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In search of potential anticancer drug candidates in ruthenium complexes, a series of mononuclear ruthe-
nium complexes of the type [Ru(phen),(nmit)|Cl, (Rul), [Ru(bpy),(nmit)]Cl, (Ru2), [Ru(phen),(icpl)|Cl, (Ru3),
Ru(bpy),(icpD]Cl, (Ru4) (phen=1,10-phenanthroline; bpy=2,2'-bipyridine; nmit=/N-methyl-isatin-3-thiosemi-
carbazone, icpl=isatin-3-(4-Cl-phenyl)thiosemicarbazone) and [Ru(phen),(aze)]Cl, (RuS), [Ru(bpy),(aze)]Cl,
(Ru6) (aze=acetazolamide) and [Ru(phen),(R-tsc)](C1O,), (R=methyl (Ru7), ethyl (Ru8), cyclohexyl (Ru9), 4-
Cl-phenyl (10), 4-Br-phenyl (Rull), and 4-EtO-phenyl (Rul2), tsc=thiosemicarbazone) were prepared and char-
acterized by elemental analysis, FTIR, '"H-NMR and FAB-MS. Effect of these complexes on the growth of a
transplantable murine tumor cell line (Ehrlich Ascites Carcinoma) and their antibacterial activity were studied.
In cancer study the effect of hematological profile of the tumor hosts have also been studied. In the cancer study,
the complexes Rul—Ru4, Rul0 and Rull have remarkably decreased the tumor volume and viable ascitic cell
count as indicated by trypan blue dye exclusion test (p<<0.05). Treatment with the ruthenium complexes pro-
longed the lifespan of Ehrlich Ascites Carcinoma (EAC) bearing mice. Tumor inhibition by the ruthenium
chelates was followed by improvements in hemoglobin, RBC and WBC values. All the complexes showed antibac-
terial activity, except Ru5 and Ru6. Thus, the results suggest that these ruthenium complexes have significant an-
titumor property and antibacterial activity. The results also reflect that the drug does not adversely affect the
hematological profiles as compared to that of cisplatin on the host.

Key words

The success of cisplatin and related platinum complexes as
anticancer agents has stimulated a search for other active
transition metal complexes, and ruthenium in particular has
attracted the researchers.” Metal complexes of ruthenium
containing nitrogen and oxygen donor ligands are found to
be effective catalysts for oxidation, reduction, hydrolysis and
other organic transformation.”’ The coordination environment
around ruthenium plays the key role in stabilizing its differ-
ent oxidation states and hence dictates the redox properties
of the control atoms.>® Since then, complexes such as trans-
(IndH)[Ru(ind),Cl,] (Ind=indazole), mer-[Ru(terpy)]Cl,
(terpy=2,2'-terpyridine), and Ru(chdH,)Cl, (chd=1,2-cyclo-
hexanediamine tetraacetate), have been reported to be highly
active.>~” Other classic ruthenium complexes such as
Ru(dmso),CL*  (dmso=dimethylsulfoxide), ImH[Ru(im)
Cly],” ImH[Ru(im),C1,]'” and ImH[Ru(im)(dmso)Cl,]""
(NAMI-A) (im=imidazole) are also well known antitumor
agents. Complexes like [Ru(arene)(1)]CL,'? (arene=p-
cymene, hexamethylbenzene and 1=carbene or nitrogen con-
taining heterocycles) have been tested for antibacterial and
antifungal activity.

The tris chelates of the ruthenium with bidentate ligands
show intercalate properties with the DNA'? and bind to
Fe(11I) sites of the proteins lactoferin and transferrin'*'> and
transferrin is thought to be responsible for the delivery of
Ru(IID) to cancer cells where it is taken up via receptor medi-
ated endocytosis.'® Transferrin normally transports Fe(III) in
the blood but is only about one third occupied by Fe(III), and
so there are vacant sites available for Ru(Ill) binding. An-
other important step in the mechanism of action of Ru(III)
complexes is thought to be in vivo reduction to Ru(Il),'”
which is kinetically more reactive than Ru(IIl). Recently we
have reported, N-alkyl and N-aryl substituted thiosemicar-
bazide complexes with Ru(bpy),Cl, and greater antibacterial
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activity was found in the N-alkyl substituted complexes
whereas N-aryl substituted exhibited more antitumor
activity.'® In view of the above facts we have investigated the
design of a novel range of Ru(Il) complexes and the struc-
tural features as well as the contribution of the ligands that
are responsible for antitumor and antibacterial activity.

Results and Discussion

Chemistry The ligands nmit (nmit=N-methyl-isatin-3-
thiosemicarbazone) and icpl (icpl=isatin-3-(4-chloro-
phenyl) thiosemicarbazone) were prepared by reacting N-
methylisatin and isatin with thiosemicarbazide and 4-chloro-
phenyl thiosemicarbazide in alcohol in presence of glacial
acetic acid in 1:1 molar ratios respectively. Other ligands
like r-tsc (r-tsc=4-substituted thiosemicarbazides) were pre-
pared according to the literature!*?” with slight modification
(Chart 1). All these ligands were confirmed for their purity
by their melting point, elemental analysis and infrared spec-
tra.

Ruthenium metal complexes with the ligands nmit, icpl,
aze (aze=acetazolamide) and r-tsc were prepared by the re-
action of a stoichiometric quantity of Ru(phen),Cl/
Ru(bpy),Cl, with the respective ligands in alcohol in pres-
ence of nitrogen (Chart 2). The completion of the reaction
was monitored by TLC on silica gel.

The structures of these ligands, especially nmit, icpl and r-
tsc in Fig. 1, show that in no case these ligands can exhibit
tridentate behavior. There are very few cases in which the
thiosemicarbazides act as monodentate ligands binding to the
metal centre through the sulfur atom, the only known solid
complexes of thiosemicarbazides coordinating through the
sulfur atom only are the polymeric Ag(I) complex.”'*? They
are capable of exhibiting bidentate behavior, as shown in Fig.
2. In case of r-tsc the chelating mode is via sulfur atom and
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terminal hydrazinic nitrogen atom of thiosemicarbazide
chain, in nmit and icpl, the chelating mode is via sulfur atom
and imine nitrogen.”>

The infrared spectra of all the ligands and their ruthe-
nium(II) complexes were recorded in KBr and reported in
their respective titles by tentative assignments. Nmit and icpl
ligands having vibrational frequency from 3400—3151 cm™!
is assigned for NH and NH, of thioamide stretching and at
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Fig. 1
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Fig. 2

the regions of 1677—1679cm™" for amide carbonyl group
respectively. The IR spectra of the ligand aze have 3310—
3100cm™! for NH, stretching, and at 1679cm™" for C=0
stretching. A comparison of the IR spectra of the ligands
nmit and icpl with ruthenium(II) complexes indicates, these
ligands are coordinated to the metal ion by sulfur and imine
nitrogen but not with amide carbonyl oxygen, which was
confirmed by the IR spectra which indicates no change in vi-
brational frequency of amide carbonyl group.

In the complexes such as Ru5 and Ru6, the coordination
has occurred via ring nitrogen and carbonyl oxygen but not
with sulfonamide group, which was confirmed by the change
in vibrational frequency of carbonyl group and not with sul-
fonamide. It is well known that 4-substituted-thiosemicar-
bazides ligands in the free state exist in the trans-configura-
tion with respect to the thiocarbonyl sulfur and the terminal
nitrogen atom of the thiosemicarbazide moiety. But during
complex formation they became cis to each other.”® In the IR
spectra of the ligands r-tsc there are two strong bands in
the 3000—3300cm ™" region, which corresponds to —NH,
stretching vibrations, besides one or two NH vibration bands
in the same region. A strong band near 1600—1640 cm ™
corresponds to -NH, bending vibration and a band at 1370—
1400cm™! corresponds to C=S stretching vibration.® On
complexation both the -NH, bending and C=S stretching vi-
brations were changed. These observations clearly indicate
the participation of the NH, group and thiocarbonyl sulfur in
coordination to the metal ion.

Coordination of ligands (L=nmit, icpl and aze) to ruthe-
nium results in complexes such as cis-[Ru(phen),(L)]Cl,/cis-
[Ru(bpy),(L)ICl, (Rul—Ru4, Ru5 and Ru6) respectively.
Coordination of r-tsc ligand to cis-Ru(phen),Cl, leads to

Vol. 52, No. 2

cis-[Ru(phen),(r-tsc)]C1O, (Ru7—Rul2) respectively. All
these complexes do not possess any C, axes of symmetry.
Such a loss of C, axis of symmetry was seen for
[Ru(bpy),(atatp)](ClO,),*® (bpy=2,2’-bipyridine, atatp=ace-
naphtheno[1,2-b]-1,4,8,9-tetraazatriphenylene),  [Ru(L),(9-
CH;-adenine)]**(ClO,), (L=2,2'-bipyridine/azapyridine)*”
which leads to nonequivalency of the ligands. The complexes
bearing aze and r-tsc ligands have not shown NH, and NH
protons in their proton NMR spectra. These may have been
merged with the baseline. For the complexes RuS and Ru6
each have 10 well resolved resonance peaks, which corre-
spond to four different aromatic ring protons of the two 1,10-
phenanthroline ligands and one resonance peak for CH, of
acetazolamide respectively.

These complexes show broad and intense visible bands be-
tween 350 to 500 nm due to metal to ligand charge transfer
transition. In the UV region the bands at 290 nm and 310 nm
are assigned to 2,2'-bipyridine/1,10-phenanthroline ligand
n—n* charge transfer transitions. The same transition is
found in free 2,2'-bipyridine/1,10-phenanthroline at 280 nm,
so that coordination of the ligand results in a red shift in the
transition energy. There are also two shoulders at 390 nm and
500 nm, which are tentatively, attributed to a metal to ligand
charge transfer transitions involving 2,2'-bipyridine, 1,10-
phenanthroline and the third ligand.

The FAB-MS of the prepared complexes have shown
the fragmentation in the following way. First fragment
was the ion pair {Ru(L),(L,)}**Cl", followed by cation
{Ru(L),(L)}*"; and others are {Ru(L)(L)}>"; {Ru(L),}>";
{Ru(L)}** respectively. This type of fragmentation was also
observed for [Ru(phen),(phi)]Cl, and [Ru(bpy),(phi)]C1,?*)
(bpy=2,2'-bipyridine; phen=1,10-phenanthroline; phi=9,10-
phenanthrenequinonediimine) Spectrum 1.

Thus, based on the elemental analysis and spectral data, the
proposed structures for the complexes are shown in Fig. 2.

Biological Activity and Discussion Results are summa-
rized in Tables 1—3 and the pharmacological data were ana-
lyzed statistically by analysis of variance followed by Dun-
nett’s test of significance. The statistical significance were
considered only when p<<0.05. All the complexes were tested
for their anticancer activity against EAC bearing mice.
Rul—Ru4, Rul0 and Rull were found to increase the life
span of the tumor hosts by 66—43% and were the most ac-
tive in the series of synthesized complexes. Rul—Ru4 was
also found to bring the altered hemoglobin and RBC values
of the EAC bearing mice to near normal values. The results
of the present study clearly demonstrated the tumor in-
hibitory activity of the ruthenium complexes against trans-
plantable murine tumor cell line (Table 1). In the EAC bear-
ing mice, cells are present in the peritoneal cavity and the
compounds were administered directly into the peritoneum.
Thus, tumor inhibition might be due to the direct effect of the
compounds on the tumor cells. The effect of these com-
pounds on DNA synthesis is yet unknown but certain struc-
turally-related tris-chelates of ruthenium are reported to have
DNA binding property in vitro.'® Studies on DNA binding of
the synthesized complexes were performed and are reported
in Table 4. Rul—Ru4 show some interaction with calf thy-
mus DNA as observed from their shift in the visible MLCT
(metal to ligand charge transfer) bands.?” Thus the action of
these synthesized complexes could also be mediated via its
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Table 1. Antineoplastic Activity of Ruthenium Complexes against EAC Bearing Mice
Total body Mean survival o Tumor Viable cells in
Treatment weight (¢) time (d) ILS (%) volume (ml) ascitic fluid (%)
Vehicle (5 ml/kg) 22.2+0.5 — — — —
EAC (2X10° cells/mouse) 28.3+0.6 21 — 3.4+0.3 95.2+3.5
Cisplatin+EAC (2 mg/kg) 18.2+0.7 22 5 — —
Rul+EAC (2 mg/kg) 23.1x1.1 35 66 0.7%0.01 423*+1.3
Ru2+EAC (2 mg/kg) 22.9+0.8 34 62 0.9+0.03 455%1.3
Ru3+EAC (2 mg/kg) 23.5+0.4 33 57 0.6+0.01 48.7+2.1
Ru4+EAC (2 mg/kg) 23.2+0.5 34 62 0.9+0.03 47.2%25
RuS+EAC (2 mg/kg) 25.1£0.6 27 29 1.7+0.04 69.1£2.6
Ru6+EAC (2 mg/kg) 25.3+0.6 26 24 1.5+0.02 72.1+x1.9
Ru7+EAC (2 mg/kg) 24.8+0.7 26 24 1.3+0.06 66.8+2.1
Ru8+EAC (2 mg/kg) 24.2%0.2 26 24 1.3+0.02 66.5£1.9
Ru9+EAC (2 mg/kg) 24.6+0.3 25 19 1.5+0.03 69.5+1.6
Rul0+EAC (2 mg/kg) 23904 30 43 1.1£0.02 53.4*14
Rull+EAC (2 mg/kg) 24.1+0.3 30 43 1.2+0.05 52.7+1.7
Rul2+EAC (2 mg/kg) 24.3%+0.6 28 33 1.4£0.04 62.7+1.3
Values are mean+S.E.M.
Table 2. Effect of Ruthenium Complexes on the Hematological Profile of EAC Bearing Mice
Hb RBC WBC Lymphocyte Granulocyte Monocyte
Treatment (@/d)) (countx10%  (countx10%) %) (%) %)
Vehicle (5 ml/kg) 12.2+0.3 12.1%£1.1 6.7+1.1 71.3+24 2.1+0.2 26.6%£0.4
EAC (2X10° cells/mouse) 9.3+0.6 6.52+0.8 17.2+2.9 62.5+2.7 33.3+0.8 42*12
Cisplatin+EAC (2 mg/kg) 10.1x0.4 5.6*0.3 10.1+1.8 65.3%3.1 29.3+2.1 54%+0.3
Rul+EAC (2 mg/kg) 11.8+0.4 6.2+0.5 9.5+0.8 77.8+4.1 4.7%0.3 17.5+0.8
Ru2+EAC (2 mg/kg) 11.5+0.2 6.3+0.5 9.3+0.6 77.4+2.8 48*04 17.8+0.3
Ru3+EAC (2 mg/kg) 11.1+0.3 6.2+0.2 9.7+0.5 77.3%2.1 5.2*0.7 17.5+0.7
Ru4+EAC (2 mg/kg) 11.4+0.4 6.0+0.4 9.6+0.4 77.7+2.2 4.8+0.6 17.5+0.4
Ru5+EAC (2 mg/kg) 9.3%+0.1 52+0.3 11.5*+1.1 80.9£3.1 8.9+0.9 11.2*0.5
Ru6+EAC (2 mg/kg) 9.1+0.3 5.1+0.2 10.2+1.2 81.5+1.4 8.5+0.2 11.0+0.6
Ru7+EAC (2 mg/kg) 9.8+0.4 5.7*0.6 10.8+0.8 79.1x1.1 7.1%0.1 13.8%0.5
Ru8+EAC (2 mg/kg) 9.7+0.3 5.5+0.8 10.3+0.6 78.6+2.1 73*x0.4 14.1+0.8
Ru9+EAC (2 mg/kg) 9.3%0.5 53+0.2 11.7+0.4 80.2+2.4 7.3+0.2 12.5+0.4
Rul0+EAC (2 mg/kg) 10.2*0.4 5.9+0.7 8.9%0.6 79.7x2.1 52+0.3 15.1+0.6
Rull+EAC (2 mg/kg) 10.1+0.5 5.9+0.6 8.8+0.3 79.8+3.1 5.4%+0.6 14.8+0.6
Rul2+EAC (2 mg/kg) 9.8+0.3 5.8+0.7 10.1+0.5 83.1+1.9 6.2+x0.4 10.7%0.6

Values are mean*S.E.M.
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Table 3. Antibacterial Activity of Ruthenium Complexes at 200 pg/ml
Treatment Vlbrlogcglso lerae Vlbrllo 43203[”% Sfll; :16): fsoc6(;c701us Sf'f :le);[ ;)(éosc;(;ts Shigella flexnari Shigella sonnei

Rul 16x0.2 10£0.1 12+0.2 11x0.1 12+0.2 10x0.2
Ru2 15+0.1 10£0.2 11x0.2 12+0.2 13+0.2 10£0.1
Ru3 13x0.2 12+0.1 10+0.1 8+0.2 11+0.3 10x0.1
Ru4 12+0.2 8+0.2 9+0.2 9+0.2 10£0.3 9+0.2
Rus 9+0.3 8+0.2 11x0.2 8+0.3 9+0.1 8+0.2
Ru6 11x£0.2 9+0.1 10£0.1 12+0.2 8+0.1 10£0.1
Ru7 17£0.2 12+0.2 20£0.1 15+0.1 16=0.1 15+0.3
Ru8 20=0.1 14x0.2 20=0.1 12+0.1 19+0.2 16x0.3
Ru9 20£0.2 10£0.1 17£0.2 16x0.1 15+0.2 13£0.1
Rul0 16x0.2 11+0.1 18+0.1 15+0.3 16=0.1 13x0.2
Rull 15£0.1 11x£0.2 18£0.1 15+0.2 16£0.3 13£0.2
Rul2 14%+0.1 10+0.2 17+0.1 16+0.2 15+0.1 12+0.1
STD 30%0.2 20+0.2 26+0.2 26+0.3 20+0.2 19+0.2

Values are mean*S.E.M. STD=Chloramphenicol 10 pg/ml. Zone of inhibition in mm (including bore size of 6 mm).

Table 4. Effects of Binding to DNA on Visible MLCT Transitions Table 5. Physical Data for R-TSC (TSC=Thiosemicarbazide)
Anax (1) R Melting point (°C) Yield (%)
Complexes AL (nm)
without DNA with DNA CH, 135.5 (137) 48
CH, 81—82 (84) 60

Rul 550 557 7 Cyclohexyl 142.5 (143) 53
Ru2 555 561 6 4-Cl-phenyl 178 (180) 65
Ru3 550 558 8 4-Br-phenyl 163—165 55
Ru4 545 555 10 4-C,H,0O-phenyl 175—177 68
Rus 470 470 0
Ru6 465 465 0 Parentheses indicate literature melting point.
Ru7 480 480 0
E‘lg 222 igg 8 Shigella flexnari and Shigella sonnei as compared to that of
Rﬁl 0 470 470 0 the standard drug chloramphenicol. Moderate activities were
Rull 475 475 0 observed for Rul—Ru4 and Rul0—Rul2 against the mi-
Rul2 480 480 0 croorganisms Vibrio cholerae 865, Staphylococcus aureus

effect, if any, on the DNA.

Myelosupression is a frequent and major complication of
cancer chemotherapy. Compared to the EAC control animals,
ruthenium treatment and subsequent tumor inhibition re-
sulted in appreciable improvements in hemoglobin content,
RBC and WBC counts (Table 2). These observations assume
great significance as anemia is a common complication
in cancer and the situation aggravates further during
chemotherapy since a majority of antineoplastic agents exert
suppressive effects on erythropoiesis®®*! and thereby limit-
ing the use of these drugs. Cisplatin is known to cause bone
marrow depression and acute nephrotoxicity. Thus, the se-
vere depression of the bone marrow coupled with acute
nephrotoxicity®> > probably caused a negative nitrogen bal-
ance in the cisplatin treated animals, which resulted in a loss
of body weight. The nephrotoxicity of cisplatin is due to the
capability of the compound to generate free radicals and re-
active oxygen species within the liver and kidney.*—*® The
improvement in hematological profile of the tumor bearing
mice following the treatment with ruthenium complexes
could be secondary to tumor regression or due to the action
of the compounds itself.

The complexes were also evaluated for its antibacterial ac-
tivity by cup-plate method.*” Significant antibacterial activ-
ity was observed for Ru7, Ru8 and Ru9 against the microor-
ganisms Vibrio cholerae 865, Staphylococcus aureus 6571,

6571 and Shigella flexnari. However, all the complexes failed
to show significant antibacterial activity against Vibrio
cholerae 14033 and Staphylococcus aureus 8560. The en-
hanced antibacterial activity was observed for complexes
with alkyl substituted thiosemicarbazides and Ru(phen),Cl,.
This increase in activity may be associated with larger ring
size of phenanthroline moiety and the presence of alkyl sub-
stituents which together make the complexes more
lipophillic.'®

In the present study it can be clearly seen that the substitu-
tion of the central metal atom of the complexes with different
ligands provides a major source of variation among the ob-
served biological activities. Complexes bearing the ligands
such as nmit and icpl were found to be more biologically ac-
tive than complexes with aze. Thus it seems that the size as
well as the substituent groups in the ligands influence biolog-
ical activities of the complex. Further the presence of 1,10-
phenanthroline imparted greater biological activity to the
complexes than their 2,2'-bipyridine containing counterparts.
Other workers in various studies involving in vitro models
have also noted this fact.*”

Conclusions

The results of the present study are encouraging as these
compounds exhibit significant reduction in the tumor burden
and caused prolongation of lifespan of the tumor hosts. Im-
provements, rather than aggravation, or tumor associated
hematological complications such as anemia and bone mar-
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row suppression were also noticed.

Experimental

Melting points were determined on an open capillary method and were
uncorrected. Infra red (IR) spectra were recorded on a Jasco V 410/Shi-
madzu IR spectrometer. 'H-NMR spectra were recorded on a Bruker Ultra-
spec (500/300 MHz) and the chemical shifts are given in § values. The re-
ported chemical shifts were against TMS. UV/visible spectra were run on
Beckmann DU 64 UV spectrophotometer. FAB Mass spectra were recorded
on a JEOL JMS 600 mass spectrometer in mNBA matrix. Elemental analy-
sis for carbon, hydrogen and nitrogen were performed on a Perkin-Elmer
2400 elemental analyzer. Silica gel (SRL Mumbai). Acetazolamide (Lead-
erle, Mumbai), Sodium perchlorate (Fluka, U.S.A.).

Preparation of Isatin In a round-bottomed flask 9 g (0.05 mol) of chlo-
ral hydrate in 85 ml of water was placed. To this mixture 7 g of sodium sul-
fate and a solution of 3.1g (0.03 mol) aniline in 20 ml of H,O containing
4.1 g concentrated H,SO, (sp.gr., 1.84) was added to dissolve the amine and
finally a solution of 7 g (0.1 mol) of hydroxylamine hydrochloride in 17 ml
of H,O were added in the flask. It was then added at a rate such that vigor-
ous boiling begins in about 40—45 min. After 1—2 min of vigorous boiling
the reaction was complete. During the heating period some of the isonitroso
acetanilide separated out. On cooling the solution in running water the re-
mainder was crystallized. It was filtered with suction, dried in air. Yield
76%.

Twenty grams of concentrated H,SO, (sp.gr., 1.84) was heated to 50 °C
and then 5.4 g (0.03 mol) of dry isonitroso acetanilide was added in such a
rate as to keep the temperature between 60—70 °C external cooling was ap-
plied at this stage so that the reaction could be carried out more rapidly.
After the addition of all isonitroso acetanilide, the solution was heated to
80 °C and was kept at this temperature for about 10 min to complete the re-
action. Then the reaction mixture was cooled to room temperature and
poured upon ten to twelve times its volume of crushed ice. After standing
for about 90 min the product was filtered with suction and washed with cold
H,O to remove the H,SO,. The crude product was then dried in air.

Purification of Isatin Two grams of crude isatin was suspended in
10 ml of hot water and treated with a solution of 0.5 g of NaOH in 2 ml of
water. The solution was stirred and the isatin passes into solution. Dilute
HCI was then added with stirring until a slight precipitate appears. The mix-
ture was then filtered at once and the precipitate is rejected. The filtrate was
made acid to Congo red paper and isatin slowly crystallizes out. It was fil-
tered with suction and dried. mp 178 °C (lit.*> 180 °C), yield 68%.

Preparation of N-CH,—Isatin To a suspension of isatin (2 g) in ethanol
(30 ml), ethanolic KOH (10 ml, 10%) added portionwise during 20 min, with
shaking. To the deep purple suspension, dimethyl sulfate (freshly distilled,
1.5 ml) was added and the reaction mixture was shaken for 30 min. The mix-
ture was filtered and ethanol (25 ml) removed from the filtrate by distillation.
The residue from the filtration was added to hot water (6 ml), the concen-
trated alcoholic solution was added and the mixture heated to give a clear
solution. On cooling, N-methylisatin (1.50 g, 60%) separated as orange nee-
dles. mp 134 °C (lit.*® 136 °C).

Preparation of NMIT In a round bottom flask fitted with a reflux con-
denser N-methylisatin 0.16 g (1 mmol), thiosemicarbazide (TSC) 0.09g
(1 mmol) and glacial acetic acid (0.5 ml) were added. The mixture was re-
fluxed in alcohol for 3 h and left overnight. It was filtered through Buchner
flask and purified by column chromatography over silica gel (60—120
mesh) by using CHCL,—EtOAc (7 : 3) as the eluate.

NMIT: Yield 60%, yellow fiber, mp 226—228°C (decomposition).
IR (KBr)cm™": 3425—3151 (NH, and NH), 1678 (C=0), 1608 (N-H def)
and 1372—1340 (C=S). 4nal. Calcd for C,(H,,N,OS: C, 51.27; H, 4.30; N,
23.91. Found: C, 49.98; H, 4.19; N, 23.98.

Preparation of ICPL In a round bottom flask fitted with a reflux con-
denser isatin 0.14g (1 mmol), 4-chloro-phenyl-thiosemicarbazide (PTSC)
0.20g (1 mmol) and glacial acetic acid (0.5ml) were added. The mixture
was refluxed in alcohol for 15h and left overnight. It was filtered through
Buchner flask and purified by column chromatography over silica gel (60—
120 mesh) by using CHCL,—EtOAc (7 : 3) as eluate.

ICPL: Yield 55%, yellow fibre, mp 238—240°C (decomposition).
IR (KBr)em™": 1693 (C=0), 1621 (N-H def) and 1397—1346 (C=S).
Anal. Caled for C;H;,CIN,OS: C, 54.46; H, 3.35; N, 16.94. Found: C,
54.27; H, 3.50; N, 17.05.

Preparation of R-TSC One tenth mole of amine was dissolved in 20 ml
of ammonium hydroxide (sp.gr. 0.88) and 8ml of carbon disulfide was
slowly added while stirring the mixture on ice. Until all the addition of car-
bon disulfide the temperature was kept below 15 °C, stirring was continued
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for further 30 min, then ethanol was added until all the carbon disulfide went
into solution. The mixture was left to warm to room temperature for 2 h.
During this time a white precipitate of the intermediate ammonium dithio-
carbamate begins to form. Ten milliliters of 50% hydrazine hydrate and
sodium chloroacetate (0.1 mol) is rapidly added in succession while the mix-
ture is heated on a water bath. The clear solution formed is immediately fil-
tered and the solution is reduced to half its original volume. The mixture is
kept overnight at room temperature and the thiosemicarbazide formed crys-
tallizes out (Table 4).

Preparation of cis-Bis(L)dichlororuthenium(II).*” cis-[Ru(L),Cl,]
Where L=2,2"-bipyridine/1,10-phenanthroline RuCl;-3H,0, 1.15g
(2.5mmol) and L (5 mmol) was refluxed in 50 ml DMF for 3 h under nitro-
gen atmosphere. The reddish brown solution slowly turned purple and the
product precipitated in the reaction mixture. The solution was cooled
overnight at 0 °C. A fine microcrystalline mass was filtered off. The residue
was repeatedly washed with 30% LiCl solution and finally recrystallised
from the same. The product was dried and stored in a vacuum desiccator
over P,O; for further use (yield 75%).

Synthesis of Rul To the black microcrystalline cis-[Ru(phen),Cl,]
1.064 g (2 mmol) ligand nmit 0.58 g (2.5 mmol) was added and refluxed in
ethanol under nitrogen respectively. The reaction was monitored by TLC and
the complexes were separated by column chromatography on silica support
(230—400 mesh silica) using chloroform and methanol as eluate in an as-
cending order of polarity. After collecting the product, excess of solvent was
distilled off and the resultant solution was kept at 0 °C overnight. A micro-
crystalline precipitate was obtained. The crystals were filtered and were
dried over CaCl, in vacuum.

Yield 45%, black crystals, IR (KBr)em ': 3251—3162 (N-H), 1690
(C=0), 1603 (N-H def), 1324 (C=S). UV/Vis A,,, (methanol) nm: 260,
400, 460, 550. '"H-NMR (DMSO-d,) &: 9.65 (1H, d, J=5.15Hz), 9.25 (1H,
d,J=4.86Hz), 8.82 (1H, d, J=7.76 Hz), 8.74 (1H, d, J=7.92Hz ), 8.51 (2H,
d, J=8.32Hz), 8.41 (1H, d, J=3.16 Hz), 8.39 (1H, d, J=4.07 Hz), 8.25 (1H,
d, J/=8.88 Hz), 8.19 (1H, d, /=5.20Hz) 8.17 (1H, d, /=4.38 Hz), 8.12 (1H,
d, J=8.86 Hz), 8.08 (1H, dd, /=8.16, 5.33 Hz), 8.00 (2H, s), 7.89 (1H, d,
J=5.19Hz), 7.62 (1H, d, J=4.77Hz), 7.47 (1H, dd, /=8.09, 5.33 Hz), 7.41
(1H, dd, J=8.06, 536Hz), 7.16 (1H, t, J=14.51Hz), 6.87 (IH, t,
J=15.15Hz), 6.70 (1H, d, J=7.73 Hz), 5.31 (1H, s), 2.66 (3H, s). FAB-MS
(mNBA): 731, [Ru(phen),(nmit)]**C1~; 695, [Ru(phen),(nmit)]**; 515,
[Ru(phen)(nmit)]**; 460, [Ru(phen),]**; 335, [Ru(nmit)]**. 4nal. Calcd for
C,,H,(CLNGORuS: C, 53.26; H, 3.39; N, 14.62. Found: C, 53.30; H, 3.25;
N, 15.05.

Synthesis of Ru2 A similar synthetic procedure was adopted as for Rul
with nmit as the third ligand except for the starting material which was cis-
[Ru(bpy),CL,].

Yield 47%, black crystals, IR (KBr)em™': 3258—3169 (N-H), 1697
(C=0), 1600 (N-H def), 1340 (C=S). UV/Vis A, (methanol) nm: 260,
405, 458, 555. FAB-MS (mNBA): 683, [Ru(bpy),(nmit)]**Cl~; 647,
[Ru(bpy),(nmit)]**; 492, [Ru(bpy)(nmit)]**; 413, [Ru(bpy),]**; 335,
[Ru(nmit)]**. Anal. Caled for C50H,CLNGORuS: C, 50.14; H, 3.62; N,
15.60. Found: C, 49.98; H, 3.45; N, 16.03.

Synthesis of Ru3  With cis-[Ru(phen),Cl,] as the starting material and
icpl as the third ligand Ru3 was synthesized in a similar manner as Rul.

Yield 48%, black crystals, IR (KBr)em ': 3414 (N-H broad), 1699
(C=0), 1611 (N-H), 1321 (C=S). UV/Vis 4, (methanol) nm: 258, 400,
455, 550. '"H-NMR (DMSO-d,) 6: 10.44 (1H, s), 10.02 (1H, s), 9.60 (1H, d,
J=4.17Hz), 9.24 (1H, d, J=4.17Hz), 8.83 (1H, d, /=8.14Hz), 8.75 (1H, d,
J=8.18 Hz), 8.53 (IH, d, J/=8.23 Hz), 8.44 (2H, m), 8.26—S8.11 (6H, m),
8.09 (1H, dd, J=8.24, 5.37Hz), 7.87 (1H, d, J=6.41 Hz), 7.65—7.62 (3H,
m), 7.48 (1H, dd, J=8.19, 5.32 Hz), 7.40—7.35 (4H, m), 7.06 (1H, m), 6.66
(1H, m), 6.50 (1H, d, J=7.74Hz). FAB-MS (mNBA): 827, [Ru(phen),
(icpD)]**C17; 809, [Ru(phen),(icp)]*"H,0; 791, [Ru(phen),(icp))]**; 613,
[Ru(phen)(icpl)]**; 462, [Ru(phen),]**; 431, [Ru(icpl)]**. Anal. Calcd for
Cy,H,,CLLNgORuS: C, 54.29; H, 3.13; N, 12.99. Found: C, 54.25; H, 3.10;
N, 13.15.

Synthesis of Ru4 With cis-[Ru(bpy),Cl,] as the starting material and
icpl as the third ligand Ru3 was synthesized in a similar manner as Rul.

Yield 45%, black crystals, IR (KBr)em™': 3400 (N-H broad), 1695
(C=0), 1625 (N-H), 1330 (C=S). UV/Vis A,,,, (methanol) nm: 260, 405,
450, 545. FAB-MS (mNBA): 779, [Ru(bpy),(icpD)]**Cl7; 743,
[Ru(bpy),(icpD]*"; 587, [Ru(bpy)(icpD]’"; 413, [Ru(bpy),**; 431,
[Ru(icp)]**. Anal. Caled for C;sH,,CL,NyORuS: C, 51.59; H, 3.31; N,
13.76. Found: C, 51.25; H, 3.38; N, 14.05.

Synthesis of RuS To the black microcrystalline cis-Ru(phen),Cl,
(2mmol) ligand aze 0.55g (2.5 mmol) was added and refluxed in ethanol
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under nitrogen atmosphere. The reaction was monitored by TLC on silica
gel plates. After the completion of reaction, the reaction mixture was cooled
to room temperature. The complex was purified by column chromatography
on neutral alumina using dichloromethane : isopropanol (19:1) as elutant.
After collecting the product, excess of solvent was distilled off and the resul-
tant solution was kept at 0 °C overnight. A microcrystalline precipitate was
obtained. The crystals were filtered and were dried over CaCl, in vacuum.

Yield 47%: IR (KBr)cm™": 3401 (SO,NH, and N-H), 3100 (C-H), 1641
(C=0), 1552—1428 (C=N), 1337—1288 (SO,). UV A4, (methanol) nm:
245, 286, 470. "H-NMR (DMSO-d,) &: 9.97 (1H, d, J=4.73 Hz), 8.80 (2H,
t, J=16.78 Hz), 8.48—8.45 (2H, m), 8.36 (3H, td, /=9.80, 3.59 Hz), 8.13
(1H, dd, J=8.16, 5.35Hz), 7.88 (2H, t, J=9.55Hz), 7.55 (2H, dd, J=7.97,
5.36Hz), 1.82 (3H, s). FAB-MS (mNBA): 683, [Ru(phen),(aze)]**; 503,
[Ru(phen)(aze)]**; 460, [Ru(phen),]*"; 323, [Ru(aze)]**. Anal. Caled for
C,H,,CLLN;O,RuS: C, 44.56; H, 2.92; N, 14.85. Found: C, 44.25; H, 2.73;
N, 15.02.

Synthesis of Ru6 With cis-[Ru(bpy),Cl,] as the starting material and
aze as the third ligand Ru6 was prepared in a similar manner to Ru5.

Yield 45%: IR (KBr) cm™": 3450 (SO,NH, and N-H), 3100 (C-H), 1643
(C=0), 1555—1425 (C=N), 1340—1290 (SO,). UV A, (methanol) nm:
240, 280, 465. '"H-NMR (DMSO-d,) &: 9.53 (1H, d, J/=5.25Hz), 8.72 (2H,
t, J=13.67Hz), 8.63 (2H, d, /=7.20Hz), 8.14 (2H, dd, J=13.94, 6.30 Hz),
7.92—7.88 (3H, m), 7.80 (1H, t, J=12.47Hz), 7.71 (1H, t, J=12.38 Hz),
7.60 (2H, dd, J=8.76, 5.64 Hz), 7.33 (2H, dd, /=12.01, 4.80 Hz), 1.88 (3H,
s). FAB-MS (mNBA): 635, [Ru(bpy),(aze)]*"; 479, [Ru(bpy)(aze)]**; 413,
[Ru(bpy),]**; 323, [Ru(aze)]**. 4nal. Calcd for C,H,,CL,N,O;RuS: C,
40.79; H, 3.12; N, 15.86. Found: C, 40.50; H, 3.15; N, 16.05.

Synthesis of Ru7—Rul2 To the black microcrystalline cis-
Ru(phen),Cl, (2mmol), R-TSC (R-TSC=N-alkyl/N-aryl substituted
thiosemicarbazides, where R denotes the substituent on the N4 atom of the
thiosemicarbazide) (2.5 mmol) was added and refluxed in ethanol under ni-
trogen atmosphere. The initial purple colored solution slowly changed to a
brownish orange at the end of the reaction, the reaction was verified by TLC
on silica gel plates. The reaction mixture was cooled to room temperature.
The complex was purified by column chromatography on silica support
(230—400 mesh, silica gel) using chloroform and methanol as eluents in an
ascending order. The pure complexes were dissolved in a minimum volume
of dry ethanol. Excess cold solution of NaClO, was added to the mixture
and the resultant solution cooled at 0 °C overnight. A microcrystalline pre-
cipitate was obtained. The crystals were filtered and dried over CaCl, in vac-
uum.

Ru7: Where R=CH,.

Yield 45%, a brown microcrystalline powder, IR (KBr) cm™': 3290—
3090 (NH,), 3125 (N-H), 2980—2890 (C-H), 1669 (N-H, def), 1535
(N-C=5S), 1384 (C=S). UV A,,, (methanol)nm: 255, 300, 365, 480. Anal.
Calcd for C,4H,;CI,N,O4RuS: C, 40.78; H, 5.14; N, 12.81. Found: C, 40.75;
H, 4.98; N, 12.95.

Ru8: Where R=C,H;.

Yield 48%, a brown microcrystalline powder, IR (KBr)cm™': 3293—3068
(NH,), 3155 (N-H), 2985—2884 (C-H), 1653 (N-H, def), 1541 (N-C=S),
1389 (C=S). UV A, (methanol) nm: 240, 275, 340, 460. Anal. Calcd for
C,,H,sCLN,O4RuS: C, 41.59; H, 3.21; N, 12.58. Found: C, 41.40; H, 3.15;
N, 12.70.

Ru9: Where R=cyclohexyl.

Yield 50%, a brown microcrystalline powder, IR (KBr) cm™": 3245—3060
(NH,), 3230 (N-H), 2932—2855 (C-H), 1650 (N-H, def) 1574 (N-C=S),
1340 (C=S). UV Amax (methanol)nm: 245, 285, 335, 475. 'H-NMR
(DMSO-dy) 6: 9.83 (1H, d, J=5.16Hz), 9.22 (1H, d, J=7.57Hz), 8.84—
8.53 (2H, m), 8.51—8.02 (12H, m), 7.96 (1H, d, J=5.32Hz), 7.77 (1H, dd,
J=11.88, 527Hz), 7.56 (1H, dd, J=13.30, 7.85Hz), 7.48 (I1H, t,
J=1337Hz), 1.65 (5H, m), 124 (6H, m). FAB-MS (mNBA): 680,
[Ru(phen),(cyclohexyl-tsc)]**C10,~. Anal. Caled for C;,H;,C1,N,04RuS: C,
44.65; H, 3.72; N, 11.76. Found: C, 44.29; H, 3.76; N, 11.91.

Rul0: Where R=4-Cl-phenyl.

Yield 50%, a brown microcrystalline powder, IR (KBr)cm™': 3210—3078
(NH,), 2950 (C-H), 1596 (N-H, def), 1557 (N-C=S), 1316 (C=S).
UV §,, (methanol) nm: 235, 295, 355, 470. Anal. Caled for
C;,H,,CiN;O4RuS: C, 43.21; H, 2.79; N, 11.38. Found: C, 39.95; H, 2.86;
N, 11.50.

Rull: Where R=4-Br-phenyl.

Yield 40%, a brown microcrystalline powder, IR (KBr)em™': 3250—
3070 (NH,), 3107—2900 (C-H), 1599 (N-H, def), 1525 (N-C=S), 1420
(C=S). UV A, (methanol)nm: 240, 300, 355, 475. Anal. Calcd for
C,,H,,CLBIrN,OgRuS: C, 41.06; H, 2.65; N, 10.82. Found: C, 39.85; H,
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2.82; N, 10.75.

Rul2: Where R=4-C,H;O-phenyl.

Yield 55%, a brown microcrystalline powder, IR (KBr)em™!: 3280—
3071 (NH,), 2978—2873 (C-H), 1663 (N-H, def), 1528 (N-C=S), 1340
(C=S). UV A,,, (methanol)nm: 245, 300, 360, 480. Anal. Calcd for
C;3H,CLN,OgRuS: C, 47.09; H, 3.44; N, 11.65. Found: C, 47.02; H, 3.25;
N, 11.80.

Evaluation of Therapeutic Effect in Vivo Albino Swiss mice (18—
20 g body weight) were maintained in identical laboratory conditions and
given standard food pellets (Hindustan Lever Ltd, Bombay, India) and water
ad libitum. LD values of the synthesized complexes were evaluated accord-
ing to the literature procedure.*® The animals were divided into 15 groups
each containing 10 mice. Group I was vehicle control (5 ml/kg body weight
i.p.) and group II was Ehrlich Ascites Carcinoma control (EAC; 2X10° EAC
cells/mouse i.p.). Group III was treated with standard drug cisplatin
(2mg/kg body weight). All the complexes, Rul—Rul2 were administered
(i.p.) at a dose of 2 mg/kg body weight to animals in groups IV—XV respec-
tively. All the complexes (Rul-—Rul2) and cisplatin were administered daily
for 9d starting 24 h after tumor transplantation. Five animals from each
group were sacrificed 18 h after the last dose. The ascitic fluid volume, as-
citic cell counts and hematological parameters were noted. Mean survival
time (MST) for remaining 5 mice of each group was noted.

Tumour Volume and Viable Count Ascites volume was noted by tak-
ing it in a graduated centrifuge tube and packed cell volume determined by
centrifuging at 1000 g for 5min. Viablity of ascitic cells were checked by
trypan blue (0.4% in normal saline) dye exclusion test and the count was
taken in Neubauer counting chamber. The effect of the ruthenium com-
pounds on tumor growth was monitored by recording the mortality daily and
percentage increase in life span (% ILS) was calculated by the following for-
mula:

ILS (%)=[(mean survival of treated group)/mean survival of control
group)—1]X100

Hematological Studies*” Blood was collected from the tail vein, 24 h
after the last dose. For the total count blood was drawn into RBC or WBC
pipettes, diluted and counted in a hemocytometer. Hemoglobin concentra-
tion was determined by a hemoglobinometer. Differential count of leuko-
cyutes was done on freshly drawn blood film using Leishman’s stain.

Evaluation of Antibacterial Activity*® A stock solution of ruthenium
complexes were 200 pg/ml was made in sterile water containing 5% DMF
under aseptic conditions and further dilutions were made with the same sol-
vent in a similar manner. All the dilutions and stock solutions were sterilized
by membrane filtration. Solid agar and liquid broth culture media No. 1 were
used for all the test organisms and the pH was adjusted to 7.2. Antimicrobial
activity of the ruthenium complexes against different strains of bacteria was
determined by cup-plate method, and activity was expressed in terms of di-
ameters of zone of inhibition. Inoculum was prepared by washing a fresh
5 ml medium slant of test organisms with 5 ml sterile water and further dilut-
ing the 1 ml washing to 10 ml. This suspension (0.15 ml) was added to 15ml
melted medium at a temperature 45—50 °C and plates were prepared. Holes
of diameter 6 mm were dug into the agar plates with a sterile borer and filled
with the drug. The plates were incubated for at 35 °C for 24 h. The results
were compared with that of standard chloramphenicol.

Effects of Binding to DNA on Visible MLCT Transitions®>? All the
experiments involving the interaction of the complexes with DNA were car-
ried out using Smwm Tris buffer at pH 7.4 with 50 mm NaCl. Keeping the
concentration of the complexes constant (2.5 um) and varying t