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A one-pot synthesis of a new polycationic organo—dicobalt complex having dual cationic alkyl groups as radical
sources is reported. The complex was characterized by elemental analysis, UV-vis, 'THNMR, IR, and CSI-mass
spectroscopies. CSI-MS afforded intact parent ion peak with labile cobalt—carbon bonds in the complex. The complex was
photosensitive, and photocleavage of the cobalt—carbon bonds upon irradiation with visible light produced dual cationic
carbon-centered radicals that were detected by EPR spin-trapping. Strong binding of the dicobalt complex with six
cationic moieties toward DNA was confirmed by ethidium bromide displacement assays with Ky, = 3.2 x 10’M™" at
298K, the value was 100 times that of corresponding monocobalt complex with Ky, = 3.3 x 10°M~!. The dicobalt
complex exhibited high ability for single- and double-strand DNA cleavage in comparison with that for the corresponding

monocobalt complex under irradiation with visible light.

Formation and cleavage of a metal-carbon o-bond are
important research targets in organometallic chemistry. Espe-
cially, compounds with cobalt—carbon bonds found as key
intermediates in Bj,-dependent enzymic reactions have a
storied history in bioinorganic chemistry and have proven to
be quite useful as a source of carbon-centered radical species.!
The cobalt—carbon bond is readily cleaved homolytically by
photolysis, electrolysis, and thermolysis to form the corre-
sponding carbon-centered radical species.? Thus, the applica-
tion of compounds with cobalt—carbon bonds to organic
synthesis is an area of active interest from both practical and
mechanistic perspectives.? In the course of this study, a variety
of chelated complexes having a cobalt—carbon bond have been
synthesized and are used as a versatile radical source for
molecular transformation.>®> Among the reactions, carbon-
centered radical degradation of DNA is of significant interest in
the search for antitumor agents, and some alkylcobalt(IIT)
complexes have been utilized for the reaction.*

Furthermore, the utility of a dimetallic complex that
connects dual radical sources together and enhances single-
strand (ss) DNA cleavage has been reported,” and a strategy
for design of polymetallic complexes that increase double-
strand (ds) DNA scission was shown by Mohler et al.>
Because of the increasing quest for new antibiotic and
anticancer agents,>’ the development of a synthetic metal
complex which performs dsDNA cleavage has emerged in last
ten years® where dsDNA cleavage creates damage that is
considered much more difficult for the cell to repair than
ssDNA cleavage. Previously, we also reported the syntheses of
a dicobalt complexes having two cobalt—carbon bonds as
shown in Chart 1,° and this complex showed more efficient
cleavage of ssDNA than the corresponding monocobalt com-
plex by irradiation with visible light at room temperature.®®

Based on this background, we designed a new dicobalt

complex 1 which has a cationic radical source upon simulta-
neous or near-synchronous homolytic cleavage of both cobalt—
carbon bonds in response to mild visible light irradiation,
as shown in Figure 1. The polycationic dicobalt complex 1
strongly binds to DNA and shows efficient ssDNA and dsDNA
cleavage upon exposure to visible light via a putative template
reaction.

Experimental

Reagents and Chemicals. All reagents and chemicals were
obtained from commercial sources and used as received. 5,5-
Dimethyl-1-pyrroline N-oxide (DMPO) and 4-hydroxy-2,2,6,6-
tetramethylpiperidine 1-oxyl (HTEMPO) were purchased from
Tokyo Chemical Industry (TCI, Japan). Dimethyl sulfoxide
(biotech. grade) was obtained from Nacalai Tesque (Japan).
Superoxide dismutase (SOD enzyme) was purchased from Cosmo
Bio (Japan). 3,3’,4,4’-Tetraaminodiphenylmethane, 5-(trimethyl-
ammoniomethyl)salicylaldehyde chloride, and bromomethyltri-
methylammonium bromide were synthesized as described in the
literature.'®'? Plasmid DNA pBR322 (4361 bp) and ethidium
bromide (EtBr) were purchased from Nippon Gene (Japan) and
Aldrich, respectively. Loading buffer and EcoR 1 were purchased
from Takara Bio (Japan). Calf thymus DNA was purchased from
Sigma. Distilled, deionized water from a Milli-Q system was used
for all aqueous solutions and manipulations.
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Figure 1. Molecular structures of cationic alkylated cobalt complexes.
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Instrumentations. The elemental analyses were obtained from
the Service Center of Elementary Analysis of Organic Compounds
at Kyushu University. The 'H, '*C, and COSY NMR spectra were
recorded with a Bruker Avance 500 spectrometer installed at the
Center of Advanced Instrumental Analysis at Kyushu University,
and the chemical shifts (§) were referenced relative to the residual
protic solvent peak. The UV—vis absorption spectra were measured
using a Hitachi U-3300 spectrophotometer at room temperature.
The IR spectra were recorded on a JASCO FT-IR 460 plus KH
spectrophotometer using KBr discs. The CryoSpray ionization
(CSI)-TOF mass spectra were obtained with a bruker micrOTOF in
MeOH-H,O (1:1, v/v) at 273 K. The fluorescence spectra were
measured with a Hitachi F-4500. The pH values were monitored
with a Beckman ® 71 pH meter.

Synthesis of Dicobalt Complex 1 (Scheme 1). To a degassed
H,O (35mL) solution of 3,3’4,4’-tetraaminodiphenylmethane
(45.6 mg, 0.2mmol) and 5-(trimethylammoniomethyl)salicylalde-
hyde chloride (183.9mg, 0.8 mmol) was added Co(OAc),-4H,0
(99.9 mg, 0.4 mmol). After the solution was stirred for 1.5 h under
nitrogen atmosphere at room temperature, bromomethyltrimethyl-
ammonium bromide (0.979 g, 4.20 mmol) and NaBH, (98.5mg,
2.6 mmol) were added to it and stirred for 40 min at 308 K in the
dark. The excess NaBH; was decomposed with acetone (2mL),
followed by the addition of 3.3M NaClO4 aqueous solution
(10 mL), and the solution was kept at 278 K for 1 h to precipitate a
dark-brown powder. The powder was washed with a small amount
of MeOH and Et,0 and dried in vacuo in the dark. Recrystalliza-
tion from DMF-MeOH/Et,0O gave compound 1. Yield: 89 mg
(53%). UV-vis (in TBE buffer): [Apa/nm (€)], 262 (91200),
310 (33400), 380 (27000). CSI-MS (TOF): m/z (M — 2Cl04)**,
794.1; (M — 3Cl0,4)**, 496.4. Anal. Found: C, 43.75; H, 5.30; N,
7.63%. Calcd for C65H90N10C15C020232 C, 4361, H, 507, N,

Figure 2. 'HNMR spectrum (500 MHz, in DMSO-dy) of 1.
The assignments are shown in the figure.
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Figure 3. Electronic spectral change for the aerobic
photolysis of 1: (a) in TBE buffer; (b) after irradiation
with visible light (500-W tungsten lamp, cutoff filter
A > 410nm).

7.82%. 'HNMR (DMSO-dq): § 2.91 (s, 18H, -NCHj), 3.01 (s,
18H, -NCHj3;), 3.04 (s, 18H, -NCH3;), 3.86-3.92 (m, 4H, Co-
CH,NCH3), 4.18 (s, 2H, Ph—CH,—Ph), 4.40 (s, 4H, -CH,NCHj3),
4.42 (s, 4H, -CH,NCHj3), 7.20 (t, J = 8.9 Hz, 4H, Ph), 7.41-7.47
(m, 6H, Ph), 7.69 (s, 2H, Ph), 7.75 (s, 2H, Ph), 8.17 (d, / = 8.8 Hz,
2H, Ph), 8.30 (d, J = 8.8 Hz, 2H, Ph), 8.79 (s, 2H, imine), 8.87 (s,
2H, imine). IR, v/em™': 1617 (C=N, str.), 1335 (C-O, str.), 1143,
1108, 1089 (C1047, str.). The '"HNMR and UV-vis spectra of 1 are
shown in Figures 2 and 3, respectively.
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Figure 4. 'HNMR spectrum (500 MHz, in DMSO-ds) of 2.
The assignments are shown in the figure.

Synthesis of Monocobalt Complex 2 (Scheme 2). To a
degassed H,O (35mL) solution of o-phenylenediamine (86.5 mg,
0.8 mmol) and 5-(trimethylammoniomethyl)salicylaldehyde chlo-
ride (367.8 mg, 1.6 mmol) was added Co(OAc),-4H,0 (200.7 mg,
0.81 mmol). After the solution was stirred for 1.5h under nitrogen
atmosphere at room temperature, bromomethyltrimethylammo-
nium bromide (745.4mg, 3.20mmol) and NaBH4 (151.9mg,
4.02 mmol) were added and the mixture was stirred for 40 min
at 308K in the dark. The excess NaBH, was decomposed with
acetone (2 mL), followed by the addition of 3.3 M NaClO,4 aqueous
solution (5mL), and the solution was kept at 278 K for 12h to
precipitate a dark-brown powder. The powder was washed with
MeOH and dried in vacuo in the dark. Yield: 177.8 mg (25%).
UV-vis (in TBE buffer): [ /nm (€)], 261 (49000), 310 (17800),
381 (14400). CSI-MS (TOF): m/z (M — ClO4)*, 788.1. Anal.
Found: C, 43.15; H, 5.22; N, 7.77%. Calcd for C3yH4sNs-
Cl3C0,0,4: C, 43.23; H, 5.10; N, 7.88%. 'HNMR (DMSO-dy): §
291 (s, 9H, -NCHj3;), 3.01 (s, 18H, -NCHj3;), 3.87 (s, 2H, Co—
CH)NCH3;), 441 (s, 4H, -CH,NCHj3), 7.19 (d, J=8.7Hz, 2H,
Ph), 7.42 (d, J = 8.7 Hz, 2H, Ph), 7.48 (dd, J = 7.5Hz, 3.1 Hz, 2H,
Ph), 7.71 (s, 2H, Ph), 8.12 (dd, J = 6.0Hz, 3.3 Hz, 2H, Ph), 8.86
(s, 2H, imine). IR, v/em~!: 1616 (C=N, str.), 1336 (C-O, str.),
1144, 1110, 1088 (Cl04, str.). The 'HNMR and UV-vis spectra
of 2 are shown in Figures 4 and 5, respectively.

Plasmid DNA Cleavages. The DNA cleavage activities of
the complexes were studied by agarose gel electrophoresis.
Supercoiled pBR322 DNA (200uM) in TBE buffer (pH 8.4)
was treated with the complexes 1 and 2. The solutions were
equilibrated in the dark for 1h and were then irradiated with
visible light (500-W tungsten lamp) through a cutoff filter
(A >410nm) for 10 min under aerobic condition. Samples were
incubated at 278 K in a loading buffer solution for 2h and then
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Figure 5. Electronic spectral change for the aerobic
photolysis of 2: (a) in TBE buffer; (b) after irradiation
with visible light (500-W tungsten lamp, cutoff filter
A > 410nm).

loaded on 1.0% agarose gel. Electrophoreses were carried out at
50V for 2h in TBE buffer. Bands were visualized by UV light
(UV Benchtop Transilluminator, TM-10E) and photographed
(Polaroid camera, DS-300) after immersion in ethidium bromide
solution (0.5pugmL™") for 20min as shown in Figure 6. The
concentration dependences of 2 and 1 for DNA strand cleavage
were carried out in a similar manner and the results are shown in
Figures 7 and 8 for 2 and 1, respectively.

Plasmid Assay Quantitation Data. Gels were quantified
using the software program Total Lab 2.01. The intensities of
supercoiled DNA were corrected by a factor of 1.22 as a result of
its lower staining capacity by ethidium bromide.

Ethidium Bromide Displacement Assays. The fluorescence
intensity of ethidium bromide was determined at an excitation
wavelength of 540nm and an emission wavelength of 590 nm.
Ethidium bromide (1.26 uM) and calf thymus DNA (4.0 uM/bp)
were dissolved in TBE buffer (pH 8.1, NaCl 10mM). The
fluorescence intensity was recorded after the addition of each
concentration of complex at 298 K. The fluorescence spectral
changes with the addition of 1 and 2 are shown in Figures 9
and 10, respectively. The apparent binding constants (Kp,) for 1
and 2 were determined by the following equation: Kgp[EtBr] =
Kapplcomplex]. In the equation, [complex] is the concentration of
the alkylated cobalt complex at 50% decrease in fluorescence of
ethidium bromide. The binding constant of ethidium bromide to
calf thymus DNA, Kgg, = 4.3 x 10°M~! under the condition used
was determined by a reported method'® using the McGhee—von
Hippel equation.'*

EPR Spectroscopy. The EPR spectra were obtained on a
JEOL JES-FE1G X-band spectrometer equipped with an Advantest
TR-5213 microwave counter and an Echo Electronics EFM-
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200NMR field meter. The typical settings for the EPR spectra
were: frequency 9.45GHz, power 1mW, sweep width 100G,
center field 3365G, sweep time 8min, time constant 0.1s,
modulation frequency 100kHz, modulation width 1.6G, gain
500. The EPR spectra observed after photolysis (500-W tungsten
lamp, A > 410 nm, 1 min) of alkylated complex 1 (1.0mM in TBE
buffer, pH 8.4) in the presence of DMPO (3.3 x 10~' M) were
obtained under air and oxygen (bubbling for 5min) at room
temperature. EPR simulation was performed with the WINSIM
implementation of PEST. The software is available free of charge
via the Internet at http://EPR.niehs.nih.gov/pest.html (NIEHS).

Results and Discussion

Synthesis. The complex 1 was synthesized by the
following one-pot procedure as shown in Scheme 1. As for
1, a condensation reaction between 3,3’,4,4’-tetraaminodiphen-
ylmethane and 5-(trimethylammoniomethyl)salicylaldehyde
chloride in the presence of Co(OAc),-4H,0 and the subsequent
reaction with NaBH, and bromomethyltrimethylammonium
bromide yield the photo-labile alkylated complex. The com-
plex was characterized by IR, NMR, UV-vis, CSI-MS, and
elemental analysis. In the IR spectrum, a band assignable to the
C=N vibration of the coordinated azomethine group appeared
at 1617cm™! as shown in Figure S1. The diamagnetic Co™
complex 1 shows a well-defined "THNMR spectrum as shown
in Figure 2. A peak for the imino protons of 1 appeared at 8.79
and 8.87 ppm with 4H integration. The methylenes coordinat-
ing to the cobalt centers appeared at 3.89ppm with 4H
integration. On the basis of these numbers, two equivalents
of the trimethylammonium methyl group existed in 1. The
presence of labile cobalt—carbon bonds in 1 is also confirmed
by the UV—vis spectrum, which shows absorptions at 262, 310,
380, and 470 nm in H,O (TBE buffer) as shown in Figure 3.
This spectrum changed upon irradiation with visible light
(Figure 3b), which is characteristic of the cleavage of the
cobalt—carbon bonds. Convincing evidence for the dual cobalt—
carbon bonds structure of 1 was provided by CSI-MS as
shown in Figure S2. The CSI-MS showed intense peaks at m/z
794.1 and 496.4 ascribed to [1 — 2C104]** and [1 — 3C10,4]**,
respectively, and those satisfied the isotope patterns as shown
in Figures S3 and S4. These spectral data strongly suggested
the successful preparation of the desired dicobalt complex with
dual cobalt—carbon bonds. The referenced monometallic com-
plex 2 was also synthesized as shown in Scheme 2 and was
characterized by IR, NMR (Figure 4), UV-vis (Figure 5), CSI-
MS, and elemental analysis.

DNA Cleavage. The DNA cleavage activity of 1 was
studied using supercoiled plasmid DNA (form I). The complex
1 was photolyzed by a tungsten lamp through a cutoff filter
(A1 > 410nm) for 10min in the presence of pBR322 DNA at
room temperature in TBE buffer (pH 8.4), and the amounts of
strand scission were assessed by agarose gel electrophoresis as
shown in Figure 6. In the case of the dimetallic complex 1 with
two cobalt—carbon bonds, a band ascribed to linear DNA (form
II) formed by double-strand cleavage of supercoiled plasmid
DNA as well as a band for nicked circular DNA (form II)
resulting from single-strand cleavage was observed under mild
visible light irradiation (lane 5 in Figure 6), while no DNA
scission was observed when the sample was simply exposed to
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Figure 6. Gel-clectrophoretic analysis of strand breaks
generated in the photolysis (500-W tungsten lamp,
A >410nm, room temperature, 10min) of supercoiled
pBR322 DNA (200 uM/bp in TBE buffer, pH 8.4) in the
presence of the alkylated complex. Lane 1, DNA alone
(control); lane 2, in the absence of the complex; lane 3, 1
(75 uM) in the dark; lane 4, 2 (150 uM); lane 5, 1 (75 uM);
lane 6, form III marker from EcoR 1 (quantitated in
Table S1).

Figure 7. Gel-electrophoretic analysis of supercoiled
pBR322 DNA (200 uM/bp in TBE buffer, pH 8.4) treated
with different concentrations of 2 after photolysis (500-W
tungsten lamp, A > 410nm, room temperature, 10 min).
Lane 1, 2 115uM; lane 2, 2 230 uM; lane 3, 2 334 uM
(quantitated in Table S2).

visible light in the absence of 1 (lane 2 in Figure 6) or when it
was kept in the dark even though 1 was present (lane 3 in
Figure 6). The ability of 1 to cleave plasmid DNA was
compared to that for the monometallic complex 2 (lane 4 in
Figure 6). The amount of double-strand scission was enhanced
by the template effect of 1 though the scission ability of 2 was
improved due to the cationic radical source compared to that
of the previous simple methylated complex which affords
a charge-neutral methyl radical.”® In the cases of previous
complexes, both dicobalt (Chart 1) and monocobalt complexes,
formation of linear DNA (form III) was not observed.”
Therefore, having cationic charge at a radical moiety should
enhance DNA scission ability of the alkylated complex. The
template effect of 1 was also confirmed by fact that a band
corresponding to form III DNA reached a ceiling at only
2% of the total amount of DNA forms with complex 2
concentrations from 115 to 334 uM as shown in Figure 7. It is
necessary that a second strand break occurs on the opposite
DNA strand within 16 nucleotides of an initial strand break to
form linear DNA by a non-random dsDNA break.’ In that
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Figure 8. Gel-electrophoretic
pBR322 DNA (200 uM/bp in TBE buffer, pH 8.4) treated
with different concentrations of 1 after photolysis (500-W
tungsten lamp, A > 410nm, room temperature, 10 min).
Lane 1, DNA alone; lane 2, 1 25 uM; lane 3, 1 51 uM; lane
4,1 75uM; lane 5, 1 101 uM; lane 6, 1 134 uM; lane 7, 1
150 uM; lane 8, 1 176 UM (quantitated in Table S3).

analysis of supercoiled

case, the template effect of 1 to form the active species within a
desirable range on the DNA presumably causes the dsDNA
break.

Furthermore, the minimum concentration of 1 that causes the
double-strand break is 51 UM or 0.26 molecules/bp (Figure 8).
This value was lower than that of natural enediyne dynemicin
A; its value was reported as 0.75 molecules/bp."> Tt is
reasonable to suggest that the high cleavage efficiency of
complex 1 may arise from the enhanced level of DNA binding
confirmed by the apparent binding constant, Ky, The Ky
determined by ethidium bromide (EtBr) displacement assay
for 1 was 100 times that of 2 (3.2 x 107 vs. 3.3 x 10°M~,
respectively) (Figures 9 and 10). Strong binding of 1 to
plasmid DNA and subsequent simultaneous or near-synchro-
nous formation of dual cationic radical species should allow an
efficient dsDNA break.

The origin of linear DNA, arising from successive random
single-strand breaks or from a real double-strand break, was
elucidated by the statistical test of Povirk et al.'® that has been
used to assay bleomycin and calicheamicin double-strand
cleavage.!” The ratio of single- to double-strand breaks (1, /1)
in the case of 1 was 25, which was significantly lower than that
expected from the coincidences of random single-strand breaks
in a plasmid of this size, where n;/n, is 166.'® This experiment
strongly suggests that most of form ITII DNA arise from double-
strand breaks of form I DNA.

Mechanism of DNA Cleavage. The mechanistic studies of
the DNA cleavage reactions were carried out using inhibiting
reagents such as 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-
oxyl (HTEMPO), DMSO, and superoxide dismutase (SOD
enzyme). The HTEMPO, a carbon- and oxygen-centered
radical trap, inhibited the reaction (lane 2 in Figure 11), and
the hydroxyl radical scavenger DMSO' (lane 3 in Figure 11)
and superoxide scavenger SOD (lane 4 in Figure 11) do not
show any significant effect on the photocleavage activity.
Therefore, the carbon-centered radical or the oxyl radical
species generated from the carbon-centered radical with oxygen
causes the oxidative break in DNA under irradiation with
visible light to 1.

The formation and possible participation in DNA cleavage
of a radical species was also confirmed by spin-trapping
experiments using 5,5-dimethyl-1-pyrroline N-oxide (DMPO).
The EPR spectrum for the carbon-centered radical trapped
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Figure 9. Fluorescence spectral traces of ethidium bromide
(1.26 uM in TBE buffer, pH 8.4, NaCl 10 mM) at 298 K in
the presence of calf thymus DNA (4.0 uM/bp) showing a
decrease in intensity at 590nm (excitation wavelength:
540 nm) with the addition of 1 (0, 101, 203, 304, 405, and
506 nM).
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Figure 10. Fluorescence spectral traces of ethidium bro-
mide (1.26 uM in TBE buffer, pH 8.4, NaCl 10mM) at
298K in the presence of calf thymus DNA (4.0 uM/bp)
showing a decrease in intensity at 590nm (excitation
wavelength: 540 nm) with the addition of 2 (0, 6.5, 12.8,
19.0, and 25.1 uM).
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Figure 11. Inhibition studies on cleavage of supercoiled
pBR322 DNA (200uM/bp in TBE buffer, pH 8.4) by 1
(63 uM). Reactions were carried out for 10 min as described
in the caption below Figure 6. Lane 1, without inhibitor;
lane 2, +100 mM HTEMPO; lane 3, 41 M DMSO; lane 4,
42000 unit/mL SOD (quantitated in Table S4).
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Figure 12. EPR spectra observed in the photolysis (500-W
tungsten lamp, A > 410nm, 1 min) of 1 (1.0mM in TBE
buffer, pH 8.4) in presence of DMPO (0.33 M): (a) under
air, (b) after bubbling oxygen before photolysis; #: carbon-
centered radical, *: oxygen-centered radical, (c) simulation
of spectrum (b).

DMPO (g = 2.006, An = 15.6 G, Ay = 22.2 G) was observed
with the photolysis of 1 under air as shown in Figure 12a. The
hyperfine coupling constants were consistent with those for
reported carbon-centered radical trapped DMPO spin adduct
(Ax = 14-16 G, Ay = 22-23G).2! A controlled experiment of
photolysis 1 under oxygen affords a spectrum combined with
those of carbon- and oxygen-centered (alkoxyl) radical trapped
species (AN= 155G, A4 =22.7G and Ay= 149G, Ay=
16.0 G, respectively) as shown in Figure 12b. Alkyl radicals
react with O, rapidly to form peroxyl radicals and the rate
constant for this reaction is generally of the order of
10°M~!s71.22 Thus, according to these experiments, we could
not confirm that which radicals, primary formed carbon-
centered radical or alkoxyl radical derived from peroxyl radical
(Scheme 3), attack DNA for cleavage. Recently, Mohler et al.
reported probable participation of alkyl radical for direct DNA
cleavage derived from methylated molybdenum complex
with strong DNA affinity (Kypp = 8.55 x 10°M~1).22% Methyl
radical generated from photolysis of methylcobalamine induces
direct DNA strand break was also proposed by Fukuzumi
et al.* Therefore it is possible that the carbon-centered radical

also attacks DNA in the reaction used based on strong DNA
affinity of 1 (Kypp = 3.2 X 10’ M) combined with EPR spin-
trapping experiments (Figure 12a). Further study for clarifying
the mechanism is needed and is still in progress.

Conclusion

In conclusion, the use of the organo—dicobalt complex with
dual cationic alkyl groups as radical sources to achieve ssDNA
and dsDNA cleavage has been demonstrated for the first time.
The dual cobalt—carbon bonds in the complex increased the
ratio of dsDNA cleavage due to its assembly structure.
Extensions of the template effect on dicobalt complexes to
chemical reaction are currently being pursued in the author’s
laboratory.
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IR and CSI-MS of 1 and Table for DNA photocleavage data.
This material is available free of charge on the Web at: http:/
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