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ABSTRACT ARTICLE HISTORY

Two ruthenium(ll) complexes, [Ru(phen),HMPIP** (1) and Received 19 August 2017
[Ru(phen),MHPIP** (2), have been synthesized and characterized Accepted 18 November 2017
by elemental analysis, ESI-MS, and "H NMR spectroscopy. The DNA- KEYWORDS

binding properties of 1 and 2 have been investigated by electronic Ruthenium(ll) complex; DNA-
and emission spectra and viscosity experiments. The results show that binding properties; HOMO;
both 1 and 2 can bind to DNA in intercalating mode, with 1 exhibiting LUMO

stronger binding affinity. These were confirmed by the strong

hypochromism at IL and MLCT absorption bands in both complexes

when DNA was added into solution, and the increase in relative

viscosity of CT-DNA in the presence of both complexes. Moreover,

the calculated intrinsic binding constant for 1 and 2 from the decay of

electronic spectrais 3.82 x 10° and 2.06 x 10° M, respectively. Finally,

the effects of the substituent groups on the DNA-binding behavior

of ruthenium(ll) complexes have also been rationally discussed by

computer calculation of density functional theory (DFT) methods.
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1. Introduction

For years, the DNA-binding properties of ruthenium(ll) complexes have been investigated
for their potential utility on chemotherapy [1-5] and photodynamic therapy [6-9], because
DNA molecules have long been considered as a common target for anticancer agents. In
general, ruthenium(ll) complexes have been reported to bind to DNA by three non-covalent
binding modes including intercalation [10], groove-binding [11], and electrostatic binding
mode [12-18]. In the last decade, a number of ruthenium(ll) complexes have been designed
and synthesized, and the assembling of these complexes with DNA has been investigated
by all kinds of methods, such as UV and NMR spectroscopy and viscosity [19, 20]. These
in vitro studies indicate that the binding mode and the binding affinity of ruthenium(ll)
complexes are dependent on the structure of DNA, as well as that of the structure of metal
complexes [21-23]. It is shown that ruthenium(ll) complexes with enlarged aromatic inter-
calating ligands and intramolecular hydrogen bond will bind to DNA with high affinity [24].
More recently, studies on the electron effect have shown that the electron-withdrawing
group in intercalating ligand will improve the DNA-binding affinity of ruthenium(ll) com-
plexes [25, 26]. Nevertheless, the interaction of ruthenium(ll) complexes with biological
macromolecules is so complex, and to elucidate this is significant to design novel rutheni-
um(ll) complexes with high biological activities.

Here, we report the synthesis of two ruthenium(ll) complexes, [Ru(phen)z(HMPIP)]Z* (1)
and [Ru(phen)Z(MHPIP)]2+ (2) (Scheme 1). The DNA-binding properties of 1 and 2 have been
investigated by spectroscopy and viscosity experiment. The results show that both com-
plexes can bind to DNA in intercalative mode, the steric hindrance between methoxy group
atintercalating ligand and the phosphor skeleton of DNA-helix play a key role to determine
the binding affinity of these complexes with DNA molecules.

2. Experimental
2.1. Chemicals

Microanalyses were carried out on an Elementar Vario EL elemental analyzer. Electrospray
experiments were carried out with a Thermo Finnigan LCQ DECA XP ion trap mass spectrom-
eter, equipped with an ESI source. UV-Vis spectra were recorded on a Shimadzu UVPC-3000
spectrophotometer.

Scheme 1. The molecular structure of ruthenium(ll) complexes [Ru(phen)z(HMPIP)]2+ (1) and
[Ru(phen),(MHPIP)I** (2).
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2.2. Synthesis of (3-hydroxy-4-methoxy-phenyl)imidazo[4,5-f][1,10]
phenanthroline) (HMPIP)

The ligand HMPIP was prepared as described [27] with some modification. In general, a
solution of 1,10-phenanthraquinone (0.525g, 2.5 mmol), ammonium acetate (3.88 g,
50 mmol), and 3-hydroxy-4-methoxyphenyl-aldehyde (532 mg, 3.5 mmol) in 10 mL glacial
acetic acid was refluxed for 2 h. The cooled deep-red solution was diluted with 25 mL water
and neutralized with ammonium hydroxide. Then, the mixture was filtered and the precip-
itates were washed with water and acetone, then dried and purified by chromatography
over 60-80 mesh SiO, using absolute ethanol as eluent, and the obtained yield was 84%

(753 mg). CachforC27H14N4O4H 0:C,68.1;H,3.38;N, 11.8.Found: C, 67.8; H, 4.41; N, 11.2%.

2.3. Synthesis of (3-methoxy-4-hydroxy-phenyl)imidazo[4,5-f][1,10]
phenanthroline) (MHPIP)

The ligand MHPIP was prepared by a similar method as above, but with 1,10-phenanthraqui-
none (525 mg, 2.5 mmol) and 3-methxoy-4-hydroxyphenyl-aldehyde (532 mg, 3.5 mmol);
yield: 76% (685 mg). Calcd for C,,H,,N,0,-H,0:C,68.1; H, 3.38; N, 11.8. Found: C,67.8; H, 4.41;
N, 11.2%.

2.4. Synthesis of [Ru(phen),(HMPIP)](CIO ), (1)

Ruthenium(ll) complex 1 was synthesized as in the literature [28] with some modifications.
[Ru(phen),Cl,]-2H,0 (0.106 g, 0.20 mmol) and HMPIP (0.095 g, 0.20 mmol) were added to
10 cm? ethyleneglycol. The mixture was refluxed for 2 h under an argon atmosphere. The
cooled reaction mixture was diluted with water (20 cm?) and filtered to remove solid impu-
rities. The complex was then separated from soluble impurities by precipitation with NaClO,.
The precipitated complex was dried, dissolved in a small amount of MeOH, and purified by
chromatography over alumina oxide using MeOH-MeCN (10: 1, v/v) as an eluent; yield: 67%
(112 mg, calculated from [Ru(phen),Cl.]-2H,0). Calcd for C, ,H,,CI,N,O, Ru: C, 50.87; H, 3.30;
N, 10.79. Found: C, 50.64; H, 3.45; N, 10.51%. 'H NMR (DMSO- d,, 6/ppm): 9.69(s, 1H); 9.05(dd,
2H); 8.76(d, 4H); 8.37(s, 4H); 8.13(d, 1H); 8.06(d, 2H); 7.99(d, 2H) 7.819(m, 7H); 7.03(7.001 d,
1H); 3.94(s, 3H). *C NMR (DMSO-d, &/ppm): 153.64-153.50 (m), 153.35-153.16 (m),
153.16—152.96 (m), 150.43—-150.15 (m), 147.72 (s), 147.64 (s), 147.62—-147.07 (m), 137.28 (s),
130.92 (s), 128.54 (s), 126.81 (s), 122.92—-122.28 (m), 120.01-119.11 (m), 119.19-118.18 (M),
116.36—115.08 (m), 114.90—113.43 (m), 113.43—111.89 (m). ESI-MS (in water, m/z): 901.0(14%)
(IM-CIO,]*); 803.3(100%) (IM-2ClO,-H]*); 402.3 (28%) (IM-2CIO,]**).

2.5. Synthesis of [Ru(phen),(MHPIP)](CIO ), (2)

Ruthenium(ll) complex [Ru(phen),(MHPIP)]** was synthesized as above, but with
[Ru(phen),Cl,]-:2H,0 and MHPIP; yield: 72% (121 mg). Calcd for C,,H,,C,,N,O, ,Ru: C, 50.87;
H, 3.30; N, 10.79. Found: C, 50.68; H, 3.51; N, 10.31%. '"H NMR (DMSO- d ,0/ppm): 9.41(s, TH);
9.05(t, 2H); 8.76(d, 4H); 8.37(s, 4H); 8.12(t, 1H); 8.06(d, 2H); 7.98(d, 2H); 7.76(m, 7H);
7.19(d, 1H); 3.88 (s, 3H); '*C NMR (DMSO- d ,0/ppm): 154.09—153.72 (m), 153.31-153.20 (M),

153.15-153.05 (m), 150.78—-150.24 (m), 149.79—149.33 (m), 148.77-148.32 (m), 147.68
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(d, J=9.0Hz), 137.27 (s), 130.93 (s), 128.54 (s), 126.86—126.71 (m), 126.54—126.40 (m),
120.68-120.58 (M), 116.57-116.36 (M), 111.15-110.92 (m). ESI-MS (in water, m/z): 901.0(16%)
(IM-CIO,]*); 803.3(100%) (IM-2ClO,-H]*); 402.2(59%) (IM-2CIO,J**).

2.6. Theoretical section

Both octahedral complexes [Ru(phen)Z(HMPIP)]2+ and [Ru(phen)z(MHPIP)]2+ forms from Ru(ll)
and one main ligand or intercalating ligand L and two co-ligands (phen). There is no sym-
metry in these complexes. The full geometry optimization computations were performed
for these complexes applying the DFT-B3LYP method [29-34] and LanL2DZ basis set [35,
36]. The structural modes of the studied compounds are shown in Scheme 1 and the singlet
state was assumed [37]. All computations were performed with the G98 quantum chemistry
program package [38]. In order to vividly depict the detail of the frontier molecular orbital
interactions, the stereographs of some related frontier MO of the complexes were drawn
with the Molden v3.6 program [39] based on the obtained computational results.

2.7. Absorption titration experiments

The electronic absorption spectra were recorded at room temperature to determine the
binding affinity between DNA and polypyridyl ruthenium complexes. 3.0 mL solution of the
blank buffer and the ruthenium complex were placed in the reference and sample cuvettes,
respectively. During titration, an aliquot (2 uM) of buffered DNA solution was added to each
cuvette to eliminate the absorbance of DNA itself. The titration processes were repeated
until the spectra did not change for at least four titrations, indicating that binding saturation
was achieved.

2.8. Fluorescence emission titrations

Fluorescence spectroscopy measurements were performed on an RF-5301 fluorescence
spectrophotometer using a 1 cm path length quartz cell. Samples were excited at 340 nm
and emission spectrum was recorded between 500 and 700 nm. After the solutions were
mixed for 2 min, absorption spectra were recorded. The titration processes were repeated
until there was no apparent change in the spectra for at least three titrations, indicating the
achievement of the binding saturation [40].

2.9. Viscosity measurements

Viscosity measurements were carried out using an Ubbelodhe viscometer maintained at
32(+ 0.1) °Ciin a thermostatic bath. Fixed solutions of complexes and DNA in different con-
centrations were prepared in Tris-HCI buffer medium, the DNA samples containing approx-
imately 200 base pairs were used. The viscosity of DNA (n) was calculated by n = t-t, where
tis flow times of DNA and t,is the flow times of bank (the Tris buffer solution). Flow times
were measured by a digital stopwatch and each was measured three times. Viscosity of DNA
are presented as (n/n,)"? versus binding ratio [41, 42], where n is the viscosity of DNA in the
presence of complex and n,, is the viscosity of DNA in the absence of complex [43].
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3. Results
3.1. Synthesis and characterization

Ruthenium(ll) complexes 1 and 2 were synthesized by refluxing the mixture of cis-
[Ru(phen),Cl.] and corresponding ligands HMPIP and MHPIP, respectively. The complexes
were obtained as ClO,” salts.

The "H NMR chemical shifts and their attribution of 1 and 2 are listed in Table 1. Compared
to [Ru(phen),(MHPIP)](CIO,),, the chemical shift at H, and ~OCH; of [Ru(phen),(HMPIP)](CIO,)
transfer to low field, while the chemical shift at H, transfer to high field.

2

3.2. DNA binding studies

Electronic spectra have been utilized to investigate the DNA-binding properties of 1 and 2.
At room temperature, both 1 and 2 exhibit an MLCT (metal-to-ligand charge-transfer) band
at 458 nm and a strong IL (intra-ligand) band at 264 nm in the electronic spectra. In tris-HCl
(pH = 7.2) buffer, the MLCT band of 1 shifts to 456 nm, while for 2 shifts to 453 nm. Upon
addition of calf thymus DNA, the MLCT transition and IL transition bands of both 1 and 2
undergo obvious hypochromic effect and red-shift (Figure 1); the hypochromism for 1 and
2 are listed in Table 2.

Table 1. The chemical shift & (ppm) of 1 and 2 and their attribution.

1 2
O (ppm) Attribution O (ppm) Attribution
9.692 (s, TH) H 9.408 (s, TH) H,
9.048 (dd, 2H) H, 9.047 (t, 2H) H,
8.761 (d, 4H) H. 8.760 (d, 4H) H
8.369 (s, 4H) H, 8.367 (5, 4H) H,
8.126 (d, 2H) H, 8.116 (t, 2H) H,
8.060 (d, 2H) H, 8.060 (d, 2H) H,
7.987 (d, 2H) H, 7.983 (d, 2H) H3
7.819 (m, 7H) H, H,, H, 7.816 (m, 7H) H, H,, H,
7.028 (d, 1H) H, 7.193(d, TH) H,
3.945 (5,3H) H(OCH,) 3.881 (s, 3H) OCH,
2.5

2.0

[DNA1/ (¢,-5,)
N T T SE AR

154\

Absorbance

00 02 04 06
[DNAJ/[Ru]

li.‘O 0.1 0.2 0.3 04 0.5 0.6
[DNA]/[Ru]

Absorbance

104 Y/

0.5 4

T T T T
300 400 500 600 300 400 500 600
Wavelength / nm ‘Wavelength / nm

Figure 1. The electronic spectra of ruthenium(ll) complexes 1 (left) and 2 (right) in the absence and
presence of calf thymus DNA. [Ru] = 20 pM.
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Table 2. The change of electronic spectra of ruthenium(ll) complexes 1 (20 pM) and 2 (20 pM) in the
absence and presence of calf thymus DNA.

MLCT IL
Comp. A/nm A/nm AA/nm H/% A/nm A/nm AA/nm H/%
1 456 465 9 17 263 265 2 38
2 453 458 5 1 263 264 1 34

Notes: MLCT: metal to ligand charge transfer; IL: intra ligand charge transfer; H: hypochromism.

The intrinsic DNA-binding constants of ruthenium(ll) complexes were calculated accord-
ing to Equation (1):

DNA DNA 1
[DNA] _ [DNA] "

€,—& & —& kye,—¢p)

where [DNA] is the concentration of DNA in base pairs, €,, £, and €, are the apparent extinc-
tion coef‘ﬁaent( ), the extinction coefficient for free complex and the extinction coeffi-
cient for the complex in the fully bound form, respectively. In plots ofM versus [DNA], K

is given by the ratio of slope to intercept. The calculated binding constant for 1 and 2 |s
3.82 x 10°and 2.06 x 10° M, respectively, and are higher than those reported for polypyri-
dine ruthenium(ll) complexes in literature, with binding constants of 1.52 X 10°-1.81 x 10° M~"
[44-48] and suggest that the increase of aromatic ring can improve the DNA-binding affinity.
The calculated binding constants for [Ru(phen)z(o-TFPIP)]2+ (1)and [Ru(phen)z(p—CPIP)]2+ (2)

are 5.81 x 10*and 8.55 x 10* M1, respectively.

3.3. Emission spectra

To further clarify the DNA-binding of 1 and 2, the emission spectra of 1 and 2 were studied
in the absence and presence of calf thymus DNA, as shown in Figure 2.

At room temperature, when excited at 470 nm, both 1 and 2 exhibit a strong emission
band in range of 500-700 nm, with the maximum at 589 and 590 nm, respectively. When
calf thymus DNA was added into solution, the emission observed decreased. At the [DNA]/
[Ru]l = 1.2, the I, for 1 and 2 is about 0.52 and 0.81, respectively (Figure 2(C)). These data
are in agreement with that of electronic spectra, indicating that 1 binds more strongly than
2 to DNA due to the space hindrance when bound to DNA molecules.

3.4. Viscosity experiment

In order to elucidate the way ruthenium complex interacts with DNA, viscosity experiments
give the strongest evidence to determine the binding mode of ruthenium(ll) complexes to
DNA in lacking of crystal data. In general, the relative viscosity of DNA will increase if a com-
pound binds to DNA in an intercalative mode, while the groove-binding mode will decrease
the relative viscosity of DNA resulting from the kink of double-strand helix of DNA. The
relative viscosity of calf thymus DNA in the presence of 1 and 2 is shown in Figure 3.
Compared to [Ru(bpy)3]2+, which bind to DNA in electrostatic mode, the relative viscosity
of calf thymus DNA increased in the presence of 1 and 2 because the space between base
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Figure 2. The emission spectra of ruthenium(ll) complexes 1 (A) and 2 (B) in the absence and presence

of calf thymus DNA. [Ru] = 20 pM. (C). The changes
(®) upon increasing amounts of calf thymus DNA.

of emission of ruthenium(ll) complexes 1 (®) and 2

1.12 -
1.10 -
1.08 -
2 1.06 4

1.04 4

(m/m,

1.02 4
1.00 4

v

0.98 4

\ 4

T T
0.00 0.02 0.04

T T T
0.06 0.08 0.10

[Ru] /[DNA]

Figure 3.Effects ofincreasingamounts ofRu(II)complexes:[Ru(phen)z(HMPIP)]“1 (m), [Ru(phen)z(MHPIP)]2+
2 (®) and [Ru(bpy),]** () on the relative viscosity of CT-DNA in 5 mM Tris-HCl buffer (pH 7.2), 50 mM NaCl

at32(+ 0.1) °C. [DNA] = 5.0 X 10* M.

pairs of double-stranded DNA helix is enlarged when the ligand of ruthenium(ll) complex
intercalates into base pairs. These data indicate that both 1 and 2 bind to DNA in intercalative

mode.
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4. Discussion

It is shown from spectroscopy and viscosity studies that both 1 and 2 can bind to DNA in
intercalative mode, and 1 binds tighter than 2 to DNA. The theoretical computations by the
DFT method were utilized to explain the fact, and the calculated bond lengths, bond angles,
and dihedral angles of 1 and 2 are listed in Table 3.

According to Table 3, the dihedral angle (N9-C4-C5-C6) of 1 and 2 is 1.0 and 0.2°, respec-
tively, indicating that 2 may bind to DNA more tightly than 1, since the binding affinity of
ruthenium(ll) complexes depends on the planarity of intercalating ligands; this is in conflict
with the results from the spectroscopy studies.

Based on the computation results, some frontier molecular orbital energies and total
energies, the schematic diagram of the energies and related MLCT transitions, and the molec-
ular orbital stereographs of [Ru(phen)zL]2+ are given in Table 4, Figure 4(B) and Figure 5,
respectively.

As itis well established, there are -7 interactions in the DNA-binding of these complexes
by intercalation mode. Kurita and Kobayashi [49] reported a simple calculation mode by the
DFT method for stacked DNA base-pairs with backbones, and the computed HOMO and
NHOMO (NH) energies of the DNA section mode with base pairs are much higher (-1.27 and
—1.33 eV) than our computed LUMO and NLUMO (NL) energies (~ —7.0 eV) of complexes
[Ru(phen),L]?* (L=HMPIP and MHPIP). We believe that such a trend in the relative energies
will be retained in our DNA system, since the attraction of metal complex cations with high
positive charges for electrons in MOs is much stronger than that of DNA, and thus the elec-
tron must easily be transferred from the HOMO of base pairs of DNA to the LUMO of the
complexes intercalating to DNA [50, 51]. The LUMO energy of 1 and 2 is —0.2664 and —0.2667
a.u,, respectively. Although the lower LUMO energy of 1 contributes to more binding affinity
of this complex to DNA, the difference between 1 and 2 is so subtle to explain the difference
in DNA-binding affinity of 1 and 2.

There are other factors affecting the binding of these complexes with DNA. The calculated
geometric structures of 1 and 2 are shown in Figure 4(A). From Figure 4(A), it is obviously
different than the orientation of methoxy group in intercalating ligand. For 1, the methoxy
group is forward, which is apart from the phosphor skeleton when 1 approaches DNA mol-
ecules. At the same time, hydroxyl group at 3-position in HMPIP will form intramolecular
hydrogen bond with the base pair of DNA helix to increase the DNA-binding affinity. As for

Table 3. The main bond lengths, bond angles, and dihedral angles of complexes 1 and 2.

Bond length/nm Bond/° Dihedral angle/°
Comp.  Ru-N_* Ru-N_, C-CIN)® C-CIN), A< A, N9-C4-C5-C8 N9-C4-C5-C6
1 0.2105 0.2106 0.1405 0.1406 79.3 79.4 -179.0 1.0
2 0.2104 0.2106 0.1405 0.1406 79.3 79.5 -179.8 0.2

°Ru-N_ expresses the mean coordination bond length between Ru and N atoms of the main ligand and Ru-Nco expresses
that between Ru and N atoms of the coligand (phen).

5C-C(N)m expresses the mean bond length of the ring skeleton of the main ligand.

‘Am expresses the coordination bond angle between Ru and two N atoms of the main ligand.

Table 4. Some frontier molecular orbits energies (¢/a.u) for ruthenium(ll) complexes 1 and 2.

Comp. H-3 H-2 H-1 HOMO  LUMO L+1 L+2 De_,  Dey,

1 -03945 03915 03715  -0.3371 -0.2664  —-0.2630  —0.2597  0.0707  0.1051
2 —-0.3951 -03919  -03746  -03416 02667 -0.2633  -0.2600  0.0749  0.1079




Downloaded by [University of New England] at 19:23 18 December 2017

JOURNAL OF COORDINATION CHEMISTRY e 9

(A) (B) Enau.

i
-0.24 -

026 4LuMo+2
LUMO+]
LUMO

-0.28 ~

-0.30 4

-0.32 4

-0.34 4 yomo

-0.36 4

033 JHOMO-1

HOMO-2

-0.40 4

-0.42 4

Figure 4. (A) Calculated geometric structures of ruthenium(ll) complexes 1 and 2. (B) Schematic diagrams
of some frontier MO energies and the related MLCT transitions of complexes 1 and 2.

i

1-HOMO-2  1-HOMO-1

2-HOMO-2 2-HOMO-1 2-HOMO 2-LUMO 2-LUMO+1  2-LUMO+2

Figure 5. Some related frontier MO stereographs of ruthenium(ll) complexes 1 and 2.

2, although the hydroxyl group is at 4-position in intercalating ligand to improve the binding
affinity of this complex with DNA, the repulsion force between the methoxy group at 3-posi-
tion in MHPIP and the phosphor skeleton of double-stand DNA will distort MHPIP to destroy
the planarity of this ligand when 2 interacts with DNA. As a result, the steric hindrance
between the intercalating ligand and DNA will decrease the binding affinity of 2.

5. Conclusion

Two ruthenium(ll) complexes, [Ru(phen),(HMPIP)]** (1) and [Ru(phen),(MHPIP)]** (2), have
been synthesized by refluxing cis-[Ru(phen),Cl,] and corresponding ligands HMPIP and
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MHPIP under Ar atmosphere. These complexes have been characterized by elemental anal-
ysis, ESI-MS, and "H NMR spectroscopy. The investigation on the DNA-binding properties of
1 and 2 by spectroscopy and viscosity techniques show that both complexes bind to DNA
in intercalative mode. The intrinsic DNA-binding constants calculated for 1 and 2 are
3.82 x 10° and 2.06 x 10° M, respectively. The emission spectra increased in the presence
of CT-DNA, and the relative emission strength for 1 and 2 at ratio of [DNA]/[Ru] = 1.2 is ca.
0.52 and 0.81, respectively. These data, together with the results of electronic spectra, show
that 1 binds more strongly than 2 to DNA.

In general, there are three factors determining the binding affinity of ruthenium(ll) com-
plexes and DNA; that is the planarity of intercalating ligand, the frontier molecular orbits
energies, and the steric hindrance between the substituent group at intercalating ligand
and the phosphor skeleton of double-stranded DNA-helix. The studies on the calculation
by DFT methods show that the steric hindrance play a key role in the interaction of ruthe-
nium(ll) complexes [Ru(phen),(HMPIP)]?>* and [Ru(phen),(MHPIP)]?*, and the detailed mech-
anism is under further investigation.
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