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Abstract—Synthesis of two (2,20-bipyridine)platinum(II) complexes tethered to one or two acridine chromophores is reported.
These acridine complexes efficiently unwind and photocleave supercoiled plasmid DNA under physiological conditions of tem-
perature and pH.
# 2002 Elsevier Science Ltd. All rights reserved.

The biological and clinical effectiveness of cisplatin
[cis-diamminedichloroplatinum(II)] and its analogues as
anti-tumour drugs is due to the formation of coordina-
tion complexes with DNA which result in intra-strand
crosslinks and a smaller proportion of inter-strand
crosslinks.1,2 These covalent adducts induce conforma-
tional changes within the DNA double helix that inhibit
DNA replication and RNA transcription. Although
adduct formation at the N1 and N3 atoms of purine
bases has been reported,3 the primary site is at N7 of

guanine, with a preference for binding to GG
sequences.4�7

Attachment of intercalating agents to platinum com-
plexes8�29 has proven to enhance rates of DNA
platination23,25�28 while minimising exposure of plati-
num to inactivating cellular agents such as thiols. These
complexes bind covalently and intercalatively to DNA
to form novel adducts endowed with the capability of
evading cellular DNA repair mechanisms.
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In previous papers,30,31 we have described the synthesis
of water soluble bis- and cyclo-bisintercalants which
effect photocleavage of duplex DNA. With the aim of
developing more selective and efficient photocleavers,
we report herein the synthesis of (2,20-bipyr-
idine)platinum(II) complexes 1 and 2, covalently teth-
ered to one and two acridine units, respectively. The
conjugation of bipyridine and an intercalator in the
design of DNA-targeted platinum(II) complexes is, to
the best of our knowledge, unprecedented. The 2,20-
bipyridine moiety constitutes a suitable rigid linker
which allows the acridine units to be located at enough
distance for a potential bisintercalation taking place in
accordance with the neighbour exclusion principle. Thus,
the strategy employed was to link the platinum and
acridine functionalities in such a way that each could
interact freely with DNA. As the acridine subunits are
photoactive, it was envisaged that the strong and selec-
tive binding between platinum and DNA would lead to

effective and selective DNA photocleavage. To this end,
we describe experiments in which the platinum(II) com-
plexes 1 and 2 are shown to interact with DNA by
cooperative binding and effect complete DNA photo-
cleavage at concentrations �2.5–3.8 mM.

Synthesis of platinum(II) complexes 1 and 2 was carried
out as shown in Scheme 1. Reaction of 40-methyl-2,20-
bipyridine-4-carboxylic acid and 2,20-bipyridine-4,40-
dicarboxylic acid with Staab’s reagent readily afforded
the corresponding amides directly via the imidazolides
in a facile, one-pot type process. The ensuing reaction of
the amides with 9-bromomethylacridine gave rise to the
desired ligands as a mixture of Z–E isomers. The plati-
num complexes 1 and 2 were then synthesised in good
yields by reaction of the corresponding ligands with
K2PtCl4 in a solution of water and methanol 1:1 (v/v) at
70 �C. Complexes 1 and 2 and their corresponding
ligands were fully characterised by NMR, IR and MS.32

Scheme 1.

3136 L. Gude et al. / Bioorg. Med. Chem. Lett. 12 (2002) 3135–3139



The interaction of complexes 1 and 2 with DNA was
studied by testing their ability to alter the electro-
phoretic mobilities of the supercoiled and nicked forms
of pUC19 plasmid DNA. It has been previously estab-
lished that binding of cisplatin and analogues to DNA
retards the mobility of form I (supercoiled) and increa-
ses the mobility of form II (nicked).33 Shown in Figure 1
is a representative experiment in which bis-acridine
platinum(II) complex 2 and reference complex 4,40-
dimethyl-2,20-bipyridinedichloroplatinum(II) (3) were
allowed to react with DNA in the dark for 3 and 24 h at
37 �C, pH 7.4. It is evident from examination of the gel
that, after 3 h, complex 2 unwinds DNA at very low
concentrations, while no significant unwinding is
observed for platinum reference 3. In additional experi-
ments conducted with the corresponding bis-acridine
ligand, the effect of complex 2 on DNA tertiary struc-
ture was indicative of cooperative binding, as neither
the platinum reference nor the ligand alone exhibited
unwinding in the concentration range studied (data not
shown). All in all, acridine has been proven to act as an
effective DNA targeting molecule, increasing the rate of
DNA platination. Even after 24 h, unwinding induced
by reference 3, although significant, does not equal that
produced by complex 2 after the 3-h equilibration
(Fig. 1).

Mono–acridine complex 1 was also capable of unwind-
ing cooperatively supercoiled plasmid DNA, but the
concentrations required to exhibit this interaction were
higher. Indeed, it was found that 12.5 mM of complex 1
was needed to produce total unwinding after a 24-h
equilibration, while only 5 mM of bis-acridine complex 2
was required.

The ability of complexes 1 and 2 to effect DNA photo-
cleavage was studied next. In these experiments, it was
also bis-acridine complex 2 that induced the highest
levels of DNA modification, although the difference in
reactivity with respect to compound 1 was less pro-
nounced. In the gel shown in Figure 2, pUC19 plasmid
DNA was equilibrated with increasing concentrations
of bis-acridine complex 2 for 3 h (37 �C, pH 7.4), after
which the reactions were irradiated at 350 nm for 50min

under aerobic conditions in a ventilated Rayonet Photo-
chemical Reactor. It is apparent that practically all of
the DNA has been converted from the supercoiled to
nicked form at 2.5 mM concentrations of the complex.
For mono-acridine complex 1, similar concentrations of
�3.8 mM were required for complete photocleavage.
Additional control experiments conducted with ligand
molecules revealed their capability to yield nicked DNA
upon irradiation, although higher concentrations of
compound relative to complexes were needed (25 and
5 mM for mono and bis-ligand, respectively).

In conclusion, the above experiments indicate that acri-
dine platinum(II) complexes 1 and 2 are capable of
completely unwinding supercoiled plasmid DNA at 5–
12.5 mM concentrations (37 �C, pH 7.4). Moreover,
complexes 1 and 2 are efficient DNA photocleavers.
Upon irradiation at 350 nm, even lower concentrations
of each complex produce significant DNA damage. Our
current work is focused on the determination of binding
modes to provide insights into operating mechanisms
underlying the interactions of these acridine complexes
with DNA.
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equivalent volume of reaction buffer.
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50), 7.48 (d, J=5.9Hz, H-5), 7.16 (d, J=5.9Hz, H-5), 4.56 (s,
CH2–Acr), 4.47 (s, CH2–Acr), 3.59 (t, J=6Hz, CH2a), 3.35
(br, CH2a), 2.80–2.60 (m, CH3NCO, CH2b), 2.35 (s, CH3–Ar,
CH3N), 1.99 (s, CH3N); 195Pt NMR (DMF-d7, 64.2MHz) d
�2325 (195Pt NMR chemical shifts are referenced externally to
K2PtCl4 in D2O at �1624 ppm); FAB-MS (m-NBA) m/z
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Bis-acridine ligand: mp 79–82 �C; IR (KBr) u 3055, 2941,

2850, 1734, 1636, 1547, 1519, 1458, 1403, 752 cm�1; FAB-MS
(m-NBA) m/z 767.25 (M++1), calcd for C48H46N8O2

(766.3744); Z,Z isomer/ZE isomer/EE isomer=30/44/26%;
1H NMR (CDCl3, 300MHz) d: 8.67 (d, J=4.8Hz, H-6 ZZ),
8.52–8.48 (m, H-1,8 Acr ZZ+ZE, H-6 EE, H-6 ZE), 8.39–
8.31 (m, H-1,8 Acr EE+ZE, H-3 ZZ+EE+ZE, H-6 ZE),
8.27–8.21 (m, H-3 ZE, H-4,5 Acr), 7.79–7.70 (m, H-3,6 Acr),
7.61–7.52 (m, H-2,7 Acr), 6.99 (dd, J=4.8, 1.6Hz, H-5 EE),
6.93 (dd, J=4.8, 1.6Hz, H-5 ZE+ZZ), 6.84 (dd, J=4.8,
1.6Hz, H-5 ZE), 4.54, 4.53, 4.44 and 4.39 (s, CH2–Acr), 3.67
and 3.64 (two t, J=5.9Hz CH2a ZZ+ZE), 3.30 (t, J=5.9Hz,
CH2a EE), 3.24 (t, J=5.9Hz, CH2a ZE), 2.82 (t, J=5.9Hz,
CH2b ZZ+ZE), 2.80 (s, CH3NCO EE), 2.76 (s, CH3NCO
ZE), 2.67 (t, J=5.9Hz, CH2b EE+ZE), 2.59 (s, CH3NCO
ZZ), 2.54 (s, CH3NCO ZE), 2.48 (s, CH3N ZZ), 2.46 (s,
CH3N ZE), 1.97 (s, CH3N EE), 1.90 (s, CH3N ZE); 13C NMR
(CDCl3, 75MHz) d: 169.38 and 168.83 (C¼O), 155.77, 155.58,
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Acr), 145.12 and 144.99 (C-4), 141.31 (C4� Acr), 140.56 (C4�
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and 118.22 (C-3), 54.99 and 54.47 (CH2b), 53.91 (CH2–Acr),
48.98 and 44.71 (CH2a), 42.28, 41.97 and 41.90 (CH3N), 37.47
and 32.79 (CH3NCO)
Complex 2: mp 260 �C dec.; IR (KBr) u 3064, 2932, 2853,

1687, 1636, 1547, 1520, 1459, 1412, 1069, 753 cm�1, (Nujol,
CsI) u 328, 324 cm�1; 1H NMR (DMSO-d6, 300MHz) d: 9.60–

9.37 (m, H-6), 8.63–8.57 (m, H-1,8 Acr), 8.52–8.40 (m, H-1,8
Acr), 8.26–8.05 (m, H-3, H-4,5 Acr), 7.83–7.78 (m, H-3,6 Acr),
7.64–7.56 (m, H-2,7 Acr), 7.50–7.46 (m, H-5), 7.26–7.22 (m,
H-5), 4.58–4.43 (m, CH2-Acr), 3.60 (m, CH2a), 3.40 (m,
CH2a), 2.80–2.60 (m, CH3NCO, CH2b), 2.35 (br, CH3N), 1.99
(s, CH3N), 1.93 (s, CH3N); 195Pt NMR (DMF-d7, 64.2MHz)
d �2329; FAB-MS (m-NBA) m/z 1033.26 (M++2), calcd for
C48H46Cl2N8O2Pt (1031.2768).
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