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Mononuclear and dinuclear Ru(mr) complexes of 1,10-phenanthroline containing aryldiazopentane-2,4-diones
(L'H-L3H,) as co-ligands were prepared and characterised using IR, 'H NMR, UV/Vis spectra in addition to their
elemental analysis and FAB mass spectral data. A representative ligand L?H, and its complex [Ru,L?(phen),]?*
(phen = 1,10-phenanthroline) were characterised also by 'H-'H COSY, TOCSY and 'H-!3C HMBC spectral data.

Electrochemical behaviour of the complexes was studied in acetonitrile solution and showed irreversible Ru"/Rul

I

redox couples. Luminescence and UV/Vis spectral properties of the complexes in the presence and absence of
buffered solutions of calf thymus DNA were also compared. Antibacterial activity of the complexes has been

evaluated against Pseudomonas aeruginosa.

Ruthenium polypyridyl complexes have been the subject of
considerable research interest owing to their unique photo-
physical, photochemical and redox properties.!> Among the
polypyridyl groups, 1,10-phenanthroline (phen) is* more rigid
and planar than 2,2'-bipyridine and natural products contain-
ing 1,10-phenanthroline rings have been found to show inter-
esting bio-activities.> Additionally, aza compounds have been
studied in the context of many important biological
processes* such as protein synthesis inhibition, carcinogenesis
and nitrogen fixation, and their antitumour properties have
been understood in view of the observation® that they act as
DNA cross-linking agents. Furthermore, the luminescence of
Ru() complexes bearing 1,10-phenanthroline as terminal
ligand has been exploited to recognize and react with nucleic
acids, which again allows them to act as diagnostic and thera-
peutic agents.® Thus, in view of the above facts and in contin-
uation to our earlier interest” on Ru(t) polypyridyl complexes,
we found it worthwhile to synthesise new mono- and dinu-
clear Ru(u) 1,10-phenanthroline complexes containing
aryldiazopentane-2,4-dione as co-ligand for spectroscopic and
antibacterial studies.

Experimental

Solvents, obtained from Merck, were distilled prior to use.
Pentane-2,4-dione, aniline, p-phenylenediamine, benzidine and
RuCl; - 3H,0, purchased from Aldrich, were used as supplied

whereas Ru(phen),Cl, was prepared using a literature pro-
cedure.® Calf thymus DNA and sodium citrate, obtained from
Sigma Chemical Co., were used as supplied. Complexes, pre-
pared under N, atmosphere, were purified by column chroma-
tography using neutral alumina.

IR spectra of the ligands and their Ru(n) complexes (KBr
pellets) were recorded in the 4000-400 cm ™! range using a
Perkin-Elmer 783 spectrophotometer. One dimensional 'H
NMR, 'H-'H COSY, TOCSY and 'H-!'3C COSY spectra
were recorded on a 300 MHz Bruker Avance DRx FT NMR
spectrometer. FAB mass spectral data were obtained from
CDRI (Lucknow, India). Microanalytical, absorption, lumi-
nescent and electrochemical studies were carried out at the
University of Tokyo (Japan). Luminescence measurements
were carried out at Tata Institute of Fundamental Research
(TIFR, Mumbai, India) whereas UV/Vis absorption spectral
studies on a Unicam UV2-100 UV/Vis spectrophotometer and
antibacterial activity of the Ru() complexes were carried out
at the bio-technology centre of BHU (Varanasi, India).

Syntheses

The ligands (L'H, L?H, and L3H,) shown in Scheme 1 were
synthesised and characterised using IR, H/!3C NMR and
FAB mass spectral data as reported earlier by us.”

The Ru(m) complexes were synthesised by our earlier
reported”’ procedure.
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Scheme 1 Structure of ligands L'H-L3H, .
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[RuL!(phen),](PFs) (1). To prepare this complex
Ru(phen),Cl, (532 mg, 1 mmol) in ethanol (10 mL) was added
dropwise to an ethanolic solution (10 mL) of L*H (204 mg, 1
mmol) under N, atmosphere. The resulting contents were then
refluxed for 20 h while monitoring the progress of the reaction
using TLC. The solution was filtered and cooled at room tem-
perature for 24 h. The concentrated filtrate was precipitated
by the addition of a saturated aqueous solution of NH,PF,.
The crystalline solid thus obtained by centrifugation was
washed with H,O, followed by EtOH and Et,O, and it was
purified by column chromatography performed on neutral
alumina as the support using CCl,—~CH;CN (1: 3) as the
eluent. The eluate, obtained after evaporation, was dissolved
in acetone and reprecipitated by adding a saturated aqueous
solution of NH,PF,. After repeated washings with H,O, fol-
lowed by EtOH and Et,O, the precipitate was dried in vacuo
and analysed (Table 1).

[Ru,L?(phen),] (PFg),-3H,0 (2) and [Ru,L3H(phen),]-
(PFy); (3). The complexes [Ru,L?(phen),](PF), - 3H,0 (2)
and [Ru,L3H(phen),](PF,), (3) were also prepared by reflux-
ing a 1 : 2 molar ratio of the ligand (L?>H,, 155 mg and L*H,,
203 mg, 0.5 mmol each) and Ru(phen),Cl, (532 mg in each
case) in ethanol (~25 mL) for 20-24 h. The complexes were
precipitated and purified by a similar procedure as that
described for complex 1. The analytical data along with other
physical properties of the complexes are reported in Table 1.

Results and discussion

Based on the elemental (C,H,N) analyses and FAB mass spec-
tral data, the molecular compositions assigned for the com-
plexes are shown in Table 1. The complexes were found to be
thermally stable and soluble in acetone, acetonitrile, DMF
and DMSO. Their specific conductances (Table 1) recorded
in acetonitrile solution (1073 M) were consistent with the
reported values.®

In the complexes the deprotonation of the enolic pentane-
2,4-dione portion is supported by the number of counter
anions present in the formula obtained on the basis of the
elemental analysis. Further evidence is provided by the disap-
pearance of NH proton(s) in the 'H NMR spectra upon com-
plexation, except for complex 3 in which only one NH group
is found to be deprotonated from the peak integration.

IR spectral studies

The spectra of the Ru(r) complexes show a strong peak in the
region of 1674-1680 cm ™! assigned to v.—q, which is similar
to that found” in the spectra of the respective free ligands,
indicating that at least one uncoordinated C=O group is
present in the complexes. Furthermore, it was noticed in the
spectra of the metal complexes that vy_y, observed at 1460—
1440 cm ™!, disappeared and a new peak assigned!® as vo_y

Table 1 Physical properties and analytical data of Ru(m) complexes 1-3

appeared at 1630-1625 cm™!. This shows that the ligands
coordinate as the hydrazino form in their metal complexes.
Peaks observed at ~840, 2850 and 3000 cm~! were
assigned”'? as vpg,-, Ve aliphatic and vy aromatic, respec-
tively. To gain further structural information the 'H NMR
spectra of the complexes were recorded in DMSO-d.

'H NMR spectral studies

The spectra of the free ligands (L'H and L3H,) showed the
absence of the CH proton of the pentane-2,4-dione part
whereas a peak at 6 14.76-15.00, assigned as an NH proton,
appeared. This observation was corroborated by the 'H-13C
heteronuclear multiple bond correlation (HMBC) spectrum
recorded for the representative ligand L?H, (Fig. 1). It was
noticed from this spectrum that the peak observed at 6 14.92
could be correlated with the aromatic protons (6.5-7.5 ppm)
while the peak at & 12.92 correlated with the methyl protons,
indicating that the former peak arises from NH while the
latter peak comes from an OH proton. This confirms that the
ligands coordinate in their hydrazino form.

Additionally, '"H NMR spectra of the complexes showed
that two singlets at 8 2.05-2.63, assigned'! as methyl protons,
were shifted to low field relative to the free ligands at & 2.00—
2.30. Furthermore, on the basis of 'H-'H COSY and TOCSY
NMR studies (Figs. 2 and 3) carried out for a representative
complex (2), peaks observed at & 7.90, 8.20, 8.50 and 8.98 were
assigned!? as Hy/Hg, H,/H,, Hy/H,, H,/H, protons of the
phenanthroline part. The singlet observed for the Hs/Hg
protons could arise due to the magnetic equivalence of these
protons.!?2

In the *H-'H COSY NMR spectrum of complex 2 it is also
seen that intense peaks are accompanied by weak peaks that
could not be correlated with the intense ones but were found
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Fig. 1 'H-'3C HMBC NMR spectrum of ligand L?H, .

RIS

Molecular formula,

% Composition required

% yield, (found)
colour and Qy/
FAB MS data C H N ohm~! ¢cm? mol !
1 [RuL!(phen),](PFy) 51.92 3.34 10.38 205
56.0, light brown (52.56) (3.63) (10.13)
809 [M + PF¢]™"
2 [Ru,L*(phen),](PFy), - 3H,0 48.18 3.38 10.53 425
58.0, dark brown (48.62) (3.24) (9.96)
1395 [M + PF,]*
3 [Ru,L3H(phen),](PF); - 0.67NH,PF, 44.90 297 9.48 800
60.0, yellowish red (44.51) (2.91) 9.59)

1327 IMP*
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Fig. 2 'H-'H COSY NMR spectrum of the Ru(ir) complex 2 with

L2H,.

to be correlated with each other. Although the reason for this

is not yet understood, it is consistent with an earlier report.'3
Thus, on the basis of elemental analyses, spectroscopic data

and in view of earlier reports”-1° the structures proposed for

the complexes are shown in Scheme 2.

Electrochemistry and luminescence properties

A cyclic voltammetric (CV) study of the complexes was per-
formed in CH,CN (10~3 M) solution using 0.1 mol dm~3 of
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Fig. 3 'H-'H TOCSY NMR spectrum of the Ru(ir) complex 2 with
L?H,.

[Bu,N]*(PF,~) as supporting electrolyte, Ag/Ag* as refer-
ence and platinum as working electrodes. The two ruthenium
centres in the dinuclear Ru(r) complexes could not be differen-
tiated by the CV study due to similar electronic environments
around the Ru() centres. However, the metal-based oxida-
tions were observed at 1.27, 1.29 and 1.71 V (Table 2) in
complexes 1-3 respectively. The positive shift of the oxidation
potential for complex 3 as compared to the reported'# oxida-
tion potential at 14 V for the standard complex
[Ru(phen);]*>* could be understood either in terms of less
n* « metal back-bonding provided by the L*H, ligand or in
terms of an electrostatic effect as reported earlier.!® Since the
terminal ligand showed only one reduction peak between
—1.47 and —1.82 V no definite conclusions could be drawn
regarding the ligand-based reduction.

From the emission data shown in Table 2 it can be noticed
that the complexes emit at a wavelength shorter than that
reported for the standard [Ru(phen);]®* (4., = 596 nm)'#
when excited at 440 nm. Weaker emission observed from
complex 3 as compared to other complexes corroborates the
electrochemical finding. The better quenching of emission
observed from the dinuclear complexes 2 and 3 as compared
to the mononuclear complex 1 is also consistent with the
report by Meyer et al.'® and the greater quenching observed
from complex 3 as compared to complex 2 could be due to the
increased conjugation'” provided by the L3H, ligand.

Since Ru(m) polypyridyl complexes are reported to recognise
and react with DNA a preliminary investigation on the spec-
tral changes observed when the complexes are in the presence
of DNA has also been carried out.

Luminescence, 'H NMR and UV/Vis spectral studies in the
presence of calf thymus DNA

Photophysical'® and 'H NMR studies!? have shown that the
binding of [Ru(phen);]** with DNA occurs mainly through
electrostatic interactions, hydrophobic interactions against the
minor groove and base-stacking intercalation from the major
groove side. In this context, it has also been reported!® that
the B-form of calf thymus DNA binds ruthenium polypyridyl
complexes with a preference for the A-T (A = adenine,
T = thymine) regions and shows changes in photophysical
properties upon binding.

Luminescence anisotropy!” plotted against DNA base pairs
per complex (Fig. 4) for the representative complex 2 shows
that it reaches a maximum for two DNA base pairs per
complex, indicating that the complex intercalates between two
base pairs, preferentially in the A-T regions in view of the
above report.!® Additionally, quenching of the luminescence
observed from the complexes (1, 10%; 2, 3, 15-20%) in the
presence of DNA solution is also taken as a comparative
parameter for their interaction!®-2° with DNA. The quenching
in luminescence could be due to DNA-mediated electron
transfer as has been reported*®-2° earlier.

Table 2 Luminescence and electrochemical data of Ru(ir) complexes

Luminescence data® Electrochemical data®

Complex  A,/nm IZ* ¢ x 107  Eg,/V ET3/V
1 595 0.195 78 1.27 —1.47
2 595 0.169 6.7 1.29 —1.69
3 592 0.114 45 1.71 —1.82

@ Recorded in acetonitrile at 20°C. Solutions were 10~ ¢ mol dm™3

for luminescence data. ® Relative to [Ru(phen);]®" in acetonitrile
(Aex = 440 nm). ¢ Obtained in acetonitrile solution containing 0.1 mol
dm ™3 [Bu,N]*(PF)~ as supporting electrolyte. Solutions were 103
mol dm~3 and potentials were determined with reference to an
Ag/Ag™ electrode at room temperature at 200 mV s~ ! scan rate.
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Scheme 2 Proposed structures for the Ru(ir) complexes.

To gain further support for this interaction, the *H NMR
spectrum of complex 2 was recorded in the presence of DNA.
The broadening and upfield shift in the peak position of phe-
nanthroline and phenyl protons by 0.16 and 0.10 ppm, respec-
tively, indicate their interaction with DNA. Since the DNA
solution used in this titration was very dilute as compared to
the complex solution, DNA peaks were not observed in the
'H NMR spectrum. Thus, on the basis of anisotropic lumines-
cence and 'H NMR studies it could be considered that there
is base-pair intercalation while bonding of the complex with
DNA is weaker as the decrease in the luminescent intensity
was not very significant.

Furthermore, strong electrostatic interactions of the com-
plexes with DNA were considered in view of the UV/Vis spec-
tral changes observed in the presence of DNA. In the UV/Vis
spectral data of the complexes recorded in Table 3, the red
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Fig. 4 Variation of fluorescence anisotropy vs. DNA base pairs per
complex 2.
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shifts and hyperchromic effects observed in the presence of calf
thymus DNA solution show, in view of earlier reports,2!-22
that interaction of the complexes with DNA had occurred.
However, this effect was found to be more significant in the
204-216 nm region, indicating that the anionic part of the
DNA might be interacting®!22 more efficiently. Furthermore,
absorption spectral data observed for complex 3 upon step-
wise addition of different amounts of calf thymus DNA, pre-
sented in Table 4, also showed significant red shifts and
hyperchromism, especially in the intra-ligand and MLCT
regions (Fig. 5). Again, the absorption peak in the 204 nm

Table 3 UYV/Vis absorption data of Ru() complexes in presence and
absence of calf thymus DNA solution®

+DNA (100 pL)

—DNA soon after mixing
Complex A/ Emax X 103 A/ Emax X 103
1 212 74.30
225 41.40 227 78.00
262 57.00 263 105.10
362 104.60 265 119.60
440 9.90 442 19.70
2 212 185.40
223 120.20 223 140.60
264 195.40 264 226.00
401 89.10 408 95.50
444 34.80 446 40.00
3 216 204.30
222 146.00 222 195.50
260 229.00 264 273.00
391 56.80 408 84.20
440 35.00 445 40.00

“ Solutions of the complexes and DNA were 107> M in acetonitrile
and 0.30 mg mL ! in citrate buffer (pH 8.6), respectively.




Table 4 UV/Vis absorption spectral data of complex 3 upon addition of different amounts of calf thymus DNA solution”

—DNA +DNA (50 pL) + +DNA (50 pLy + + +DNA (50 pL)®
Amax/DITL Emax X 103 Aax/DM Emax X 103 Anax/DTL Emax X 103 Apnax/D Emax X 10°
204 525.00 208 570.00 212 600.00
220 146.00 220 390.00 222 410.00 224 465.00
260 229.00 260 325.00 264 330.00 264 350.00
391 56.80 412 63.40 425 69.20 232 82.80
440 35.00 443 50.00 452 65.00 452 75.00

¢ Same concentrations as given in Table 3.? + + and + + + indicate stepwise addition to the previously used DNA solution.

region became more and more intense and red shifted as the
amount of DNA solution was increased from 50 to 150 pL.

Thus, the DNA binding behaviour of the complexes makes
them prospective candidates to be evaluated for their bio-
activities in view of earlier and current reports.”-'® Therefore,
an attempt has been made to correlate the antibacterial activ-
ity of the complexes with their DNA binding capability.

Antibacterial activity

The growth inhibition of the highly resistant bacteria Pseudo-
monas aeruginosa in the presence of the complexes in acetoni-
trile solution (107> and 10~® M) was evaluated using
susceptibility testing methods reported in the literature.?3
Though the present study is carried out in the presence of calf
thymus DNA due to its easy availability, microbial DNA may
not bring about too much structural difference. For disk
assays, Whatman paper disks containing the compounds to be
tested were placed on the surface of nutrient agar plates
(Himedia, Pvt. Ltd., Bombay, India) previously spread with
0.1 mL of overnight cultures of P. aeruginosa. After 36 h of

[Ru,L;H(phen),J3*
(a) no DNA.

(o) +50 ul of DNA

(c) +100 pl of DNA
(d) +150 pl of DNA

Absorbance

400.0 500.0 600.0
Alnm

Fig. 5 UV/Vis absorption spectra of complex 3 (107> M in
acetonitrile) in the absence and presence of different amounts of calf
thymus DNA solution. (a) No DNA, (b) 50 pl, (c) 100 pL and (d) 150
uL of DNA solution (0.30 mg mL~! in pH 8.60 citrate buffer).

1

0.00 .
300.0

-
188.0

Table 5 Antibacterial activity (zone of inhibition) of Ru(ir) complexes
against Pseudomonas aeruginosa in the presence and absence of calf
thymus DNA solution®

Zone of inhibition/cm

1075 M Complex

107¢ M Complex

Complex no DNA +DNA no DNA +DNA
1 1.20 0.80 1.00 0.70
2 1.40 0.55 1.20 0.50
3 1.30 0.60 1.10 0.60

¢ The concentration and pH of the citrate buffer solution of calf
thymus DNA were 25 ug mL™! and 8.60, respectively. Inhibition
(~0.2 cm) due to pure CH;CN was subtracted.

incubation at 37 °C the diameters of the measured inhibition
zones are reported in Table 5. Inhibitory effects by the free
ligands on the same bacterium have been discussed earlier by
us.”

In view of the interaction of free ligands and their Ru(r)
complexes with DNA, we compared the antibacterial activity
in the presence and absence of DNA solution. Since free
ligands containing DNA solution have already been reported’
to show poorer inhibition against P. aeruginosa, only Ru(i)
complexes were evaluated for their antibacterial activity in the
presence and absence of DNA solution. The data shown in
Table 5 show that the complexes containing DNA solution
have a smaller zone of inhibition as compared to that
observed in the absence of DNA solution.

Thus, on the basis of the above observation it can be stated
that (i) a system that has already been bound with DNA
shows poorer activity as compared to the unbound system
and (ii) complexes 1-3 bearing 1,10-phenanthroline as termin-
al ligand show better bacterial inhibition as compared to
complexes’ bearing 2,2’-bipyridine as terminal ligand.
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