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Two new complexes containing 2,9-dimethyl-1,10-phenanthroline
(phen), fumarate and transition metals, Cu,(phen),(fumarate)(H,0),]Cl,
(1), [Fex(phen),(fumarate)(H,O),](NOs). (2), were synthesized and charac-
terized. The crystal structure of compound 1 was determined by X-ray
crystallography. The thermal decomposition was studied by thermal
analysis TG-DTG. The interaction of these complexes with DNA was
studied by cyclic voltammetry (CV) and differential pulse voltammetry
(DPV). The electrochemical experimental results indicate that these
complexes could interact with DNA.
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INTRODUCTION

1,10-Phenanthroline is a well-known N-heterocyclic chelating agent with a rigid
planar structure. Currently, in the field of supramolecular chemistry, 1,10-phenan-
throline units, as an important building block, play an important role for the develop-
ment of the supramolecular chemistry'~. Many novel supramolecular compounds
contaning 1,10-phenanthroline units. At the same time several metal complexes
with 1,10-phenanthroline and natural products incorporating this heterocyclic
nucleus possess interesting anticancer properties*”.

Binding studies of transition metal complexes have become a very important
field in the development of DNA molecule probes and chemotherapeutics®"*. Among
these complexes, metals or ligands can be varied in an easily controlled way to
facilitate the individual applications'*"". Basically, metal complexes interact with
double helix DNA in either noncovalent or covalent way. The former way includes
three binding modes, i.e., intercalation, groove binding and external statiction electronic
effects. Among these interactions, intercalation is one of the most important DNA
binding modes. It was reported that the intercalating ability appeared to increase
with the improvement in planarity of ligands''”. Additionally, the coordination
geometry and ligand donor atom also play key roles in determining the binding
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extent of complexes to DNA***!, The metal ion and its flexible valence, which are
responsible for the geometry of complexes, also affect the intercalating ability of
metal complexes to DNA*>,

Transition metal complexes using 1,10-phenanthroline as ligands are capable
of selectively binding DNA through interaction®*?®. 2,9-Dimethyl-1,10-phenan-
throline transition metal complexes have the ability of distinguishing and splitting
DNA and could be used as chemical nucleases”°. Recently we have obtained four
new 2,9-dimethyl-1,10-phenanthroline transition metal complexes. Herein, we re-
ported their crystal structures, thermal stability and electrochemical behaviour.

EXPERIMENTAL

Transition metal salt CuCl,-2H,0O and Fe(NO3);-9H,O were used in this experiment,
respectively. Double-stranded salmon sperm DNA was purchased from Shanghai
Huashun Biological Engineering Company (Axs/Azso > 1.8). Other reagents used
in this work were AR grade and were used without further purification. Elemental
analyses were performed on a Vario EL 111 elemental analyzer. The 'H NMR spectrum
was recorded on Bruker AV500 NMR spectrometer and DMSO-ds was used as the
solvent, tetramethylsilane (TMS) was used as an internal standard. The thermo-
gravimetric analysis (TGA) was performed with a thermal analyzer of NETZSCH
TG209. Electrochemical studies were performed on CHI 832B electrochemical
analyzer.

Synthesis of complexes: 5 mL of aqueous solution of transition metal salt (2 mmol)
was added dropwise to 30 mL of ethanol solution of 2,9-dimethyl-1,10-phenan-
throline (0.416 g, 2 mmol) and fumaric acid (0.116 g, 1 mmol) with constant stirring.
The mixture was filtered after being heated and refluxed for 1 h. The filtrate was
left to stand undisturbed and slow evaporation at room temperature for two weeks.
Crystal suitable for X-ray diffraction analysis were obtained.

Complex 1: Anal. calcd. (%) for Cllz(c14H12N2)2(C4H2042-)C12'4H20Z C 4800,
H 4.28, N 7.00; found C 49.79, H 4.33, N 6.86.

Complex 2: Anal. calcd. (%) for Fez(C14H12N2)2(C4H2042')(NO{)4~2H20: C
41.49, H 3.20, N 12.10; found C 41.33, H 3.41, N 11.93. '"H NMR (DMSO, 500
Hz): 1.10 (s, 4H), 3.066 (s, 12H), 6.51 (b, 2H), 8.082-8.098 (b, 4H), 8.256 (s, 4H),
8.912-8.928 (b, 4H).

Crystallographic study: The single crystal of 1 was mounted on a SMART
1000 CCD diffractometer. Reflection data was measured at 293(2) K using MoK,
radiation (A = 0.071073 nm) with a graphite monochromator. The technique used
was m-scan with limits 1.87 < 0 < 26.0 for complex one. Empirical absorption
correction was carried out by the SADABS program’. The structure was solved by
direct methods and refined by least squares on F* using the SHELXTL software
package. All non-hydrogen atoms were refined anisotropically and hydrogen atoms
were located and included at their calculated position. Crystal parameters and refine-
ment results are summarized in Table-1.
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TABLE-1
CRYSTAL DATA AND STRUCTURE REFINEMENT PARAMETERS FOR
[C32H3()C]2cu2N406'2H20] AND C36H36Mn2N4010

Formula C;,H,,C,Cu,N,0,2H,0 |D (calcd.) (g.cm™) 1.664

Formula weight 800.63 u (mm™) 1.557
Colour/shape ~ White/plate F(000) 410

Crystal system  Triclinic Crystal size (mm) 0.54%0.15%0.08
Space group P-1 Temperature (K) 293

AA) 7.2159(8) 6 ranges (°) 1.8-26.0

b (A) 10.4935(12) h/k/1 -8/5; -12/12; -13/11
c (A) 11.3180(13) Reflections collected 4472

a(°) 83.867(2) Independent reflections 3049

B© 77.765(2) Absorption correction Semi-empirical
v(© 72.773(2) Observed data [[ > 26(I)] 2803

V (A% 799.07(16) Final R indices [I > 26(I)] R,=0.0366, wR, =0.1199
Z 1

Electrochemical studies between complex 1 and DNA: 0.5 mL of 1.0 x 10™
mol/L complex 1 was added to 5 mL of 0.2 mol/L Na,HPO4-NaH,PO, buffer solution
(pH 4.5). The CV and DPV curves of complex 1 were recorded on a CHI 8§32B
electrochemical analyzer with the three-electrode system, glassy carbon electrodes
(GCE) were used as working electrode, Pt wire served as auxiliary electrode and
Ag/AgCl/KCl(sat) as reference electrode. Then 20 pL 1.73 x 10~ mol/L DNA were
added to 2 mL of the above solution followed by recording the grap. Cyclic
voltammetric instrument parameters were: the potential scanning range from 0.8 to
0 V. The scanning rate 0.1 V/s, the sample interval 0.001V and the quiet time 2 s.
Differential pulse voltammetry instrument parameters were: the potential scanning
range from 0.7 to 0.1 V, the increasing potential 0.004 V, the pulse width 0.05 s, the
pulse period 0.2 s and the quiet time 2 s.

Electrochemical studies between complex 2 and DNA: 1 mL of 1.0 x 10°
mol/L complex 2 was added to 10 mL of 0.2 mol/L HOAc-NaOAc buffer solution
(pH 5.0). The CV and DPV of complex 2 were recorded on the same electrochemical
analyzer. Then 20 pL 1.73 x 10 mol/L. DNA were added to 2 mL of the above
solution followed by recording the figure. CV instrument parameters were: the
potential scanning range from 0.4 to -0.4 V. The scanning rate 0.1 V/s, the sample
interval 0.001 V and the quiet time 2 s. DPV instrument parameters were: the poten-
tial scanning range from 0.25 to -0.27 V, the increasing potential 0.004 V, the pulse
width 0.05 s, the pulse period 0.2 s and the quiet time 2 s.

RESULTS AND DISCUSSION

X-ray crystal structure of complex 1: The selected bond lengths and angles
of complex 1 are list in Table-2, while the molecular structure and unit-cell paking
diagram are shown in Fig. 1.
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TABLE-2
SELECTED BOND LENGTHS (A) FOR [C;,H,,C1,Cu,N,0,-2H,0]

Bond (°) Distance (A) Bond (°) Distance (A)
Cu(1)-C(12) 2.2899(9) 0(2)-C(15) 1.247(3)
Cu(1)-0(1) 1.9850(2) O(2W)-H(1WB) 0.860(5)
Cu(1)-0(2W) 1.9710(2) O(2W)-HQ2WA) 0.820(4)
Cu(1)-N(1) 2.0160(2) O(1W)-H(IWA) 0.870(6)
Cu(1)-N(Q2) 2.2530(2) O(1W)-H(2WB) 0.800(5)
0(1)-C(15) 1.2680(3) C(10)-C(14) 1.501(5)

Fig. 1.

Molecular structure and packing diagram of the unit cell of
[C32H30ClL,.Cu,N4O6(H-0),] with the atomic numbering scheme
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The X-ray crystal structural studies indicated that complex 1 contains 2,9-dimethyl-
1,10-phenanthroline, fumarate and water as ligands. It is a binuclear copper complex.
Cu(1) and Cu(2) have completely symmetrical position. Each of them is five-coordi-
nated by two nitrogen atoms (N(1), N(2)) of phenanthroline rings, two oxygen
atoms (O(1)) of fumarate and (O(2w)) of water molecular and one chlorine atom
(CI(1)). Cu(1) and Cu(2) are linked by fumarate group in bidentate bridging fashion.
The length of Cu(1)-N(1) and Cu(1)-N(2)is 2.016(2) and 2.235(2) A and the length
of Cu(1)-0(1), Cu(1)-O(2w) and Cu(1)-CI(1) is 1.985(2), 1.971(2) and 2.2899(9) A.
There are six hydrogen-bond linkages among coordination water O(1w), O(2w)
and CI” anions. These intermolecular hydrogen-bond distances are listed in Table-3.

TABLE-3

HYDROGEN-BONDING GEOMETRY (A) FOR [C,,H,,CLCu,N,04(H,0),]

D-H--A D-H H-A D--A D-H--A
O2W-H2WA--02 0.8204 1.8776 2.637(3) 153.49
02W-HIWB--01W 0.86(5) 1.93(5) 2.778(4) 168(4)
O1W-HIWA--CI2 0.87(6) 2.52(6) 3.382(3) 169(5)
O1W-H2WB.---02 0.80(5) 2.19(5) 2.968(4) 165(4)
C3-H3A--CI2 0.9185 2.7385 3.644(3) 168.72
C14-H14A--02W 0.9599 2.3700 3.287(4) 159.59

Symmetry codes: (i) —x+1/2, -y+1/2, -z+1; (ii) x, -y, z+1/2; (iii) X, -y+1, z-1/2.

Interaction between complex 1 and DNA: The CV of complex 1 and DNA
was shown in Fig. 2. An oxidation peak was observed at the glassy carbon electrode.
The anodic peak potential E,, was 0.390 V and its formal potential (E°) is 0.496 V.

To study the interaction between complex 1 and DNA, the DPV of complex 1
before and after adding DNA was also recorded, as shown in Fig. 3. Curve a is the
DPV of complex 1 in the absence of DNA, while curve b is the DPV of complex 1
in the presence of DNA. No new oxidation peak appeared after adding DNA, but
the oxidation current peak was obviously decreased after adding DNA. So the initial
conclusion can be obtained that complex 1 can interact with DNA.

Interaction between complex 2 and DNA: Fig. 4 shows the CV of complex 2
with or without DNA. A couple of redox peaks was observed at the glassy carbon
electrode. The cathodic peak potential E,. and anodic peak potential E,, were
-0.008 and 0.028 V, respectively. The separation of the cathodic and the anodic
peak potentials (AE,) was 20 mV quasi-reversible redox process.

The DPV of complex 2 before and after adding DNA was recorded to test
whether complex 2 interacted with DNA or not. DPV of complex 2 in the presence
or absence of DNA at the glassy carbon electrode (GCE) is shown in Fig. 5. Curve
a is the DPV of complex 2 in the absence of DNA, while curve b is the DPV of
complex 2 in the presence of DNA. No new oxidation peak appeared after adding
DNA, but the oxidation current peak was obviously decreased after adding DNA.
The initial conclusion can be also drawn that complex 2 can interact with DNA.
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Fig.2  Cyclic voltammogram (CV) of complex Fig. 3. Differential pulse voltammograms (DPV)
1 in 0.2 mol/L phosphate buffer solution of complex 1 in the absence or presence
at pH 4.5. Scan rate: 0.1 V/s, quiet time: of DNA with ¢;: 1.0 x 10° mol/L, cpa:
2s (2) 0 (b) 1.68 x 10”° mol/L. Scan rate: 0.1
V/s, quiet time: 2 s
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Fig. 4.  Cyclic voltammogram (CV) of complex Fig. 5. Differential pulse voltammograms (DPV)
2 in 0.2 mol/L HOAc-NaOAc buffer of complex 2 in the absence or presence
solution at pH 5.0. Scan rate: 0.1 V/s, of DNA with ¢;: 1.0 x 10 mol/L, cpna:
quiet time: 2 s (a) 0 (b) 1.68 x 10° mol/L. Scan rate: 0.1

V/s, quiet time: 2 s

Fig. 6 shows the CVs of GCE in 0.2 mol/LL HOAc-NaOAc buffer solution (pH
5.0) containing 0.001 mol/L. complex 2 at different scan rates. A pair of roughly
symmetric anodic and cathodic peaks appeared with almost equal peak currents in
the scan rate range from 30 to 300 mV/s. It can be seen that the potential and peak
current are dependent on the scan rate. The peak-to-peak separation also increased
with the scan rate. In the scan rate range of 30 to 300 mV/s, the reduction peak
currents rise linearly with increased scan rates, with a correlation coefficient of
0.997 (upper left inset), suggesting that the reaction is a surface-controlled process.

Fig. 7 shows the DPVs for Fe,(Ci4H2N>),(CsH,0,7)(NO3),-2H,0 in solution
at the bare GCE, ssDNA/GCE and dsDNA/GCE, respectively. The Fe(C4H.N,),-
(CsH,047)(NO;5)4-2H,0 signal obtained with the bare GCE (curve a in Fig. 7) was
larger than those obtained with the ssDNA/GCE (curve b in Fig. 7) and dsDNA/
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GCE (curve c in Fig. 7), while the potential were almost unchanged. The decrease
in the voltammetric signal obtained from the dsDNA-modified GCE was attributed
to the accumulation of the indicator at the electrode surface as a result of the inter-
action of the planar ring into the dsSDNA helix*'. The electrochemically active metal
centers of Fey(C1,H12N)o(CsH,047)(NO5),-2H,0 were enveloped by the bulkyl DNA
molecule on the GCE surface and the singal of Fe»(C14H2N2)2(C4H,0,*)(NO5)4-2H,0
was thus reduced. In addition, the shifts in the DPV peal potentials for the
electroactive indicators can indicate the mode of the interaction of DNA with the
indicators™.

03 02 01 00 -01 -02 -0.3 63 02 01 00 -01 -02
Fig. 6. Cyclic voltammograms (CV) of GCE in Fig. 7. Differential pulse voltammograms (DPV)
0.2 mol/L HOAc-NaOAc buffer solution of bare GCE (a), ssDNA/GCE (b), dsDNA
(pH 5.0) containing 0.001 mol/L complex /GCE (c) in 0.2 mol/L HOAc-NaOAc
2 at (a) 30 mV/s; (b) 50 mV/s; (c) 100 buffer solution (pH 5.0) containing 0.001
mV/s; (d) 150 mV/s; (e) 200 mV/s; (f) 250 mol/L complex 2

mV/s; (g) 300 mV/s

Thermal analysis of complex 2: The thermal stability of complexes is very
important for their potential use in biology. Thermogravimetric analysis is a signi-
ficant dynamic way of detecting degradation behaviour, the weight loss of a complex
sample is measured continuously, whereas the temperature is changed at a constant
way. In order to evaluate the thermal stability of complex 2, the thermal analysis of
complex 2 was tested as shown in Fig. 8. The thermal analysis was performed under
a nitrogen steam in the temperature of 12-600 °C with a heating rate of 10 °C/min.

As shown in Fig. 8, the degradation rate can reach maximum at the temperature
of 178.5 °C. Thermal decomposition started with endothermic step in the range of
60-98 °C and the weight loss of the complex 2 was nearly equal to ca. 3.45 % in this
range. This degradation can be ascribed to the evaporation of coordinated water in
the complex 2. In the second step (98-150 °C), there was a slight weight loss of 9.48 %,
which may be caused by degradation and volatilization of fumarate. It can be seen
clearly that there was an evident degradation process for complex 2 occurred at the
range 150-205 °C. The prominent weight losses were caused by the release process
of 2,9-dimethyl-1,10-phenanthroline. The last weight loss (205-500 °C) indicated
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Fig. 8. TG-DTG thermal analysis curves of complex 2

Fe(NOs); dissociation process. Based on these results described above, it can reason-
ably draw the conclusion that complex 2 is good thermal stability for the application.

Conclusion

Two novel transition metal complexes containing phen and fumarate had been
synthesized and characterized. The crystal structure of complex 1 was determined
by X-ray crystallography. And the structure of complex 2 has been analyzed by EA
and '"H NMR. TGA result indicates that complex 2 has good thermal stability. From
the result of the electrochemical study, initial conclusion can be drawn that complex
1 and 2 can interact with DNA. Thus, the transition metal complexes might have
the potential use as indicators of biosensors.
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