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The solid-phase synthesis and characteristics of ferrocenoyl
propargylamide (FPA)-labeled oligodeoxynucleotides are
described.

Site-specifically labeled DNA is of interest for hybridization
assays, artificial nucleases, anticancer therapies, and DNA-
mediated charge-transfer studies.1–16 Current oligodeoxy-
nucleotide (ODN) labels range from metal complexes12,17 to
organic dyes10,11,18 that are covalently attached to DNA either
at the ribose,19 phosphate20–22 or nucleobase4–6,23–26 moieties.
While synthetic strategies such as oligodeoxynucleotide post-
modification and labeled nucleoside phosphoramidites afford
modified ODNs, these methods are often hampered by
extensive purification, side reactions and low yields. Fur-
thermore, many of these approaches do not allow for systematic
studies to be performed, as labeling is limited to the 3A- or 5A-
terminus. Here, we report the on-column derivatization of
ODNs with ferrocene at the nucleobase using a newly
developed synthetic procedure in combination with standard
automated DNA synthesis.27 This site-specific on-column
procedure requires an alkyne-terminated ferrocene and a halo-
substituted nucleobase for Pd(0) cross-coupling.

Ferrocene was selected as the ODN label as it possesses high
stability as well as reversible and tunable electrochemical and
spectroscopic properties. In addition, ferrocene has been
attached previously to other biomolecules of interest, including
terminal-phosphate-labeled DNA oligomers,3,28 as well as
peptide nucleic acids29 and amino acids.30

The ferrocene precursor for on-column derivatization (ferro-
cenoyl propargylamide or FPA) (Fig. 1) was synthesized by
coupling ferrocene monocarboxylic acid to propargylamine
hydrochloride in the presence of dicyclohexylcarbodiimide
(94% yield). To further evaluate the physical properties of these
novel FPA-modified ODNs, we also synthesized the corre-
sponding FPA-labeled nucleobase, 3A,5A-dibenzoyl-5-(ferrocen-
oyl propargylamide) uridine, FPAU (Fig. 1). FPAU was
synthesized by Pd(0) cross-coupling31 FPA with 3A,5A-dibenzoy-
loxy-5-iodouridine. FPA displayed a reversible one-electron
oxidation in the cyclic voltammogram, with E1

2
= 0.243 V vs.

Ag/Ag+ (1.0 mM compound in CDCl3, 0.1 M NBu4PF6),
compared to 0.103 V for ferrocene. After attachment to uridine,
E1

2
shifts to 0.262 V vs. Ag/Ag+.30 The spectroscopic properties

of ferrocene, FPA and FPAU were similar: all exhibited the
characteristic weak (d–d) band at 444 mm.

The on-column derivatization method was used to site-
specifically label an oligodeoxynucleotides with FPA at the
nucleobase. As shown in Scheme 1, automated ODN synthesis
was performed on an ABI 395 DNA synthesizer using a
standard protocol. 5-Iodo-2A-deoxyuridine (5-IdU) phosphor-
amidite (Glen Research) was incorporated at the desired
position on the ODN. Phosphoramidite couplings for the
standard bases; dA, dC, dG and dT; as well as 5-IdU were
> 95%. Synthesis was then paused,32 and the column was
removed from the synthesizer and dried by flushing with argon.
The ferrocene precursor, FPA (20 mg), Pd(PPh3)4 (10 mg) and
CuI (1 mg) were added to the column, which was then filled

† Electronic supplementary information (ESI) available: experimental
procedures, melting profiles and CD spectra for the duplexes. See http://
www.rsc.org/suppdata/cc/a9/a907568b/

Fig. 1 Ferrocenoyl propargylamide (FPA) and 3A,5A-dibenzoyl-5-(ferrocen-
oyl propargylamide) uridine (FPAU).

Scheme 1 Key: (a) Incorporation of 5-iodo-2A-deoxyuridine phosphor-
amidite (5-IdU) during standard ODN synthesis (B = A, C, G or T); (b)
Pd(0) cross-coupling of FPA and the column-bound iodouridine; (c) normal
ODN synthesis is resumed; (d) the synthesized site-specifically FPA-
labeled ODN is cleaved from the column and protecting groups are removed
by incubation in ammonia at 55 °C for 16 h.
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with DMF–TEA (9:1). The column was shaken at room
temperature for 6 h. It was then rinsed with DMF–TEA, dried
and replaced on the synthesizer. Routine synthesis was resumed
until the desired oligodeoxynucleotide was synthesized. A
series of FPA-labeled ODNs were synthesized in this manner
(Table 1). FPA-modified oligodeoxynucleotides were purified
via reverse-phase HPLC; retention times for labeled and
unlabeled ODNs differed by several minutes (18.8 cf. 14.8 min).
Isolated yields of the labeled ODNs were typically 50%.33

The stabilities of FPA-labeled duplexes are evaluated by
thermal denaturation of the duplexes.34 Table 1 lists the melting
temperatures of several FPA-labeled and unmodified duplexes.
FPA-modified duplex 1+4 which is labeled at the third base
from the 3A-terminus, exhibits similar stability to duplex 2+4,
labeled at the sixth base. These melting temperatures are only
slightly lower than the Tm for the unmodified duplex, 3+4.
Duplex 5+7, a dodecamer labeled at the second base, has a Tm
of 42.6 cf. 41.4 °C for the analogous unmodified duplex 6+7.
The small changes in the melting temperatures of the labeled
duplexes compared with the unmodified duplexes indicate that
FPA derivatization causes minimal disruption of duplex
structure. These data are consistent with previous reports that
the 5-position of uridine tolerates a variety of modifications
without disrupting the duplex.26 CD spectra of the duplexes also
indicate that the FPA-labeled duplexes retain the B-form DNA
structure found in the unlabeled duplexes.

In summary, novel ODNs labeled with ferrocene are
synthesized by solid-phase coupling of a ferrocene derivative to
an ODN containing 5-iodouridine. This facile synthesis pro-
vides a simple method for labeling ODNs at the nucleobase with
a spectroscopic or redox label in good yields, with minimal
purification of the labeled ODN product. Melting profiles and
CD spectra (see ESI) show that the FPA-labeled duplexes are
stable at room temperature and have B-form DNA structure
similar to unlabeled duplexes.
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Table 1 Melting temperatures for FPA-labeled and unlabeled duplexes

Duplex Tm/°C

1 5A-TGC TAC AAA CTG TUFPAG A-3A
4 5A-TCA ACA GTT TGT AGC A-3A 49.6 ± 0.1

2 5A-TGC TAC AAA CUFPAG TTG A-3A
4 5A-TCA ACA GTT TGT AGC A-3A 48.2 ± 0.2 

3 5A-TGC TAC AAA CTG TTG A-3A
4 5A-TCA ACA GTT TGT AGC A-3A 50.8 ± 0.3

5 5A-TGC TAC AAA CUFPAG-3A
7 5A-CAG TTT GTA GCA-3A 42.6 ± 0.3 

6 5A-TGC TAC AAA CTG-3A
7 5A-CAG TTT GTA GCA-3A 41.4 ± 0.4

(UFPA) indicates the FPA-labeled uridine
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