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Synthesis and properties of a pyrrole–imidazole polyamide having a
ferrocene dicarboxylic amide linker

Kohji Seio,a,c Masahiro Mizuta,b,c Takeshi Teradab and Mitsuo Sekineb,c,*

aFrontier Collaborative Research Center, Tokyo Institute of Technology, 4259 Nagatsuta-cho, Midori-ku, Yokohama 226-8503, Japan
bDepartment of Life Science, Tokyo Institute of Technology, 4259 Nagatsuta-cho, Midori-ku, Yokohama 226-8501, Japan

cCREST, JST (Japan Science and Technology Agency), 4259 Nagatsuta-cho, Midori-ku, Yokohama 226-8501, Japan

Received 22 April 2004; revised 30 June 2004; accepted 8 July 2004

Available online 3 August 2004
Abstract—A new minor groove binder 1 having a redox active ferrocene dicarboxamide linker was synthesized. The affinity of the
newly synthesized compound to the target DNA was confirmed by CD titration experiments. Moreover, the redox property of 1 was
also demonstrated by cyclic voltammetry. These results suggest the potential of 1 as a new tool for electrochemical gene detection
technology.
� 2004 Elsevier Ltd. All rights reserved.
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Scheme 1.
The hairpin pyrrole–imidazole polyamide (PIPA)1 is the
prototype of an artificial organic molecule that can bind
to DNA with a highly sequence specific manner. The
potential of such PIPA compounds as the gene regulator
was proposed earlier.1,2 Afterward, a lot of structural
modifications on the original PIPA have been reported
in order to modify the functions and properties. For
example, several research groups reported the structural
modification of the original PIPAs by fluorescent dyes3

or alkylating agents,4 and the application of such mole-
cules as the gene detecting tools and the potential anti-
cancer agents.

Apart from such functional modification, several re-
search groups reported the structural modifications of
the pyrrole and imidazole structures by use of other
heteroaromatic compounds in order to improve the
affinity and sequence specificity of PIPAs to DNA
duplexes, and several of these modifications succeeded
in the enhancement of the sequence selectivity.5

Schematically, the structure of the original PIPAs can be
described as a 6- or 8-mer of pyrrole–imidazole poly-
amide with a linker region at the center of the molecule
(Scheme 1). Therefore, besides addition of the pendant
groups and the heteroaromatic modifications described
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above, the linker region can be another site for modifi-
cation. As usual, 4-aminobutylic acid has been used as
a linker.
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We are interested in the PIPA derivative 1 having a fer-
rocene moiety as a linker (Scheme 1). Ferrocene deriva-
tives have been widely used as the building blocks in the
field of supramolecular chemistry because of their un-
ique 3D structure and the conformational properties.6

In addition, the typical distance between the two Cp
rings of ferrocene derivatives is approximately 3.3 Å,7

which is close to the distance between the two PIPA
moieties in hairpin PIPAs that bind to DNA minor
grooves in the U shape structure.8 Therefore, it is
expected that the ferrocene moiety of 1 fits to the minor
groove when it binds to DNA duplex in a similar con-
formation to that of conventional hairpin PIPA.

Moreover, because the electrochemical properties of fer-
rocene derivatives has been attractive from the view point
of chemosensor9 and biosensor especially in the gene
detection,10 the ferrocene modified PIPA molecules can
be a new sequence specific ligand for the electrochemical
detection of genes by use of minor groove binder.11

Synthesis of the target molecule 1 is shown in Scheme 2.
The structure of 1 was designed considering both the
availability of the starting materials, and the chemical
stability of the products and the intermediates. For
example, our preliminary attempt to use 1 0-aminoferro-
cene 1-carboxylic acid12 in place of the ferrocene dicarb-
oxylic acid failed because of the low stability of the
compounds containing this moiety.

The sequence of the PIPA region of 1 was designed to
bind CGC/GCG sequence targeting a single nucleoside
mutation in human genome, which could be a factor
that determined the interferon resistance of the patients
infected by hepatitis C virus.13

Methyl ferrocene dicarboxylic acid 214 was condensed
with N-t-butoxycarbonyl-1,3-propanediamine by the
use of 2-chloro-1-methylpyridinium iodide (CMPI)15 in
87% yield. Compound 3, thus obtained was converted
to the carboxylic acid 4 by treatment with NaOH, and
4 was condensed with ethyl 3-aminopropionic acid to
give the ferrocene building unit 5 in 62% yield.

In order to introduce the pyrrole–imidazole moiety, the
ethyl ester of 5 was removed by treatment with NaOH to
COOH
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Scheme 2. Reagents and conditions: (i) N-t-Butoxycarbonyl-1,3-propanediam

87%. (ii) 0.5M NaOH/MeOH (1:1, v/v), 80�C, 12h, 91%; (iii) b-alanine ethyl
CH2Cl2, 2.5h, 62%; (iv) 0.1M NaOH aq/MeOH (1:1, v/v), 1h, then H+, 93%;

(vi) 10% TFA/CH2Cl2, 6h, 88%; (vii) HBTU (2.0equiv), N,N-diisopropyleth
give 6 in 93%. The liberated carboxylic group of 6 was
coupled with 3-aminopyrrole derivative 10 prepared in
situ by the hydrogenation of 3-nitropyrrole derivative
916 by use of chloro-1-methylpyridinium iodide to give
7 in 62%. Compound 7 thus obtained was further hydro-
lyzed by treatment with 10% TFA in CH2Cl2 to give the
primary amine 8 in 71% yield (Scheme 3).

The condensation of 8 with the separately synthesized
carboxylic acid 1117 was examined to obtain 1 by use
of various coupling reagents and catalysts. All attempts
to use the reagents such as EDC/DMAP, di(2-pyr-
idyl)carbonate/DMAP, diphenylphosphoryl chloride,
and CMPI failed probably because of the steric hin-
drance of 8. An attempt to obtain 1 via the correspond-
ing acid chloride of 11 was also unsuccessful.

Finally, we found that O-(benzotriazol-1-yl)-N,N,N 0,N 0-
tetramethyluronium hexafluorophosphate (HBTU)18

was the best condensing agent to activate 11 and the de-
sired target 1 could be obtained in 61% yield. The struc-
ture of 1 was confirmed by 1H NMR, 13C NMR, and
ESI-MS spectroscopy.19

In order to clarify the usefulness of 1 as a ligand for dou-
ble helical DNA, the binding of 1 to the DNAs with its
target sequence, DNA1: 5 0-GACTGCGTAGG-3 0/3 0-
CTGACGCATCC-5 0 and non-target sequence, DNA2:
5 0-GACTGAGTAGG-3 0/3 0-CTGACTCATCC-5 0 were
examined by use of CD spectra. Shown in Figure 1 are
the CD profiles of the titration of DNA1 and DNA2
with various amounts of 1. It is well known that the
interaction of minor groove binder induces positive elip-
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Figure 2. Cyclic voltammogram of 1 (5mM) in N,N-dimethylform-

amide. Supporting electrolyte: 0.2M NaClO4; reference electrode: Ag/

AgCl2; counter electrode: Pt wire; working electrode: Pt plate.

K. Seio et al. / Tetrahedron Letters 45 (2004) 6783–6786 6785
ticity at 300–360nm.20 In the combination of 1 and
DNA1, the positive cotton effect increases until 1:1.8
DNA1:1 stoichiometry is reached. The maximum magni-
tude of the induced signal was 5.3 · 105. Addition of 1
beyond 1:1.8 stoichiometry did not lead to significant in-
crease of the peak intensity (Fig. 1a).

On the other hand, in the case of the titration of DNA2
by 1, the saturation of the positive cotton effects re-
quired 1:6.0 stoichiometry with the maximum induced
signals of 2.4 · 105, which was much smaller than that
of the combination of DNA1 and 1 (Fig. 1b). Previously,
Breslauer et al. studied the sequence specific binding of a
hairpin polyamide to DNA duplexes by CD titration.20

In their analysis, a positive correlation between the
magnitudes of the induced CD signals and binding con-
stants were observed. The empirical correlations to-
gether with the CD titration profiles in Figure 1
indicated that 1 bound to DNA1 more tightly than to
DNA2. Accurate binding constants could not be deter-
mined for 1 because of the presence of multiple binding
modes at high 1 to DNA1 or DNA2 ratios indicated by
the disappearance of the isosbestic points. The complex-
ity of the binding mode might be partially attributable
to the palindromic GCG target sequence. Although
the details of the binding modes and the quantitative
binding constants are yet to be clarified, it was revealed
that the pyrrole–imidazole polyamide compound 1
could bind to the double strand DNA in a sequence spe-
cific manner.
Figure 1. CD profiles of the titration of the 5lM of (a) DNA1 and (b)

DNA2 by 1 in 10mM sodium cacodylate (pH6.9) containing 10mM

KCl, 10mM MgCl2, and 5mM CaCl2.
Finally, we examined the electrochemical properties of 1
by use of cyclic voltammetry (CV). The result is shown
in Figure 2. Apparently, compound 1 showed clear oxi-
dation wave which was attributable to the oxidation of
the ferrocene moiety and did not show any clear reduc-
tion wave. Moreover, when the voltammograms were re-
corded repeatedly, the oxidation peak disappeared
gradually. These behaviors indicated the irreversible
properties of 1 because of the conversion of the electro-
chemically oxidized products to redox-inactive species
before being reduced to 1.

The electrochemical activity of 1 together with the affin-
ity toward the target DNA described above indicates the
potential usefulness of 1 as a duplex specific redox-active
ligand10c,11 for the electrochemical detection of genes.
There have been reported several systems to detect
DNA–DNA hybridization electrochemically.21 How-
ever, the sequence selectivity of these systems are com-
pletely dependent on the ability of the probe DNAs to
discriminate the non-complementary sequences. It is
well known that canonical nucleobases can form consid-
erably stable mismatch base pairs22 such as G–T, A–G,
and G–G, which can increase the false-positive signals in
the gene detections using oligonucleotide probe. In con-
trast, if compound 1, which has both redox activity and
ability to recognize Watson–Crick base pair, were used
in electrochemical gene-detection systems in the combi-
nation with appropriate probe DNAs, the
sequence selectivity of the system must be very high
because the sequence selectivity of the probe DNA
and 1 must be multiplied. Although the CD titration
experiments shown in Figure 1 revealed the potential
sequence selectivity of 1, the binding modes, and binding
constants to high and low affinity sites should be clarified
in more detail to achieve this purpose. The application
of 1 in this direction is in progress and will be reported
elsewhere.
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