26 (±2) 55 (±4) 1500 1000

a Note: the biochemical assay was performed as described14; n/a; not assayed.
b Solubility measured by modified shake flask method or Millipore MultiScreen

Solubility Filter Plate Method.

Table 2
Antibacterial profile for FabI inhibitors15

Compound S. aureus 29213
MIC (lg/mL)

S. aureus 43300 (MRSA
strain) MIC (lg/mL)

E. coli AG100A
acrAB-MIC (lg/mL)

1 0.125 0.063 4
2 60.016 0.016 60.063
3 60.063 60.063 60.063
14a 0.031 0.031 60.063
14b 0.5 2 0.5
14c 60.016 0.063 60.063
14e 0.125 0.5 2
15a 60.016 60.016 0.25
15c 60.016 60.016 60.063
15d 60.016 60.016 60.063
15e 0.031 0.125 4
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Figure 2. Model of 14a and NADH bound in the active site of E. coli FabI. For
clarity, only the side chains of the residues which define the hydrophobic pocket
and those surrounding the piperidine ring are shown. The amide carbonyl of the
inhibitor is shown to make a hydrogen bond interaction with the 20-hydroxyl of
the nicotinamide ribose of NADH and the hydroxyl of Tyr156. The nitrogen of
the piperidine ring makes a hydrogen bond interaction with the carbonyl of
Leu195.
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Through a structure guided approach, we have shown that po-
tent inhibition of S. aureus and E. coli FabI can be retained upon
addition of functionalities which improve naphthyridinone aque-
ous solubility. Antibacterial activity is maintained or improved,
offering additional opportunities to target FabI for Staphylococcal
infections.
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