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AbstractÐFamoxadone is a newly commercialized fungicide and potent Qo-site inhibitor of cytochrome bc1. The S-(ÿ)-enantiomer
of famoxadone (the active component) was synthesized by two routes and was analyzed computationally and by X-ray crystal-
lography. The molecule displays an extended conformation with ¯exibility in the structure imparted by the two terminal phenyl
groups. In the crystal lattice, intermolecular hydrogen bonds occur between the NH and the oxygen atoms of the heterocycle.
# 2000 Elsevier Science Ltd. All rights reserved.

Inhibition of the function ofmitochondrial bc1 has become
a signi®cant area for the discovery of fungicides useful in
controlling crop diseases. Recently, ®ve Qo-site inhibitors
of cytochrome bc1 function have been commercialized for
this purpose: azoxystrobin,1 kresoxim-methyl,2 metomi-
nostrobin,3 tri¯oxystrobin,4 and famoxadone5aÿe (Fig. 1).
On the basis of their origin and the methoxyacrylate-like
head groups, the ®rst four of the above-mentioned fungi-
cides may be considered as analogues of the Qo-site inhi-
bitor strobilurin A.6 Strobilurin A is a natural product
found in some microorganisms.7 In an entirely di�erent
mode of fungicide discovery, famoxadone (Famoxate1,
DPX-JE874, or 5-methyl-5-(4-phenoxyphenyl)-3-pheny-
lamino-2,4-oxazolidinedione) was optimized as a fungi-
cide for crop protection from an initial greenhouse-active
molecule5bÿe that was until then primarily of academic
interest as a novel synthetic heterocycle.8aÿc Famox-
adone di�ers considerably in chemical structure from
strobilurin A and its commercialized mimics, and thus it
presents an original toxiphore for the inhibition of
cytochrome bc1. In addition, isolates of Saccharomyces
cerevisiae having single amino acid alterations in the Qo

center within their apocytochrome b were found to con-
fer log scale di�erences in binding potencies in compar-
ison to famoxadone among the other inhibitors
examined: myxothiazol, azoxystrobin, and kresoxim-
methyl.5c,d X-ray crystallographic studies on cytochrome
bc1 complexed with inhibitors9aÿc are exciting new

developments in the ®eld of bioenergetics and in their
utility for structure-based design. Famoxadone is race-
mic and the S-(ÿ)-enantiomer was shown to be the
active component for the inhibition of cytochrome bc1
function and in controlling fungal diseases in crop plants.5c

In this work we describe the synthesis and structural ana-
lyses of the S-(ÿ)-enantiomer of famoxadone.

Chemistry

The racemic precursor to the more fungicidally-active S-
(ÿ)-enantiomer of famoxadone was the substituted
atrolactic acid 1. This could be prepared by a number of
methods, including the two Grignard strategies outlined
in Figure 2. The preparation of the enantiomerically-pure
hydroxyester intermediates was accomplished by two
chemical methods (Fig. 3). In Method A, acid 1 was con-
verted to the corresponding acyl imidazole and coupled
with excess dimethyl tartrate. The mixture of diaster-
eomeric monoacyl tartrates, containing some diacylated
material, was subjected to chromatography on silica gel to
isolate the desired diasteromer as the faster-eluting
monoacyl compound 2. The corresponding methyl ester
3 was obtained by base-catalyzed transesteri®cation in
methanol, the product being separated from the dime-
thyl tartrate coproduct by partitioning between ether
and water. By NMR analysis using a chiral shift
reagent, this material was judged to be of >95%
enantiomeric purity. The heterocyclic ring was then
constructed by DMAP-catalyzed coupling of 3 with
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1,10-carbonyldimidazole to form the intermediate imi-
dazole carboxylate followed by acid-catalyzed con-
densation with phenylhydrazine. The crude product was
puri®ed by chromatography on silica gel and recrys-
tallized from butyl chloride to a�ord the S-(ÿ)-form of
famoxadone, which was >95% enantiomeric excess as
determined by HPLC analysis by using a chiral sta-
tionary phase and by NMR analysis using a chiral shift
reagent. In Method B, the requisite S-(ÿ)-enantiomer of
the atrolactic ester 3 was prepared by a classical resolu-
tion of 1 with quinidine. The quinidine salt of the R-
(+)-enantiomer crystallized preferentially, and by using
0.6 mol of quinidine, the S-(ÿ)-enantiomer of 2
remained in solution. Esteri®cation of this material with
methyl iodide and Hunig's base a�orded 3 which was
converted to the S(ÿ) enantiomer of famoxadone.

Results and Discussion

The heterocyclic ring of the S-(ÿ)-enantiomer of famox-
adone was anticipated to be ¯at and themethyl and phenyl
substituents of the chiral center would remain rigid. The
phenoxyl group of the S-(ÿ)-enantiomer could adapt two
alternative conformations. Since the phenylamino group

is expected to be twisted with respect to the ®ve
remembered ring, it could be either trans or cis with
respect to the phenoxyphenyl group. Thus, there are at
least four general conformations for the enantiomer. A
hybrid density functional theory method (B3LYP/3-
21G(d) level) was utilized to investigate the conforma-
tional ¯exibility of the molecule.10 The fully optimized
geometry for each conformer (A±D) is shown in Figure
4. The calculated relative energies are given in Table 1.
According to the theoretical calculations at the B3LYP/
3-21G(d) level of theory, the trans conformers are
favored by about 0.5 kcal/mol. It appears that there are
several low energy conformers for the S-(ÿ)-enantiomer
of famoxadone and the preferred conformation will
likely depend on the environment.

As the phenylamino nitrogen center (N1; see Fig. 5 for
the numbering system) is nonplanar, there are two pos-

Figure 1. Qo-site inhibitors of cytochrome bc1 discussed in the text.

Figure 3. Preparation of chiral precursors for the S-(ÿ)-enantiomer of
famoxadone.

Figure 2. Preparation of atrolactic acid precursors for famoxadone.

Figure 4. Five conformers of the S-(ÿ)-enantiomer of famoxadone as
calculated. Energy values are listed in Table 1.

Table 1. The calculated relative energies (kcal/mol) at the B3LYP/3-

21G(d) and the B3LYP/6-311+G(d,p) levels of theory

Conformer A B C D E

B3LYP/3-21G(d) 0 ÿ0.04 ÿ0.45 ÿ0.47 0.56
B3LYP/6-311+G(d,p) 0 0.02 ÿ0.10 ÿ0.11 ÿ0.37
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sible conformers for each conformation mentioned
above depending on the relative orientation of the phe-
nylamino lone pair. However, it is expected that the
conformers e�ected by inversion of the N1 nitrogen
center should be very close in energy. As a further
check, we also examined the inverted N1 nitrogen center
with respect to the conformer D. The calculated struc-
ture (E) is shown in Figure 4 and the energy value is
included in Table 1. We performed additional energy
calculations at a much higher level of theory (the
B3LYP/6-311+G(d,p) level of theory). Again, the
energy di�erence is quite small among the ®ve con-
formers of Figure 4. Interestingly, conformer E becomes
more stable than D. Undoubtedly, the biologically
active conformation of the S-(ÿ)-enantiomer of famox-
adone will be determined by the binding pocket envir-
onment within the constraints outlined.

X-ray crystallography determined the conformation for
the S-(ÿ)-enantiomer famoxadone from a single crys-
tal.11 The asymmetric unit contains one molecule as
shown in Figure 5 with thermal ellipsoids drawn to the
50% probability level. The NH group forms a hydrogen
bond to an adjacent molecule with re®ned distances: N1
to H1=0.91 AÊ , H1 to O3=2.18 AÊ (Fig. 6). It should be
noted that strobilurin A and its fungicide mimics
azoxystrobin, tri¯oxystrobin, and kresoxim-methyl are
capable of accepting a hydrogen but not in donating a
hydrogen in forming hydrogen bonding interactions.

The ability to donate a hydrogen in hydrogen bonding
di�erentiates famoxadone from the above-mentioned
Qo-site ligands. When the N1 hydrogen of famoxadone
is replaced with a methyl group the IC50 value (35 nM
for the methyl derivative of famoxadone versus 11 nM
for famoxadone)13 for the inhibition of mitochondrial
electron transport (NADH to O2) is increased by a factor
of three suggesting that the NH group of famoxadone
shares a hydrogen bond with cytochrome bc1.

Conformer E, which has an inverted center at its N1
position in comparison to conformer D, is the best
approximation of the X-ray structure among the calcu-
lated conformers of Figure 4. Figure 7 displays the

superposition of the calculated conformer E and the X-
ray crystal structure of the S-(ÿ)-enantiomer of famox-
adone. The calculated and X-ray crystal structures are
nearly identical. Crystal packing forces likely cause the
minor torsional di�erences between the two concerning
the two terminal phenyl groups. Whether conformer E is
the one selected by the enzyme over the other conformers
of similar energies cannot be predicted.

Figure 5. The conformation of the S-(ÿ)-enantiomer of famoxadone
as determined by X-ray crystallography. Thermal ellipsoids are drawn
to the 50% probability level.

Figure 6. Hydrogen bonding of one molecule of the S-(ÿ)-enantiomer
of famoxadone to another in the crystal lattice. Hydrogen bonds are
indicated by the dashed lines.

Figure 7. Superposition of the calculated (conformer E) and the X-ray
crystal structures of the S-(ÿ)-enantiomer of famoxadone.
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In summary, by combining synthesis, computational
chemistry, and X-ray crystallographic studies, we have
elucidated the structure and the conformational ¯ex-
ibility of the S-(ÿ)-enantiomer of famoxadone. These
studies should assist in the determination of the binding
mode of the molecule within the Qo-site of cytochrome
bc1, famoxadone's biochemical target. The literature is
rich with accounts of where enzyme inhibitors have
been extremely valuable in understanding the function
of the recipients of their poisons, and we anticipate that
the inhibitor famoxadone will lead to further knowledge
on the function of cytochrome bc1. It will be of most
interest to see the binding mode of the S-(ÿ)-enantiomer
of famoxadone within the protein and, in particular, its
hydrogen bonding pattern to the apocytochrome b
within cytochrome bc1.
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