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A C3-symmetric ferrocenylated ditryptophan construct was synthesized and the morphology of its self-
assembled structure was studied. Ferrocenylated soft structures so obtained interacted with cyclodextrin
resulting in increased tryptophan fluorescence and disruption of the self assembled structure.

� 2009 Published by Elsevier Ltd.
Concepts concerning biological or bioactive compounds, where
at least one carbon is directly bound to a metal center, lie in the do-
main of bioorganometallic chemistry. The application of such com-
pounds encompasses fields as diverse as crystal engineering,
catalysis to chemotherapeutics and this widespread potential
makes such compounds highly worthy of intense scrutiny and
exploration.1 Ferrocene remains one of the most extensively stud-
ied organometallic compounds that have been conjugated to ami-
no acids or peptides for a variety of applications.2 Due to its well
studied redox properties combined with suitable chemical reactiv-
ity, the ferrocenyl group is a remarkable building block for the con-
struction of redox-responsive bioconjugates.

Ferrocene conjugation to polymers and polyelectrolytes, to af-
ford formation of novel materials, is an area of contemporary inter-
est.3 Recently, redox-active properties of ferrocene were harnessed
in a study related to aqueous phase self-assembly of polyferroce-
nylsilane–polydimethylsiloxane block vesicles, which led to the
formation of organometallic vesicles.4 In another study, mesopor-
ous silica surface was modified with the ferrocene moiety which
was cleaved with the help of ultrasound irradiation thus control-
ling the release of encapsulated material.5

Herein, we report a ‘bottom-up’ synthetic approach for the con-
struction of ferrocenylated soft spherical structure via solution-
phase self-assembly process. This synthetic approach is based
around a ditryptophan triskelion core that forms caged structures
in methanol–water.6 The conjugation of ferrocene was chosen to
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eventually explore the electrochemical properties of self-assem-
bled peptide-based structures and the possibility of tuning mor-
phology by ferrocenyl pendants. Using an alternate synthetic
strategy, we describe synthesis of 3 as a ferrocene functionalized
scaffold for ‘bottom-up’ construction of soft structures. Scheme 1
shows stepwise synthesis of compound 3 where ferrocene carbox-
ylic acid was coupled to ditryptophan dipeptide in a step-wise
fashion, followed by conjugation of its active N-hydroxy-
succinimide ester with tris(2-aminoethyl)amine (Tren), to afford
the target compound 3, after deprotection.7

Compound 3 (0.5 mM) was incubated in methanol at 37 �C for
the microscopic studies. The spherical morphology was found to
form within a minute of incubation in solution (see Supplementary
data). Scanning electron microscopic image shows the spherical
structure and magnified view of the surface shows that surface
composed by assemble or fusion of the particles, with an average
diameter of �25 nm (Fig. 1a and b).8 Similarly, AFM image also
indicates the appearance of spherical structures and its surface
analysis confirms fusion of the particles around 25 nm (Fig. 1c
and d).7 It is likely that two indole moieties of ditryptophan motif
are stacked thus invoking favorable aromatic interactions, leading
to interdigitation of three ditryptophan arms resulting in the for-
mation of self-assembled soft spherical structures.6

Intrinsic fluorescence property of the tryptophan residues
prompted us to determine fluorescence behavior of 3 in metha-
nol/water (9:1) system. Interestingly, 3 did not exhibit any fluores-
cence compared to its nonferrocenylated analog (TrpTrp)3Tren (see
Supplementary data), perhaps due to the reason that the ferrocenyl
groups in each arm are oriented to interact with the p–p stacked
indole units. It is possible that this occurs due to resonance energy
transfer with Trp acting as a donor and a proximal ferrocene acting
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Scheme 1. Synthetic route for compound 3. Reagents and conditions: (i) tryptophan ethyl ester hydrochloride, DCC, HOBT, 0 �C to rt, 24 h; (ii) 1 N NaOH, MeOH, 3 h; (iii)
tryptophan ethyl ester hydrochloride, DCC, HOBT, 0 �C to rt, 24 h; (iv) 1 N NaOH, MeOH, 3 h; (v) DCC, N-hydroxysuccinimide, DMF, 0 �C to rt; (vi) Tren, DMF, rt, 24 h.

Figure 1. Ultrastructural details of 3; (a) SEM image of the vesicles; (b) magnified
image of the spherical surface; (c) AFM image of the vesicles; (d) magnified AFM
micrograph of the surface.
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Figure 2. Effect of cyclodextrins on fluorescence behavior of compound 3.

Figure 3. Graphical representation of ferrocene complexation by b-CD.
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as an acceptor. Such proximity driven Trp fluorescence quenching
has been reported for ferrocene-modified glucose oxidase conju-
gate.9 In this study, extensive quenching of tryptophan fluores-
cence was observed for covalently modified conjugate, but not
for the noncovalent mixtures containing ferrocene and glucose oxi-
dase in variable stoichiometries, suggesting proximal interaction of
donor/acceptor in the protein fold. On similar lines, we propose
that tryptophan–ferrocene interaction in the composite soft supra-
molecular ensemble of 3 is implicated for fluorescence quenching.
On the other hand, electron transfer between ferrocene and trypto-
phan residue also remains an intriguing alternative explanation for
the fluorescence behavior. In this vein, a study by Faraggi et al. has



Figure 4. Morphological change in soft structures after addition of cyclodextrins: (a) a; (b) b; (c) c.
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previously described electrochemical study between tryptophan
and a ferrocene dicarboxylic acid derivative.10

It is known that b- and c-CDs form a 1:1 complex with ferro-
cene, while a-CD prefers a 2:1 stoichiometry of complexation.11

Moreover, the orientation of ferrocene complexation in the b-CD
cavity is considered to be nearly parallel to its molecular axis,
while the complexation of ferrocene is nearly perpendicular to
the molecular axis of c-CD.12 Thus, we decided to probe the orien-
tation of appended ferrocenyl moieties by performing fluorescence
experiments in the presence of a-, b-, and c-cyclodextrins (CD). It
was assumed that a suitable interaction of ferrocene and appropri-
ate cyclodextrin will result in an increase in the Trp fluorescence
due to the interference with Trp–ferrocene interaction. The con-
centration of CDs was gradually increased in methanolic solution
of 3 (1 lM), and it resulted in fluorescence enhancement in all
the three cases. However, the maximum fluorescence enhance-
ment was observed for b-CD, while a- and c-CDs afforded marginal
enhancement (Fig. 2). Although, b- and c-CD exhibit identical affin-
ities for compound 3 but the greater fluorescence enhancement in
the case of b-CD may arises from a more optimal orientation of the
ferrocenyl moieties in the CD cavity.13 It can be proposed that
favorable host–guest interaction may alter the relative orientation
of the interacting dipole moment of the ferrocenyl and tryptophan
units, thereby inhibiting Förster resonance energy transfer, thus
maximizing fluorescence enhancement.

The interaction of ferrocene with b-CD is also supported by the
1H NMR shifts where shielding of ferrocenyl protons was observed
upon increasing the concentration of b-CD (see Supplementary
data). A schematic model is proposed on the basis of these results
and the preferred directionality of ferrocene–b-CD interaction
(Fig. 3).

Inclusion complexation of ferrocene inside cyclodextrin cavity
modulates solution properties of ferrocene functionalized poly-
mers due to disruption of hydrophobic interactions.14 In another
example, it was shown that cyclodextrin microgels loaded with
guest molecules get disrupted in the presence of methyl orange so-
lely driven by ‘host–guest’ inclusion effects.15 Interestingly, we
also observed that the morphology of conjugate 3 changes after
addition of a-, b-, and c-cyclodextrins. Spherical structure of the
conjugate 3 disrupts to a random aggregate-like structure
(Fig. 4), indicating a strong solution phase interaction between
a-, b- and c-cyclodextrins and conjugate 3. We envisage that cyclo-
dextrins act as a morphological switch for these soft structures by
invoking ‘host–guest’ complexation effects.

Well known electroactive properties of ferrocenyl moiety sug-
gests that self-assembled soft structures of 3 may afford interest-
ing electrochemical behavior.16 Preliminary electrochemistry
studies indicated unusually high peak current associated with
the oxidation and reduction process for 3 (data not shown). This
may be ascribed to the adsorption of composite soft structures,
whose surface is decorated by indole moieties and ferrocene, on
the electrode surface. Detailed electrochemical and current sensing
experiments will be reported elsewhere.
In conclusion, we have reported synthesis of a ferrocene–dipep-
tide conjugate and its application for the ‘bottom-up’ synthesis of
soft spherical structures. The fluorescence property of the conju-
gate and the effect of cyclodextrin on the fluorescence property
as well as morphology were studied. Loss of structural integrity
upon cyclodextrin interaction and electroactive nature of these
vesicles provides a convenient entry into organometallic supramo-
lecular ensembles which can be harnessed for host–guest chemis-
try and material applications.
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