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Stereoisomers, trans-RR, trans-SS, and cis forms, ofN,N0-bis-
(phenanthrolin-2-yl)-1,2-cyclohexanediamine conjugates were
prepared, and their DNA binding activity was evaluated. The
copper complexes of the conjugates (ligand:Cu(II) = 1:1 and
1:2) cleave DNA in the same order of the DNA binding activity
of the conjugates, trans-RR > cis > trans-SS.

There has been considerable interest in the specific DNA
binding and cleaving activity of phenanthroline derivatives and
their metal complexes. Sigman et al. and others reported that
the copper complex of 1,10-phenanthroline binds with DNA
and induces cleavage of DNA in the presence of a reducing agent
under an anerobic condition.1–3 Barton and co-workers have
shown that chiral ruthenium complexes of phenanthroline deriv-
atives show differences in the binding with and cleaving DNA.4,5

The structure of the metal complex likely determines the mode
of interaction with DNA of a particular conformation.1–8 Al-
though various metal complexes of phenanthroline derivatives
have been synthesized and their DNA binding and cleaving ac-
tivity assessed, very few studies have been made on a chiral
phenanthroline derivative as a ligand and its stereoselectivity
in binding with DNA. Thus we undertook synthesis of a new chi-
ral phenanthroline derivative that could bind to DNA with chiral
selectivity. Here we report the synthesis of conjugates of phen-
anthroline with trans-RR, trans-SS, and cis forms of 1,2-diamino-
cylohexane, the differences in their binding with DNA and DNA
cleaving activity by copper complexes of the stereosiomers of
the conjugate.

The trans-RR-N,N0-bis(phenanthrolin-2-yl)-1,2-cyclohexa-
nediamine conjugate was prepared from 2-chlorophenanthro-
line9 and trans-RR-1,2-diaminocyclohexane using tetramethyl-
guanidine as a coupling agent and a solvent at 100 �C for 50 h
and was purified by silica gel chromatography with dichlorome-
thane/methanol/aqueous ammonia (9:1:0.1) as an eluent. The
conjugate was obtained in 18% isolated yield. The correspond-
ing trans-SS- and cis-conjugates were prepared by the same

method in 45 and 43% isolated yield, respectively. Their struc-
tures were confirmed by NMR and ESI-mass spectrum.10 Each
conjugate was converted to the hydrochloride salt by adding hy-
drochloric acid to the methanol solution of the conjugate and
was re-crystallized from methanol–ethyl acetate. The elemental
analysis of the hydrochloride of the conjugates indicates that
they are tri-hydrochloride.10 The CD spectra of the trans-RR-
and trans-SS conjugates display the mirror-image CD, which
demonstrates that they are enantiomers. The cis-conjugate
showed no CD band indicating that it is meso form.

The conjugates showed fluorescence at 400 nm by excitation
at 320 nm. The addition of DNA to the solution of the conjugate
caused a decrease in 400 nm fluorescence intensity and the emer-
gence of a new band at 435 nm and a broad-band fluorescence at
500–600 nm, which indicates the interaction of the conjugate
with DNA. The broad and long wavelength fluorescence at
500–600 nm is probably due to the excimer emission of the
phenanthroline moieties of the conjugate. Similar broad and long
wavelength emission is also observed in the case of N,N0-
bis(phenanthrolin-2-yl)ethylenediamine upon binding with
DNA.11 The binding constant of the trans-RR conjugate with
DNA was 1:2� 105 M�1, estimated from McGhee and von Hip-
pel equation analysis12 of the decrease in fluorescence intensity
at 400 nm by addition of DNA (0–570mM). The binding con-
stants of the trans-SS and cis form conjugate with DNA were
3:5� 104 and 8:3� 104 M�1, respectively, estimated by the
same method as that for the trans-RR conjugate described above.
The conjugates bind with DNA in the order of trans-RR > cis >
trans-SS form. DNA is a chiral-macromolecule composed of a
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Figure 2. Fluorescence spectral titration of trans-RR conjugate
with calf thymus DNA. Titration was carried out in a 1-mm-path
length cell with 10mM of the conjugate in 10mM Tris-HCl buf-
fer (pH 7.2) containing 20mM NaCl at 25 �C by addition of
DNA, 0, 38, 76, 114, 152, 190, 228, 266, 304, 342, 380, 418,
456, 494, 532, and 570mM (based on nucleotide residue) in
the direction of arrows.
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Figure 1. Stereoisomers of N,N0-bis(phenanthrolin-2-yl)-1,2-
cyclohexanediamine conjugate.
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right-handed helix, and thus it discriminates the binding between
the stereo-isomers of the DNA-binding agent.

We further carried out a viscometric study to explore the
binding of the conjugate to DNA. The relative viscosity, �=�0,
was estimated from the ratio of flow time of the solution with
a viscometer, t=t0, where t and t0 are flow times of CT-DNA so-
lution in the presence and absence of the ligand, respectively.
The relative viscosity increased slightly with increase in concen-
tration of the trans-RR form conjugate. No viscosity change was
observed when the trans-SS and cis form conjugate was added to
the DNA solution. The typical DNA-intercalating agent, ethidi-
um bromide, showed an increase in viscosity under the same
conditions, as expected for a DNA intercalator.13 The results in-
dicate that the conjugate binds with DNA as a groove binder,8

although a slight contribution of an intercalative mode was con-
sidered for the binding of the trans-RR form conjugate.

We conducted UV spectral titration of the conjugate against
copper(II) chloride solution to investigate formation of a copper
complex of the conjugate. The spectral titration indicates the for-
mation of complexes of copper(II) and the conjugate in 2:1, 1:1,
and 1:2 molar ratio.

The DNA cleaving activity of the copper complexes of the
conjugates was assessed by conversion of a closed circular form
of pBR322 DNA to a relaxed form or to a nicked form of DNA.
The reaction mixtures (6mL) containing the copper(II)-conju-
gate complex (10mM based on the conjugate), mercaptopropion-
ic acid (5mM) and pBR322 DNA (0.1mg) were mixed in 0.1M
Tris-HCl (pH 7.2) buffer containing 50mMNaCl, and incubated
for 30min containing 50mM NaCl, and incubated for 30min at
37 �C. The closed circular DNA (form I) is cleaved to a nicked
(form II) and then linear (form III) DNA by the copper com-
plexes of the conjugates as shown in Figure 3. The DNA cleav-
ing activities of the copper(II) complexes of the conjugates, es-
timated from the ratio of the cleaved DNA (lanes 3–11), were
much stronger than that of the copper complex of phenanthroline
(lane 2) under the same conditions. The DNA cleaving activity
of the copper complexes of stereoisomers of the conjugate was
in the following order; trans-RR- > cis- > trans-SS-conjugate,
although 2:1 copper complex of the trans-SS-conjugate showed

stronger DNA cleaving activity than the corresponding copper
complex of the cis-conjugate (lanes 6, 9). The order of the
DNA cleaving was the same as that of the DNA binding activity
of the conjugates in cases of 1:1 and 1:2 copper complexes. The
1:2 and 1:1 copper complexes of trans-RR conjugate cleaved
DNA to a shorter pieces (lanes 4, 5). Two phenanthroline moiet-
ies in the trans-RR form conjugate could be in the 1,2-diaxial po-
sition and could work cooperatively for the binding with right-
handed double-stranded DNA and enhance cleavage of DNA.

In conclusion, we have prepared the enantiomeric and meso
forms of conjugates composed from phenanthroline and stereo-
isomers of 1,2-diaminocyclohexane. The conjugates and their
copper complexes show stereoselectivity in DNA binding and
cleavage.
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Figure 3. Strand scission of pBR 322 DNA by copper com-
plexes of N,N0-bis(phenanthrolin-2-yl)-1,2-cyclohexanediamine
conjugate. Lane 1, control DNA; lane 2, Cu(II)-phennathroline
(1:2) complex; lanes 3–5, Cu(II)–trnas-RR-conjugate; lanes 6–
8, Cu(II)–trans-SS-conjugate; lanes 9–11, Cu(II)–cis-conjugate.
Lanes 3, 6, 9, Ligand:Cu(II) = 2:1; lanes 4, 7. 10, Ligand:Cu(II)
= 1:1; Lanes 5, 8, 11, Ligand:Cu(II) = 1:2. The reactions were
performed as described in the text and analyzed by 0.9% agarose
gel electrophoresis after staining with ethidium bromide.
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