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A dinucleating spacer 1,4-bis(salicylidene)phenylenediamine (SALPHEN) derived from
1.4-phenylenediamine and salicylaldehyde has been synthesized and characterized. The
ruthenium(II) sulfoxide derivative of 2,2'-bipyridine or 1,10-phenanthroline on reaction with
this ligand resulted in the formation of eight dinuclear complexes, which were characterized by
elemental analyses, conductivity measurements, magnetic susceptibility, FT-IR, fast atom
bombardment-mass spectra, electronic spectroscopy, 'H-NMR, *C{'H}-NMR, and *D-NMR
spectra (HETCOR). The prepared complexes have two different formulations, [{zrans-
RuCL(s0)(N-N')}>(u-SALPHEN)] and  [{cis-RuCly(so)(N-N')}»(x-SALPHEN)],  where
so =dimethyl sulfoxide (DMSO)/tetramethylene sulfoxide (TMSO), N-N'=2.2"-bipyridine/
1,10-phenanthroline, and SALPHEN = 1,4-bis(salicylidene)phenylenediamine. Two moles of
ruthenium sulfoxide bipyridine precursor were coordinated to the bidentate SALPHEN
through nitrogen. All the complexes possess antibacterial activity against Escherichia coli in
comparison to Chloramphenicol.

Keywords: Phenyldiamine; 1,4-Bis(salicylidene)phenylenediamine; Ruthenium  sulfoxide;
Bipyridine

1. Introduction

Development of ruthenium(II/IIT) dimethyl sulfoxide and tetramethylene sulfoxide
complexes as antitumor agents has been established. Ruthenium-based drugs appear to
be good alternatives to platinum drugs as they generally exhibit lower toxicity than
their platinum counterparts. This has been ascribed to two main reasons: (1) the
accumulation of ruthenium compounds in tumors due to the ability of ruthenium to
mimic iron in binding to transferrin and (2) the well-accepted phenomenon of
“activation by reduction” for Ru(IIT) — Ru(Il) in vivo, which is favored in the hypoxic
environment of a tumor [1]. Two ruthenium compounds, NAMI-A and KP1019, have
already completed phase one clinical trials as anticancer agents [2-10]. In comparison to
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the other anticancer agents ruthenium complexes show selective antimetastatic
properties and lack of side effects.

Ruthenium(II) complexes of polypyridyl ligands have received much attention
because of their rich electrochemical and photophysical properties [11-20]. Ruthenium
polypyridyl complexes, such as [Ru(bpy)s]*" (bpy =2,2-bipyridine), have potential
applications in various fields, including the conversion of solar energy, sensing and
signaling, therapeutic agents, and information storage [21]. The dinuclear ruthenium(II)
polypyridyl system works as a multifunctional biological imaging agent staining the
DNA of eukaryotic and prokaryotic cells [22]. Ruthenium(II) polypyridyl complexes
are probes for DNA and hence potential therapeutic agents [23, 24].

Ruthenium complexes are much studied for their antibacterial and antifungal
activities. Coordinating ruthenium to bioactive organic molecules often results in
increased in vitro activity. A good example is ruthenium derivative of thiosemicarba-
zone; this exhibits a 70% increase in antibacterial activity against Gram-negative
bacteria [25-27]. Ruthenium compounds are very well-suited for medicinal use because
of their rate of ligand exchange, range of accessible oxidation states, and ability to
mimic iron in binding to certain biological molecules.

We have selected 1,10-phenanthroline and 2,2'-bipyridine to develop new precursor
molecules and 1,4-bis(salicylidene)phenylenediamine as a bidentate potential spacer
since Schiff-base complexes derived from salicylaldehyde have shown promising results
as antibacterial agents [28]. Here we explore the reaction of this spacer with ruthenium
precursors which form dinuclear complexes with the possibility of better reactivity and
enhanced pharmacological activity.

2. Experimental

RuCl5-3H,0 (E. Merck), 1,4-phenylenediamine (CDH), salicylaldehyde (E. Merck),
1,10-phenanthroline (E. Merck), 2,2'-bipyridine, tetramethylene sulfoxide (Lancaster,
UK), and Mueller Hinton Agar media (Himedia) were used as received. Analytical
reagent dimethyl sulfoxide and routine solvents were used without purification.

Electronic absorption spectra were recorded with a Systronics 2201 UV-Vis double
beam spectrophotometer equipped with a PC. Conductivity measurements were carried
out at 25°C on an EI-181 digital conductivity bridge with a dipping type cell. FT-IR
spectra were recorded in KBr pellets on a Shimadzu-8400 PC FT-IR spectro-
photometer; *C{'H}-NMR, 'H-NMR, and {"*C-'H}2D-NMR (HETCOR) were
recorded in D>O/acetone on a DRX-300 MHz Bruker. Cobalt mercury tetrathiocyanate
was used as standard. Diamagnetic correction was done using Pascal’s constant.
Elemental analyses (C, H, and N) were performed on an Elementra Vario EL III,
Elemental Analyzer. Fast atom bombardment-mass spectra (FAB-MS) were recorded
on a (JMS SX-102) Jeol Mass spectrometer using NBA as matrix.

2.1. Synthesis of 1,4-bis(salicylidene)phenylenediamine, (SALPHEN)

1,4-Phenylenediamine (0.1000g; 1 mmol) was dissolved in 15mL ethanol. To this
solution salicylaldehyde (0.1880 mL; 2 mmol) was added and the reaction mixture was
kept stirring for 1h in an inert atmosphere (figure 1). Bright orange complex was
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Figure 1. Reaction scheme for synthesis of ligand.

recovered on evaporation under reduced pressure. Yield: 0.23 g (79%); m.p. =211°C;
Found: C, 75.82; H, 5.59; N, 8.72. C50HsN>,O, (M, =316.35); Calcd: C, 75.93; H, 5.67,
N, 8.85. Selected infrared absorption (KBr, cm™'): w(—CH=N), 1610(s); v(Ar-OH),
3400(s); 'H-NMR (300 MHz; acetone): §9.1 (s, 2H, -CH=N), §7.0 — 7.7 (m, 12H,
Ar-H); §11.0 (s, Ar—-OH); *C{'H}-NMR (300 MHz; 8, acetone): § 164 (-CH=N),
8 115-135 (Ar-C), § 160 (Ar—OH); FAB-MS m/z =1316.

2.2. Synthesis of complexes

The synthesis of each complex involves three steps.

2.2.1. Preparation of starting complexes. The four starting complexes were prepared
by reported methods [29-31]. These complexes are [cis,fac-RuCl,(DMSO-S);(DMSO-
0)], [trans-RuCl,(DMSO),], [cis-RuCl,(TMSO),4], and [trans-RuCl,(TMSO)4] which
were recrystallized in suitable solvent mixture.

2.2.2. Preparation of precursor complexes. Recrystallized starting complex was
dissolved in a small volume (~5mL) of DMSO/TMSO. Into the above solution,
1,10-phenanthroline/2,2’-bipyridine dissolved in ~10mL acetone was added in 1:1
molar ratio. The above reaction mixture was refluxed for 1-2h and the color of the
solution changed to red orange. This solution on vacuum evaporation yielded red
orange solid which was recrystallized with 1:1 (v/v) mixture of diethylether : acetone.
Totally eight precursors namely [cis-RuCl,(DMSO),(phen)]; [trans-RuCl,(DMSO),
(phen)]; [cis-RuCl,(DMSO),(bpy)]; [trans-RuCl,(DMSO),bpy)]; [cis-RuCl,(TMSO),
(phen)];  [trans-RuCl,(TMSO),(phen)];  [cis-RuCl,(TMSO),(bpy)];  [trans-RuCl,
(TMSO),bpy] were synthesized.

2.2.3. Synthesis of dinuclear complexes. The recrystallized precursor (1 mmol) was
dissolved in minimum quantity of DMSO/TMSO. The spacer 1,4-bis(salicylidene)phe-
nylenediamine (1 mmol) dissolved in 10 mL of acetone was added to the above reaction
mixture and kept under reflux for 1-8 h in an inert atmosphere. Color of the reaction
mixture changed. The above solution was decanted and evaporated under vacuum
resulting in microcrystals, which were washed several times with acetone and
recrystallized from diethylether:acetone, 1:1 (v/v) mixture. In total eight complexes
were synthesized; data are given below.

Complex 1, [{cis-RuCl,(DMSO)(phen)},(u-SALPHEN)] - DMSO

Yield: 0.10 g (87.71%); m.p. = 168°C; Found: C, 48.96; H, 3.75; N, 7.13; S, 5.43; Calcd:
C, 48.98; H, 3.76; N, 7.14; S, 5.44. Am at 25°C (Q 'cm?mol™"): 54 in H,O.
Selected infrared absorption (KBr, cm™"): w(Ar—OH), 3410(b); v(~-CH=N), 1598(s);
v(s0), 1099(s); v(Ru-S), 456(s); v(Ru—Cl), 321(sh); 335(s); v(Ru—N), 272(s). Electronic
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spectra (Hy0) Amax (nm) (¢ in mol™'em™"): 714(94); 621(172); 577(207); 513(238);
472(508); 428(675); 378(792); 'H-NMR (300 MHz; §, D,0): §9.95 (2H, ~-CH=N);
§9.80-9.90, § 10.00-10.80 (m, 16H, pyridyl-H); §7.68-7.12 (t, 12H, Ar-H); §3.90 (12H,
CHs); PC{'H}-NMR (300 MHz; 8, D,0): § 152.1 (-CH=N); § 134.1-139.8 (pyridyl-C);
§121.0-125.0 (Ar-C); 851.5 (S-C). FAB-MS m/z: [RuCl]t =136, [Ci4,H4CIN,
OSRu'"'1"=394,  [C,4,H4CIN,OSRu'?" =395,  [ChoHsCl,N,ORu'"'1" =641,
[CooH,sCLN,ORu'?|" =642, [C34H30ClsN4O5SRu,| = 885, [CsoHsoNgS305
ClRul’ T = 1253, [Cs5oHs5oN6S3;05Cl CIRuY ™ = 1255; (M, = 1255).

Complex 2, [{trans-RuCl,(DMSO)(phen)},(uz-SALPHEN)] - DMSO

Yield: 0.09 g (78.9%); m.p. =178°C; Found: C, 48.96; H, 3.75; N, 7.13; S, 5.43; Calcd:
C, 48.98; H, 3.76; N, 7.14: S, 5.44. Am at 25°C ("' ecm?mol™"): 42 in H,O. Selected
infrared absorption (KBr, cm™"): v(Ar-OH), 3415(b); v(~CH=N), 1595(s): v(s0),
1082(s); v(Ru-S), 440(s); v(Ru—Cl), 328(sh); 335(s); v(Ru—N), 276(s). Electronic spectra
(H50) Apax (nm) (¢ in mol~'em™"): 604(109); 542(192); 521(205); 496(312); 474(596);
452(602); 431(679); 412(715); 403(782); 392(849); 'H-NMR (300 MHz; §, D,0): §9.85
(2H, -CH=N); §8.00-9.00, §9.90-10.50 (m, 16H, pyridyl-H); §7.30-7.70 (t, 12H,
Ar-H); §3.60 (12H, CH;). C{'H}-NMR (300 MHz; §, D,O): §152.0 (-CH=N);
§135.0-140.50 (pyridyl-C); 8 124.3-126.20 (Ar-C); §49.0 (S-C): FAB-MS m)/z:
[RuCl]t =136, [C;,HsCIN,Ru]t=1316, [C14H4CIN,OSRu'"'1" =394, [Cia,
H4CIN,OSRu'*]" =395, [CaoH;sCLLN,ORu'"'[* =641, [CyH;sCLN,ORu'”" =
642, [C34H30C15N4O5SRu,] ™ = 885, [CsoHsoNgS;05Cl,Rul ™ = 1253,
[Cs0HsoNgS;05ClCIRuY ™ = 1255; (M, = 1255).

Complex 3, [{cis-RuCl,(DMSO)(bpy)}»(u-SALPHEN)| - DMSO

Yield: 0.03 g (51.72%); m.p. =169°C; Found: C, 46.76; H, 3.91; N, 7.43; S, 5.67; Calcd:
C, 46.81; H, 3.92; N, 7.44: S, 5.68. Am at 25°C (' cm?mol™"): 49 in H,O. Selected
infrared absorption (KBr, cm™"): v(Ar-OH), 3412(b); w(-CH=N), 1587(s): v(s0),
1084(s); v(Ru-S), 459(s); v(Ru—Cl), 328(sh); 335(s); v(Ru—N), 275(s). Electronic spectra
(H20) Amax (nm) (¢ in mol~'ecm™'): 647(91); 523(264); 462(461); 445(512); 412(615);
374(781); "TH-NMR (300 MHz; 8, D,0): §9.92 (2H, -CH=N); §9.76-9.90, § 10.01-10.60
(m, 2H, pyridyl-H); §7.12-7.60 (t, 12H, Ar-H); §3.95 (12H, CH;); "*C{'H}-NMR
(300 MHz; 8, D,O): 8§151.50 (-CH=N); §50.2 (S-C); §134.2-141.2 (pyridyl-C);
§125.0-126.1 (Ar-C). FAB-MS m/z: [RuCl]" =136, [C;oHsCIN,Ru]™ =293,
[C1oH 14CIN,OSRu]" =371, [C3,H30CIN4O3SRu] =687, [CyqHyyCl3NgO4S:Rul’+ =
1093, [C44H4sClNGO4 S, RUNTH = 1095, [C44H45NS>04CL,Ru,] ™ = 1129,
[C46H50C14NgOsSsRu, + HM = 1207; (M, = 1206).

Complex 4, [{trans-RuCly(DMSO)(bpy)}»(u-SALPHEN)] - DMSO

Yield: 0.031 g (46.75%); m.p. = 158°C; Found: C, 46.76; H, 3.91; N, 7.43; S, 5.67; Calcd:
C, 46.81; H, 3.92; N, 7.44: S, 5.68. Am at 25°C (' ecm?mol™"): 57 in H,O. Selected
infrared absorption (KBr, cm™'): v(Ar—OH), 3405(b); v(-CH=N), 1588(s); v(so0),
1096(s); v(Ru-S), 444(s); v(Ru—Cl), 322(sh); 339(s); v(Ru—N), 271(s). Electronic spectra
(H20) Amax (nm) (¢ in mol~'em™"): 635(97); 528(212); 479(381); 463(423); 415(602);
362(769); "H-NMR (300 MHz; 8, D,0): §9.79 (2H, -CH=N); §7.72-9.60, §9.95-10.20
(m, 16H, pyridyl-H); §7.10-7.68 (t, 12H, Ar—H); §3.65 (12H, CH;); "*C{'H}-NMR
(300 MHz; 8, D,0): §152.6 (-CH=N); § 135.5-141.8 (pyridyl-C); § 128.5-130.0 (Ar-C);
§43.3 (S-C); FAB-MS: [RuCI]" = 136, [C;,HsCIN,Ru]* =293, [C1,H 14CIN,OSRu] " =371,
[C3,H30CIN4O3SRu] = 687, [C4qHauCl3NgO4S,Rul’' 1T =1093, [CyHyCly NO4S,Rul?
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CuHuCLNGOS R, P1F =1095, [CagHasNgS,04CLRu[ T = 1129, [CagHsoCliNOs
S;Ru, + H = 1207; (M, = 1206).

Complex 5, [{cis-RuCl,(TMSO)(phen)},(u--SALPHEN)] - TMSO

Yield: 0.10 g (90.74%); m.p. = 172°C; Found: C, 50.79; H, 3.91; N, 6.85; S, 5.20; Calcd:
C, 50.81; H, 3.93; N, 6.83; S, 5.21. Am at 25°C (' em > mol™"): 59 in H,O. Selected
infrared absorption (KBr, cm™'): v(Ar—OH), 3414(b); v(-CH=N), 1571(s); v(so0),
1121(s); v(Ru-S), 454(s); v(Ru—Cl), 321(sh); 330(s); v(Ru—N), 272(s). Electronic spectra
(H20) Amax (nm) (¢ in mol™'em™"): 761(85); 652(192); 621(201); 492(290); 479(394);
412(478); 403(517); 361(681); "H-NMR (300 MHz; 8, D,0): §9.76-9.85, §10.10-10.60
(m, 16H, pyridyl-H); §9.91 (2H, -CH=N); §7.2-7.60 (t, 12H, Ar—H); §4.23 (8H,
S-CH,); §3.52 (8H, S-C-CH,); *C{'H}-NMR (300 MHz; §, D,0): §152.2 (-CH=N);
5134.5-139.9 (pyridyl-C); §127.1-129.5 (Ar-C); §57.6 (S-C); §27.4 (S-C-C);
FAB-MS: [RuCI[t =136, [C;2HgCIN,Ru]t*=317; [C;¢H;cCIN,OSRu]" =421,
[C36H3,CIN,O3SRu]* =737, [CsoH4gCIsNgO4S-Ru,] = 1195, [C5,HysCI4Ng
04S;Ru, + H]" = 1230, [Cs6Hs6Cl4NgOsS3;Ru, + H] Y =1335; (M, = 1334).

Complex 6, [{trans-RuCl,(TMSO)(phen)},(u-SALPHEN)] - TMSO

Yield: 0.029g (66.44%); m.p.=165°C; Found: C, 50.79; H, 3.91; N, 6.85; S, 5.20;
Caled: C, 50.81; H, 3.93; N, 6.83; S, 5.21. Am at 25°C (2 'em?mol™"): 56 in H,O.
Selected infrared absorption (KBr, cm™"): v(Ar—OH), 3410(b); v(-CH=N), 1572(s);
v(s0), 1127(s); v(Ru-S), 454(s); v(Ru—Cl), 337(s); 333(sh); v(Ru-N), 274(s). Electronic
spectra (H,0): Amax (nm) (e in mol™'ecm™"): 689(81); 578(128); 532(195); 478(392);
445(421); 430(492); 409(517); 367(621). "H-NMR (300 MHz; 8, D,0): §9.72 (2H, —
CH=N); §7.71-9.50, §10.04-10.30 (m, 16H, pyridyl-H); §7.2-7.60 (t, 12H, Ar-H);
83.96 (8H, S-CH,); §3.43 (8H, S-C-CH,). *C{'H}-NMR (300 MHz; 8, D,0): § 152.40
(-CH=N); §135.3-142.3 (pyridyl-C); 6 126.4-128.4 (Ar-C); §52.3 (S-C); §26.3 (S—C—
C) FAB-MS: [RUC1]+: 136, [C]zHgC]NzRu]+:317, [C16H16C]NQOSRU]+:421,
[C36H32C1N4O3SRu]+ = 737, [C52H48C13N60482RUQ]+ = 1195, [C52H48C14N6
04S;Ru, + H]" = 1230, [CsHs6Cl4NgOsS;Ru, + HF =1335; (M, = 1334).

Complex 7, [{cis-RuCl,(TMSO)(bpy)}.(u-SALPHEN)] - TMSO

Yield: 0.08 g (72.99%); m.p. = 173°C; Found: C, 48.46; H, 4.09; N, 7.12; S, 5.41; Calcd:
C, 48.81; H, 4.09; N, 7.11; S, 5.43. Am at 25°C (' cm?mol™"): 49 in H,O. Selected
infrared absorption (KBr, cm™'): w(Ar—-OH), 3412(b); v(—CH=N), 1573(s); v(s0), 1131(s);
v(Ru-S), 461(s); v(Ru—Cl), 334(s); 339(sh); v(Ru—N), 271(s). Electronic spectra (H,O):
Amax (NM) (e in mol ™' em™): 694(71); 571(185); 492(216); 445(298); 421(398); 405(472);
362(621). '"H-NMR (300 MHz; 8, D,0): §9.77-9.80, § 10.05-10.34 (m, 16H, pyridyl-H);
59.89 2H, -CH=N); §7.1-7.63 (t, 12H, Ar-H); §4.28 (8H, S-CH»); §3.46 (8H, S-C-
CH,). “C{'H}-NMR (300 MHz; 8, D,0): § 151.5 (-CH=N); § 134.2-138.0 (pyridyl-C);
§127.0-130.0 (Ar-C); §57.4 (S-C); 8257 (S-C-C); FAB-MS: [RuCl]"=136;
[C1oHsCIN,Ru]" =293;  [C4H 4CIN,OSRu]t =397;  [C3,H3,CIN,O3SRu]™ =713;
[C48H48C13N60452RU2]+ =1 147, [C48H48CI4N604SQRU2 + H]+ =1 182, [C52H5()CI4N(,
OsS;Ru, + H]F =1287; (M, = 1286).

Complex 8, [{trans-RuCl,(TMSO)(bpy)}(p-SALPHEN)] - TMSO

Yield: 0.021¢g (67.32%); m.p.=161°C; Found: C, 48.46; H, 4.09; N, 7.12; S, 5.41;
Caled: C, 48.81; H, 4.09; N, 7.11; S, 5.43. Am at 25°C (2~ 'em?mol™"): 58 in H,O.
Selected infrared absorption (KBr, cm™"): v(Ar—OH), 3408(b); v(-CH=N), 1587(s);
v(s0), 1127(s); v(Ru-S), 454(s); v(Ru—Cl), 337(s); 333(sh); v(Ru—N), 274(s). Electronic
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spectra (Hy0) Amax (nm) (¢ in mol™'em™"): 681(93); 523(206): 493(298); 475(331);
435(417); 401(519); 355(612). '"H-NMR (300 MHz; 8§, D,0): §9.73 (2H, -CH=N);
87.71-9.65, §9.90-10.10 (m, 16H, pyridyl-H); § 7.11-7.60 (t, 12H, Ar—H); §3.92 (8H, S—
CH,); §3.42 (8H, S-C—CH,); *C{'H}-NMR (300 MHz; 8, D,0): §152.8 (-CH=N);
8135.1-141.5 (pyridyl-C); §126.0-129.1 (Ar-C); §51.1 (S-C); 8269 (S-C-C).
FAB-MS m/z [RuC1]+: 136, [C10H8C1N2RU]+:293; [C14H16C]NQOSRU]+:397;
[C34H32C1N403SRU]+ = 713, [C43H48C13N604SZR112]+ =1 147, [C4gH4gC14
N604S2RU2 + H]Jr = 1182, [C52H56C14N6OSS3R112 + H]+ = 1287, (M.[: 1286)

2.3. Antibacterial activity

Complexes 1-8, their precursors 1a-8a, and the ligand were screened for antibacterial
activity against Gram-negative bacteria Escherichia coli MTCC 1304 at different
concentrations. Mueller-Hinton agar (MHA) plates were prepared and 50 pL. suspen-
sions of E. coli containing approximately 10° CFU (colony forming unit) were applied
to the plate by spread plate technique [32]. Wells were made on the plates and filled with
S0pL of sample solution of 0.02% and 0.03% concentrations prepared in distilled
water. Chloramphenicol (0.02% solution) was used for comparison. These plates were
incubated at 37 £ 1°C for 24-48 h in refrigerated incubator shakers. The results in the
form of zone inhibition were measured in millimeters.

3. Results and discussion

3.1. Characterization of ligand

The C, H, and N analytical data for the synthesized ligand are in agreement with the
proposed empirical formula. FAB-MS of ligand shows pseudomolecular ion peak at
m/z =316, confirming the molecular weight of the ligand. In FT-IR spectra of the
ligand a broad absorption was observed at 3400cm™' for aromatic hydroxyl group.
A sharp peak at 1610cm ™" was assigned to the presence of azomethine (-CH=N). In
the '"H-NMR spectrum a signal at §9.1 ppm was attributed for (-CH=N) group.
Multiplets observed from § 7.0-7.7 ppm were assigned for aromatic proton (Ar—H). The
signal at § 11.0 ppm was assigned for aromatic hydroxyl group (-OH). The "*C{'H}-
NMR exhibited a signal at § 164 ppm, assigned for -CH=N carbon. The signals in the
range § 119-168 ppm were attributed for (Ar—C) carbon.

The ligand was also characterized on the basis of {'>*C—'"H}2D-NMR (HETCOR). In
2D-NMR spectra of ligand the signal at § 160 ppm for C-1 is connected to H-1 of —OH.
The aromatic carbon C-2 at § 124 ppm is connected to H-2 at § 7.6 ppm, similarly C-3 at
87.51 ppm is connected to H-3 at §7.45 ppm, C-4 at § 135 ppm is connected to H-4 at
87.51 ppm, and C-5 at §134ppm is connected to H-5 at §7.7ppm. Carbon at C6
appears at § 115 ppm. The azomethine carbon (-HC=N) C-7 at § 164 ppm was found to
be connected to H-7 at §9.1 ppm [33, 34]. The four equivalent carbons of the aromatic
amine ring C-9 at § 120 ppm were connected to H-9 at § 7.08 ppm and the carbon C-8
was found at § 118 ppm.

Thus on the basis of FT-IR, {*C-'H}2D-NMR, elemental analysis, and FAB-mass
studies the reaction scheme and most probable structure of the ligand are suggested in
figure 2.
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3.2. Characterization of ruthenium complexes

Empirical formulae of 1-8 were in conformity with the elemental analysis. Molecular
weights of all the complexes were determined by FAB-MS. A number of peaks were
observed in mass spectra. Some important peaks, which were spotted in the FAB-mass
of all the complexes, are [RuCl]", [RuCl(bpy)]*, [RuCl(bpy)(so)]*, [RuCl(bpy)(so)
(SALPHEN)]*,  [RuCly(bpy)(so)(u-SALPHEN)RuCl(bpy)(so)]",  [RuCly(bpy)(so)
(u-SALPHEN)RuCl,(bpy)(so) + H]", and  [{RuClsy(bpy)(so)(u-SALPHEN)RuCl,
(bpy)(so)}.so +H*]. Ruthenium has six isotopes with significant natural abundance
(>15%) from 96 to 104, therefore, in some complexes isotopic mass peaks assigned for
Ru'®" and Ru'® were also observed. Since in FAB-mass metal complexes never give
parent ion peak as molecular ion, the ion of highest molecular mass observed in the
spectrum is the complex ion [35, 36]. The molecular conductance values for a very dilute
solution (~0.001 mol L") are 42-59 @' ecm*mol~" for all the complexes, in the range
suggested for 1: 1 electrolytes [37], explained on the basis that in solution one chloride is
replaced by solvent. Some important data are given in table 1.

3.2.1. Electronic spectral study. All complexes were diamagnetic (low spin d®) as
expected for ruthenium(II) complexes. Since ruthenium polypyridyl complexes are
identified as a particularly efficient photosensitizer because of their broad range of
visible light absorption, here all complexes displayed six to ten bands in electronic
spectra. Two/three less intense absorptions observed in visible region between 662—
651nm and 564-557nm were d-d transition corresponding to 1A1g—>lT1g and
lAlg—>1T2g, respectively. Two bands at 410nm and 425nm were designated to

7‘ ;
Hy H
c OH ’ H,0 C
—_ T “ M 2
H—c ™ ¢ Jg _C’g o ¢, —H,
[ | V4 N l |
H/C\CéC—C|=N—C8 Cg =N =C;, _CG\ 404 ——H,
N Cs
| H Co =Gy | \
| \ Hr
H Hs
Hg H9
Figure 2. Structure of ligand.
Table 1. Color, yield, and melting points.
Complexes Color Yield (%) m.p.
1.,4-bis(salicylidene)phenylenediamine (u-SALPHEN) Bright orange 0.230g (79) 211
[{cis-RuCl,(DMSO)phen},(1-SALPHEN)]- DMSO Dark green 0.100 g (87.71) 168
[{trans-RuCl,(DMSO)phen},(u-SALPHEN)] - DMSO Dark green 0.090 g (78.9) 178
[¢is-RuCly,(DMSO)bypy}»(1-SALPHEN)] - DMSO Dark brown 0.030¢g (51.72) 169
[{trans-RuCl,(DMSO)bypy},(u-SALPHEN)] - DMSO Brown 0.031 g (46.75) 158
[{cis-RuCly(TMSO)phen},(u-SALPHEN)] - TMSO Dark brown 0.100 g (90.74) 172
[{trans-RuCl,(TMSO)phen},(u-SALPHEN)] - TMSO Brown 0.029 g (66.44) 165
[{cis-RuCl,(TMSO),bypy}>(u-SALPHEN)] - TMSO Brown 0.080 g (72.99) 173

[{trans-RuClL(TMSO)bypy}»(u-SALPHEN)] - TMSO Brown 0.021 g (67.32) 161
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intraligand transitions 7 — 7* and n — 7* non-bonding electrons present on nitrogen of
the azomethine in the Schiff-base complexes, respectively. Five bands with high
extinction coefficient between 435 and 492 nm were assigned to metal-to-ligand charge
transfer (MLCT) transition. Three MLCT transitions between 435 and 465 nm are due
to two different acceptor levels in 2,2'-bipyridine\1,10-phenanthroline and two bands
between 470 and 492 nm are due to transfer of lone pair from azomethine nitrogen to
the metal. More than double enhancement of the absorbance in dinuclear complexes as
compared to mononuclear precursor complexes could be considered from the presence
of two ruthenium(II) centers [38—41].

3.2.2. Infrared spectral study. The broad absorption band for phenolic v(Ar—OH) was
observed at 3400cm ™' in the free ligand. In the complexes the band was observed
almost at the same place, indicating non-involvement of —OH in coordination.
Absorption at 1610cm ™" was assigned for w(—~CH=N) in the ligand [34, 35]. In all the
complexes a shift was observed to lower energy by 35-40cm™'. Peak intensity was
decreased from the free ligand spectra, indicating that the two metal centers were
symmetrically coordinated to nitrogen atoms of ligand [42].

In all the complexes one peak at 1082-1131 cm ™' was assigned for v(so). Another
peak at 1044-1062cm™" was assigned for DMSO/TMSO present outside the coordi-
nation sphere [43-45]. A weak band at 460 cm ™' was assigned for v(Ru-S).

3.2.3. '"H-NMR spectra. In '"H-NMR spectra (table 2) of all the Ru(II) complexes
signals for pyridine protons were observed at § 7.71-9.0 ppm and § 9.9-10.80 ppm. In
the "H-NMR spectra of 1, 2, 3, and 4 two signals were observed for methyl proton of
DMSO. In 1 and 3, one signal centered at §3.90 ppm for 12 protons was attributed to
methyl of DMSO anti to CI™ at both ruthenium centers. Both complexes exhibit signal
at §2.40 ppm for six protons for methyl of free DMSO [46]. In 2 and 4 signal at
8 3.60 ppm for 12 protons was attributed to methyl group of DMSO trans to pyridyl-N.
The singlet observed at §2.50 ppm for six protons was assigned to DMSO outside the
coordination sphere.

In the TMSO analogs, 5, 6, 7, and 8, three signals were observed for methylene. In 5
and 7, a multiplet centered at §4.28 ppm for eight protons was attributed to S—-CH, of
TMSO situated anti to CI™ at both ruthenium centers [47]. The multiplet centered at
83.70 ppm for four protons was assigned to S—-CH, of free TMSO; multiplet centered at
83.50 ppm was assigned for all 12 protons of S—-C—CH, of TMSO. In 6 and 8, a
multiplet centered at §3.90 ppm for eight protons was assigned for S-CH, of TMSO
trans to pyridyl-N [48]. A multiplet centered at § 3.40 ppm was attributed for 12 protons
of S-C-CH; of TMSO and the multiplet centered at §3.70 for four protons was
attributed for S—-CH, of free TMSO.

A broad signal observed at §9.90 ppm for two protons was assigned to azomethine
(-CH=N). This signal is at higher § value than that of ligand, which confirms the
involvement of azomethine-N in coordination.

In the "H-NMR spectra of TMSO complexes multiplets were observed at §3.92 ppm
and 8§ 3.96 ppm, for eight protons, assigned for S—-CH, protons of TMSO trans to Cl and
at §4.23 ppm and §4.28 ppm for S—-CH, protons of TMSO cis to Cl. The spectra of
TMSO complexes showed singlets at § 3.96 ppm and §4.23 ppm assigned for S—-C—CH,
of TMSO trans to Cl and cis to Cl, respectively. In "H-NMR spectra of all the Ru(II)
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complexes sharp signals were observed at §2.40 ppm in DMSO and §3.70 ppm in
TMSO analog, indicating the presence of uncoordinated DMSO/TMSO in all Ru(Il)
complexes.

3.2.4. BC{'H}-NMR spectra. Complexes were also studied on the basis of "*C{'H}-
NMR spectroscopy. Signals at § 134.1-142.3 ppm were assigned for pyridine carbons
[34, 35]. Similarly signals between §121.0-130.0 ppm were attributed to aromatic
carbons. A signal at §164.0ppm in the ligand that shifted to §152.0 ppm in the
complexes was assigned for azomethine carbon.

In the DMSO complexes two signals were observed for S—C carbon of DMSO. The
signal at § 50.0 ppm was attributed to S—C carbon trans to Cl/bipyridine nitrogen and
the signal at § 35.0 ppm was assigned for S—C carbon of free DMSO. In TMSO analogs
three signals were observed. In 5 and 7, the signal at § 57.0 ppm was assigned for S—C
carbon of TMSO trans to Cl. However, 6 and 8 exhibit a signal at § 52.0 ppm for S-C
carbon of TMSO trans to bipyridine nitrogen [49-51]. In all TMSO analogs a signal at
8 50.0 ppm was attributed to S—C carbon of free TMSO. Also in all the complexes only
one signal between §25.7-27.4 ppm was assigned to S—-C—C carbon of TMSO.

3.2.5. {*C-"H}2D-NMR (HETCOR) spectrum. In {"*C-'H}2D-NMR spectrum of 2
(Supplementary material) pyridyl carbons in the range §134.1-139.8 ppm were
connected to pyridyl protons at §8.0-9.0 ppm as multiplets. The aromatic carbons of
the spacer ligand were at § 124.3—-126 ppm and were connected to the aromatic protons
in the range §7.30-7.70 ppm. The azomethine carbon (-CH=N) at §152ppm is
connected to the azomethine proton at §9.85 ppm [34, 35]. The peak at §49.0 ppm for
the DMSO carbon was found connected to the DMSO methyl at § 3.6 ppm; also in free
or uncoordinated DMSO peak of carbon at § 35.5 ppm was found connected to DMSO
methyl proton at §2.5 ppm.
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Figure 3. Structure of complexes 1-8.
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Table 3. Antibacterial screening against E. coli.

Diameter of inhibition

Complex/precursor zone (in mm) £+ SEM
SALPHEN 9+0.7
[{cis fac-RuCl,(DMSO)phen},(u-SALPHEN)] - DMSO 18+£0.5
[cis,fac-RuCl,(DMSO),phen] 9+0.8
[{trans-RuCl,(DMSO)phen},(1-SALPHEN)]- DMSO 14+1
[trans-RuCl,(DMSO),phen] 8+1.0
[{cis fac-RuCl,(DMSO)bpy }»(u-SALPHEN)] - DMSO 15+£0.5
[¢is,fac-RuCl,(DMSO),bpy] 8+0.8
[{ trans-RuCl,(DMSO)bpy},(«-SALPHEN)]- DMSO 19+1.0
[trans-RuCl,(DMSO),bpy] 9+0.9
[{cis,fac-RuCly(TMSO)phen},(u-SALPHEN)] - TMSO 15+1
[cis,fac-RuCly,(TMSO),phen] 7+0.5
[{trans-RuCl,(TMSO)phen},(u-SALPHEN)] - TMSO 20+ 1
[trans-RuCly,(TMSO) »phen] 8+0.8
[{cis fac-RuCl,(TMSO),bpy }»(u-SALPHEN)] - TMSO 17+1
[cis fac-RuCly(TMSO),bpy] 6+0.5
[{trans-RuCl,(TMSO)bpy}»(u-SALPHEN)] - TMSO 19+1
[trans-RuCl,(TMSO) »bpy] 9+0.8
Chloramphenicol 40+0.9

3.2.6. Biological activity. All ruthenium complexes show more activity against E. coli
(table 3) than ligand and precursors, which are also bioactive. The results of
antibacterial screening for 0.02% concentration are given in table 3, compared against
Chloramphenicol. Complex 6 shows highest inhibition zone of 20 mm. These complexes
exhibit the same range of antibacterial activity as deciphered earlier by dimeric Ru(II)
S-nitro-o-phenanthroline chlorosulfoxide complexes [52].

4. Conclusion

A dinucleating spacer 1,4-bis(salicylidene)phenylenediamine was synthesized by con-
densation of 1,4-phenylenediamine and salicylaldehyde in ethanol. Eight dinuclear
Ru(Il) complexes (figure 3) have been synthesized by reaction between one mole of
spacer and two mole of ruthenium precursor. One DMSO was replaced from each
precursor unit and Schiff base spacer ligand links the two precursor units to yield a
dimer consisting of octahedral ruthenium at each center. The ruthenium dimeric
complexes are more biologically active than monomeric precursors and Schiff base
spacer ligand, against E. coli.
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