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The Knoevenagel condensation of 1,3-dihydro-2H-indol-2-
one 1 with ferrocene carboxaldehyde 2 afforded an approxi-
mate 2:1 mixture of the geometrical isomers (E)- and (Z£)-3-
ferrocenylmethylidene-1,3-dihydro-2 H-indol-2-one 3 respec-
tively in an overall 67% yield; the air and solution-stable
isomers were readily separated by preparative thin layer
chromatography and their structures were unequivocally
elucidated in solution, by 'H NMR spectroscopy, and in
the solid phase, by X-ray crystallography; both isomers of
3 displayed in vitro toxicity against B16 melanoma and Vero
cell lines in the micromolar range and inhibited the kinase
VEGFR-2 with ICs, values of ca. 200 nM.

Introduction

Ferrocene plays an important role in bioinorganic chemistry
and can act as an effective phenyl bioisostere, conferring many
advantages by virtue of its electrochemical (redox) properties,
potential for cytotoxicity and high liphophilicity (hence, easier
membrane permeability). We may add to this list, the three-
dimensional projection of the metallocene unit, which may lead
to changes in selectivity towards a biological target, compared
with a phenyl or alkyl group.! Currently developed bioactive
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ferrocenes include the anticancer agents hydroxyferrocifens, and
the antimalarial ferroquine (Fig. 1).
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Fig. 1 Bioactive ferrocenes in medicinal chemistry.

The methylidene-1,3-dihydro-2H-indol-2-one (oxindole) skele-
ton 1 is found in a number of molecules with promising biological
activity, notably cancer targets.” The reaction of 1 with a variety
of unsymmetrical aldehydes and ketones can furnish a mixture of
isomeric 3-methylidene-substituted products, the ratio of which
can be influenced by steric as well as electronic factors.

Results and discussion

As part of an ongoing research programme on structural studies
of biologically relevant oxindoles,®* we have studied the reaction
of 1 with ferrocene carboxaldehyde 2, which leads to a mixture
of unreacted starting material and two isomeric products 3,
which were separated by preparative thin layer chromatography
(Scheme 1).*

The top fraction, corresponding to the minor isomer (£)-3, was
isolated in 23% yield as a dark red solid and obtained as dark red
needles suitable for X-ray diffraction from the diffusion of hexane
into a dichloromethane solution (see ESIt). The assignment of the
stereochemistry for (Z£)-3 was further corroborated on the basis
of diagnostic chemical shifts in its "H NMR spectrum in CDCl,.
For example, the vinylic CH was found at 7.38 ppm as a singlet
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Scheme 1 Condensation reaction of 1,3-dihydro-2 H-indol-2-one with ferrocene carboxaldehyde.
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and the methylene-substituted ferrocenyl group, existing as two
doublets (2H each), displayed a deshielded doublet at 5.31 ppm,
indicating the proximity of the n°-C;H, group to the carbonyl
group of the oxindole ring. The lower fraction corresponded to
the major isomer (E)-3, which was isolated in 44% yield as a dark
red solid, and crystallized as for its (Z)-isomer. The assignment
of the stereochemistry was born from the chemical shift of the
vinylic CH, at 7.68 ppm, in its '"H NMR spectrum in CDCl;, which
was deshielded by the adjacent carbonyl function. Furthermore, a
NOESY cross peak between a doublet at 4.76 ppm, corresponding
to 2H, of the n*-CsH, moiety, and a doublet at 7.94 ppm (aromatic
proton) consolidated the stereochemical assignment.*
Furthermore, both isomers have been characterised in the
solid phase by single crystal X-ray diffraction studies.f The
asymmetric unit of (E)-3 contains two molecules, with similar
geometries to one other and to the structure of (Z)-3 (see Table S2
(ESIT) and Fig. 2 and 3 respectively). In both structures the Cp
rings of the ferrocene groups are in an eclipsed configuration.
The minimum dihedral angle between the least squares plane
through one of the Cp rings and that containing atoms C(1), Fe
(1) and C(6), (or C(101), Fe(11) and C(106)) is approximately

Fig. 2 ORTEP diagram of (E)-3 with ellipsoids shown at the 50%
probability level.
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85°. The geometry of the group linking the heterocycle to
the ferrocene unit (C(1)-C(11)-C(12) or C(101)-C(111)-C(112))
is well within the normal ranges for such groups in all cases.
These groups are very close to being planar, with the maximum
C(1)-C(11)-C(12)-C(15) (or C(101)-C(111)-C(112)-C(115)) tor-
sion angle being approximately 6° (see Table S2, ESI}). Inter-
molecular interactions of the type C=O---HN between oxin-
dole units of the respective isomers were also observed (see Fig.
S1 and S2 and Table S3, ESIT).

Biological evaluation of (E)- and (£)-3

We have tested compounds 3 against a number of cell lines.>® For
example, compounds 3 have been evaluated against B16 (Murine
Melanoma) and Vero (African Green Monkey Kidney Epithelia)’
cell lines (Fig. 4 and 5).8
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Fig. 4 Toxicity of (E)- and (Z£)-3 on B16 cells.

The stereochemistry about the 3-methylene unit of oxindoles
related to 3 has been shown to be crucial for biological activity
against a number of kinases, including platelet derived growth
factor and vascular endothelial growth factor receptors (PDGFR
and VEGFR respectively). For example, the recently introduced

(1)

L

Fig. 3 ORTEP diagram of (Z)-3 with ellipsoids shown at the 50% probability level.
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Fig. 5 Toxicity of (E)- and (Z)-3 on Vero cells.

MRTKI (multi receptor tyrosine kinase inhibitor) anticancer
agent Sunitinib (Sutent) 4 contains a (Z)-substituted pyrrole
side chain, stabilised by an intramolecular hydrogen bond, and
was derived from the bioactive lead molecule (Z)-5.>° However,
methylation at the /H-pyrrole unit led to the inactive, (E)-6
(Fig. 6).

We wished to assess the effect of stereochemistry in 3 on binding
to kinase receptors. Both (E)- and (Z)-3 were screened against
a small panel of cancer implicated kinases and each isomer
was found to selectively bind to human VEGFR-2 at 10 uM
concentration at approximately 90% inhibition (Table 1). This
was followed by an ICs, determination of (E)- and (Z)-3, which
established both to be submicromolar inhibitors of VEGFR-2
with near identical ICy, values (214 and 220 nM respectively, see

Table 1 Kinase screening of 3

hVEGFR- hVEGFR- hPDGFR- hPDGFR-
Compound®  1° % inhib. 2% inhib. A% inhib. B % inhib
2)-3 13 88 e 12
(E)-3 15 91 e 10

“All tested at 10 UM concentration (at MDS Pharma). *h = human.
¢ Essentially no inhibition.

Fig. 7). As a control, staurosporine was found to have an IC;,
value of 1.37 nM.
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Fig. 7 1IC;, curves for (E)- and (Z£)-3 against humanVEGFR-2.
Conclusion

(E)- and (Z)-3-ferrocenylmethylidene-1,3-dihydro-2H-indol-2-
one 3 have been synthesised, separated and characterised in both
the solid phase and in solution. Both isomers exhibit similar
and significant in vitro activity against a range of immortal cells,
some well characterised model cancer cell lines, as well as more
specific intracellular targets such as kinases. Current studies are
aimed at synthesising analogues of 3 for structural determination
in both solution and the solid state as well as for structure—
activity relationships against cancer targets. We are also trying
to establish whether the isomers of 3 bind to the VEGFR-2
and related kinase receptors in the classical (hydrophobic pocket)*!
sense or otherwise, and results will be disclosed in due course.
Compounds 3 add to an increasing number of exciting prototypi-
cal metallodrugs with the potential to act as biological probes or
to overcome problems associated with current metal containing
drugs.”?
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